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ABSTRACT. Deep learning (DL) has had unprecedented success and is now entering scientific computing with
full force. However, DL suffers from a universal phenomenon: instability, despite universal approximating prop-
erties that often guarantee the existence of stable neural networks (NNs). We show the following paradox. There
are basic well-conditioned problems in scientific computing where one can prove the existence of NNs with great
approximation qualities, however, there does not exist any algorithm, even randomised, that can train (or com-
pute) such a NN. Indeed, for any positive integers K > 2 and L, there are cases where simultaneously: (a) no
randomised algorithm can compute a NN correct to K digits with probability greater than 1/2, (b) there exists a
deterministic algorithm that computes a NN with K — 1 correct digits, but any such (even randomised) algorithm
needs arbitrarily many training data, (c) there exists a deterministic algorithm that computes a NN with K — 2
correct digits using no more than L training samples. These results provide basic foundations for Smale’s 18th
problem and imply a potentially vast, and crucial, classification theory describing conditions under which (stable)
NNs with a given accuracy can be computed by an algorithm. We begin this theory by initiating a unified theory
for compressed sensing and DL, leading to sufficient conditions for the existence of algorithms that compute stable
NNs in inverse problems. We introduce Fast Iterative REstarted NETworks (FIRENETS), which we prove and nu-
merically verify are stable. Moreover, we prove that only O(| log(e)|) layers are needed for an € accurate solution
to the inverse problem (exponential convergence), and that the inner dimensions in the layers do not exceed the

dimension of the inverse problem. Thus, FIRENETS are computationally very efficient.
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1. INTRODUCTION

Deep learning (DL) has demonstrated unparalleled accomplishments in fields ranging from image classi-
fication and computer vision [56,67,76], voice recognition and automated diagnosis in medicine [43, 69, 82],
to inverse problems and image reconstruction [12, 63,71, 85] (this list of areas is by no means exhaustive,
see [78], for example). However, at the same time, there is now overwhelming empirical evidence that DL
leads to unstable methods, a phenomenon that seems universal and present in all of the applications listed

*DEPARTMENT OF MATHEMATICS, UNIVERSITY OF OSLO.

TDEPARTMENT OF APPLIED MATHEMATICS AND THEORETICAL PHYSICS, UNIVERSITY OF CAMBRIDGE.

E-mail addresses: vegarant@math.uio.no, m.colbrook@damtp.cam.ac.uk, a.hansen@damtp.cam.ac.uk.

Key words and phrases. Foundations of computational mathematics, computational neural networks, stability and accuracy, SCI Hierar-
chy, inverse problems, deep learning, Smale’s 18th problem.



2 THE BARRIERS OF DEEP LEARNING AND SMALE’S 18TH PROBLEM

above [7,9,36,52,70,90, 105] and in most of the new artificial intelligence (AI) technologies. These in-
stabilities are often detected by what has become commonly known in the literature as “adversarial attacks”.
Moreover, the instabilities can be present even in random cases and not just worst-case scenarios [59] (see also
“stealth attacks” introduced in [108] which concern perturbations to the Al system itself as opposed to inputs).
There is a growing awareness of this problem in high-stake applications and society as a whole [13,52, 64],
and instability seems to be the Achilles’ heel of modern Al and DL — see Figure 1 for an example (this is to be
contrasted with Figure 2). However, classical approximation theorems show that a continuous function can be
approximated arbitrarily well by a neural network (NN). Thus, stable problems described by stable functions
can always be solved stably with a NN. This leads to the basic question:

Why does DL lead to universally unstable methods even when one can prove that stable and
accurate neural networks exist?

It is important to note that proof of the existence of suitable NNs does not immediately imply that they can
be constructed by an algorithm. In particular, we are faced with the following fundamental problem:

(Question I: Can neural networks that provably exist be trained/computed?) Let ()1 be a collection of
training data . = {x;}, and suppose that for each . € Q1 one can prove that there exists a NN ®, € N (with
certain properties). In particular, there is a mapping K: Q+ — N. Does there exist an algorithm, taking
¢ € Q7 as input, that computes an approximation to k(1) = @, for all v € Q, and to what accuracy?

Question I is the key problem that we address (see §1.2 for a detailed summary), and our barriers, as well as
our positive results, help shed light on why the desired NNs that exist can or cannot be computed.

Remark 1.1 (Stability/accuracy trade-off and existence of algorithms). It is, of course, not difficult to
compute stable NNs: the zero network is stable, however, not particularly useful. Hence, the big problem
is to compute accurate and stable NNs. Scientific computing is based on two pillars: stability and accuracy,
however, there is often a trade-off between the two [93]. There may be barriers preventing the existence of
accurate and stable algorithms, and some accuracy may have to be sacrificed in order to secure stability. X

1.1. Hilbert’s program, Smale’s 18th problem and the foundations of AI. The strong optimism regarding
the abilities of Al and DL is summarised in The New Yorker’s (April 2017 issue) quote of G. Hinton: “They
should stop training radiologists now.” One can argue that this optimism is comparable to the optimism about
mathematics in the early 20th century, led by D. Hilbert. Hilbert believed that mathematics could prove or
disprove any statement and, moreover, that there were no restrictions on which problems could be solved by
algorithms. The latter being emphasised in Hilbert’s 10th problem [84]: “Find an algorithm to determine
whether a given polynomial Diophantine equation with integer coefficients has an integer solution.” Hilbert
did not consider the case that such an algorithm may not exist (even though, indeed, no such algorithm exists),
suggesting a substantial optimism on what mathematics and algorithms can solve. However, Hilbert was also
well aware that such foundations were not established in mathematics and initiated a vast program leading to
the beginning of modern logic and subsequently modern computer science.

Godel [57] and Turing [106] turned Hilbert’s optimism upside down by their foundational contributions
establishing impossibility results on what mathematics and digital computers can achieve [94]. We argue that
a program on the foundations of Al, similar to Hilbert’s program, is needed, where impossibility results are
provided in order to establish the boundaries of DL and Al. Such a program is already suggested in Smale’s
18th problem, from the list of mathematical problems for the 21st century [103], which echoes Turing’s paper
from 1950 [107] on the question: what is AI? Turing asks if a computer can think, and suggests the imitation
game as a test for his question about Al. Smale takes the question even further and asks in his 18th problem:

“What are the limits of intelligence, both artificial and human?”
— Smale’s 18th problem (from the list of mathematical problems for the 21st century [103])

The question is followed by a discussion on the problem that ends as follows: “Learning is a part of human
intelligent activity. The corresponding mathematics is suggested by the theory of repeated games, neural



THE BARRIERS OF DEEP LEARNING AND SMALE’S 18TH PROBLEM 3
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FIGURE 1. (Unstable neural network in image reconstruction). The neural network AUTOMAP (Na-
ture (2018) [113]) represents the tip of the iceberg of DL in inverse problems. The paper promises that one
can “... observe superior immunity to noise...”. Moreover, the follow-up announcement (Nature Meth-
ods “Al transforms image reconstruction,” [104]) proclaims: “A deep-learning-based approach improves

speed, accuracy and robustness of biomedical image reconstruction”. However, the figure shows |z + 7

where x is the original image and the r;s are perturbations meant to simulate worst-case effect, as well
as the that AUTOMAP reconstruction W(A(z + r;)) from the subsampled Fourier MRI data A(x + ;)
(here A € C™*¥ is a subsampled Fourier transform, see §4 for details) concluding that this network is
completely unstable. Note that the condition number cond(AA*) = 1, so the instabilities are not caused
by poor condition. As demonstrated in [9], this is a universal phenomenon in DL for inverse problems.
Experimental details are given in §4.

nets and genetic algorithms.” Given the recent unprecedented developments in DL and NNs [78], and the
impact these developments may have on Al it is timely to consider Smale’s 18th problem. We interpret
the words “artificial intelligence” as the current state-of-the-art Al for which DL is essential. Our results
provide foundations for Smale’s 18th problem since they imply a potentially vast classification theory for
determining the limits of what DL can achieve. Importantly, this classification theory cannot be determined
by the extensive collection of non-constructive existence theorems (a la universal approximation theorems)
for NNs.

1.2. Summary of the main results. Our main results demonstrate that there are fundamental barriers pre-
venting NN, despite their existence, from being computed by algorithms. This helps shed light on the intri-
cate question on why current algorithms in DL produce unstable networks, despite the fact that stable NNs
often exist in the particular application. Indeed, our results demonstrate that there is a rich and unknown
classification theory on which types of stable NNs can be computed by algorithms. Our proof techniques
stem from the Solvability Complexity Index (SCI) hierarchy that has recently been used to settle longstanding
questions in scientific computing [15, 18-20,40,41, 65], and that generalises the fundamental problems of S.
Smale on existence of algorithms [24, 25, 100-102] and work by C. McMullen [86, 87] and P. Doyle & C.
McMullen [48].

() (Neural networks may exist, but cannot be computed, even for well-conditioned problems). The answer
to Question I above is, in general, ‘no’, even for well-conditioned problems. Mappings that take training data
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FIGURE 2. (The FIRENET is stable to worst-case perturbations). Using the same method as in Figure
1, we compute perturbations v; in the image domain, to simulate worst-case effect for the FIRENET
®: C™ — CN. Here x and A € C™*V are the same image and sampling matrix as in Figure 1.
Moreover, for each j = 1,2, 3 we have ensured that ||v;||;2 > ||7;||;2, where the 7;’s are the perturbations
from Figure 1 (we have denoted the perturbations for FIRENET by v; to emphasise that these adversarial
perturbations are sought for FIRENET and have nothing to do with the perturbations in Figure 1). The
top row shows the perturbed images |z + v/, j = 0,1, 2, 3 (assuming vy = 0), and the bottom row shows
the network’s reconstruction from the perturbed measurements A(x + v;). Experimental details are in §4.

to NNs may exist, however, no algorithm that computes approximations of the NNs from the training data
exists. This statement is made precise in Theorems 2.1 and 2.2, and is valid for any model of computation.

(II) (Randomised algorithms do not help in solving the issue). The answer to Question I is still ‘no’ for any
randomised algorithm. That is, as Theorem 2.2 reveals, replacing a deterministic algorithm with a randomised
algorithm (common randomised algorithms in DL include stochastic gradient descent) will not yield the
desired error with probability better than coin-flipping.

(III) (Algorithms may compute neural networks to X — 1 digits of accuracy, but not K). As Theorem 2.2
reveals, the answer to Question I above depends on the desired accuracy. For any integer K > 1 there exist
classes of problems for which there is a mapping taking the training data to the NN, however, there will only
exist an algorithm that can compute an approximation to the NN to K — 1 correct digits, and no algorithm —
even randomised — can compute an approximation to K correct digits.

(IV) (Algorithms may exist, but any algorithm will require arbitrary large training data). Theorem 2.2
also shows that there are classes of problems where one can compute an approximation to the desired NN
with K — 1 correct digits, however, for any A/ € N and any algorithm, there will be a problem so that the
algorithm requires more than M training data to provide an approximation with at least K — 1 correct digits.
However, for the same class of problems, there exists an algorithm providing K — 2 correct digits using only
one training datum. Condition numbers (see §8.1) of the problems in Theorem 2.2 are all bounded by 1.

