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Abstract

We consider solving ill-posed imaging inverse problems under a generic forward
model. Due to the ill-posedness of such problems, prior models that encourage
certain image-based structure are required to reduce the space of possible images
when solving for a solution. Traditional approaches utilize hand-crafted prior
models with parameters tuned through trial and error, which can be time-intensive
and prone to human bias. Learning-based approaches use image samples from
the ground-truth distribution of interest to learn a parameterized generative model
that can be subsequently used to constrain the inverse problem; however, in many
applications ground-truth images may be unavailable. In contrast, we propose to
either select or learn an image generation model from the noisy measurements
alone, without incorporating prior constraints on image structure. We first show
how, given a number of candidate models, the Evidence Lower Bound (ELBO)
of a variational distribution can be used to select an appropriate prior. Then, we
showcase how, in the absence of available priors, we are able to directly learn an
underlying generative model from a set of noisy measurements using a proxy for
the ELBO. We crucially assume that the ground-truth images share a common
structure by being drawn from the same underlying distribution. The learned model
leverages this structure in its architecture, which consists of a shared generator
with a compressed latent space, where each image posterior is learned variationally
in the latent space. This allows the model to learn global properties of the image
distribution without overfitting. We illustrate our framework on a variety of inverse
problems, ranging from denoising to a compressed sensing problem inspired by
black hole imaging.

1 Introduction

In imaging inverse problems, the goal is to recover a target clean image from corrupted measurements
where the measurements and image are related via some understood forward model: y = f(x) + 7.
Here, y are our measurements, x is the ground-truth image, f is a forward model, and 7 is noise.
Such problems are ubiquitous across the natural sciences, including denoising [6], super-resolution
[7]l, compressed sensing [8, [10} [L1]], phase retrieval [12]], and deconvolution [21]. When the problem
is ill-posed, there are many images that are consistent with our measurements. Thus, we require
structural assumptions, referred to as image priors, to reduce the space of possible solutions. In this
paper, we parameterize prior image distributions using an image generation model (IGM).

In order to define a prior via an IGM, it is necessary to have knowledge of the structure of the
underlying image distribution. However, there are many scientific imaging modalities (e.g., medical
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imaging, geophysical imaging, and astronomical imaging) where we do not have access to ground-
truth images. Collecting ground-truth images in these domains can be extremely invasive, time-
consuming, expensive, or even impossible. Moreover, while classical approaches utilize hand-crafted
image models [[15} 23] to regularize inversion, hyperparameter tuning is imperative to success. In
practice, this results in choosing a regularizer based on trial and error and such approaches are heavily
prone to human bias [20]]. If ground-truth images are available, then an IGM can be learned directly
[28 [34} 14]], but this approach requires access to an abundance of clean data. Thus, developing a
principled criterion to select an IGM based on access to noisy measurements alone could significantly
reduce modelling time and avoid any imposed human bias. If such a criterion can be identified, a
natural follow-up question would be to use such a criterion to learn the underlying IGM from noisy
corrupted measurements alone.

In this work, we solve a collection of ill-posed image reconstruction tasks without access to an
explicit image prior. The key insight of our work is that knowledge of common structure across
independent problems is sufficient regularization alone. In particular, we first show how, given a
number of candidate IGMs, the Evidence Lower Bound (ELBO) of a variational distribution can be
used to select an image model that best explains the underlying true image. The motivation for our
approach lies in the fact that given measurements y and an IGM m, the ELBO provides a tractable
proxy for the IGM posterior distribution p(m|y). Then, we show how one can, in the absence of
available models, directly learn an IGM from a set of N noisy measurements y() = f(z(®)) + (@
to help solve the underlying inverse problem y — . An important assumption we make is that the
underlying images () are drawn from the same distribution (unknown a-priori), and we show how
the learned model m is able to capture this common structure. Our contributions are as follows:

1. We mathematically and experimentally illustrate how a proxy for the ELBO provides a good
criterion for selecting an IGM in several inverse problems.

2. We solve inverse problems without a pre-defined IGM by directly learning it from an
independent set of corrupted measurements. In particular, we parameterize the IGM as
a deep generative network whose latent space is shared across measurements in order to
leverage similarities in the underlying truth images.

