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Why model discrimination?
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Control the activity of 
networks of neurons

Input currentOptogeneticsLight input control

This talk



Models

Data — Models 
Data

- Measurements from an experiment

- Observation of a process 

dX
dt

= F(X)

X ∼ 𝒫(θ)

- Differential equations

- Probabilistic models 
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Explain

Predict



More than one model…

Observed system

Average magnetization

Models

ℋ = ∑
<i,j>

Jijσiσj

ℋ = ∑
<i,j>

Tijc†
σcσ + α∑

i

n†
σnσ
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More than one model…

Observed system

Spike times

Models

τ ·Vi = V2
i + ηi +

N

∑
j=1

Aij(Vi − Vj) + Iext
i (t) ,

Vi(t) = Vth → Vi(t) = − Vth

·Vi = Vi −
V3

i

3
− w + αIext

i (t) ,
τ ·wi = Vi + a − bwi
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·Xk = Fk(Xk, u(t) ; Θk) ,

Yk = Ok(Xk; Θk) , k = 1,...N .
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Candidate models
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Optimal control

·Xk = Fk(Xk, u(t) ; Θk) ,

Yk = Ok(Xk; Θk) , k = 1,...N .

Candidate models



The objective

- For a set of candidate models, find control inputs that allow to choose the right model.

Data

Models

Prediction

u(t)

·Xk = Fk(Xk, u(t) ; Θk) ,

Yk = Ok(Xk; Θk) , k = 1,...N .



Sketch of the method
Data

Candidate 
Models

Fit model 
parameters 
to the Data

Find the 
control 

input that 
max. disc.

Prediction 
from the 
models

Use the 
control and 

compare 
with new 

data
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Step 0

Find some candidate models!
·Xk = Fk(Xk, u(t) ; Θk) ,

Yk = Ok(Xk; Θk) , k = 1,2.



12

Step 1LED light source
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Collect some data

Parameter fitting
·Xk = Fk(Xk, u(t) ; Θk) ,

Yk = Ok(Xk; Θk) , k = 1,2.

ℒ(Θk; k) = ∫
T

0
D(Z(t), Y(Xk(t))) dt

Fitting using a loss function

D(x, y) = ∥x − y∥2
2

Step 2

u(t)Known



Optimal Control

13

𝒥(u(t)) := ∫
T

0
[D(Y1(X1(u)), Y2(X2(u))) − C(u)] dt

u* = argmaxu 𝒥(u)

Efficiently solved using Ipopt.

Step 3

Constraint on past control signals!
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Step 4

Reference  
 system

Step 0



Method Workflow
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Output CollectionActuation
Error small?

TerminateHave parameters 
converged?

Is i > 1?



Apply the method on an experiment 
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Electrophysiology experiment

Data

3 different models

Candidate models

Light intensity

Control input

1.Numerical experiment

2.Actual experiment



Electrophysiology experiment
LED light source
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channelrhodopsin-2



Experiment
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Model output

Model

Amplifier output

<latexit sha1_base64="htFIlHewVUmwpc82dkDjkWO4+h8=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0WomzAptc2y4EZ3FfqCNoTJdNIOnTycmRRC6He4caGIWz/GnX/jpK2gogcuHM65l3vv8WLOpELowyhsbG5t7xR3S3v7B4dH5eOTnowSQWiXRDwSAw9LyllIu4opTgexoDjwOO17s+vc78+pkCwKOyqNqRPgSch8RrDSkpO6s+qoM6UKu7NLt1xBJqrVkWVBZFp2/cqyc9Js2DaClomWqIA12m75fTSOSBLQUBGOpRxaKFZOhoVihNNFaZRIGmMywxM61DTEAZVOtjx6AS+0MoZ+JHSFCi7V7xMZDqRMA093BlhN5W8vF//yhonybSdjYZwoGpLVIj/hUEUwTwCOmaBE8VQTTATTt0IyxQITpXMq6RC+PoX/k17NtBpm465ead2u4yiCM3AOqsACTdACN6ANuoCAe/AAnsCzMTcejRfjddVaMNYzp+AHjLdPhs+R/w==</latexit>

yk(⇥k)

Control output

Amplifier output

Sockets.jl to open tcp server to 
connect to following each data 
collection step

Symphony is an OOP  Matlab-
based app for electrophysiology 
recording

~5s

~10s



Opsin models
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Opsin models
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·x1 = θ1u(t) x3 − θ2x1 ,
·x2 = θ2x1 − θ3u(t) x2 ,
x3 = 1 − x1 − x2 ,
y = θ4x1 .

3-state model
·x1 = θ1u(t) x4 + θ2u(t) x2 − [θ3 + θ4u(t)]x1 ,
·x2 = θ5u(t) x3 + θ4u(t) x1 − [θ6 + θ2u(t)]x2 ,

·x3 = θ6 x2 − [θ7 + θ5u(t)]x3 ,

x4 = 1 − x1 − x2 − x3 ,

y = θ9 x1 + θ8 x2 .

4-state model 6-state model
·x1 = θ1u(t) x6 − θ2x1 ,
·x2 = θ2x1 + θ3u(t) x3 − [θ4 + θ5u(t)]x2 ,
·x3 = θ6x4 + θ5u(t) x2 − [θ7 + θ3u(t)]x3 ,
·x4 = θ8u(t) x5 − θ6x4 ,
·x5 = θ7 x3 − [θ9 + θ8u(t)]x5 ,
x6 = 1 − x1 − x2 − x3 − x4 − x5 ,
y = θ11 x2 + θ10 x3 .



Numerical Simulations

21

Candidate models: 
3-state vs. 4-state

Reference system: 
4-state



Numerical Simulations
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Numerical Simulations
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Candidate models: 
3-state vs. 4-state

Reference system: 
3-state

Candidate models: 
3-state vs. 4-state

Reference system: 
4-state



Computer — Experiment
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LED light source

Cell

Electrode

0 200 400 600
Time (ms)

-600

-400

-200

0

Ph
ot

oc
ur

re
nt

 (p
A)

Opsin

!

Amplifier

Control output

Model

Amplifier output

Sockets.jl to open tcp server to 
connect to following each data 
collection step

Symphony is an OOP  Matlab-
based app for electrophysiology 
recording

~5s

~10s



Experiment
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Candidate models: 
6-state vs. 4-state



Experiment
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Candidate models: 
3-state vs. 4-state



Conclusion
- Closed-loop algorithm for model selection.

- Allowed to select the most accurate opsin model.

- Exploration of the phase space based on heuristics.
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- Build digital twins. 

- Leverage digital twin to optimize the control inputs.

- Apply to other systems.

Future work
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