(V) (Algorithms computing stable and accurate neural networks exist only in specific cases). (I)—(IV)
demonstrate that it is only in specific cases that there exists an algorithm that can compute the desired NN,
despite the fact that one can prove that the desired NN exists. This implies that there is a theory classify-
ing which NNs can be computed by algorithms and which conditions are sufficient and necessary for the
existence of algorithms. We initiate this classification theory below in Theorems 5.5 and 5.10.
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(VI) (Unrolling optimisation algorithms as neural networks will, in general, not converge). The concept of
unrolling optimisation algorithms as a sequence of NN is highly popular (see §7). Due to the specific choices
of mappings in Theorems 2.1 and 2.2 (see §2.1), our impossibility results imply that such sequences of NNs
will in general never converge. Indeed, potentially surprisingly, the objective function values of iterates will
converge, yet the unrolled NN’s output will in general never converge to the solution set.

(VII) (Under specific conditions, unrolling yields stable and accurate neural networks). Theorems 5.5 and
5.10 show that under specific conditions that typically are present in, for example, Magnetic Resonance
Imaging (MRI), the technique of unrolling optimisation algorithms will yield stable and accurate NNs for
certain inverse problems, hence providing an algorithm for constructing these NNs. Such NNs outperform
state-of-the-art unstable (displayed in Figure 1) trained NNs based on DL, such as AUTOMAP, and they can
withstand adversarial attacks, see Figure 2. When these specific conditions are present, the unrolling NNs
can even be used to stabilise any unstable NN, see Figure 3 for an example.

(VIII) (Specific conditions yield unrolled neural networks with exponential convergence in the number of lay-
ers and fast transforms to implement the linear maps). Given specific conditions, the unrolling procedure
can be manipulated through a careful restart scheme to yield exponential convergence: one can obtain an
error of € by using a NN with order |log(¢)| layers. Moreover, the linear maps in the layers of the NN can
be implemented using fast transforms in many applications (e.g. those in §5.3). Hence, one obtains fast
algorithms to produce stable and accurate NNs that can be executed very efficiently. We demonstrate this
in §6, where only on the order of 10 layers are needed to obtain accurate recovery of undersampled noisy
images.

(IX) (Stability/accuracy trade-off and avoiding overperformance). There is a trade-off between stability and
accuracy in DL, with limits on how well a stable NN can perform in inverse problems (e.g. if a NN is trained
to accurately recover vectors whose difference lies close to the kernel of the forward map, the recovery is
necessarily unstable - see §3). Figure 5 demonstrates this with a U-net trained on images consisting of ellipses
and which is quite stable. However, when a detail not in the training set is added, it washes it out almost
entirely. This is a problem in real-world clinical practice - Facebook and NYU’s 2019 FastMRI challenge
reported that networks that performed well in terms of standard image quality metrics were prone to false
negatives, failing to reconstruct small, but physically-relevant image abnormalities [74]. The 2020 version
of the challenge subsequently focused on pathologies and also included a generalisation track, noting, “Our
challenge confirmed areas in need of research, particularly those along the lines of evaluation metrics, error
characterization, and Al-generated hallucinations” [91]. In contrast, as demonstrated in §4, our NNs offer a
blend of both stability and accuracy. However, they are by no means the end of the story. Tracing out the
optimal stability vs. accuracy trade-off curve is crucial for applications and will no doubt require a myriad of
different techniques to be developed to tackle different problems.

(X) (Numerical stability) It is important to understand the difference between the stability (or conditioning) of
a map and the stability of its numerical implementation (see, for example, the recent work in [23] which
considers common functions used in classification methods). As well as the former, our results cover the
latter by performing an error analysis of the forward pass of the NNs, assuming each layer is computed with
an error (see Remark 5.3). We show that only low precision is needed and that worst-case errors can only
ever accumulate slowly as the number of layers increase.

‘We call our neural networks Fast Iterative REstarted NETworks, or FIRENETS. The code and data, used
to produce all figures in this manuscript are available from:

www.github.com/Comp-Foundations—-and-Barriers—-of-AI/firenet.

1.3. Notation. We briefly collect some basic notation, further notation will be introduced throughout where
appropriate. We use A, v to denote the class of neural networks (NNs) from C™ to CV (see §5.1 for
the precise definition). Given a metric space (M,d), x € M and X C M, d(z,X) = dist(z,X) =
infycx d(z,y). For amatrix A € C™*¥ the norm || A|| refers to the operator norm of A when C™ and C
are equipped with the standard /2-norm. For x € C" and p € [1, 0], ||z||;» refers to the [P-norm of z. For
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a set of indices S and vector x, xg is the vector defined by (zg); = x; if j € S and (zg); = 0if j ¢ S.
Complex rationals Q + iQ are denoted by Q[i]. We use [ to denote the end of a proof and X to denote the
end of a remark.

2. MAIN RESULTS I: FUNDAMENTAL BARRIERS AND EXISTENCE OF ALGORITHMS
The canonical inverse problem studied in this paper is to solve an underdetermined system of equations:
Given noisy measurements y = Ax +e € C"™ of x € CN, recover z. 2.1

Here A € C™*N represents a model of typically undersampled sampling (m < N), such as a subsampled
discrete Fourier transform as in Magnetic Resonance Imaging (MRI). Problem (2.1) forms the basis for much
of inverse problems and image analysis. The possibility of y # Az models noise or perturbations.

2.1. Existence of NNs is not enough, algorithms may not compute them sufficiently accurately. To
demonstrate that the results we introduce are present in applications, we consider basic mappings used in
modern mathematics of information, inverse problems and optimisation. Given a matrix A € C™*" and a
vector y € C™, we consider the following three minimisation problems:

(Py)  argmingcen FY'(z) = [|z||p , such that [|[Az — y||;2 <, (2.2)
(Py)  argmin,cen Fi'(z,y,A) = Mzl + [ Az -y, (23)
(P3) argmingccn F{‘(:v, Y, A) = Azl + Az — ylliz, 2.4)

known respectively as (quadratically constrained) basis pursuit [1,16,35], unconstrained LASSO [33,66] and
unconstrained square-root LASSO [17,109]. In applications, one is often interested in the solution of (2.1)
rather than the problems (P;). However, sparse regularisation is often used as a benchmark method for (2.1)
and we prove impossibility results for approximations of the solution maps of these sparse regularisation
problems. The solution maps of (P;) are considerably simpler than the problem (2.1) (which is, in general,
ill-posed) and an impossibility result for these simpler problems is a striking computational barrier given that
one can prove the existence of accurate neural networks (Theorem 2.1).

The parameters \ and ¢ are positive rational numbers, and the weighted /1 norm is given by ||z

1 =
lu)

Zi\il wy|z;|, where each weight w; is a positive rational. Throughout, we use the following notation:
Z(A, y) is the set of minimisers for (P;) given input A € C™*" y € C™, (2.5)

where, for notational convenience, we have suppressed the dependence on € or A (which are usually fixed
parameters) and the index j. In certain cases, we will write Z; to specify minimisers of problem (P;). Let

AcC™N S={y}f,cC" R<cx.
We consider the following key question:

Given a collection Q of such pairs (A, S), does there exists a neural network approximating
the mapping Z, and if so, can such an approximation be trained by an algorithm?

To make this question precise, we first note that A and the elements in S will typically never be exact, but can
be approximated to arbitrary precision. For example, this would be the case if A was a subsampled discrete
cosine transform. Thus, we can access approximations {y , }*_; C Q[i]™ and 4,, € Q[i]™*¥ such that

lyen —yell <277, JJAL— A <27, VYneN. (2.6)

(The bounds 2" are chosen for convenience and can be replaced by any other sequence of positive rationals
converging to zero.) We also assume access to {xk,n}ﬁzl C Q[4]" such that

inf legn — 2] <27", VneNlN. 2.7

x*€Z2(An,Yk,n)
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Hence, the training set associated with (A, S) € Q for training a suitable NN must be
ta,s = {(Wkmn, An, k) |k =1,...,R, andn € N}. (2.8)
Thus, given a collection of (A, S), we denote the class of all such admissible training data by
Qr ={tasasin(2.8)|(4,S) € Q, (2.6) and (2.7) hold} .

Precise statements addressing the above question are summarised in the following theorems (the first follows
directly from universal approximation theorems).

Theorem 2.1 (Neural networks exist for =). Consider the problem (P;) (j = 1,2,3) for fixed dimensions
m < N and parameters ) or €. Then, for any family Q of such (A, S) described above, there exists a mapping

K:Qr - Nnn, Kias)=¢as, suchthat ¢4s(y) € E(Ay), VyeS.
In words, KC maps the training data Q- to NNs that solve the optimisation problem (P;) for each (A, S) € Q.

Despite the existence of NNs guaranteed by Theorem 2.1, the problem of computing such a NN from
training data is a most delicate issue, as described in the following theorem (proven in §8).

Theorem 2.2 (Despite existence, neural networks may only be computed to a certain accuracy). For
Jj = 1,2 or 3, consider the optimisation problem (P;) for fixed parameters A € (0,1] or € € (0,1/2] and
w; =1, where N > 2 and m < N. Let K > 2 be a positive integer and let L € N. Then there exists a class
Q of elements (A, S) as in (2.5), with the following properties. The class € is well-conditioned with condition
numbers of the matrices AA* and the solution maps =, as well as the feasibility primal local condition number
(see §8.1), all bounded by 1 independent of all parameters. However, the following hold:

(i) There does not exist any algorithm that, given a training set L4 s € Qr, produces a NN ¢ 5 s with

i inf — 2, <107, Vv(4,8)eq. 2.9
Wl [0 =l <105, V(4.9 € -

Furthermore, for any p > 1/2, no probabilistic algorithm (BSS, Turing or any model of computation) can
produce a NN ¢ 5 s such that (2.9) holds with probability at least p.

