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Abstract

Generative models, including normalizing flows, are gaining popularity in imaging
science for tasks such as image reconstruction, posterior sampling, and data sharing.
However, training them requires a high-quality dataset of objects, which can be
challenging to obtain in fields such as tomographic imaging. This work proposes
AmbientFlow, a framework for training flow-based generative models directly from
noisy and incomplete data using variational Bayesian methods. The effectiveness
of AmbientFlow in learning invertible generative models of objects from noisy,
incomplete stylized imaging measurements is demonstrated via numerical studies.

1 Introduction

Invertible generative models (IGMs) are a class of machine learning models that approximate
an unknown data distribution by learning an implicit bijective mapping from a simple, tractable
distribution such as the standard normal distribution, to the data distribution of interest. Due to their
bijectivity, they enable both efficient, high-quality sampling as well as tractable density estimation.
Due to these properties, invertible generative models have been investigated for diverse applications,
such as data generation and editing (Kingma & Dhariwall 2018), variational inference (Rezende &
Mohamed, 2015) and probabilistic modeling for physical systems (Papamakarios et al., [2021)).

IGMs are also promising for potential applications in imaging science. For instance, IGMs have
been investigated for their use as priors for regularizing inverse problems in tomographic imaging,
where a computational procedure is required to estimate an object from noisy or incomplete imaging
measurements (Zhao et al., 2022 Zhang & Curtis, 2021} |[Kelkar et al.| [2021). IGMs offer exact
density estimates, tractable log-likelihoods and useful representations of individual images (Dinh
et al., 2016, 2014} Kingma & Dhariwal, 2018)). This makes them more reliable for downstream
inference tasks in imaging science as compared to certain other types of generative models, such
as generative adversarial networks (GANs), that exhibit insufficient representation capacity and
misrepresentation of domain-specific statistics (Asim et al., 2020; Jalal et al.| 2021} |Kelkar et al.}
2023b). IGMs have shown potential for use in tasks such as image reconstruction, posterior sampling,
uncertainty quantification and anomaly detection (Kelkar et al.| 2021} Jalal ez al.||2021; Zhao et al.)).

Despite their promise, training IGMs requires a large dataset of objects or high-quality image
estimates. This poses challenges in scenarios such as tomographic imaging, where acquiring complete
measurements of objects to build such a dataset can be impractical. In the context of GANSs, the
AmbientGAN framework was proposed to address this problem, where a conventional GAN was
augmented with the measurement operator. It employs an adversarial training strategy, where the
real and fake object distributions are indirectly compared by a discriminator acting on the real
measurements, and measurements simulated from the fake objects. This approach is fundamentally
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distinct from the direct log-probability maximization used in training IGMs, which isn’t easily
adaptable when only incomplete measurements are available.

In this work, a new framework named AmbientFlow is developed for training IGMs using noisy,
incomplete measurements. The accuracy of the object distribution recovered via AmbientFlow is
theoretically analyzed under prescribed ideal conditions using compressed sensing. Finally, numerical
studies are presented to demonstrate the effectiveness of the proposed method on a two-dimensional
toy problem, as well as a stylized magnetic resonance imaging (MRI) numerical study. Additional
experiments can be found in our extended paper (Kelkar et al.||[2023a).

2 Approach

Conventionally, invertible generative models (IGMs) are trained to bijectively map a latent variable z
with a simple distribution, such as the standard normal distribution, to an object f € R that follows
the distribution of interest, using an invertible neural network (INN) Gy : R® — R"™. The IGM is
trained by minimizing the KL divergence Dxr.(gr||po) between the learned distribution py and the
true distribution ¢f, or equivalently, by maximizing the log-likelihood objective over a dataset of
samples drawn from g¢:

L(0) = Egrg, log po(f) = Egg,[log ¢z(z) — log |det V,Go(2)]], z = G;l(f). (D

In the present scenario, instead of samples from ¢f, a training dataset of noisy and potentially
incomplete imaging measurements g = Hf + n from objects f ~ g¢ is available. Here, H € R™*",
known as the forward model, is a linear operator that models the physics of the imaging process, and
n € R™ n ~ g, models the measurement noise.

