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methods have been developed that combine physical process models with machine learning
optimization.

For such optimization, first a model is described as a di�erentiable function mapping input to
output. Since the function is di�erentiable, one can take advantage of automatic di�erentiation,
which is more accurate and computationally e�cient than finite di�erences [35–37], and is one of
the cornerstones of machine learning frameworks such as Tensorflow. Automatic di�erentiation
is used in these frameworks to compute gradients for optimization of a loss function with respect
to parameters of interest. The loss function compares model output to a target output and the
discrepancy is minimized by adjusting model parameters [22–34]).

Here, we employ this model optimization strategy for adaptive optics: we describe light
propagation through the optical system, including unknown aberrations represented as param-
eters, with a di�erentiable model (Fig. 1). For matching the input-output relationship of the
computational model to the experimental setup, we record a number of output images resulting
from corresponding input phase modulations and optimize model parameters using Tensorflow.
We show that this allows extracting an accurate description of the introduced aberrating layer(s)
as verified by focusing in transmission through a single layer, as well as in a reflection, through
two layers. In the latter epidetection configuration only reflected light is used for optimization
and transmission focusing.

Fig. 1. Schematic of experimental setup. Light reflected o� a spatial light modulator
(SLM) passes through an aberration (A) and is focused onto a camera (transmission camera,
shown with illustration of imaged light distribution). For experiments in an epidetection
configuration, light reflected o� the mirror M at the sample plane is additionally recorded
with a second camera (reflection camera). BS = beam splitter, L = lens (see main text and
Methods for details).

Results

The experimental setup is shown schematically in Fig. 1. An expanded and collimated laser
beam is reflected o� a spatial light modulator (SLM) with a beam splitter cube (BS1) and a part
of the beam is imaged onto a camera (transmission camera) over a beam splitter (BS3). For
experiments with reflected light, the remaining part of the beam is additionally sent to a mirror
at the sample plane (same focal plane as the transmission camera) which serves as a proxy for
a reflecting sample. Light reflected by the mirror is imaged onto a second camera (reflection
camera) with a beam splitter (BS2). Aberrations (a layer of nail polish on a microscope slide, see
Methods) are introduced between beam splitters BS2 and BS3. The beam undergoes aberrations
once to the transmission camera, and twice to the reflection camera.
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Background 
Machine learning offers novel 
approaches to correct for aberrations 
encountered when imaging through 
scattering materials with transmitted 
and reflected light. However, for 
training a neural network large datasets 
are required, because the parameters 
of the neural network need to be 
adjusted i) to work under a wide range 
of conditions and ii) to learn the 
underlying image generating process 
through the optical system. The training  
 
dataset can be reduced, if information 
about the image generation process is 
a priori known. However, training 
datasets are often based on 
combinations of Zernike polynomials 
and hence might not accurately 
capture all aspects of the aberrations. Additionally, for strongly scattering samples higher orders of 
Zernike modes are required, which further increases the training dataset. Therefore, for at least those 
optical systems for which a priori information of the image generation process is known, an improved 
method for determining/correcting the aberrations in the optical system is needed.  
 
Technology 
The method uses a model of the optical system, which describes the light propagation through the 
optical system as a differentiable function. The model also includes unknown parameters, which 
account for aberrations occurring in the system and which are to be determined. For determining the 
unknown aberrations/parameters a number of output images resulting from corresponding input phase 
modulations are recorded and the unknown parameters are adjusted so that the input-output 
relationship of the computational model and the experimental setup match. Once the aberration 
pattern in the optical system is determined, the aberrations can be corrected by setting a 
complementary aberration pattern into the excitation path of the optical system; which can be done, for 
instance, by means of a spatial light modulator. 