1.1 Background and Related Work

Model selection. Model selection techniques seek to choose models that best explain data by
balancing performance and model complexity. In supervised learning problems with sufficiently large
amounts of data, this can be achieved simply by evaluating the performance of different candidate
models using reserved test data [31]. However, in image reconstruction or other inverse problems
with limited data, one cannot afford to hold out data. In these cases, a more common way is to
conduct model selection based on probabilistic metrics. The simplest probabilistic metric used for
linear model selection is adjusted R? [24]. It re-weights the goodness-of-fit by the number of linear
model parameters, so it helps reject high dimensional parameters that do not improve the data fitting
accuracy. Similar metrics in non-linear model selection are Bayesian Information Criterion (BIC) [29]
and Akaike Information Criterion (AIC) [1]. AIC and BIC compute different weighted summations
of a model’s log-likelihood and complexity, offering different trade offs between bias and variance to
identify the best model for a given dataset.

Learning IGMs. There are a few recent methods that learn IGMs from only noisy data. Regular-
ization by Artifact Removal (RARE) [22] learns data-driven priors from various forms of “artifacts"
(e.g. compressed sensing aliasing). RARE’s Artifact2 Artifact scheme requires multiple independent
measurements of each image in a collection of images to train an IGM. However, this approach is
limited by the assumption that the expected value of multiple observations of a single image is the
ground-truth image. Techniques [3 [16] based on Generative Adversarial Networks (GANs) have
also been proposed to learn an IGM directly from noisy data. For instance, AmbientGAN [5] learns
to generate images whose measurements are indistinguishable from the true measurements. Although
the GAN based techniques can achieve impressive results, as we show in Section [3| they require
many independent observations to achieve this high performance.
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2 Approach

In this work, we propose to either select or learn an IGM from a collection of corrupted measurements
with underlying images that share a common image distribution. In particular, we first consider
selecting an IGM by choosing the model that approximately maximizes the model posterior by
using the ELBO as a principled proxy. Building upon this, we show that one can directly learn the
IGM from noisy measurements alone by parameterizing the IGM as a deep neural network with a
low-dimensional latent distribution. The IGM network weights are shared across latent posterior
distributions, capitalizing on the common structure shared across images.

2.1 Motivation for ELBO as a model selection criterion

Suppose we are given noisy measurements from a single image: y = f(z) + 1. In order to
reconstruct the image x, we traditionally first require a prior, or IGM m, that best explains our data.
A natural approach would be to find or select the model m that maximizes the model posterior
distribution p(m|y) o p(y|m)p(m). That is, conditioned on the noisy measurements, find the model
of highest likelihood. Unfortunately computing p(y|m) is intractable, but we show how it can be well
approximated using the Evidence Lower Bound (ELBO).

To motivate our discussion, we first consider estimating the conditional posterior p(z|y, m) by
learning the parameters 6 of a variational distribution gg(x). Observe that the definition of the
KL-divergence followed by an application of Bayes’ theorem gives

Dkw(go(z) || p(zly,m)) = Egngy (@) [log go(x) — log p(x]y,m)]

= log p(y|m) — Eyrgy () [log p(ylz,m) + log p(z|m) — log go ()]

The ELBO of a model m given measurements y is defined by
ELBO(m;y) := By, () [log p(ylz,m) + log p(x[m) — log go(x)] - e9)
Rearranging the above equation, we see that
log p(y|m) = Dxw(ge(x) || p(zly, m)) + ELBO(m;y) = ELBO(m; y)

by the non-negativity of the KL-divergence. This leads to a criterion to choose a model:

log p(mly) = ELBO(m; y) + log p(m).

Note that if the variational distribution gg(x) is a good approximation to the posterior p(z|y, m),
D1, =~ 0 and log p(m|y) ~ ELBO(m; y) + log p(m).

Each term in the ELBO objective encourages certain properties of our model. In particular, the first
term g, (2) [log p(y|2, m)] requires that our model m should lead to an estimate of image that
is consistent with our measurements y. The second term E,, g, () [log p(x|m)] encourages images
sampled from gy () to have high likelihood under our model m. The final term is the entropy term
Es~qo(z)[—10g go ()], which encourages a model that leads to “fatter” minima that are less sensitive
to small changes in the estimated image.