Let gg be the true distribution of the measurements, and 1) be the distribution of fake measurements,
i.e. for f ~ pg, Hf + n ~ 1)y. Since samples from gr are not available, an additional INN, known
as the posterior network hy(- ;&) : R™ — R” is introduced that takes two inputs — a latent vector
¢~ q¢ =N(0,1,), and a conditioning input g ~ gg from the training dataset, to produce samples
from the model posterior py(f | g). We propose to minimize Dxr,(gg||¢g) in lieu of Dkr,(ge||pg)
and establish conditions under which matching 1)y to gz upper-bounds a distance between py and g.
As formalized in in the appendix, for sufficiently expressive parametrizations of py and
Pg, minimizing Dkr,(ggl[19) is equivalent to maximizing the following objective:

Ly (0,9) = Egp, logavgexp [log pe (he(Cis8)) +1ogan (g — Hhe(Ci;8)) —logpe(hy(Gisg) | 8)]

M

1

where ¢; ~ qz, 0 < i < M, and logavgexp(z;) = log | — Zexp(xi) . 2)
0<i<M M —

The objective £,/ (6, @) uses the posterior network to circumvent the need for direct access to ¥y (g),
or samples of true objects from g¢.

It can be shown that for a system with an injective forward operator H and measurement noise n
having a non-zero characteristic function, ¥y = qg = ps = qr (Bora et al.}|2018). However, when
the forward operator H has a null space, it is not possible to uniquely relate py to the measurement
distribution without additional information about g¢. Nevertheless, if the objects of interest are known
to be close to vectors that are sparse with respect to a full-rank transform @, pg can be constrained to
the set of distributions concentrated on these compressible objects. In order to recover a distribution
pp concentrated on objects that are compressible with respect to @, the following optimization
problem is proposed:

0,06 = arger;nn —Lp(0,6) subjectto Egog Eevp, (. |g)l|Pf — Pprojs, (£)][1 <, 3)

where proj g, (f) denotes the orthogonal projection of f € R™ onto the set S, of objects for which &f
is k—sparse. It can be shown that if H and f ~ ¢y satisfy specific conditions of compressed sensing
(Candes er al.|[2006) and the AmbientFlow is trained sufficiently well using then the error
between the true and recovered object distributions can be bounded. This is formally established via

in the appendix.



In practice, [Eq. (3)|is reformulated in its Lagrangian form, and a regularization parameter s is used to
control the strength of the sparsity-promoting constraint. Also, inspired by the 3-VAE framework
(Higgins et al., 2017), an additional regularization parameter A was used to control the strength of
the likelihood term log gn (g — Hhy(C;; g)). This modifies the problem to maximizing the following
objective function, which was optimized using gradient-based methods.

L (0,9) = Bgmg,E,na, logavgexp {logpo (hs(Ci;8)) + Alogan(g — Hhy(Ci )
<1<

—logpy (he(Ci;8) | 8) } — w||Phe(Cis g) — projs, (Phy(Cisg))|l,| @)

Empirically, we observe that the proposed ¢; penalty also promotes sparse deviation of the output of
hg from Sy, which improves the quality of the images generated by AmbientFlow.

3 Numerical Studies

This section describes the numerical studies used to demonstrate the utility of AmbientFlow for
learning object distributions from noisy and incomplete imaging measurements. The studies include
toy problems in two dimensions, as well as the problem of recovering the object distribution from
stylized magnetic resonance imaging measurements.

1) Toy problem: First, a two-dimensional
object distribution was considered, which
was created as a sum of eight Gaussian
distributions with centers forming a regu-
lar octagon, as shown in [Fig. Th. The for-
ward operator was the identity operator, and  Figure 1: (a) True distribution g, (b) distribution gg
the noise n was distributed as a zero-mean of measurements, (c¢) distribution learned by a flow
Gaussian. The distribution of the measure- model trained on true objects, and (d) distribution
ments g = f 4+ n is shown in [Fig. Ib. learned by AmbientFlow trained on measurements.

