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Lenses are everywhere



Many kinds of designs

wide angle

high resolution

fast

no aberrations



Simple lenses aren’t enough

By © Giles Laurent, gileslaurent.com, License CC BY-SA, CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=134377157

scene result

singlet lens



Modern lenses are complicated
Olympus E-30 CutawayNikon F3 Cutaway

By 4300streetcar - Own work, CC BY 4.0, 
https://commons.wikimedia.org/w/index.php?curid=167405978



Combinatorially many discrete options
Nikon F3 Cutaway

How many elements?

Which elements are glued together?

What order and orientation?



Two types of parameters
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discrete

continuous



Two types of parameters
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Two types of parameters
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Two types of parameters
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Mixed discrete-continuous optimization



Key idea: sample the space of designs
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Metropolis-Hastings
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original mutation
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Metropolis-Hastings requires reversibility
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original mutation

perturbation

or

Improving a design 
implies a chance of 
making it worse



Metropolis-Hastings requires noise
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Lenses are sensitive to small changes

Langevin Monte Carlo (gradient descent) requires noise



Comparison to Metropolis-Hastings
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Quasi-stationary Monte Carlo (QSMC)
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terminate?
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Quasi-stationary Monte Carlo (QSMC)
design cache sample

optimize
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terminate?

mutate



Stochastic termination
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Probability of termination

Boltzmann distribution

RESTORE 
[Wang et al. 2019]Jump Restore Light Transport

[Holl et al. 2025]



Quasi-Stationary Monte Carlo (QSMC)
design cache sample

optimize
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Terminate?

mutate



Simple mutations are problematic
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High chance of being a worse design

Most likely terminated



Key idea: paraxial optics as a proxy
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Ray transfer matrix Ray transfer matrix



Key idea: paraxial optics as a proxy
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Paraxial projection



Key idea: paraxial optics as a proxy
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Paraxial projection



Paraxial projection
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Quasi-Stationary Monte Carlo (QSMC)
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Terminate?

mutatedesign cache sample

optimize



Pareto front expansion
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Pareto front expansion
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Pareto front expansion

36

sp
ee

d

sharpness

Zemax

high throughput

low throughput
hi

gh
 s

ha
rp

ne
ss

gradient only our method



Pareto front expansion
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Can improve other lens types as well
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wide-angle (28mm)

27% more throughput

macro (105mm)

14% sharper 
38



Discrete-continuous optimization

QSMC allows for optimization 
without noise

Optimization as a sampling 
problem

Better mutations with paraxial 
projection
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Our method is extendable

40

new design objectives to target 
specific aberrations

add aspheric, cylindrical, and 
other types of optics

manufacturing and tolerance 
aware design



Automated design of compound lenses 
with discrete-continuous optimization

https://imaging.cs.cmu.edu/automated_lens_design/

Website + Code

Arjun Teh, Delio Vicini, Bernd Bickel, Matthew O’Toole, Ioannis Gkioulekas
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https://imaging.cs.cmu.edu/automated_lens_design/
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