How to pick the right mathematical model?
Using optimal control for closed-loop model
discrimination.

Melvyn Tyloo, Postdoc Research Fellow
Living Systems Institute

Department of Mathematics and Statistics Models
m.s.tyloo@exeter.ac.uk Il melvyntyloo.com / \
e Univer Slty Data  4—» Prediction

of Exeter

Institute for Complex Systems and Mathematical Biological (ICSMB) — 4/2/2026


mailto:m.s.tyloo@exeter.ac.uk

of Exeter

........

i i

Kyle Wedgwood Akshita Jindal

Work almost submitted...

University

Pragati Thakur

THE UNIVERSITY
. OF ARIZONA

Laurent Pagnier



Why model discrimination

Control the activity of
f?
vwhat controf: networks of neurons



Data — Models

Data Models
| Explain ' = F(X)
Predict
X ~ P(0)
- Measurements from an experiment - Differential equations

- Observation of a process - Probabilistic models



More than one model...

Observed system

# Average magnetization

Models



More than one model...

Observed system Models

N
eVi= Vit 2 AgVi= V) + D),

f,
o

j=1

V() =Vy = V() =-V,
» Spike times ! !

. V?
V.=V, 3’ w+ al (1),




Candidate models
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Candidate models

X, = F (X, u(t);0,) .
Y, = Ok(Xk; G)k) :

Optimal control

k=1,...N.
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The objective

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

Models Y, = Oy (Xy: (~)k) k=1,.N.

u(?)

Data Prediction




Step O

Find some candidate models!
Y, = O,(Xy; @k) k=12



Collect some data

Parameter fitting

Yk Ok (Xk’ ®k)

Fitting using a loss function
T

0
D(x,y) = |lx = ylI3

X, = F (X, u(t);0,),

k=1,2.

L(O; k) = [ D(Z(t),Y(Xk(t))) ds



=) Step 3

Optimal Control
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=) Step 4 === Step O
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Method Workflow

Model Discrimination

Input - Quput Parameter Fitting Optimal Control
u(t) —>— y(t) [ > X =F(Xp, u);0) 5 "= a;gmaxu T,
n , | Y, = O (Xk; @k) j(u(t)) 3:/0 [D(Yl(Xl(u))a Y2(X2(U))) - C(U)}dt
k=12

t\ Input for next round: u* J




Electrophysiology experiment

u(t) .
1 . LED light source

Electrode
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Opsin models

Photocurrent

R
*
.
‘0
*

| :: ) 93_ ’(,tz’ \ /6 U6 ) 01 u(t) \\\ ! v ,él ()
.@ N 7 8 U
'\_/

Evans et al. Frontiers 16

16



Opsin models

3-state model

Xl — Qlu(t) X3 — 92)61 -
).Cz — 92)(:1 — (9314(1‘) Xz -
.X3 — 1 — xl — XZ 0

y — 94X1 .

4-state model o-state model
X1 = 0u(t) x, + Ou(t) x, — :6’3 +- (94u(t): X X, = Ou(t) xg — O,x,
%, = O5u(t) Xy + Oyu(t) x, — B + Opu(@)] x, Xy = 0, + O5u(t) X3 — |0, + Osu(®)|x,

X3 = Oxy + Osu(t) x, — |65 + Oqu(1)]x3,
Xy = Ou(t) X5 — Ocx, ,

X5 = 0,535 — [0y + Ogu(t)| x5,

y=0x; + O x,. Xe =1 —X —X) — X3 — X4 — X5,

X3 = Ogx, — |05 + Osu(n)] x5,

X4=1_X1_.XZ_X3,

y=01%+0,x;.
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Numerical Simulations
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Numerical Simulations

Ref: 3-State O-State
3-State | 0.090(0.182) | 0.432(0.736) | 3.393(3.465)
X 1.281(0.491)

Ref: 4-State O-State
3-State | 0.320(0.176) | 0.469(0.169) | 0.284(0.094)
X 1.044(2.463)

Ref: 0-State O-otate
3-State | 0.571(0.338) | 0.473(0.255) | 0.279(0.142)

X

0.718(1.414)
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Numerical Simulations
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Experiment




Computer — Experiment

u(t) . LED light source Amplifier output

Symphony is an OOP Matlab-
based app for electrophysiology
recording

~10s

@
Electrode = e ® I..
Q.
Opsin W = 200 Ju Ia
&J .
= Sockets.jl to open tcp server to
§-400 connect to following each data
= - collection step
Cell 0 200 400 600 ~5s

Time (ms)
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Experiment

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

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

Candidate models:
3-state vs. 4-state

Control u(t)
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Conclusion

- Closed-loop algorithm for model selection.
- Allowed to select the most accurate opsin model.

- Exploration of the state based on heuristics.

Future work
- Build digital twins.

Engineering and
Physical Sciences
Research Council

- Leverage digital twin to optimize the control inputs.

- Apply to other systems.
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