2) Stylized MRI study: In this study, the problem of recovering the distribution of objects from simu-
lated, stylized MRI measurements was considered. T2-weighted brain images of size n = 128x128
from the FastMRI initiative database were considered (Zbontar ef al.| |2018) as samples from the
object distribution. Two separate AmbientFlow models were trained using simulated, stylized MRI
measurements with undersampling ratio n/m = 1 and n/m = 4 containing complex valued iid
Gaussian measurement noise. A discrete gradient operator was used as the sparsifying transform
®. The images generated by AmbientFlow were compared alongside the images individually re-
constructed from the measurements using penalized least-squares with TV regularization (PLS-TV)
(Beck & Teboullel 2009), as well as the inverse fast Fourier transform (IFFT) based estimates. The
Frechet Inception distance (FID) score was used for comparisons. Additionally, radiomic features
commonly computed in medical imaging applications were employed (Van Griethuysen ef al.,[2017).
Details of AmbientFlow training and evaluation are provided in the appendix.

4 Results

Figure[T]shows the true object distribution, the distribution learned by a flow model trained on objects,
the measurement distribution, and the object distribution recovered by AmbientFlow trained using the
measurements. It can be seen that AmbientFlow is successful in generating nearly noiseless samples
that belong to one of the eight Gaussian blobs, although a small number of generated samples lie in
the connecting region between the blobs.



True objects Flow trained on true objects (FID = 45.6)

Figure 3: True objects, IFFT-based image estimates, PLS-TV based image estimates and images
synthesized by the flow model trained on the true objects, as well as the AmbientFlows trained on the
measurements for the stylized MRI study.

The results of the stylized MRI Study are shown PLS-TV recons from noisy measurements
in The visual and FID-based quality of ~ (2) True objects (c) n/m =1 (e) n/m =4
images synthesized by the AmbientFlow mod- - T
els was inferior only to the images synthesized g
by the flow trained directly on objects, and was | ( o ‘
superior to the images reconstructed individu- Eied ﬂ
ally from the measurements using the PLS-TV i
method. Since the underlying Inception network  (b) Flow trained ~ AmbientFlow trained on noisy measurements
used to compute the FID score is not directly —_on true objects (d) n/m=1 (f) n/m = 4
related to medical images, additional evaluation 3
was performed in terms of radiomic features rel-
evant to medical image assessments.

Figure [2] plots the empirical PDF over the first
two principal components of the radiomic fea-
tures extracted from each of the MR image sets o o
shown in[Fig. 3] except the [FFT image estimates. Figure 2: Empirical PDF over the first two princi-
It can be seen that there is a significant disparity ~Pal components of the radiomic features extracted
between the principal radiomic feature PDFs of ~from MRIimages. For each plot, the bold contour
the true objects and the images reconstructed in- encloses the region containing 80% of the proba-
dividually using PLS-TV. On the other hand, the ~ bility mass. For (b-f), the dotted contour encloses
AmbientFlow-generated images have a radiomic ~ the region containing 80% of the probability mass
feature distribution closer to the true objects Of the true objects.

for both the fully sampled and 4-fold undersampled cases. This implies that, training an AmbientFlow
on the noisy/incomplete measurements yielded an estimate of the object distribution that was more
accurate in terms of the computed radiomic features, than the one defined by images individually
reconstructed from the measurements using the PLS-TV method.

5 Discussion and conclusion

In imaging science, obtaining an estimate of the object distribution that is useful for downstream tasks
is challenging when only noisy and incomplete measurements of the objects are available. In this work,
a framework for learning flow-based generative models of objects directly from noisy/incomplete
measurements was developed. The presented numerical studies show that AmbientFlow mitigated
the effects of data incompleteness and measurement noise, and accurately approximated the object



distribution in terms of perceptual measures such as the FID score, as well as domain specific radiomic
features.

The AmbientFlow framework bears some similarity with variational autoencoders (VAEs), with the
latent distribution in VAEs being analogous to the object distribution in AmbientFlow. However,
the latent distribution in VAE:s is typically simple and non-unique, whereas the object distribution
in AmbientFlow is a complex high dimensional distribution that is of primary interest and needs to
be recovered as accurately as possible. Hence, the two frameworks have distinct goals that guide
their design. The presented framework can be adopted to other generative models that utilize a
log-likelihood-based training objective, such as denoising diffusion probabilistic models (DDPMs)
which enable high-quality Bayesian inference in imaging (Song ef al., [2021}; Daras et al., 2023).