ELBOProxy. Some common image priors are explicit, which allows for direct computation of
log p(x|m). In this case, we can optimize the ELBO defined in Equation directly and then perform
model selection. However, an important class of IGMs that we are interested in are those given by
deep generative networks. Such IGMs are not probabilistic in the usual Bayesian interpretation of a
prior, but instead implicitly enforce structure in the data. A key characteristic of many generative
network architectures (e.g., VAEs and GANs) that we leverage is that they generate high-dimensional
images from low-dimensional latent representations. Bottlenecking helps the network learn global
characteristics of the underlying image distribution while also preventing overfitting to noise. How-
ever, this means that we can only compute log p(x|m) directly if we have an injective map [[17].
This architectural requirement limits the expressivity of the network. Hence, we instead consider
a proxy of the ELBO that is especially helpful for deep generative networks. Suppose our image
generation model is of the form = G,,,(z) where G,,, is a generative network and z is a latent vector.
Introducing a variational family for our latent representations z ~ g, (z) and using log p(2|G,) in
place of log p(z|G,,), we arrive at the following proxy of the ELBO:

ELBOProxy(Gpn;y) 1= E.vg,(2) [log p(y|Gr(2)) +10g p(2|Gr) — log gy (2)] - 2)
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Figure 1: We propose to learn a single IGM G,,, from a set of noisy measurements {y(i)}fvzl to
reconstruct each underlying image (). This generator is shared across latent posteriors and learns
global properties of the underlying image distribution. We reconstruct each image by learning a
reconstruction posterior over the latent space of G, each parameterized by a variational family g

with parameters (V). The IGM parameters m and parameters ¢(*) are found by solving Equation

Variational family. In practice, there are a number of choices to parameterize the variational
families gg () and ¢4 (2). One could, for example, utilize a Gaussian parameterization which would
entail learning a mean and covariance (u, ). Another particularly flexible family of functions are
Normalizing Flows [27} 1261 9], which are generative models capable of learning an invertible mapping
between a simple latent distribution to a more complicated distribution of interest [32]. We explore
both options in this work, and discuss these ideas further in the subsequent sections.

Toy example. In order to illustrate the use of the ELBOProxy as a model selection criterion, we
conduct the following experiment that asks whether the ELBOProxy can identify the best model
from a given set of plausible image models. For this experiment, we use the MNIST dataset [[19] and
consider two inverse problems: denoising and phase retrieval. We train a generative model G,,,, on
eachclass c € {0,1,2,...,9}. Hence, G, is learned to generate images from class ¢ via G, (z)
where z ~ N(0, I). Then, given noisy measurements y,.. from an image from class c, we ask whether
the generative model G, from the appropriate class would achieve the best ELBOProxy. For
denoising, our measurements are y. = .. + 1. where 1. ~ N'(0,02I) and ¢ = +/0.5. For phase

retrieval, y. = |F(x.)| + 1. where F is the Fourier transform and 7. ~ N(0, 0%I) with ¢ = /0.05.

We construct 10 x 10 arrays for each problem, where in the i-th row and j-th column, we compute
the — ELBOProxy obtained by using model G, , to reconstruct images from class i — 1. We
calculate ELBOProxy (G, ; y.) by parameterizing g,, with a Normalizing Flow and optimizing
network weights ¢.. Results from the first 5 classes are shown in Fig. 2|and the full arrays are shown
in the Appendix. We note that all of the correct models are chosen in phase retrieval and 3 out of 5
models are chosen correctly in denoising, although the difference in value is small between the true
class and the incorrectly selected class. We also note some interesting cases where the ELBOProxy
values are similar for certain cases, such as when recovering the 3 or 4 image. For example, when
denoising the 4 image, both G,,,, and G,,, achieve comparable ELBOProxy values. By carefully
inspecting the noisy image of the 4 one can see that both models are reasonable given the structure of
the noise.