(ii) There does exist a deterministic Turing machine that, given a training set 15 s € Qr, produces a NN ¢ 4 s
with

inf — 2, <10-E-D V(4 8) e . 2.10
D 1 WOas) = e ST, V(4,9 € o

However, for any probabilistic Turing machine (I',P), M € Nand p € [0, N]YJi”m ) that produces a NN

@A,s, there exists a training set 5 s € Qg such that for ally € S,

IP’( in(fA )||¢A,s (y)—z*||;» > 10"~ or the training data size needed to construct ¢4 s > M) >p.
z*e=(Ay
(2.11)
(iii) There does exist a deterministic Turing machine that, given a training set L4 s € ) and using only L
training data from each v 4 s, produces a NN ¢ 4 s(y) such that

inf —2*],, <1072 v (4,8) € Q. 2.12
T ey 19450 =l < e o

Remark 2.3 (Meaning of the notation (I',[P)). The notation (I',[P) in (ii) is used to denote a (possibly)
randomised algorithm I' and its law P. This includes scenarios such as stochastic gradient descent, random
selection of training data, random computation with training data etc. The precise setup is detailed in §8.1.X

Remark 2.4 (Generalisations of Theorem 2.2). For simplicity, we have stated Theorem 2.2 for errors mea-
sured in the {?-norm and the case of unweighted /' regularisation (all the w; = 1) in the problems (P;).
However, the proof can be adapted, and similar results hold for any norm replacing the /2-norm, and any
non-singular weighted {! regularisation. Moreover, result (i) in Theorem 2.2 holds regardless of the model of
computation, even if we allowed real number arithmetic (see Definition 8.3). For further details on the precise
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. : . : TR
dist(V 4, (yn), E3(A,y)) dist(Pa, (yn), E3(A4,v)) g — yllz < 27 10 Qx
0.2999690 0.2597827 n =10 107! K=1
0.3000000 0.2598050 n =20 10! K=1
0.3000000 0.2598052 n =30 10°! K=1
0.0030000 0.0025980 n =10 1073 K=3
0.0030000 0.0025980 n =20 1072 K=3
0.0030000 0.0025980 n =30 1073 K=3
0.0000030 0.0000015 n =10 107 K=6
0.0000030 0.0000015 n =20 107 K=6
0.0000030 0.0000015 n =30 107 K=6

TABLE 1. (Impossibility of computing approximations of the existing neural network to arbitrary
accuracy). We demonstrate the impossibility statement (i) from Theorem 2.2 on FIRENETs & 4, , and
trained LISTA networks W4 . The table shows the shortest /2 distance between the output from the
networks, and the true solution of the problem (Ps), with w; = 1 and A = 1, for different values of n and
K. Note that none of the trained networks can compute the existing correct NN (that exists by Theorem
2.1 and coincides with Z3) to 10~ digits accuracy, while all of them are able to compute approximations
that are accurate to 10~ 5+ digits (for the input class 2x). This agrees exactly with Theorem 2.2.

setup, including the definition of condition numbers, which are standard in the literature, see §8.1. Finally,
the theorem remains true if we restrict ourselves to real-valued matrices and vectors. X

2.1.1. The neural network exists, but no algorithm can compute it — Numerical example. To highlight
the impossibility (Theorem 2.2) of computing neural networks — despite their existence by Theorem 2.1 — we
consider the following numerical example. Consider the problem (P3), with w; = 1 and A = 1. Theorem
2.2 is stated for a specific input class (2, and in this example we will consider three different such classes ),
depending on the accuracy parameter K. In Theorem 2.2, we required that K > 2, to ensure that K — 2 > 0
but this is not necessary to show the impossibility statement (i), so we consider K =1, 3, 6.

To show that it is impossible to compute neural networks which can solve (P3) to arbitrary accuracy
we consider (untrained) FIRENETs ® 4 and (trained) learned ISTA (LISTA) networks ¥ 4 based on the
architecture choice from [39]. That is, networks of the form

Wa,(y) =2r, where zi41=Sp, (v; + W, (z;—ALy)), fori=0,....,7—1, andzo =0,

(2.13)
for real-valued inputs y and matrices A,,. Here Sy is the soft thresholding operator with threshold 6 > 0 and
the weights (6;, Wi)iT;Ol C R>g x R™*N are learned from the data using a squared /2 norm loss function
(T = 10). The LISTA networks are trained to high accuracy on training data on the form (2.8) with R = 8000
training samples and n given as in Table 1. In all cases N = 20, m = N — 1 and the zj,,,’s minimising (Ps)
with input data (yg ., A,,), are all 6-sparse. We highlight that the choice of IV, m and sparsity in this example
is chosen to allow for fast training. Other choices are certainly possible.

In Table 1, we show the distance dist(V 4, (yn),Z3(A,y)) and dist(P 4, (yn),Z3(A,y)) for both the
trained LISTA networks ¥ and the FIRENETs ®. Both network types are given input data (y,,, 4, ), ap-
proximating the true data (y, A). As is clear from the table, none of the networks are able to compute an
approximation to the true minimiser in Z3(A, y) to K digits accuracy. However, both networks are able to
compute an approximation with K — 1 digits accuracy. These observations agree with Theorem 2.2. Further
details on how the input data and neural networks in this experiment are constructed can be found in §8.4.
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3. MAIN RESULTS II: ALGORITHMS COMPUTE STABLE AND ACCURATE NNS IN SPECIFIC CASES

Theorem 2.2 shows that the optimisation problems (P ), (P), and (Ps) (defined in (2.2), (2.3), and (2.4))
cannot, in general, be solved by an algorithm. Hence any attempt at solving the general inverse problem (2.1)
by such methods, without additional assumptions, is doomed to fail. This is not just the case for reconstruction
using sparse regularisation. In fact, any stable and accurate reconstruction procedure must be “kernel aware”
(see, for example, [59]) - a reconstruction method lacks kernel awareness (and thus has a large local Lipschitz
constant) if it approximately recovers two vectors 2 and z’ whose difference lies close to the null space of A.

3.1. The subtlety and difficulty of removing instabilities and the need for additional assumptions. As
discussed in §1 (see also §7 on previous work), the instability problem is the current Achilles’ heel of modern
Al and DL. For example, adversarial training has become a standard attempt to remedy instabilities (see,
for example, [95]). However, such a strategy may yield poor performance. Indeed, consider the following
optimisation problem which seeks to generate a reconstruction in the form of a NN, given samples © =
{(ys,xs) : s =1,.., R, Azs = ys} and e, A > O:

R
. 1
pluin Z max. {llzs = d(ys) |17 + Mlzs — D(ys + 2)[I72 } - 3.1

= 2l2<

In other words, for each training point (y,2) € © we find the worst-case perturbation z in the e-ball around
y (measured by the [2-norm). This is a simplified model of what one might do using Generative Adversarial
Networks (GANSs) to approximate adversarial perturbations [10, 58]. For simplicity, assume that A has full
row rank m and that we have access to exact measurements y; = Axs. Suppose that our sample is such
that min,; ||y; — y;|li2 > 2e. Any ¢ that minimises (3.1) must be such that ¢(ys + z) = x, for all z with
lz]l;z < €. Such networks can easily be constructed using, say, ReLU activation functions. Now suppose that
X2 is altered so that 1 — x5 lies in the kernel of A. Then for any minimiser ¢, we must have

T+ .
Oy +2) = d(y2 + 2) = 12 2 Wz with ||z]|;2 < e,

and hence we can never be more than ||z, 4 x2]|;2/2 accurate over the whole test sample. Given these types
of examples and Theorem 2.2, we arrive at the following question:

Are there sufficient conditions on the matrix A that imply the existence of an algorithm that
can compute a neural network that is both accurate and stable for the problem (2.1)?

3.2. A sufficient condition yielding an algorithm computing accurate and stable neural networks. Pre-
cise theorems can be found in §5, and for ease of exposition, we present simplified versions here. To state
these, we need the concept of sparsity in levels from compressed sensing. This local sparsity structure was
introduced in [5], and was demonstrated empirically to play a key role in the quality of the image recovery via
the “flip test” in [5, 14,97]. The sparsity in levels model is crucial in demonstrating that compressed sensing
and sparse regularisation is near-optimal for image recovery [3]. The key issue is that natural images are
not sparse in X-lets (wavelets, curvelets, shearlets etc.): they are sparse in levels. Thus, sparsity in levels is
needed since the classical theoretical model in compressed sensing, sparsity in one level, does not account for
the recovery often found in practice for problems such as the Fourier-wavelet problem. (The main problem
for sparsity in one level in this example is that the Fourier-wavelet matrix is coherent [5].) For example, the
seminal work of Lustig, Donoho & Pauly on compressed sensing for MRI [81] observed both poor recovery
from uniform random sampling and the improvement offered by variable density sampling.

Definition 3.1 (Sparsity in levels). Let M = (M;,...,M,) e N", 1 < M; < ... < M, = N, ands =
(81,.-,8r) € NI, where s, < My, — My,_q fork =1,...,7 (Mg = 0). x € CV is (s, M)-sparse in levels if

|supp(z) N {Mp—1 + 1, ..., M} < sk, k=1,..,r
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The total sparsity is s = s1 + ... + s,. We denote the set of (s, M)-sparse vectors by s m. We also define the
following measure of distance of a vector x to Y m by

oom(@) = nf{[lz — 2|l : 2 € Su}.

Since its introduction, this model has been used to explain the effectiveness of compressed sensing in real
life applications [14,72, 110]. For simplicity, we will assume throughout that each s; > 0 and that

In other words, the weights in the [}, norm are constant in each level. For an image ¢ which is compressible
in the wavelet basis, o5 m(7);1 is expected to be small if x is the vector of wavelet coefficients and the levels
correspond to wavelet levels, see [46] and [83, Ch. 9]. In general, the weights are a prior on anticipated
support of the vector [54] and we discuss some specific choices in §5.3 (these can be chosen optimally).

The key “kernel aware” property that guarantees algorithms that compute stable and accurate NNs (with
uniform recovery guarantees) for the inverse problem (2.1), is Definition 3.2, first used in the context of
compressed sensing in [14] for the unweighted /! norm, and extended to I} in [1]. In §5.3, we give examples
common in applications where this condition holds.

Definition 3.2 (weighted rNSP in levels). Let (s, M) be local sparsities and sparsity levels respectively. For
weights {wl}fil (w; > 0), we say that A € C™*N satisfies the weighted robust null space property in levels
(weighted rNSPL) of order (s, M) with constants 0 < p < 1 and v > 0 if for any (s, M) support set A,

lqlﬂ/\/ngVHAlez, forall z € CV.

loalle < pllzac
A simplified version of Theorem 5.5 is (constants are independent of n and given in Theorem 5.5):

Simplified version of Theorem 5.5 (Computing stable and accurate NNs with exponential convergence).
There exists an algorithm such that for any input sparsity parameters (s, M), weights {w;}}_,, A € C™*N
(with the input A given by { A;}) satisfying the rNSPL with constants 0 < p < 1 and v > 0 (also input), and
input parameters n € N and {0,b1,b2} C Qxq, the algorithm outputs a neural network ¢,, with O(n) layers
and the following property. For any x € CN and y € C™ with

osm(@)y + Az —ylliz <6, zliz S b1, ylliz S b2, we have

lon(y) —zlliz S d+e™™  (exponential convergence in n).

(This is also often called “linear convergence” or “geometric convergence”.)

Hence, up to the small error term US,M(-'L')l}U’ and in the limit n — oo (with exponential convergence),
we recover x stably with an error proportional to the measurement error | Az — yl|;2. Further interpretations
of the terms in this bound can be found in Remark 5.3. Theorem 5.5 also bounds the error when we only
approximately apply the nonlinear maps of the NNs: in other words, we also gain a form of stability of the
forward pass of the NN. In addition to providing stability, it is precisely the rNSPL that allows us to prove
exponential convergence through a careful restarting and reweighting scheme. We therefore call our NNs
Fast Iterative REstarted NETworks (FIRENETSs). Note that, even when ignoring issues such as stability and
inexact arithmetic, a naive unrolling of iterative methods commonly used in compressed sensing gives a slow
first-order convergence rate with error bounds O(§+n~1) (and in certain regimes second-order O(5 +n~2)):
see Remark 5.7. In contrast to naive unrolling and previous approaches, we use novel restarting tools and
analysis of the square-root LASSO problem (F5) to gain good theoretical bounds (accuracy and stability).