A limitation of the proposed framework is that its performance is limited by the capacity of the
posterior network h to accurately model the posterior. Also, although this work involves preliminary
assessments of AmbientFlow using the FID score and radiomic features, a thorough evaluation of
generative models for imaging applications would involve assessing whether they can reproduce
image statistics that are relevant to a wide variety of downstream tasks (Kelkar et al., [2023blc).
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A Theoretical analysis
First, the notation used in the manuscript is defined again for convenience.

Notation. Let gf, gz and g, denote the unknown true object distribution to-be-recovered, the
true measurement distribution and the known measurement noise distribution, respectively. Let
D = {gW}2, be a dataset of independent and identically distributed (iid) measurements drawn
from gg. Let G : R™ — R™ be an INN. Let pg be the distribution represented by Gp, i.e. given
a latent distribution g, = N(0, I,,), Gg(z) ~ pg for z ~ g,. Also, let 1y be the distribution of
fake measurements, i.e. for f ~ pg, Hf + n ~ ¢y. Let po(f|g) x ¢n(g — HF) po(f) denote
the posterior induced by the learned object distribution represented by Gy. Let & € R [ > n
be a full-rank linear transformation (henceforth referred to as a sparsifying transform). Also, let
Sk ={v e R"s.t. [|[Pv]p < k} be the set of vectors k-sparse with respect to . Since @ is full-rank,
throughout this chapter we assume without the loss of generality, that ||®7 ||, < 1, where &7 is the
Moore-Penrose pseudoinverse of @. Throughout the manuscript, we also assume that gr is absolutely
continuous with respect to pg, and ¢ is absolutely continuous with respect to 1g.

Next, we define the restricted isometry property which characterizes matrices that are well-conditioned
when operating on sparse vectors.

Definition A.1 (Restricted isometry property). For s € N, define the restricted isometry constant
(RIC) ¢, as the smallest constant that satisfies

(L= 0I5 < [HV]IZ < (1+35)[IvII3, ®)

for all v such that | @v||, < s. H is said to satisfy the restricted isometry property for all v such that
|Pv||y < K, if 6 + d2x + 31 < 1 (Candes et al.,[2006).

Compressed sensing stipulates that if an object f is k-sparse after a full-rank linear transformation
@ € R*" | > n, then the object can be stably estimated from noisy, incomplete measurements
Hf +nif for all vectors v € R” that are k-sparse in the transform domain @, H satisfies the restricted
isometry property (RIP) defined above (Candes et al., 2006).

The following theorem formulates an objective that is equivalent to minimizing Dxr,(gg||%s)-

Theorem A.1. Let hy be such that ps(f|g) > 0 over R". Also, assume that hy and Gg have
sufficient capacity, i.e. 3 0*,¢* such that g« = qg, and py-(-|g) = pe~(-|g). Then, minimizing
Dx1.(qgl|ve) is equivalent to maximizing the following objective function over 6, ¢:

Lar(0,6) = Eg,c, logaveexp [log po (hy (Ci; ) + log an(g — Hho(Lis 8)
—logpy (he(Gisg) | 8)], (6)

where G; ~ qz, 0 <i < M, M €N, and logavgexpg;< s (;) = log {ﬁ Zf\il exp(wi)} .

Proof. From the definition of KL divergence, we have

Dict (dg]|t6) = Egra, [bg ig((?)] .
= Equg log gg (g) — Equg log ¥4(8)- ®)

Now, 1g(g) can be written as

o) = / g2 (&[F)po (£)dE ©)
B In(g — HF) po(f)
= [ ettt o
B qn(g — HE) py(f)
=Ereptin | =t b



Therefore,
Equg loge(g) = Equg [log Ef’ﬂ%('\g) {

B o po(hg(3:8)) an(g8 — Hhe(L;8))
= ngqg [1 gECNQL { p¢(h¢(C; ) ‘ g) }‘| .