2.2 Learning the image generation model for inverse problems

As the previous section illustrates, the ELBOProxy provides a good criterion for choosing an
appropriate IGM from noisy measurements. However, there are a number of challenging imaging
inverse problems where we do not have access to a set of potential IGMs that contain an accurate
image model. Here, we consider the task of learning the IGM directly from the noisy data. We
consider the setting where we have access to a collection of N measurements 3" = f(z(9) 4+ 5@
for i € [N] and each z(*) are drawn from the same image distribution of interest. For example, we
may be imaging the same object from various viewpoints, but our observations are corrupted and
noisy. The key assumption we make is that similar structure exists in all underlying images measured,
allowing us to learn the structure by finding a low-dimensional representation that can produce
all noisy data observed. Relative to typical generative modelling-based approaches or supervised
learning approaches, we assume we have very few examples N, on the order of only 10’s of examples.
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Figure 2: We consider two inverse problems: denoising and phase retrieval. Left: the two leftmost
columns correspond to the ground truth image x. and the noisy measurements y.. Center: we show
the means of the variational distributions given by the IGM trained in a particular class. Interesting
examples from a model selection perspective are highlighted in red. Right: each row of the array
corresponds to the — ELBOProxy achieved by each model in reconstructing the images. Here, lower
is better. Boxes highlighted in green correspond to the best — ELBOProxy values in each row.
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Figure 3: Denoising improves with more noisy MNIST observations. We demonstrate our method
of learning the IGM to perform denoising for increasing number of noisy images (4, 35, and 75 images
from left to right). In each panel, we include the ground truth, noisy measurements, mean of the
posterior, and standard deviation of the posterior. We also include the reconstructions using an IGM
trained on the full clean MNIST 8’s class. We observe that the mean reconstructions and standard
deviations from our low-data IGMs become more similar to the full-data IGM with increasing data.

Learning approach. We would like our image generation model to capture shared properties
of the N images underlying the set of measurements. Each corruption, however, could induce its
own complicated image posteriors. Thus, we propose to find a shared generator GG,,, with weights
m that can be used to reconstruct the full posterior of each image x(*) from its corresponding
noisy observation y(*). This approach is illustrated in Fig. l More explicitly, given a set of noisy
measurements {y( )} ., we optimize the ELBOProxy from Equatlonl to learn a generator G,
that leads to an accurate set of variational distributions { g N

N
1 .
1 (@) _ ,
nax N;:llEZNqW)(z) [logp(y |G (2)) +log p(z|Gin) logqqsm(Z)] +logp(Gm). (3)

The expectation in this objective is approximated via Monte Carlo sampling. In terms of choices for
log p(G,,), we can add additional regularization to promote particular structures, such as smoothness.
Here, we consider having sparse neural network weights as a form of regularization and use dropout
during training to represent log p(G,, ) [30].



Once a generator G, and variational parameters ¢(*) have been learned, we can solve the inverse
problem by providing estimates of (") via sampling 2 ~ g, (2(*)) and outputting G, () ~ z
or computing an average % Zthl Gy (3) = 2. Producing samples can help visualize the range
of uncertainty under the current image model G,,,, while the expected value of the distribution
empirically provides clearer estimates with better metrics in terms of PSNR or MSE. We report PSNR
outputs in our subsequent experiments and also visualize the standard deviation of our reconstructions.

Toy Example. To illustrate learning the IGM, we consider using the ELBOProxy to learn the IGM
directly from a set of noisy images. The noisy images {y(¥} ¥ are defined by y() = 2() + ()
where {z()}¥ | are from a single MNIST class ¢ and () ~ N(0,02I) where ¢ = 0.5. Using
only these noisy images, we learn the shared generator G, as well as unique variational posterior
distributions that each represents a single denoised reconstruction. We use multivariate Gaussian
distributions to parameterize the variational posteriors and a Deep Decoder [13] as the generator
with dropout of 10~#. Results from this experiment are shown in Fig.[3| Note that as the number of
independent noisy measurements increases, the IGM becomes a stronger prior that better captures the
true underlying distribution, resulting in higher fidelity reconstructions. In addition, as the number of
images increases, the uncertainty focuses on the salient features of the image rather than on the noise.