Remark 3.3 (Logarithmic grid search when parameters are unknown). In the case that we do not know p or
v (the constants in the definition of INSPL), we can perform a log-scale grid search for suitable parameters.
Given a total budget of O(nlog(n)) layers, we can still gain exponential convergence in n by choosing the
parameters in the grid search that lead to the vector with minimal F3A (the objective function of (P3)). In
some cases, such as Theorem 5.10, it is possible to prove probabilistic results where p and ~ are known. X
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In §5.3, we apply Theorem 5.5 to examples in compressive imaging (see §6 for computational exam-
ples), with A arising from multilevel random subsampling (Definition 5.8) of Fourier and Walsh (or binary)
measurements, and sparsity in levels measured in terms of wavelet coefficients. Theorem 5.10 gives precise
bounds on the number of samples needed, m, and the number of layers of a NN needed to achieve a specified
accuracy:

Simplified version of Theorem 5.10. We show that stable and accurate (with exponential convergence in
the number of layers) neural networks for image reconstruction can be constructed via an algorithm, with the
number of samples needed the same, up to logarithmic terms, as the current best-known oracle estimators.

4. FIRENET: BALANCING THE TRADE-OFF BETWEEN STABILITY AND ACCURACY

As demonstrated in [9], current DL methods for image reconstruction can be unstable in the sense that (1)
a tiny perturbation, in either the image or sampling domain, can cause severe artefacts in the reconstructed
image (instability - see Figure 1), and/or (2) a tiny detail in the image domain might be washed out in the
reconstructed image (lack of accuracy), resulting in potential false negatives. Inevitably, there is a stability-
accuracy trade-off, for this type of linear inverse problem, making it impossible for any reconstruction method
to become arbitrarily stable without sacrificing accuracy or visa versa (see §3). In this section, we show that
the NNs computed by our algorithm (FIRENETS) are stable with respect to adversarial perturbations and
accurate for images which are sparse in wavelets. As most images are sparse in wavelets, these networks also
show great generalisation properties to unseen images.

Computing worst-case (adversarial) perturbations — First we describe the algorithm developed in [9] for
computing perturbations meant to simulate worst-case effect in terms of reconstruction artefacts. It is this
algorithm which has been used to compute the perturbed images, seen in Figures 1, 2, 4, and 5. The algorithm
does the following. Given an image z € C and a NN ¢ € N, v, designed for image reconstruction from
samples y provided by a specific sampling modality described by the matrix A, the algorithm searches for a
perturbation of the image that makes the most severe change in the output of the network while still keeping
the perturbation small. The algorithm seeks a vector r € C™ such that ||¢(y + Ar) — ¢(Ax) |2 is large, while
||7];2 is small. Specifically, consider the optimisation problem

1 A
Qy(r) = lloty +Ar) =zl = SlirllE, (y) € argmax Qf(r). (@.1)

The problem (4.1) seeks perturbations in the image domain since this provides an easy way to compare the
original image and deduce whether the reconstruction of the perturbed image is acceptable/unacceptable. Of
course, we could have just as easily considered perturbations in the sampling domain instead.

The non-concavity of Qz’ means that finding a global maximiser of (4.1) is very difficult (if not impossible),
even for small m and N. The test aims to locate local maxima of (4.1) by using a gradient search. A natural
method to find local maxima is gradient ascent with momentum. This uses the gradient of Qg (which can
easily be written down) along with two parameters v > 0 (the momentum) and 7 > 0 (the learning rate) in
each step towards a local maximum. Namely, 7(0) is initialised randomly and then we update the perturbation
at the jth step via v(j + 1) = yv(j) + 7V, Q% (r(j)) and 7(j + 1) = r(j) + v(j + 1). The final perturbation
is taken after M steps, where typically we run 10-100 steps, seeking the perturbation which causes the worst
reconstructed image. Just as in the case when training NNs using stochastic gradient descent, choosing the
parameters «y and 7 is an art of engineering, and the optimal choices of v, ) are based on empirical testing.

Worst-case (adversarial) perturbations for AUTOMAP and FIRENETs - Figure 1 in the introduction
shows the algorithm applied to the AUTOMAP [113] network used for MRI reconstruction with 60% sub-
sampling. The network weights are provided by the authors of [113] and had been trained on de-identified
brain images from the MGH-USC HCP dataset [49], where the image measurements y = Ax + e were con-
taminated with small Gaussian noise e. The image x seen in Figure 1 is taken from the mentioned dataset, the
algorithm is run on the AUTOMAP network to find a sequence of perturbations |r1| < |r2| < |r3|. In order
to illustrate the smallness of the perturbations, we have visualised |z + 7| in the first row of Figure 1. As can
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FIGURE 3. (Adding a few FIRENET layers at the end of AUTOMAP makes it stable). The FIRENET
®: C™ x CN — CV takes as input measurements y € C™ and an initial guess for 2, which we call
xo € CN. We now concatenate a 25-layer (p = 5, n = 5) FIRENET ® and the AUTOMAP network
U: C™ — CN, by using the output from AUTOMAP as initial guess zg, i.e., we consider the neural

network mapping y — ®(y, U(y)). In this experiment we consider the perturbed image = + r3 from
Figure 1 and the perturbed measurements § = A(x + r3) (here A is as in Figure 1). As can be seen from
the figure, the new network is stable with respect to AUTOMAP’s worst-case perturbation r3. Note that
in all other experiments we use the initial guess zg = 0, and consider ® as a mapping ®: C™ — C.

be seen from the second row in the figure, the network reconstruction completely deforms the image and the
reconstruction is severely unstable (similar results for other networks are demonstrated in [9]).

In contrast, we have applied the same algorithm, but now for the new NNs (FIRENETSs) reported in this
paper. Figure 2 shows the algorithm applied to the constructed FIRENETSs described by Theorems 5.5 and
5.10 (we have renamed the perturbations v; to emphasise the fact that these perturbations are sought for the
new NNs and have nothing to do with the adversarial perturbations in Figure 1). We now see that despite the
search for adversarial perturbations, the reconstruction remains stable. The error in the reconstruction was
also found to be at most of the same order of the perturbation (as expected from the stability in Theorems 5.5
and 5.10). In applying the test to FIRENETS, we tested/tuned the parameters in the gradient ascent algorithm
considerably (much more so than was needed for applying the test to AUTOMAP, where finding instabilities
was straightforward) in order to find the worst reconstruction results, yet the reconstruction remained stable.
Finally, it should be mentioned that this search algorithm is just one form of test and it is likely that there
are many other tests for creating instabilities for NNs for inverse problems. This highlights the importance of
results such as Theorems 5.5 and 5.10, which guarantee stability regardless of the perturbation.

Stabilising unstable NNs with FIRENETs — Our NN also act as a stabiliser. For example, Figure 3 shows
the adversarial example for AUTOMAP (taken from Figure 1), but now shows what happens when we take
the reconstruction from AUTOMAP as an input to our FIRENETSs. Here we are using the fact that we can
view our networks as approximations of unrolled (or unfolded) and restarted iterative methods, allowing us to
use the output of AUTOMAP as the initial image for the reconstruction. We see that FIRENETS fix the output
of AUTOMAP and stabilise the reconstruction.

Generalisation — To demonstrate the generalisation properties of our NNs, Figure 4 shows the stability
test applied to FIRENETS for a range of images. This shows stability across different types of images and
highlights an important fact. Namely, methods based on the conditions in §3 allow great generalisation
properties and avoid time-consuming and expensive retraining of NN for different classes of images.

The accuracy/stability trade-off and false negatives — It is easy to produce a perfectly stable network: the
zero network is the obvious candidate! However, this network would obviously have poor performance and
produce many false negatives. The challenge is to simultaneously ensure performance and stability. Figure 5
highlights this issue. Here we have trained two NN to recover a set of ellipses images from noise-free and
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|2 + vg |zs + vs]
ATEE | - .

4 R

(A(r1 +v1))

FIGURE 4. (FIRENET withstand worst-case perturbations and generalises well). To show that
FIRENET generalises well and is stable, we consider three different images x;, 7 = 1,2, 3. For each

image x; we compute a perturbation v; meant to simulate worst-case effect for a FIRENET ® withn = 5
and p = 5. The first row shows the perturbed images x;+v;, whereas the second row shows the FIRENET
reconstructions from data A(x; + v;). Here A € C™*N is a subsampled discrete Fourier transform with
m/N = 0.25 and N = 256°. The perturbations v; have magnitude || Av;||;2/||Az;|;2 > 0.05 in the
measurement domain.

noisy Fourier measurements. The noise-free measurements are generated as y = Ax, where A € C™*Y is
a subsampled discrete Fourier transform, with m/N = 0.15 and N = 10242. The noisy measurements are
generated as y = Ax + ce, where A is as before, and the real and imaginary components of e € C™ are
drawn from a zero mean and unit variance normal distribution A/(0, 1), and ¢ € R is drawn from the uniform
distribution Unif([0, 100]). The noise ce € C™, is generated on the fly during the training process.

The trained networks are using a standard benchmarking architecture for image reconstruction, and maps
y — ¢(A*y), where ¢: CV — R¥ is a trainable U-net NN [71, 80]. Training networks with noisy mea-
surements, using for example this architecture, have previously been used as an example of how to create
NNs which are robust towards adversarial attacks [55]. As we can see from Figure 5 (bottom row) this is
the case, as it does indeed create a NN which is stable with respect to worst-case perturbations. However,
a key issue is that it is also producing false negatives due to its inability to reconstruct details. Similarly,
as reported in the 2019 FastMRI challenge, trained NNs that performed well in terms of standard image
quality metrics were prone to false negatives: they failed to reconstruct small, but physically-relevant image
abnormalities [74]. Pathologies, generalisation and Al-generated hallucinations were subsequently a focus
of the 2020 challenge [91]. FIRENET, on the other hand, has a guaranteed performance (on images being
sparse in wavelet bases) and stability, given specific conditions on the sampling procedure. The challenge
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FIGURE 5. (Trained neural networks with limited performance can be stable). We examine the
accuracy/stability trade-off for linear inverse problems by considering three reconstruction networks
®,;: C" — Ch, 7 = 1,2,3. Here ®; is a FIRENET, whereas ®» and ®3 are trained NNs, trained
without and with noisy measurements, respectively (see §4 for details). For each network, we compute
a perturbation w; € C meant to simulate the worst-case effect, and we show a cropped version of the
perturbed images = + wj in the first column (row 2-4). In the middle column (row 2-4), we show the
reconstructed images ®;(A(z + w;)) from each of the networks. In the last column (row 2-4) we test
the networks ability to reconstruct a tiny detail hq, in the form of the text “can u see it?”. As we see
from the figure, the network trained on noisy measurements is stable to worst-case perturbations, but it is
not accurate. Conversely, the network trained without noise is accurate but not stable. The FIRENET is
balancing this trade-off and is accurate for images which are sparse in wavelets, and stable to worst-case
perturbations.
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is to determine the optimal balance between accuracy/stability, a problem that is well known in numerical
analysis.