1 L po(ho(Ciig)) an(g — Hhy(Gisg))
2 EEN‘ngciNQI [log M lz:; p¢(h¢(c1, g) | g) (14)

po(f) qn(g — Hf)
polf | &) H (12

13)

=L (8, 9). (by Jensen’s inequality)

Furthermore, following the discussion provided in Burda, et al. (Burda et al.,[2015),
L (0,¢) = Egrg, logha(g) — Dxr(ps(-[8)lIpe(-[g)), (15)
= LrLeo (6, 9), (16)

where L0 (6, ¢) denotes the evidence lower bound (Kingma et al., [2019).

Therefore,
Lrreo(0,¢) < L (0, ¢) < Egug, logp(g) < Egag, log gg(g)- 17

Now, since hy and Gy have sufficient capacity, i.e. 3 6%, ¢* such that Y9« = gg, and py-(-|g) =
po-(*g),
I%%X Lerpo(0,¢) = max Egq, 10g9(g) = Egq, log qg(g). (18)

Therefore,
max L (0, ¢) = Egngg l0g g5 (g)- (19)

)

Now, DxL(gg|[ve) = Egnyg, 108 g (g) — Egrg, log ¥g(g). Therefore, since Eg~q, loggg(g) is a
constant,

In01n Dx1(qg|ve) = Egng, log qg(g) — max Eg~q, logv(g) (20)
= Eg~q, logqg(g) — ng&}bx L (0,9) (21)

Also, Ls(6, ¢) attains its maximum at 6%, ¢* defined in the statement of [Theorem A.1| whereas

Dk1,(gell®e) attains its minimum at 6*. Therefore, minimizing Dk, (qg|/19) with respect to 6 is
equivalent to maximizing £ (6, ¢) with respect to 6 and ¢ under the assumptions of [l heorem A. IL
O

The following lemma, adapted from (Bora et al., [2018), establishes a condition for unique recovery
of the object distribution for certain types of forward operators.

Lemma A.1. If H is a square matrix (n = m) with full-rank, if the noise n is independent of the
object, and if the characteristic function of the noise xn(v) = Enn~g, exp(tv ' n) has full support
over R™ (i is the square-root of —1), then 1y = qg = po = ¢s.

Proof. This proof as been adapted from the AmbientGAN work (Bora et al.,[2018). Lety = Hf
represent the noiseless measurements. Therefore,

g=y+n, (22)
= qg = Qy * Gn, (23)

where * represents a convolution (in the sense of linear systems theory) (Lathi & Green, [2005)).
Therefore,

Xg(V) = Xy (V)xn(v), veR™ (24)
Since xn, has full support over R™, ¢ uniquely determines x,,. Therefore, g; uniquely determines
dy-
Also, since H is bijective, g, uniquely determines g¢. Therefore, 19 = gg = po = ¢r. O



Now, if H is rank-deficient, it is in general not possible to uniquely relate pg to the measurement
distribution. However, for object distributions that are concentrated on transform-sparse vectors, if H
satisfies the conditions of compressed sensing, we show that it is possible to accurately recover the
object distribution by solving the following optimization problem:

0,6 = argmin —L(6, ¢) subject to EgngeEtmp,(-|g) |2 — Pprojs, (f)][1 < e (3)
0,9

This is formalized as follows.

Theorem A.2. Fora PDF q : R" — R, let ¢5* denote the distribution of proj s, (%), for x ~ q. Also,
for distributions q1,qa, let W1(q1||q2) = infier E(x, x,)~ql|X1 — X2l|2, denote the Wasserstein
1-distance, with I" being the set of all joint distributions q : R"*"™ — R with marginals q1, g2, i.e.
Ja(x1,%x2)dx2 = q1(x1), [ q(x1,%2)dx1 = g2(x2).

If the following hold:

1. Wige || q‘fS *) < €' (the true object distribution is concentrated on k-sparse objects under P),

2. H satisfies the RIP for objects k-sparse w.r.t. @, with isometry constant §y,

3. the characteristic function of noise xn(Vv) has full support over C™, and

4. (0,0) satisfying pg = qr and py(-|g) = pa(-|8) is a feasible solution to(Gg and hg

have sufficient capacity),

then the distribution pg recovered via is close to the true object distribution, in terms of the
Wasserstein distance i.e.

