Information-optimal phase mask design for lensless imaging

Leyla A. Kabuli, Eric Markley, and Laura Waller

Department of Electrical Engineering and Computer Sciences
University of California, Berkeley, California, USA

ABSTRACT

We use information-theoretic optimization to design phase mask encoders for lensless imaging systems. By
maximizing the mutual information between objects and encoded measurements, we directly optimize the encoder
for measurement quality. We explore various object sparsity levels and analyze practical trade-offs for compact
systems, including sensor-to-mask distance and mask feature size. Our information-optimal designs display strong
object-dependence, with sparse objects producing higher multiplexing designs. As lensless imaging systems
advance towards in vivo applications, our approach provides a direct path to designing optical encoders for
specific biological use cases.
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1. INTRODUCTION

Phase mask-based lensless imaging systems use a thin optical element to capture measurements and a recon-
struction algorithm to recover images. These computational imaging systems offer compact form factor and
use multiplexed, one-to-many encodings to enable compressive imaging capabilities, including single-shot ex-
tended field-of-view (FOV) imaging.! ™ Lensless imagers show promise for mesoscopy and microscopy, including
emerging in vivo imaging applications.* However, reconstruction performance is fundamentally limited by the
information encoded in measurements, requiring new phase mask designs that improve measurement quality
while accounting for practical system constraints, including compactness and object-dependent performance.

Imaging system measurements can be directly optimized using information-driven techniques. Information-
Driven Encoder Analysis Learning (IDEAL) optimizes encoders by maximizing the mutual information between
objects and encoded measurements.’> ¢ This approach captures the joint effects of object statistics, optical
encoding, and noise, providing a comprehensive measure of encoder performance without the confounding fac-
tors introduced by reconstruction algorithms. Although this design approach is reconstruction-independent,
information-optimal encoders have been empirically shown to improve reconstruction performance.':?

Recent work applied information-driven design to lensless imaging, optimizing point spread functions (PSFs)
for compressive extended FOV imaging using IDEAL.! The resulting information-optimal designs were strongly
object-dependent, with encoder multiplexing levels varying with object sparsity. In this work, we extend this
framework from lenslet-based PSF design to physically-constrained system design by directly designing phase
masks for lensless imaging. We incorporate practical system constraints, including sensor-to-mask distance
and mask feature size, and study object distributions representative of fluorescence microscopy samples. Our
fabrication-aware, information-optimal phase mask designs provide a step toward object-specific, compact lensless
imaging systems suitable for biological applications.

2. METHODS
We simulate lensless imaging measurements using the image formation model

y = N(ox fo), (1)
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a) Information-optimal phase mask design framework b) Phase mask design is object-dependent
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Figure 1. a) Information-optimal phase mask design based on maximizing mutual information between objects and noisy
measurements. Measurements are formed by convolving objects with a point spread function (PSF) defined by a phase
mask. b) The information-optimal designs for a 2mm sensor-to-mask distance and 2 pm mask feature size are object-
dependent: dense objects (left) produce PSFs with fewer focal points than sparse objects (right). ¢) Decreasing the mask
feature size reduces the number of focal points in the PSF for a fixed sensor-to-mask distance of 2mm. d) Increasing the
sensor-to-mask distance results reduces the number of focal points in the PSF for a fixed mask feature size of 5 pm.

where o is the object, fy is the PSF generated by the system phase mask, and A/ denotes detection noise, which
is modeled as signal-dependent Poisson noise applied independently to each measurement pixel.

The PSF fy is generated from a height map 6 representing the surface profile of the phase mask following

fo = A (exp ( Ane>) 2 2)

where A, corresponds to angular spectrum method (ASM) propagation operator over a propagation distance of
z, A is the wavelength, and An is the refractive index difference between the phase mask and air.” We implement
this physically-constrained model in JAX® by adapting a differentiable wave optics-based simulation framework.”
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The surface profile of the information-optimal phase mask for a target object distribution O is defined by

0" = argmax I(O; Yy). (3)
>0

At each optimization step, the height map 6 is updated to generate a new PSF fy, and the mutual information
I(O; Yy) between the object distribution O and the resulting noisy measurement distribution Yy is used as
the loss function. Height map values are constrained to be non-negative, and measurements follow the image
formation model in Eq. (1). The final height map 6* corresponds to the information-optimal phase mask for the
selected object distribution. This design framework is visualized in Fig. la.