5. MAIN RESULTS III: PRECISE FORMULATIONS OF THEOREM 5.5 AND THEOREM 5.10

5.1. Neural networks and notational conventions. To state our theorems, we need to be precise about
the definition of a NN. For introductions to the field of DL and NNs, we refer the reader to [68, 78] and
[92], respectively, and the references therein. To capture standard architectures used in practice such as
skip connections, we consider the following definition of a NN. Without loss of generality and for ease of
exposition, we also work with complex-valued NNs. Such networks can be realised by real-valued NNs by
splitting into real and imaginary parts. A NN is a mapping ¢: C™ — C that can be written as a composition

o(y) = Vr(pr-1(...00(Vi(y)))), where:

e Each Vj is an affine map CYi—* — CNi given by V;(z) = Wz + b;(y) where W; € CN:*Ni—1 and the
bij(y) = Ry + ¢; € CNi are affine functions of the input y.
e Each p;: CYi — C%i is one of two forms:
(i) There exists an index set ; C {1,...,N;} (possibly a strict subset) such that p; applies a possibly
non-linear function f; : C — C element-wise on the input vector’s components with indices in /;:

fj(wk), ifk e Ij
pi (@) = .
Tk, otherwise.

(ii) There exists a possibly non-linear function f; : C — C such that, after decomposing the input vector x
as (19, X T, Y T)T (T denotes transpose) for scalar 2y and X € C™ (Y € CNi—1=™3) we have

i) 0
pPj: X | — fj(a?o)X . 5.1
Y Y

The affine dependence of b;(y) on y allows skip connections from the input to the current level as in standard
definitions of feed-forward NNs [99, p. 269], and the above architecture has become standard [45,63,71].

Remark 5.1 (On the use of multiplication). The use of non-linear functions of the form (ii) may be re-
expressed using the following element-wise squaring trick:

fi(wo)1 fi(zo)*1
Zo f7(x0) X X2 O
1 . 2 _ r. 21 _ v2
o i+ X - ol + X 7 et X Ao = XA

where 1 denotes a vector of ones of the same size as X (so that f;(z¢) — f;(zo)1 is a linear map). However,
this is not done in practice since (5.1) is directly trainable via backpropagation. X

Note that we do not allow the matrices W; to depend on y. We denote the collection of all NNs of the above
form by J\/'D,qu, where the vector D = (Ny = m, Ny, ..., Ny = N) denotes the dimensions in each layer, T’
denotes the number of layers and ¢ denotes the number of different non-linear functions applied (including
the count of different I; and m;). In general, we will require that the layer sizes N; do not grow with j so
that the size of each layer is of the same order as the sampling matrix A.

We consider stable reconstruction from noisy undersampled measurements, as in (2.1), and NNs that can
be constructed via algorithms. To make this precise, we assume that we have access to a sequence of matrices
A; € Q[i] such that ||[A — A4;|| < ¢; for some known null sequence {¢; }. This is consistent with the training
set given by (2.8). To construct NNs via an algorithm, care must be taken with the non-linear activation
functions. We assume that for § € Q- we have access to a routine “sqrt,” such that |sqrty (z) — /2| < 6
for all z € R>¢. In what follows, the non-linear maps f; used in the NN are either arithmetic or constructed
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using arithmetic operations and sqrt,. We always ensure that sqrt, acts on non-negative real numbers and on
rational inputs if the input to the NN is rational. We refer to the pair (¢, 6) as a NN.

Remark 5.2 (Approximating /- with neural networks). On any bounded set (for bounded input our con-
structed NNs only require the routine sqrt, on a bounded set), we can construct an approximation to /- using
standard non-linear activation functions such as ReLLU (more efficient approximations may be achieved by us-
ing other activation functions such as rational maps [29]). The choice of the square root function is somewhat
arbitrary, but simplifies our proof of Theorem 5.5. Similar results hold for other activation functions. X

Remark 5.3 (An interpretation of #). As well as being necessary from a foundations point of view, an impor-
tant interpretation of 6 is numerical stability, or accumulation of errors, of the forward pass of the NN. Larger
values of 6 show greater stability when applying the NN in finite precision. We prove results of the form

[6n(y) — zli2 < e+ c1(A, )| Az — yli2 + c2(A,2)0™, Vo eScCN,yeC™, (5.2)

where (¢,,0,) is a (sequence of) NN(s) with O(n) layers that is computed by an algorithm, v € (0,1)
describes the exponential rate of convergence in the number of layers, € > 0 (in our results € will be related
to the distance to vectors that are sparse in levels: og pm () I in Definition 3.1), and 0,; I = ¢~ is bounded
independent of n. Up to the error tolerance ¢, the constant ¢1 (A, z) can be thought of as an asymptotic
local Lipschitz constant for the NNs as n — oo, and thus measures stability of inexact input y. In practice
one would use floating point arithmetic to approximate square roots. Hence, the boundedness of 6,1 is a
numerical notion of stability - the accuracy needed for approximating square roots (and the non-linear maps)
does not become too great and errors do not accumulate as n increases. Moreover, in practice the value of
6~1! needed is well below what is achieved using standard floating-point formats. X

5.2. The construction of stable and accurate neural networks. The main result of this section, Theorem
5.5, uses the concept of sparsity in levels and weighted robust null space property in levels defined in §3. We
also define the following quantities:

E=&(s,M,w) = Zw?k)sk, ¢=((s,M,w) = k:nllin Tw?k)sk, k= k(s, M,w) = &/C.
P

Unless there is ambiguity, we will drop the (s, M, w) from the notation of these parameters. Recall the setup
throughout this paper of a matrix A € C"™*¥ (m < N), where we have access to an approximation sequence
Aj such that | A — A;|| < ¢ with known ¢; — 0 as I — oo. In this regard, the following simple perturbation
lemma is useful (whose proof is given in §9).

Lemma 5.4 (The weighted rNSP in levels is preserved under perturbations or approximations). Assume
that (3.2) holds and that A satisfies the weighted rNSPL of order (s, M) with constants 0 < p < 1 and v > 0.

- X -1 A
Let A be an approximation of A such that ||A — A < (1 — p)y~1 (1 + ﬁ) . Then A satisfies
the weighted rNSPL of order (s, M) with new constants

p+ ’Y\/EHA — AH/mink:l,...,r W(k)
1—[[A— A

v
1—~[lA-A]

p= A=

Lemma 5.4 says that if A satisfied the weighted rNSPL of order (s, M), then so does A; for large enough .
Moreover, given the sequence {¢; }, we can compute how large [ must be and the new constants. For ease of
exposition, we drop the notational hats from these constants. We can now state our main result, proven in §9.

Theorem 5.5 (Stable and accurate neural networks with uniform recovery guarantees can be con-
structed). There exists an algorithm such that for any input sparsity parameters (s, M), weights {w;}Y ,
A € C™ N (with the input A given by { A;}) satisfying the rNSPL with constants 0 < p < 1 and ~y > 0 (also
input), and input parameters n € N, {3,b1,b2} C Qs and v € (0,1) N Qs the algorithm outputs a neural
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network ¢,, such that the following holds. For
1+p KYY\ (34 p w4 3+p T+prt/t kM Ay
= (243 ~ Co — 2 ~
! ( y tGFT I\, YT, 2 —p, 1=, 2 )Ty
(1) (Size) ¢, € ND(n,p),3np+173 with D, py = (m, 2N +m,2(N +m),2N +m+ 1, N), where p € N

np times
i 3C:||A]] -1 .2 llwll;2
with the bound p < [ - 1 Moreover, 0 p*(1 + ||w]|;2) max {1, HAHW\/E} .
(2) (Exponentially Convergent, Uniform and Stable Recovery) For any pair (z,y) € CN x C™ with

2C
——=osm(@)n, + 2| Az —ylz <6 el <bi, ylle < b,

CaoV/E

we have the following exponentially convergent, uniform and stable recovery guarantees:

20 1+ .
l[én(y) — 33||l2S7£1 osm(@), + 20 - [[Az — ylle + (1 — Z) Cy -6+ byCo - 0", (5.3)
3+ 2C 1+v n
o (y) — |l < (1/;) \0/15 (\/gl cosm(@)i +2Cs - || Az — yl|;2+ (1 — U) Cy-8+bCo v )

(5.4)

Remark 5.6 (The optimal choice of v). For a total budget of T' = 3pn + 1 layers,
T-1) [3C)A717"
V" = exp <( ) [ 2| |—‘ log(v)>
v

3

If we ignore the ceiling function, the optimal choice is v = e~ (strictly speaking Theorem 5.5 is only stated
for rational v, but we can easily approximate e ~*). This yields the error term v" = exp (— @ [3Cae|lAl] _1)
and exponential convergence in the number of layers 7'. This is not optimal. For example, a study of the proof
of Theorem 5.5 shows that we can replace 3C5 in the exponential by

1 1/4
2 —|—p+3+p/i v¥+e€
1—p 1—p 2

for arbitrary € > 0. Suppose that we want byCy - ™ ~ §, then the number of layers required is proportional to
Cs||A|| log(b26~1), and only grows logarithmically with the precision § 1. This is made precise in Theorem
5.10, where we apply Theorem 5.5 to examples in compressive imaging. X

The proof of Theorem 5.5 uses the optimisation problem (Ps) (defined in (2.2)), in the construction of ¢,,.
It is also possible to prove similar results using (P;) and (P), but we do not provide the details. The NNs
constructed are approximations of unrolled primal-dual iterations for (Ps), with a careful restart scheme to
ensure exponential convergence in the number of layers. Pseudocode is provided in 6, as well as computational
experiments. The bounds in (5.3) and (5.4) are not quite optimal. If we were able to work in exact arithmetic
(taking & — 0 and A; — A), we obtain slightly smaller constants, though these do not affect the asymptotic
rates. The pseudocode is written with § — 0 and A; — A, and slightly different parameters accordingly. The
approach of unrolling iterative methods as NN has a rich history in DL, as discussed in §7.

Remark 5.7 (What happens without restart or with unknown §?). Without the restart scheme, the convergence
in the number of layers scales as O(n~"). However, one can get rid of the assumption 2C' /(C2v/€)as m () +
2||Az — y|;2 < 4. (The assumption is to ensure that the reweighting of the restarts do not become too small
- in practice, we found that this was not an issue and the assumption was not needed, with (up to small con-
stants) d replaced by 2C1 /(Cav/€)osm(z)n + 2||Az — y||;2 in (5.3). See also the discussion in §6.) More

precisely, the proof of Theorem 5.5 can be adapted to show the following. For an additional input 5 € Q¢
(and without inputs bo, ¢ and v), there exists an algorithm that computes ¢,, € ./\/'Dn,3n+1,3 with

D, = (m+ N,2N +m,2(N +m),2N + m+1,N),

n times
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such that for any z, vg € C" with ||z||;z < b; and all y € C™, the following reconstruction guarantees hold:

~ 20 A — xoll72

[6(v.20) = el < 2 Z (o, +2Cs | e =yl -+ 1L (Il 5 ). 55
- 3 2C A - 22

1Bat0) — al, < (FE2) X (ool + 262 1o =yl 2L (=2l )] 5

Here, ¢ should be interpreted as an initial guess (an arbitrary input to the NNs) and /3 should be interpreted
as a scaling parameter, with optimal scaling 8 ~ ||x — zo||;2. A good choice for 8 is ||z||;2, or, when this is
unknown, ||y||;2/||Al|. For completeness, we provide a proof sketch of (5.5) and (5.6) at the end of §9.3. X

Algorithm unrolling is particularly well-suited to scenarios where it is difficult to collect large training
samples. However, training a finite fixed number of layers typically incurs the same stability and generali-
sation issues mentioned above. Moreover, learning the weights and biases usually prevents the convergence
analysis of standard (unlearned) iterative methods carrying over. In particular, there is no guarantee of objec-
tive function minimisation (let alone convergence of the iterated arguments) or any form of convergence as
the number of layers increases. A subtle, yet fundamental, point regarding iterative methods, whether they are
unrolled as a NN and supplemented with learned parameters or not, is the following. Theorem 2.2 states that,
in general, the optimisation problems (P ), (P), and (P5) are non-computable. This is despite the fact that
there are many results in the literature describing rates of convergence for iterative methods. The resolution of
this apparent puzzle is that convergence results regarding iterative methods are typically given in terms of the
objective function that is being minimised (see also Theorem 9.5, which we use to prove Theorem 5.5). As
the proof of Theorem 5.5 shows, it is crucial to have conditions such as the INSPL to convert these objective
function bounds to the desired error bounds on the distance to the minimisers or vector x. Moreover, this
property has the key effect of allowing exponential convergence through restarting and reweighting.