Fig. 1; experimental setup: light reflected off a spatial light 
modulator (SLM) passes through an aberration (A) and is focused 
onto a first (transmission) camera; for experiments in an epi-
detection configuration, light reflected off the mirror M at the 
sample plane is additionally recorded with a second (reflection) 
camera; also shown is the imaged light distribution recorded by 
each camera; BS = beam splitter, L = lens. 
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A microscope, employing the method 
according to the invention, is depicted in Fig. 
1. In the microscope an expanded and 
collimated laser beam is reflected off a 
spatial light modulator (SLM) with a beam 
splitter cube BS1 and a part of the beam is 
imaged onto a transmission camera over a 
beam splitter BS3. For experiments with 
reflected light, the remaining part of the 
beam is additionally sent to a mirror at the 
sample plane (having the same focal plane 
as the transmission camera). The mirror 
serves as a proxy for a reflecting sample. 
Light reflected by the mirror is imaged onto a 
reflection camera with a beam splitter BS2. 
Aberrations are introduced between BS2 and 
BS3 by means of a scattering element A. 
The microscope can determine the 
aberration A by: a) providing a physical, 
mathematical differentiable model on a 
computer; b) irradiating an input light 
distribution I0 by the collimated laser beam 
into the excitation path of the microscope; c) 
scattering the light I0 with the scattering 
element A, thereby transforming I0 to form 
the transmission light distribution ITR; d) 
recording the light ITR by means of the 
transmission camera; e) transferring the 
recorded light distribution ITR to the model; 
and f) calculating transmission distortion 
parameters VTR of the model based on the 
recorded distribution ITR, wherein the 
parameters VTR describe the aberrations 
introduced by the scattering element A in the 
excitation path.  
Also, the microscope can determine the aberration A by: performing the above-mentioned steps a) to 
c); reflecting the light distribution ITR by the mirror M; scattering the reflected light ITR with element A to 
generate the reflection light distribution IRE; recording the distribution IRE with the reflection camera; 
transferring the recorded IRE to the model; and calculating reflection distortion parameters VRE of the 
model based on IRE. The microscope can correct the aberrations A by setting a distortion pattern V*TR 
or a pattern V*RE on the SLM, wherein V*TR and V*RE are based on the determined parameters VTR 
and VRE, respectively. Examples of such corrections are shown in Fig. 2.  
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Fig. 2: a uncorrected first focus recorded in transmission 
(its distortion due to aberrations is evident); b corrected 
first focus recorded in transmission (focus is surrounded 
by a white frame and magnified in the insert); c wavefront 
correction at SLM obtained after a two-step transmission-
based optimization and used for aberration correction of 
the first focus; g uncorrected second focus recorded in 
transmission (its distortions due to aberrations is evident); 
h corrected second focus recorded in transmission (insert 
shows a magnification of this focus); i wavefront correction 
at SLM recovered only from reflected light in a two-step 
optimization and used for aberration correction of the 
second focus; "max" indicates the maximum of the 
colorbar, η is the enhancement, and the field of view is 
1766 μm by 1766 μm. 
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Fig. 3. a-f Focusing in transmission. a, d Two examples of aberrations recorded in
transmission. b, e Focus after correction with blow-up of focal spot (white frame and inset).
c, f Wavefront correction at SLM after two-step optimization. g-l Focusing in transmission
using reflected light. g, j Two examples of aberrations recorded in transmission. h, k
Transmission focus after correction only using reflected light, with blow-up of focal spot
(white frame and inset). i, l Transmission wavefront correction at SLM after two-step
optimization recovered from only reflected light measurements. In each subfigure, max
indicates maximum of colorbar, ⌘ is enhancement (see Methods), field of view is 1766 µm
by 1766 µm.

Two representative examples of predicted and measured light distributions at the sample plane
(transmission camera) are shown in Fig. 2 g, h and k, l, respectively, and the loss function
quantifying the similarity is shown in Fig. 2 o (correlation coe�cient r between predicted
and measured distributions is indicated in Fig. 2 h, l). The corresponding transmission and
reflection phase aberrations at the plane of lens L1 and L2 are shown in Fig. 2 i, j and m, n,
respectively. To verify the correction, we generated a focus at the sample plane by displaying
the corresponding transmission correction on the SLM (see Methods). Figure 3 shows two
representative examples (g-i and j-l) of aberrated focus, corrected focus, and corresponding
correction (resulting in an increase in enhancement by a factor of 10.4 and 8.7, respectively,
see Methods). In reflection-based transmission control, the obtained focus was not necessarily
centered in the field of view (as for example seen in Fig. 3 j, k), due to tilt introduced by the
sample that was not corrected. Importantly, in reflection-based transmission control experiments,
focusing in transmission is achieved only using reflected light, compatible with an epidetection
configuration.

In order to additionally validate the corrections that result from model optimization, we
compared transmission- and reflection-based focusing at the same location of an aberrating
sample. Two representative examples are shown in Fig. 4 a to d and e to h, respectively. In a
reflection configuration the tilt component of aberrations cancels between the forward and the
return pass and is therefore not detected [13,38]. For comparison of the resulting transmission-
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