We study object distributions consisting of fluorescent bead-like point sources with a fixed level of spatial
sparsity and a mean photon count of 100 photons.! We quantify object sparsity using the Tamura Coefficient
(TC),'° where higher TC values correspond to sparser objects. The phase mask refractive index is n = 1.43 and
PSFs are generated at a wavelength of A = 532nm. Phase masks are parameterized by 128 x 128 pixel height
maps, corresponding to 4x upsampled PSFs. For IDEAL, mutual information is estimated using a PixelCNN®6
fit to 4096 16 x 16 pixel patches, following the information-driven lensless imaging framework.! Each phase mask
design converges within 1500 optimization steps in under 2 hours on an NVIDIA RTX A6000 GPU.

3. RESULTS

Using the information-driven phase mask design framework described above, we study the effect of practical
system constraints on information-optimal lensless imaging system designs. While phase mask designs must
be adjusted to object sparsity,! they also depend on system specifications: sensor-to-mask distance controls
compactness, and mask feature size affects fabrication resolution and the quality of the resulting PSF's.

We first verify the object-dependence of information-optimal designs with physical system constraints. In
Fig. 1b, we optimize phase masks for a dense object distribution (TC = 1.1064) and a sparse object distribution
(TC = 1.3588), using a 2mm sensor-to-mask distance and 2pm mask feature size. The design optimized for
dense objects produces a low-multiplexing PSF with four focal spots, whereas the sparse object distribution
corresponds to a higher-multiplexing PSF with 11 focal spots, including two very faint points.

Next, we investigate the impact of mask feature size, or fabrication resolution, on phase mask designs. For
a dense object distribution (TC = 1.1064) and a fixed sensor-to-mask distance of 2mm, we optimize phase
masks with feature sizes of 2pm, 5pm, and 10 pm (Fig. 1c). Increasing the feature size results in more PSF
multiplexing. With coarse 10 pm features, the focal spots are wider than for fine 2 pm features.

Finally, we study the effect of sensor-to-mask distance, which directly controls system compactness. Using
the same bead distribution as in Fig. 1c and a fixed mask feature size of 5 ym, we design phase masks for sensor-
to-mask distances of 1 mm, 2mm, and 5mm (Fig. 1d). As the propagation distance increases, the resulting PSFs
have fewer focal spots, whereas shorter propagation distances require more focal spots. This trend explains why
ultra-compact lensless imaging systems require higher multiplexing, as short sensor-to-mask distances require
additional mask features to distribute light across the sensor region.

4. DISCUSSION

In this work, we design physically-constrained information-optimal phase masks for lensless imaging. We verify
that phase mask designs are strongly object-dependent, with more multiplexing necessary for sparse objects. We
further demonstrate that practical system constraints affect phase mask designs, with shorter sensor-to-mask
distances and coarser fabrication resolutions resulting in more multiplexing. Our results extend information-
driven lensless imaging system design' by optimizing fabrication-aware phase masks. This approach provides a
practical path for designing high-performance, compact, and object-specific lensless imaging systems.

Our design approach directly optimizes a height map corresponding to a freeform optical surface, rather
than a lenslet-based PSF parameterization.! Although the only constraint imposed during optimization is
height map non-negativity, the learned phase masks naturally converge to lenslet structures. The learned height
map depths do not exceed 5pm, which is compatible with existing fabrication techniques.!' Future work can
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incorporate additional fabrication-specific constraints to produce freeform optical elements with smooth, slowly-
varying surface profiles. While we optimize 128 x 128 height maps in this work, information-optimal design over
a larger FOV can provide phase masks suitable for direct fabrication.

Information-optimal phase mask designs are not directly optimized for a specific downstream task. Although
these designs have been shown to improve downstream reconstruction performance,' performance improvements
are not guaranteed for specialized tasks such as classification, or for reconstruction algorithms with limited
computational power. Future work can combine IDEAL with end-to-end optimization for a two-step design
strategy, in which information-optimal designs can be fine-tuned to improve task performance by incorporating
a specific decoder or task objective.
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