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Fig. 1. Large Field-of-View Imaging With Thin-Plate Optics. We design a lens with compact form factor using one (or two) optimized refractive surfaces on a
thin substrate (left). This optimization results in a dual-mixture point spread function (center-left insets), which is nearly invariant to the incident angle,
exhibiting a high-intensity peak and a large, almost constant, tail. We show the sensor measurement (center) and image reconstruction (right) in natural
lighting conditions, which demonstrate that the proposed deep image recovery effectively removes aberrations and haze resulting from the proposed thin-plate
optics. Our prototype single element lens achieves a large field-of-view of 53° with a clear aperture of f/1.8 and effective aperture of f/5.4, see text.
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Fig. 2. Computational thin-plate lens imaging with large field-of-view. Left: learned early layers’ filters applied on input scene; Center-left: optical design that
preserves local contrast across full FOV. The designed optical element has a Fresnel lens surface; Center-right: calibrated PSF patches for different incident
angles of our prototype lens (images gamma-tonemapped for visualization); Right: overview of the image processing pipeline and our recovery framework,
which learns a mapping for the linear input to the recovered output. We introduce a learned reconstruction architecture trained using data that can be

efficiently acquired in a display-capture lab setup (see details in Section 6).
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Fig. 3. Schematic of ray geometries in a radially symmetric design manner

(left), and the ideal phase profile distribution subject to incident angle (right).

For visualization purpose the phase map is wrapped by 1,000, and the
vertical axis is normalized with respect to the focal length.
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Fig. 4. Schematic of aperture partitioning approach. The spatial position
of a virtual aperture (specified by the offset from the optical axis and visual-
ized with different colors) along the radial direction is determined by the
controlled position of the stop (on the left), that is further dependent on
incident ray directions. The synthetic spot distributions of three directions
are presented as inserts, from each pattern we observe a sharp peak that
fits well to our design goal of PSFs.
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5.2 Generative Image Recovery
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Fig. 5. Generative image reconstruction architecture. The generator model is shown on the left and the layer configurations of encoder/decoder stages are
illustrated with different colored blocks (bottom-left). We apply skip connections in every decoder stage. In particular, we use a combination of a perceptual
loss between the predicted image and the ground-truth, and a Wasserstein generative adversarial loss. The discriminator model for the GAN loss is similar to

the encoder architecture.
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5.2.2 Loss Functions.
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Fig. 6. Top: Illustration of our display-capture setup for preparing the train-
ing data set. Selected displayed and captured image pairs are shown as
inserts; Bottom: Results on testing set images captured by our lenses. For
each example we show the degraded measurement and reconstruction
side-by-side.
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8.1 Field of View Analysis
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Fig. 7. PSF behavior comparison (top) and corresponding checkerboard
capture comparison (bottom) between an off-the-shelf aspherical lens (ASP)
and our prototype lens. Bottom-left shows the side-by-side comparison
of the measurements of ASP and ours. Bottom-right shows the derived
distributions of contrast detection probability. The confidence interval is set
to 95 in both examples, refer to the original reference for details. Here we
use a plano-convex aspherical lens (Thorlabs AL2550G) as the comparison.
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Fig. 8. Comparison of off-axis image patches recovered using different reconstruction algorithms described in Table 1. The first row presents the displayed
validation from the test set of our learned reconstruction, while the remaining two rows present the data captured in the wild. Due to the mismatch of
spectrum, dynamic range, and depth of field, vanilla supervised learning using a per-pixel loss may show good quantitative results while suffer from severe
artefacts on real-world data. For these two examples, we present the image captured using an off-the-shelf compound lens (Sony Zeiss 50 mm f/1.4 Lens) as

the reference. Full images are shown in the supplementary document.

Table 1. Quantitative comparison of image recovery performance of the
10 mm lens for recent deconvolution methods, including non-blind cross-
channel deconvolution [Heide et al. 2016] (Cross), fully supervised U-net
recovery, U-net + GAN + ¢; loss (pix2pix), and our U-net + GAN + perceptual
loss. We assess PSNR, SSIM, and the perceptual loss component from our
model. The right-most column shows the ASP lens used in Figure 7 and
Figure 9 fine-tuned for our network. Note that the fully supervised U-net
in the third row does overfit to the lab display-capture setup and fails to
generalize to real capture scenarios.
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Fig. 9. Comparison of different regions on images recovered using our learned image recovery algorithm from data captured by an off-the-shelf aspherical lens
(ASP) and our prototype lens. Although trading off on-axis sharpness in some sense, ours exhibits much better quality in off-axis regions. The lens parameters
and settings are the same as in Figure 7. The plots on the right reveal the averaged PSNRs of patches subject to FOV over 100 validation images. Note, in this
comparison we investigate only half of the full FOV of our design because the required resolution limits the FOV when using a consumer display monitor. We
observe that even within this intermediate range of FOV, the recovered image quality of ASP drops drastically when the investigated half-FOV goes beyond 7°.
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Fig. 11. Experimental results of dual-surface lens design (first two rows) and that of single surface lens design (third row) on real word scenes. For each pair,
we show the degraded measurement and the reconstruction result. The exposure time for these images are set 0.8, 125, 0.5, 1.25, 0.5, 0.4 ms with ISO 50. Refer

to supplementary document for more real world results.
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Fig. 12. Experimental results of large depth range imaging (top row) and low-light imaging (bottom row). The exposure time and 1SO for the top two examples
are set (3.125, 1) ms and ISO 50, while that for the bottom two examples are set (10 ms with 1SO 500) and (20 ms with 1SO 25,600).
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