5.3. Examples in compressive imaging. As an example application of Theorem 5.5, we consider the case
of Fourier and Walsh sampling, using the Haar wavelets as the sparsifying transform. Our results can be
generalised to the infinite-dimensional setting with the use of higher-order Daubechies wavelets (though the
results are more complicated to write down), and we refer the reader to [4] for compressed sensing in infinite
dimensions. We first define the concept of multilevel random subsampling [5].

Definition 5.8 (Multilevel random subsampling). Let N = (Ny,...,N;) € N, where1 < N; < --- < Ny =
Nandm = (mq,...,m;) € N'withmy, < N, —Nyp_1fork=1,...,l,and Ny = 0. Foreachk =1, ...,],
let Ty, = {Ny_1+1,...,Ni} if mp = Ny, — Ni_1 and if not, let ty, 1, ..., tg m, be chosen uniformly and
independently from the set {N_1 + 1,..., Ny} (with possible repeats), and set Tj, = {ti.1,. .. tkmy }- If
Z=Inm=2I1U---UZ werefer to T as an (N, m)-multilevel subsampling scheme.

Definition 5.9 (Multilevel subsampled unitary matrix). A matrix A € C™*¥ is an (N, m)-multilevel sub-

(CN><N

sampled unitary matrix if A = Pr DU for a unitary matrix U € and (N, m)-multilevel subsampling

scheme L. Here D is a diagonal scaling matrix with diagonal entries

Np — Nip_
Dy =) —— k= N 41, N, k=1,..,1
my,

and Pz denotes the projection onto the linear span of the subset of the canonical basis indexed by T.

Throughout this subsection, we let K = 2" for r € N, and consider vectors on C¥ or d-dimensional tensors
on CK>xK To keep consistent notation with previous sections, we set N = K@ so that the objective is
to recover a vectorised 2 € CN. The following can also be generalised to rectangles (i.e. C2 < *2"* with
possibly different 71, ..., 74) or dimensions that are not powers of two.

Let V € CV*N be either the matrix F(®) or W (%), corresponding to the d—dimensional discrete Fourier or
Walsh transform (see §10.1). In the Fourier case, we divide the different frequencies {—K/2+1,..., K/2}¢
into dyadic bands. Ford = 1, welet By = {0,1} and By, = {—2K"141,... —2k-2}u{2F=2+1,..., 2k 1}
for k = 2,...,r. In the Walsh case, we define the frequency bands B; = {0,1} and By, = {2k~1 ... 2k —
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FIGURE 6. The different sampling regions used for the sampling patterns for Fourier (left, r = 3) and
Walsh (right, » = 4). The axis labels correspond to the frequencies in each band and the annular regions
are shown as the shaded greyscale regions.

1} for k = 2,...,r in the one-dimensional case. In the general d-dimensional case for Fourier or Walsh
sampling, we set
B =By x...xBy,, k=(ki,... kq) €N~

For a d-dimensional tensor ¢ € CK*xK

, we assume we can observe subsampled measurements of V'vec(c),
where vec(c) € CV is a vectorised version of c. To recover a sparse representation, we consider the Haar
wavelet coefficients. We denote the discrete Haar Wavelet transform by ®c CV*¥ and note that U* =
U1 since W is unitary. In other words, we consider a multilevel subsampled unitary matrix (Definition
5.9), with U = VU¥*, Given {mk=(k1,--<7kd)}21,..‘,kd:1’ we use a multilevel random sampling such that my
measurements are chosen from Bl((d) according to Definition 5.8. This corresponds to [ = 7¢ and the N;’s can
be chosen given a suitable ordering of the Fourier/Walsh basis. The sparsity in levels structure (Definition

3.1) is chosen to correspond to the r wavelet levels. A pictorial representation is given in Figure 6. Finally,

we define
[1K[l 00 d r d
Mx(s, k) = Z 5j H o—lki—jl | Z 8j2*2(j*\lk\|zoo) HQ*kajl (5.7)
j=1 =1 J=|k]l;00 +1 i=1
d
M (s, K) = 5|0 Hlei_”k”’“". (5.8)
i=1

max;—1,..,r W)/ (M;—M;_1)
VE(sMw) )
‘We now state the main theorem of this section (proven in §10), which states how many samples are needed

For notational convenience, we also define Z = max {1,

and the number of layers of the NN needed, which only depends logarithmically on the error §, a consequence
of the exponential convergence in Theorem 5.5. We discuss the sampling conditions below.

Theorem 5.10. Consider the above setup of recovering a d-dimensional tensor ¢ € CK ! (N = K9 from
subsampled Fourier or Walsh measurements V¢, such that A is a multilevel subsampled unitary matrix with
respect to U = VU*. Let ep € (0,1) and L = d - r* - log(2m) - log® (s - (s, M, w)) + log(ep ). Suppose
that:
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e (a) In the Fourier case
mg 2 k(s,M,w) - Mxz(s,K) - L. (5.9
e (b) In the Walsh case
mk 2 k(s,M,w) - My (s,k) - L. (5.10)
Then with probability at least 1 — ep, A satisfies the weighted rNSPL of order (s, M) with constants p = 1/2
and v = /2. The conclusion of Theorem 5.5 then holds for the uniform recovery of the Haar wavelet

coefficients
z=UceCV. (5.11)
Moreover, for any § € (0, 1), let T (0,8, M, w) be the collection of all y € C™ withy = PrDV ¢+ e where
osm(Pe
lelle < 1, Inax{s’M( iy |ep} <. (5.12)
Ve
Then we construct via an algorithm, a neural network ¢ € Np 35,113 such that with probability at least 1 —ep,
p(y) —cll,» S k%6, Vy=PrDVe+e € J (5,5, M,w). (5.13)
The network parameters are
D= (m,2N +m,2(N +m),2N +m+1,N), n < [1og (67'2) nl/4z] ) (5.14)
n times

The sampling conditions (5.9) and (5.10) are optimised by minimising (s, M, w). Up to a constant scale,
this corresponds to the choice wy;y = 1/s/s; and

n= lrlog <5_1 max \/max{l,ij_]V[jl}> /% max \/max{17]\w}“ .
J=1,...,r TSj Jj=1,...,r ’I"Sj

Up to log-factors, the measurement condition then becomes equivalent to the currently best-known oracle

estimator (where one assumes apriori knowledge of the support of the vector) [2, Prop. 3.1]. For Fourier
measurements, we can interpret the condition as follows. For d = 1, this estimate yields the sampling
estimates
k r
mg 2 25]27““73' + Z sj273|kﬂ‘ -r- L.
j=1 j=k+1

In other words, up to logarithmic factors and exponentially small terms, s; measurements are needed in each
level. Furthermore, if s; = ... = s, = s, and d = 2 then (5.9) holds if

Mk k) 2 852711 R2l (5.15)
Another interpretation is gained by considering
my = Z mg, k=1,...,7
HkHzoo:k

the number of samples per annular region. We then have

k—1 r

my, > 3% (sk +Y st 312—3”—’“) r L, (5.16)
=1 I=k+1

which is the same estimate as the one-dimensional case for bounded d. Note that the number of samples

required in each annular region is (up logarithmic factors) proportional to the corresponding sparsity s with

additional exponentially decaying terms dependent on s;, [ # k. In the case of Walsh sampling, (5.15) remains

the same whereas (5.16) becomes my, > 2% - d - r - L - s, with no terms from the sparsity levels s;,1 # k.
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Image Fourier Sampling Walsh Sampling

FIGURE 7. Left: The true image. Middle: Reconstruction from noisy Fourier measurements. Right:
Reconstruction from noisy Walsh measurements. Both images were reconstructed using only a 15%
sampling rate according to the sampling patterns in Figure 6 and n = p = 5. The top row shows the full
image and the bottom row shows a zoomed in section (corresponding to the red boxes in the top row).

6. FIRENET: EXAMPLE OF THE EXPONENTIAL CONVERGENCE AND PSEUDOCODE

We now provide a computational experiment to demonstrate Theorem 5.10 (and Theorem 5.5). Note that
the matrix A and its adjoint can be implemented rapidly using the fast Fourier transform (or fast Walsh—
Hadamard transform). We take the image shown in Figure 7, a subsampling rate of only 15%, and corrupt
the measurements by adding 2% Gaussian noise. Figure 7 shows the reconstructions using Fourier and Walsh
sampling and Haar wavelets. Similar results hold for other wavelets, such as Daubechies wavelets with a
larger number of vanishing moments. In fact, the reconstruction results are better than those shown for the
Haar wavelet system. We have chosen to show the Haar wavelet results because this is the system for which
Theorem 5.10 is stated. Pseudocode for the reconstruction is shown in Algorithm 1. For the reconstruction,
we take A = 0.00025,7 = 0 = 1, p = 5 and the weights as discussed in §5.3. In the spirit of no parameter
tuning, the weights were selected based on a standard phantom image, and not the image we use to test the
algorithm. These parameters are certainly not optimal, and instead were chosen simply to emphasise that we
have deliberately avoided parameter tuning. Moreover, we found that the choice of § in the algorithm was of
little consequence, so have taken § = 1079,

Figure 8 shows the convergence in the number of inner iterations (or, equivalently, n - the total number
of inner iterations is np, and hence we have not specified n, which is typically chosen to be 5). We show
the error between the constructed image after j iterations (denoted by c;) and the true image (denoted by
c), as well as the convergence of the objective function which we denote by F' in the figure caption. To
compute the minimum of F', denoted F'*, we ran several thousand iterates of the non-restarted version of
the algorithm so that the error in the value of F'™* is at least an order of magnitude smaller than the shown
values of F'(¢;) — F*. Whilst the objective function is guaranteed to converge to the minimum value when
computing F'* this way, there is no guarantee that the vectors computed by the non-restarted version converge
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FIGURE 8. The convergence of the algorithm in the number of inner iterations. The dashed line shows
llc = ¢*|li2/]lc/l;2- In both cases, the error between the reconstruction and the image decreases exponen-
tially until this bound is reached. The objective function gap decreases exponentially slightly beyond
this point, demonstrating that the robust null space property (in levels) controls the (?-norm difference
between vectors (locally around ¢*) down to the error ||c — ¢*||;2 (see the bound (9.18) in our proof).