1
Wi(pg Il g¢) < (1 + m”ﬂb) (e+¢€). (25)

In order to prove|[Theorem A.2] we first establish essential notation and intermediate results needed.
Specifically, in[Cemma A.2] we derive an expression for the wasserstein distance between a distribu-
tion of a random variable, and the distribution of its projection onto a set. We then proceed to prove

Theorem A.2)

Notation. For a closed set S C R", let projs(f) denote the orthogonal projection of f onto S,
defined as

projs (£) = yin [ — £z 26)

For aPDF g : R” — R, let qS denote the distribution of projg(x), for x ~ g. Also, for distributions
q1, G2, let

Wiaillgz) = inf  Epx )y lIXn — %22 27
Y€ (g1,92)

denote the Wasserstein 1-distance, with I'(g1, g2 ) being the set of all joint distributions v : R"*"™ — R
with marginals q1, g2, i.e.

[ 6 xe)dre = ax). [ 2 xa)dx = ). 8)
Lemma A.2. Let x € R" be a random vector with distribution q. Then, with the above notation,
Wi(qllq®) = Ex~q X — projs(x)l, - (29)

Proof. Let~g : R™*™ — R be a degenerate joint distribution given by

Yo(x,w) = q(x)&(w - projs(x)), x,w € R", (30)
where, 6(w) denotes the Dirac delta. Therefore, by definition of the Wasserstein distance,
Wi(alla%) < Eixwymn 1 = Wil (31)
= /q(x)é(w — projs(x)) [lx — wl|, dxdw, (32)
— [ abx) I~ projs (), dx. (33
= Exng [Ix = projs ()|, - (34)



On the other hand, by definition of orthogonal projection,

Ix — projg (x)|l, < [lx —wll,, Vw e supp(¢®). (35)
Therefore,
Exng X = projs(3)[ly < Egew)nry X = wlly, 7 € (g, %) (36)
= Exg |[[x —projo(x)||, < inf  Eixwior |X— W5, 37
y I = profs (), < _inf _ Beyos [x = wl

= Wi(qllg®). (38)

Equations (34) and (38) imply
Wi(qllq®) = Exny ||z — projs(x)|l, - (39)
O

With all the tools in place, we now proceed to prove

The intuitive idea behind the proof of this theorem is as follows. Compressed sensing stipulates that
under precribed conditions, the forward operator is injective on a set of sparse vectors. Thus, if an
object distribution is sparse, then the distribution of its measurements should be uniquely linked to
it. If the object distribution gr is compressible, and if it is ensured that a compressible distribution
py 1s recovered via [Eq. (3)} then both gr and p; will be concentrated on the sparse vectors, and
will associated with the same measurement distribution gg. Since the sparse vectors are uniquely
determined by the measurements, p; and g must themselves be close.

Proof. Since (6, ¢) satisfying ps = g¢, and py(-|g) = pe(-|g) is a feasible solution to[Eq. (3]} the
Eq. (17)

maximum value of £y under [Eq. (3)|is Eg~,, log ¢g(g). Therefore, according to | for the
estimated 6 and ¢, E(é, 45) = Egrq, log gg(g),
V5 = qg and p;(-|g) = p;(-[8)- (40)

Let f;, f5 € R™. Therefore, by triangle inequality,
[f1 — £2ll, = [|f1 — 7+ £ — o + £ —f2$|
< || - £

(41)
(42)

27
+ | — g, + |6 - £

I 2

where £ is a shorthand for proj s, (f) for f € R™.
f;, f> can be represented in terms of the spasifying transform &. Let ¢; = ¢f; and ¢ = &f°, for
i = 1, 2. Therefore,

lfy — f2fl, < Hf1 — fiSH2 + ’|¢+||2 HCQ — Cg + Hfis — fg!

(43)

I, 2

where @7 is the Moore-Penrose pseudoinverse of @. Also, by definition, recall that ¢ and c§ have
at most k£ non-zero values.