3 Results

We now consider solving various inverse problems by learning an IGM directly from noisy measure-
ments via the framework described in[2.2] For each of these experiments, we use a multivariate Gaus-
sian distribution to represent each of the posterior distributions z(*) ~ Qi) (2(9) and a Deep Decoder
as the IGM with a dropout of 10~ for the rest of the experiments. The multivariate Gaussian distri-
bution is parameterized by means {4()} ¥ | and covariance matrices {A) = LOLOT 4 c[}N
where I with ¢ = 1072 is added to the covariance matrix to help with stability of the optimiza-
tion. We choose to parameterize the posterior using simple Gaussian distributions due to memory
constraints. Note that we do not employ early stopping. For more details, please see the Appendix.
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Figure 4: Denoising 75 images of a celebrity. We demonstrate our method described inusing 75
noisy images of a celebrity. Here we show the ground truth (top), noisy measurements (middle), and
mean reconstruction (bottom) for a subset of the 75 different noisy images. Our reconstructions are
much less noisy, exhibiting sharper features that are hard to discern in the noisy images. Note that no
predefined prior/regularizer was used in denoising.
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Denoising: We show results on denoising noisy images of 8’s from the MNIST dataset in Fig[3]and
denoising noisy images from a single face from the PubFig [18] dataset in Fig.[d] The measurements
for both are defined by y = 2 + n where  ~ N'(0, 02I) with an SNR of ~0.5 for the MNIST digits
and an SNR of ~54 for the faces. Our method is able to remove much of the added noise and recovers
small scale features, even with only 10’s of observations. Note that the learned IGM improves as
the number of independent observations increases, as shown in Fig. El Our reconstructions also
substantially outperform the baseline methods AmbientGAN [5]], Deep Image Prior (DIP) [33]], and
regularized maximum likelihood using total variation (TV-RML), as shown in Fig.[7] Unlike DIP, our
method does not seem to overfit and does not require early stopping. Our method does not exhibit
noisy artifacts like those seen in AmbientGAN results.

Compressed sensing: We consider noisy measurements from the following problem arising from
astronomical imaging of black holes with the Event Horizon Telescope (EHT): suppose we are given
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Figure 5: Visualization of the intrinsic resolution of the EHT compressed sensing measurements.
The EHT measures sparse spatial frequencies of the image (i.e., components of the image’s Fouier
transform). In order to generate the ground truth image (c), all frequencies in the entire domain of
(a) must be used. Restricting spatial frequencies to the ones in (a) and (b)’s green circle generates
the target (d). The EHT samples a subset of this region, indicated by the sparse black samples in (b).
Naively recovering an image using only these frequencies results in the dirty image (e), which is
computed by & = Afy. The 2D spatial Fourier frequency coverage represented with (u, v) positions
is referred to as the UV coverage.

Baseline Comparison

Ambient-  pIp TV-RML
GAN 1000 epochs ~ A=1e3

Figure 6: Compressed sensing with a video of a black hole. We demonstrate our method described
in[2.2] using 60 images from an evolving black hole target. Left: Here we show the ground-truth,
target, and mean reconstruction, respectively. Additionally, we show the unwrapped space x time
image, which is taken along the white ring illustrated in the T=1 ground-truth image. The bright-spot’s
temporal trajectory of our reconstruction matches that of the truth and target. Right: We compare our
method to various baselines methods. Our results are much sharper and exhibit less artifacts than
AmbientGAN and TV-RML with weight \.

access to measurements of the form y = Az + 1, n ~ N(0,0%I) where A € CP*™ is a low-rank
compressed sensing matrix arising from interferometric telescope measurements. This problem is
highly ill-posed and requires the use of priors or regularizers to recover a reasonable image [2].
Moreover, it is impossible to acquire ground-truth images of black holes, so any hand-designed prior
will exhibit human bias. However, we can assume that the source does not change much day to day,
which matches the assumptions of our approach and motivates the use of an IGM.

We show results on 60 frames from a video of a simulated evolving black hole target [25 3] with an
SNR of ~7 in Fig.[6} Our reference target image is the ground-truth filtered with a low pass filter that
represents the maximum resolution intrinsic to the Event Horizon Telescope array, which is visualized
and explained in Fig.[5] Our method is not only able to reconstruct the large scale features of the
ground-truth image without any aliasing artifacts, but also achieve some level of super-resolution.
Our reconstructions also achieve higher super-resolution as compared to our baselines in Fig. [6|and
do not exhibit artifacts evident in the AmbientGAN and TV-RML baselines. We additionally note
that the reconstructions from DIP are strong in this case, which is partially due to the fact that such
networks are not prone to overfitting in compressed sensing problems [14].