Algorithm 1: FIRENETcomp constructs a FIRENET which corresponds to n iterations of InnerIt
with a rescaling scheme. We write the output as the map ¢,, to emphasise that FIRENETcomp defines
a NN. InnerIt performs p iterations of Chambolle and Pock’s primal-dual algorithm for square-root
LASSO (the order of updates is swapped compared to [37]). The functions ¢, and ¢! are proximal maps:
[ps(x)]; = max {07 1-— S} zj, ¥'(y) = min {1, 1} Y.
|, [yl

Both of these are approximated by NNs in our proof.

Function FTRENETcomp (A4, p, 7,0, X, {w; } L}, €, 6,n)
Initiate with ¢g = 0 (other initial vectors can also be chosen).
(NB: ¢ should be of the same order as ||y||;2 for inputs y € C™.)
fork=1,...,ndo

er =e N6+ ex1),

B = i

é1(-) = pBk - InnerIt (m, ¢’;‘51)€('),A,p,07 T, A, {wj}évzl)
end
return: FIRENET ¢,, : C™ — CV

end
Function InnerIt (y,zg, A, p, 7,0, \, {wj}évzl)
Set B = diag(wy, ..., wy) € CV*NV,
Initiate with 20 = x, y° = 0 € C™ (the superscripts denote indices not powers).
fork=0,...,p—1do

o1 = Bona(B- (et — 7A%yY))

Y = (b + o A2z — 2F) — o)
end

.

X = ZZ:l %
return: X € C¥ (ergodic average of p iterates)

end
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to a minimiser, as demonstrated by the non-computability results in Theorem 2.2. However, in this case, the
non-restarted version converged to a vector ¢* up to an error much smaller than ||c — ¢*||;2. Hence ||c — ¢*||;2
indicates the minimum error we can expect from using (Ps) to recover the image.

The figure shows the expected exponential convergence, as the number of inner iterations increases, of the
objective function values as well as ¢; to ¢ until the error is of the order ||c — ¢*||;2. This corresponds to an
initial phase of exponential convergence, where the v~" term (with v = e~!) is dominant in Theorem 5.5,
followed by a plateau to the minimal error ||c — ¢*||;2 (shown as the dotted line). This plateau occurs due to
inexact measurements (the noise) and the fact that the image does not have exactly sparse wavelet coefficients.
This corresponds to the robust null space property (in levels) only being able to bound the distance ||c — ¢;||;2
up to the same order as ||c — ¢*||;2. In other words, we can only accelerate convergence up to this error bound.
The error plateau disappears in the limit of exactly sparse vectors and zero noise (in the limit § | 0 in Theorem
5.5), and one gains exponential convergence down to essentially machine precision. Finally, the acceleration is
of great practical interest. Rather than the several hundreds (or even thousands) of iterations that are typically
needed for solving compressed sensing optimisation problems with first-order iterative methods, we obtain
optimal accuracy in under 20 iterations. This was found for a range of different images, subsampling rates
etc. The fact that so few layers are needed, coupled with the fast transforms for implementing the affine maps
in the NNs, makes the NNs very computationally efficient and competitive speed-wise with state-of-the-art
DL.

7. CONNECTIONS WITH PREVIOUS WORK

The paper touches many different areas of mathematics and Al; thus we have divided the areas into the
following subsections: (i) Computational barriers in DL, foundations and the SCI hierarchy; (ii) Instabilities
in DL; (iii) DL in inverse problems; and (iv) Compressed sensing, optimisation and unrolling of algorithms.

(i) Computational barriers in DL, foundations and the SCI hierarchy: The SCI hierarchy and its foundations
framework provide the basis for the techniques for the computational barriers and foundations (what is and
what is not computationally possible) results in DL proved in this paper. The SCI hierarchy has recently been
used to solve longstanding questions on the existence of algorithms [15,18-20,40,41,65]. It was introduced in
[65] and is an effective tool to establish the boundaries of what computers can achieve in scientific computing
and also in computer-assisted proofs, see for example the work by C. Fefferman & L. Seco (Dirac-Schwinger
conjecture) [50,51] and T. Hales et. al (Kepler’s conjecture/Hilbert’s 18th problem) [61, 62] that implicitly
prove results in the SCI hierarchy (see [18] for details). The SCI hierarchy generalises S. Smale’s seminal
work [100, 102] with L. Blum, F. Cucker, M. Shub [24,25] and his program on the foundations of scientific
computing and existence of algorithms pioneered by C. McMullen [86,87] and P. Doyle & C. McMullen [48].
In particular, the work by F. Cucker [42] can be viewed as an early version of the SCI hierarchy.

In [18] J. Ben-Artzi, O. Nevanlinna, M. Seidel and two of the authors established a collection of techniques
for proving sharp results on the existence of algorithms that form a basis for techniques in the SCI hierarchy
framework. These ideas were extended to randomised algorithms in [15]. The SCI hierarchy has also been
used in signal processing and sampling theory by H. Boche & V. Pohl in [26]. Recent results using the
SCI hierarchy include the work by S. Olver & M. Webb [111] on computing spectral measures and the
work by J. Ben-Artzi, M. Marletta & F. Rosler [19,20] on computing resonances. There is a vast literature
on impossibility results regarding the existence of algorithms for different problems in mathematics. The
seminal work of S. Weinberger [112] is a great example. These results can also be interpreted as classification
results in the SCI hierarchy, as the framework is flexible and can encompass any model of computation.

Our results connect with the vast literature in approximation theory starting with the universal approxi-
mation theorem and many follow-up papers establishing the great approximation qualities of NNs, see, for
example, the work by H. Bolcskei, P. Grohs, G. Kutyniok & P. Petersen [27] and the results by I. Daubechies,
R. DeVore, S. Foucart, B. Hanin & G. Petrova [44] (the recent article [45] of R. DeVore, B. Hanin & G.
Petrova surveys current challenges of NN approximation). What all these results have in common is that
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there is no given algorithm constructing the approximating NNs that are proven to exist. The literature is full
of existence results that will typically not imply the existence of algorithms computing the NNs.
Instabilities in DL: Initiated by the work of C. Szegedy et. al. [105], there is now a vast literature on
the instability phenomenon in DL in a wide variety of applications [7,9, 36,52, 70, 90, 105] ranging from
image recognition and classification, via audio and speech recognition to automatic diagnosis in medicine,
image reconstruction and inverse problems. Thus we can only highlight a small subset here. A significant
development was the DeepFool research programme and software package of S. Moosavi—Dezfooli, A. Fawzi
& P. Frossard [90], which was followed by the construction of so-called universal adversarial perturbations
[89]. The construction of and mitigation against adversarial attacks is now an active area of research. To
the best of our knowledge, [9] and [70] were the first works to demonstrate the instability phenomenon
for inverse problems in imaging. There is also an increasing amount of work dedicated to the important
problem of numerical instability in ML, see, for example, the recent work of P. Blanchard, D. Higham & N.
Higham [23].

DL in inverse problems: The work of K. Jin, M. McCann, E. Froustey & M. Unser [71] was influential
in highlighting the promise of DL for inverse problems in imaging. This is now a rapidly evolving area of
research, which we will not attempt to summarise. See [12] for an overview of current techniques. Note that
sparse regularisation has been used as the basis for some DL technique, e.g. by using DL to recover the parts
of an image that sparse regularisation cannot such as in [31], or by designing NN architectures through the
process of unrolling an optimisation algorithm (see, e.g., [12]) discussed below. Another approach is to learn
variational regularisers, see, for example, [75].

Compressed sensing, optimisation and unrolling of algorithms: Our positive results rely on theory from
the compressed sensing literature initiated by E. Candes, J. Romberg & T. Tao [34] and D. Donoho [47].
In particular, our results rely on the many results on structured sampling in structured compressed sensing,
see the work by B. Adcock et. al. [2,5,6], A. Bastounis et. al. [14], J. Bigot, C. Boyer & P. Weiss [22,30]
and G. Kutyniok & W. Lim [77]. Moreover, our results are closely related to the work of A. Ben-Tal & A.
Nemirovski [21], who were one of the first to realise how key assumptions in compressed sensing — such
as the robust nullspace property — help bound the error of the approximation to a minimiser (produced by
an optimisation algorithm) in terms of error bounds on the approximation to the objective function. Our
construction of stable and accurate NNs uses the optimisation problem (Ps3) and approximations of unrolled
(or unfolded) primal-dual iterations with a restart scheme: see the discussion at the start of §9. Unrolling
iterative methods as NNs was first developed by Gregor & LeCun in [60] who considered LISTA, a learned
version of ISTA, for the recovery of sparse vectors. This work has been followed by theoretical grantees
[39, 79], ensuring the existence of NN with linear convergence towards the minimiser. Yet, neither [39]
nor [79], use the theoretically correct weights, as these can only be computed as solutions of intractably large
optimisation problems. Moreover, it is not clear whether the needed assumptions on A ever hold in practice.
Many other algorithms have been unrolled as NNs. Typically, such approaches train the weights and biases,
and even the activation functions of the NNs (see also the comments after Remark 5.7). We shall not attempt
a broad survey, and instead point the reader to the papers of M. McCann, K. Jin & M. Unser [85] and V.
Monga, Y. Li & Y. Eldar [88] for up to date reviews.

To prove convergence of vectors (as opposed to objective functions), it is crucial to have conditions such
as the robust null space property (in levels) of Definition 3.2. Moreover, this property enables a restart
scheme to achieve exponential convergence in the number of layers. Typically, exponential convergence for
restart schemes requires a Lojasiewicz-type inequality of the form vd(z, X*)¥ < f(z) — f*, where f is
the objective function and d(z, X*) denotes the distance to the set of minimisers [28, 73]. For example,
V. Roulet, N. Boumal & A. d’ Aspremont [98] achieve exponential convergence, using the restarted NESTA
algorithm [16], for exact recovery (noiseless) of sparse vectors if A satisfies the null space property. By taking
into account computability and construction of NNs, and allowing noise, approximate sparsity, sparsity in
levels and complex-valued vectors and matrices, our techniques are more general than [98].
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8. PROOF OF THEOREM 2.2 AND TOOLS FROM THE SCI HIERARCHY

In this section, we prove Theorem 2.2. To do this, we need some analytical results regarding phase tran-
sitions of solutions of (P;), (P2) and (P3) which are given in §8.2. However, before analysing these phase
transitions, we need some preliminary definitions regarding algorithms, inexact inputs, and condition num-
bers. There are two main reasons for this framework. First, because our definitions are general, they lead to
stronger impossibility results than when restricted to specific models of computation. Second, our framework
greatly simplifies the proofs and makes it clear what the key mechanisms behind the proofs are (§8.2 describes
this in terms of phase transitions of minimisers). The following discussions are self-contained.