Now, let y; = Hf; for i = 1, 2. Therefore,

||}"1S—YQSH2 = HYf—}ﬁ +y2—y5 +y1 -y, (44)
<|lyr = y7ll, + ly2 = Y3, + llyr = y2ll5 (45)
< A, [t = £, + [HET ], [les =<3l + Iy = yall,- - (46)

Now, the restricted isometry property (RIP) on H defined in implies

&7 — £ (47)

1
[P Jioor [y =3
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Therefore, Equations (@3), [@6) and @7) give

If1 — £ < Hfl - fiSHQ + H¢+H2 ch - C§||2

1
+ \/17—75;@ [ I H |, Hfl - fiSHz
B, ez — S, + llyr = vall, ] (48)

<a(llf =€), + |2, fle — <511,

1
+ ——— [ly1 — ¥sll5, 49
m ||y1 YQ||2 ( )
1
where « = 1 + ﬁ ||H||2 . (50)

Now, let B = I'(q¢,pp), i.e. the set of all joint distributions 3 : R"*™ — R that have marginals
gr and py. Also, let p, be the distribution of y = Hf for f ~ py, i.e. the noiseless version of 1.
Therefore, for 5 € B,
E(f17f2)~ﬁ Hfl - f2||2 < Q{Eflwfh ||f1 - fig||2 + H¢+H2Ef2"‘10é ||¢f2 - ¢f§9||2:|
1
+ ﬂE(fl’&)ng HHf1 — Hf2||2 . (51)
From[Cemma A.2] we have
Bty e ||[f1 = £7]], = Wilaellog™) < ¢ (52)

Also, from

B,y [| P2 — PE5 (|, = Egrgy Eesnpyle) [|9F2 — P, (53)
= Eg~ngf~pg,(-|g) Hd)f — Pprojs, (f)} 27 (54)
< EgrgeErp; (Jg) [|PF — Pprojs, (F)]] (55)
<e. (56)

Taking the infimum of over 3 € B, we get

gngE(fh&)Nﬁ 11 — £ol, < ale + (|7 [|2¢) + inf Er, g,)0p [|[HE — HEsll,. (57)

1
V1 — 0 BeB
Note that the left-hand side of the above equation is precisely W1(pyl|qe). Also, note that the

rightmost term in [Eq. (57)[is W1 (qy[/p4):

Wilayllpg) = iof Bty g)np [|HE — HEs], - (58)
From[Eq. (40)} since gg = 15, [Cemma A.T|implies ¢, = p;
= Wilayllpg) = 0. (59)
Combining With and setting ||&7|| < 1 and o according to we get
Wilpglae) < (14 < [11,) (e €) (60
O

B Addional details regarding the setup of the numerical studies

Network architecture and training. The architecture of the main flow model Gy was adapted
from the Glow architecture (Kingma & Dhariwall, 2018). The posterior network was adapted from the
conditional INN architecture proposed by Ardizzone, et. al (Ardizzone et al.l2021). AmbientFlow
was trained using PyTorch using an NVIDIA A100 GPU. All hyperparameters for the main INN
were fixed based on a PyTorch implementation of the Glow architecture (Seonghyeon), except the
number of blocks, which was set to scale logarithmically by the image dimension. The size of the
training dataset was 107 for the toy study, and 21,000 for the stylized MRI study.
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Baselines and evaluation metrics. For each dataset, an INN was trained on the ground-truth
objects. The architecture and hyperparameters used for this INN for a particular dataset were
identical to the ones used for main flow Gy within the AmbientFlow framework trained on that
dataset. Besides, for the stylized MRI study, a dataset of individual estimates of the object was
generated using the penalized least-squares with TV regularization (PLS-TV) algorithm (Beck &
Teboullel 2009). The regularization parameter for the image reconstruction method was tuned to give
the lowest RMS error (RMSE) for every individual reconstructed image. Although this method of
tuning the parameters is not feasible in real systems, it gives the best set of reconstructed images in
terms of the RMSE, thus providing a strong baseline.

The Frechet Inception distance (FID) score, computed using the Clean-FID package (Parmar ef al.,
2022)), was used to compare a dataset of 5,000 true objects with an equivalent number of images
synthesized using (1) the INN trained on the true objects and (2) the AmbientFlow trained on the
measurements, and (3) images individually reconstructed from their corresponding measurements.
Additionally, for the stylized MRI study, radiomic features meaningful to medical imaging were
computed on the true objects, generated objects, and reconstructed images (Van Griethuysen et al.,
2017).
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