Phase retrieval: Here we demonstrate a limitation of our approach with an example where our
method obtains sub-optimal performance. In particular, we consider the non-linear inverse problem
of phase retrieval. Our measurements are described by y(* = |F(z(®)| + n() where F is the
Fourier transform and () ~ A/(0, 021). Since each measurement is the magnitude of the Fourier
transform, possible reconstructed images include all spatial shifts. Due to the severe ill-posedness
of the problem, representing this complicated posterior that includes all spatial shifts is challenging.
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Figure 7: Denoising baseline comparisons. We compare to various baselines (AmbientGAN, Deep
Image Prior (DIP), and regularized maximum likelihood using TV (TV-RML) with weight A, and
we report the average PSNR across all 75 reconstructions. We show both early stopping and full
training results using DIP. Our method exhibits substantially higher PSNR and less noise than all
other baselines while maintaining distinct features that are smoothed out by DIP.
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Figure 8: Phase retrieval from MNIST 8’s. We demonstrate our method described in [2.2] 2 2 to perform
phase retrieval on 75 images. Here we show the target image, the log magnitude of the Fourier
transform, mean of the posterior, standard deviation of the posterior, and samples from the posterior.
Note that the posterior samples exhibit diversity even with a simple Gaussian latent distribution.

Thus, we incorporate an envelope as the final layer of G,,, to encourage the reconstruction to be
centered. Nonetheless, multiple shifts are still possible within this enveloped region.

We show results from 75 noisy phase retrieval measurements from the MNIST 8’s class with an SNR
of ~0.04 in Fig.[8] Our reconstructions have features similar to the digit 8, but contain significant
artifacts. These artifacts are due to the fact that a highly multi-modal distribution is being represented
by a unimodal Gaussian variational distribution. In denoising, increasing the number of measurements
N improved the IGM; however, this shift ambiguity will remain even if we increase the number
of available measurements. This problem would benefit from a translation-invariant generator G,,,
which would simplify the complexity of the posterior distribution. We save this for future work.

3.1 Generalization to new data and forward models

We consider generalizing to new measurements given an IGM G, learned using the methods
described in Section @ These measurements could be from the same forward model (e.g., the IGM
was trained with noisy MNIST digits, and we want to use it to denoise an unseen MNIST digit) or
from a different forward model (e.g., the IGM was trained with noisy MNIST digits, and we want to
use it to perform compressed sensing on an MNIST digit), but the measurements are all from the
same underlying ground-truth image distribution that the IGM was originally trained with. To solve
the new inverse problem, we learn the latent posterior z ~ g4 (2) given fixed weights m of the IGM
G, and our measurement y using Eq.[2] Due to the additional complexity in generalizing to a new
image and forward model, we parameterize g4 with a Normalizing Flow model. We show results in
Fig.[9]showcasing the generalization performance of an IGM pre-trained on 75 noisy images to 1)
novel images under the same forward model and 2) novel images under a different forward model.
Our method is able to reconstruct primary features of the face in both generalization tests. This
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Figure 9: Generalization to novel measurements. We show results using an IGM trained on 75
noisy images to solve inverse problems on novel measurements/images. These ground-truth images
were not used during training. We perform denoising on the left and compressed sensing on the right.
Note that when performing compressed sensing, there are two sources of novelty: the underlying
ground-truth image and the forward model.

demonstrates that the IGM avoids overfitting to specific images and measurements, and is able to
learn generalizable properties of the underlying data distribution even from few examples.

4 Conclusion

In this work, we demonstrated how one can solve ill-posed image reconstruction problems without
pre-defined priors by jointly learning a shared low-dimensional structure of the ground-truth images
from corrupted measurements alone. We first demonstrated that, given a number of candidate IGMs,
the ELBO of a variational distribution can be used to select the best model. By leveraging common
structure present across the underlying ground-truth images, we then showed that one can directly
learn an IGM from a set of corrupted measurements by searching for models that maximize a proxy
of the ELBO. We demonstrated that our approach learns global properties of the underlying image
distribution and can successfully solve a diverse set of inverse problems with significantly fewer
examples than generative model-based approaches. Overall, our work showcases the possibilities of
solving inverse problems in a “prior-free” fashion, free from human bias traditionally encountered
in ill-posed image reconstruction. Moreover, we believe our approach could aid in automatically
discovering novel structure from scientific measurements without access to clean data, leading to
potentially new avenues for scientific discovery.

Broader Impacts. We show that the ELBO can be used to perform model selection. However,
this does not guarantee that the selected model is a good enough IGM for accurate inverse image
reconstruction. Nonetheless, our approach can improve our understanding of fundamental science to
see things that were previously invisible.
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