8.1. Algorithmic preliminaries: a user-friendly guide. We begin with a definition of a computational prob-
lem, which is deliberately general in order to capture any computational problem.

Definition 8.1 (Computational problem). Let 2 be some set, which we call the domain, and A be a set of
complex valued functions on Q such that for 11,12 € §, then 11 = o if and only if f(11) = [f(2) for all
f € A, called an evaluation set. Let (M, d) be a metric space, and finally let = : Q — M be a function
which we call the problem function. We call the collection {=,Q, M, A} a computational problem. When it
is clear what M and A are, we write {E,Q} for brevity.

Remark 8.2 (Multivalued problems). In some cases, such as when considering the optimisation problems
(P;) that may have more than one solution, we consider Z(¢) C M. With an abuse of notation, we then set
d(z,Z(t)) = dist(x,=(¢)) = infyez(,) d(x,y) and this distinction will be made clear from context. X

The set () is the set of objects that give rise to our computational problems. The problem function = : {2 —
M is what we are interested in computing. Finally, the set A is the collection of functions that provide us with
the information we are allowed to read as input to an algorithm. For example, €2 could consist of a collection
of matrices A and data y in (2.1), A could consist of the pointwise entries of the vectors and matrices in 2, =
could represent the solution set (with the possibility of more than one solution as in Remark 8.2) of any of the
problems (P;) and (M, d) could be CV with the usual Euclidean metric (or any other suitable metric).

Given the definition of a computational problem, we need the definition of a general algorithm, whose
conditions hold for any reasonable notion of a deterministic algorithm. Throughout this paper, we deal with
the case that A = {f; };e5, where § is some (at most) countable index set.

Definition 8.3 (General Algorithm). Given a computational problem {Z,Q, M, A}, a general algorithm is a
mapping I' : Q — M such that for each 1 € )

(i) There exists a non-empty finite subset of evaluations Ar (1) C A,
(ii) The action of T on ¢ only depends on {Lf}feAF(L) where 15 = f(1),
(iii) For every k € S such that k5 = vy for every f € Ap(v), it holds that Ar (k) = Ar(¢).
If, in addition, there exists a canonical ordering Ar(v) = {fl) = fi,, ..., LI,‘SF(L) = fksp. (., > where Sp(v) =
|Ar(c)|, such that if € Qand f);(v) = f1;(k) forall j < r < Sp(v), then f}; = [} ; forall j < r+1, then
we call T' a Sequential General Algorithm. In this case, we use the notation k;(I', 1) to denote the ordered

indices corresponding to the evaluation functions that the algorithm reads.

The three properties of a general algorithm are the most basic natural properties we would expect any
deterministic computational device to obey. The first condition says that the algorithm can only take a finite
amount of information, though it is allowed adaptively to choose, depending on the input, the finite amount
of information that it reads. The second condition ensures that the algorithm’s output only depends on its
input, or rather the information that it has accessed (or “read”). The final condition is very important and
ensures that the algorithm produces outputs and accesses information consistently. In other words, if it sees
the same information for two different inputs, then it cannot behave differently for those inputs. Note that
the definition of a general algorithm is more general than the definition of a Turing machine [106] or a
Blum-Shub-Smale (BSS) machine [24], which can be thought of as digital and analog computational devices
respectively. In particular, a general algorithm has no restrictions on the operations allowed. The extra
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condition for a sequential general algorithm is satisfied by any algorithm defined by a computational machine
with input of readable information (one should think of the ordered indices of the evaluation functions as
corresponding to sequentially reading the tape which encodes the input information). Hence, a sequential
general algorithm is still more general than a Turing or a BSS machine. Complete generality in Definition 8.3
is used for two primary reasons:

(1) Strongest possible bounds: Since Definition 8.3 is completely general, the lower bounds hold in
any model of computation, such as a Turing machine or a BSS machine. On the other hand, the
algorithms we construct in this paper are made to work using only arithmetic operations over the
rationals. Hence, we obtain the strongest possible lower bounds and the strongest possible upper
bounds.

(ii) Simplified exposition: Using the concept of a general algorithm considerably simplifies the proofs of
lower bounds and allows us to see precisely the mechanisms behind the proofs.

Next, we consider the definition of a randomised general algorithm, which again is more general than
a probabilistic Turing or probabilistic BSS machine. Randomised algorithms are widely used in practice
in areas such as optimisation, algebraic computation, machine learning, and network routing. In the case
of Turing machines, it is currently unknown, in the sense of polynomial runtime, whether randomisation is
beneficial from a complexity class viewpoint [11, Ch. 7], however, rather intriguingly this is not the case for
BSS machines [24, Ch. 17] (some of the proofs in this reference are non-constructive - it is an open problem
whether any probabilistic BSS machine can be simulated by a deterministic machine having the same machine
constants and with only a polynomial slowdown). Nevertheless, randomisation is an extremely useful tool in
practice. From a machine learning point of view, we also want to consider randomised algorithms to capture
procedures such as stochastic gradient descent which are commonly used to train NNs. As developed in [15],
the concept of a general algorithm can be extended to a randomised general algorithm. This concept allows
for universal impossibility results regardless of the computational model.

Definition 8.4 (Randomised General Algorithm). Given a computational problem {Z,Q, M, A}, a Ran-
domised General Algorithm (RGA) T'*?" is a collection X of general algorithms T : Q — M, a sigma-algebra
F on X and a family of probability measures {P,},cq on F such that the following conditions hold:

(1) For each 1 € Q, the mapping TT*" : (X, F) — (M, B) defined by T'**(T') = T'(¢) is a random
variable, where B is the Borel sigma-algebra on M.

(2) Foreachn € Nand . € Q, the set {I' € X : sup{m € N: f,,, € Ap(¢)} <n} € F.

(3) For each 11,12 € Q and E € F, such that for every I' € E we have f(11) = f(i2) for every
f€Ar(n), thenP, (E) =P, (E).

With slight abuse of notation, we denote the family of randomised general algorithms by RGA.

The first two conditions are measure theoretic to avoid pathological cases and ensure that “natural sets”
one might define for a random algorithm (such as notions of stopping times) are measurable. These conditions
hold for all standard probabilistic machines (such as a Turing or BSS machine). The third condition ensures
consistency, namely, that in the case of identical evaluations, the laws of the output cannot change. Finally, we
will use the standard definition of a probabilistic Turing machine (which is a particular case of Definition 8.4).
However, to make sense of probabilistic Turing machines in our context (in particular, to restrict operations
to the rationals which can be encoded by the natural numbers), we must define the notion of inexact input.

Suppose we are given a computational problem {=, Q, M, A}, and that A = {f,},c, where we remind
the reader that /3 is some index set that can be finite or countably infinite. However, obtaining f; may be a
computational task on its own, which is exactly the problem in most areas of computational mathematics. In
particular, for ¢ € ©Q, f;(¢) could be the number e’ for example. Hence, we cannot access or store fij(¢t)ona
computer, but rather f; ,,(¢) where f;,,(v) — f;(¢) as n — oo. This idea is formalised in the definition below,
however, to put this in perspective it is worth mentioning the Solvability Complexity Index (SCI) hierarchy.
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Remark 8.5 (The Solvability Complexity Index (SCI) hierarchy). The SCI of a computational problem is the
smallest number of limits needed in order to compute the solution. The full hierarchy is described in [18],
and the mainstay of the hierarchy are the Af classes. The « denotes the model of computation. Informally,
we have the following description. Given a collection C of computational problems, then

(i) Af is the set of problems that can be computed in finite time, the SCI = 0.
(ii) A is the set of problems that can be computed using one limit (the SCI = 1) with control of the
error, i.e. 3 a sequence of algorithms {I",, } such that d(T",,(¢),E(z)) < 27", Vi € Q.
(iii) A is the set of problems that can be computed using one limit (the SCI = 1) without error control,
i.e. 3 a sequence of algorithms {I',, } such that lim,,_,, ', (¢) = E(¢), Vi € Q.
@iv) A% 11, form € N, is the set of problems that can be computed by using m limits, (the SCI < m), i.e.
J a family of algorithms {T',  ,, } withlim,, o0 ... limy, oo Doy (1) = E(), Ve € Q. K

The above hierarchy gives rise to the concept of ‘A;-information.” That is, in informal terms, the problem
of obtaining the inexact input to the computational problem is a A; problem. One may think of an algorithm
taking the number exp(1) or v/2 as input. Indeed, one can never produce an exact version of these numbers
to the algorithm, however, one can produce an approximation to an arbitrarily small error.

Definition 8.6 (A;-information). Ler {Z,Q, M, A} be a computational problem. We say that A has A;-
information if each f; € A is not available, however, there are mappings f;, : & — Q + iQ such that
|fin(e) = fi ()] < 27" forall v € ). Finally, if A is a collection of such functions described above such that

A has Aq-information, we say that A provides A1-information for A. Moreover, we denote the family of all
such N by L1(A).

We want to have algorithms that can handle all computational problems {=, Q, M, /A\} whenever A €
L1(A). In order to formalise this, we define what we mean by a computational problem with A -information.

Definition 8.7 (Computational problem with A;-information). A computational problem where A has A, -
information is denoted by {=,Q, M, A}*1 == {Z,Q, M, A}, where

Q= {T={fin()}imesxn : L € X {fitiep = A | fin(t) = f5(0)] <2771,

Moreover;, if T = {fjn(t)}jmepxn €  then we define 2(7) = E(v) and f;,(7) = fin(). We also set
A = {fjn}jnepxn. Note that E is well-defined by Definition 8.1 of a computational problem and the
definition of Q) includes all possible instances of Aq-information Aer! (A).

We can now define a probabilistic Turing machine for {Z, Q, M, A}, where the algorithm T is executed by
a Turing machine [106], that has an oracle tape consisting of {¢f} Fei In what follows, we have deliberately
not written down the (lengthy) definition of a Turing machine (found in any standard text [11]), which one
should think of as an effective algorithm or computer programme (the famous Church—Turing thesis).

Definition 8.8. Given the definition of a Turing machine, a probabilistic Turing machine for {Z,Q, M, A}
is a Turing machine that has an oracle tape consisting of {Uy} fer (fort € O ), with an additional read-only
tape containing independent binary random numbers (0 or 1 with equal probability), and which halts with
probability one and outputs a single element of M. The law of such a machine will be denoted by P. With an
abuse of notation, we sometimes denote the probabilistic Turing machine by (I',P).

Remark 8.9 (Where does the output live?). Strictly speaking, when we say that the output of a probabilistic
Turing machine lies in M, we mean that the output corresponds, via an encoding, to an element of a subset
of M such as (Q +iQ)"¥ c CV. However, we follow the usual convention of suppressing such encodings.X

One should think of Definition 8.8 as an algorithm for the computational problem with inexact input,
but with the additional ability to generate random numbers (corresponding to the binary input tape) and
execute commands based on the sequence of random numbers that are generated. The reader should intuitively
think of this as a computer program with a random number generator. For equivalent definitions and the
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basic properties of such machines, see [11]. For simplicity, we have only considered probabilistic Turing
machines that halt with probability one, though extensions can be made to non-halting machines. Note that
Definition 8.8 is a special case of Definition 8.4, where P, = P is fixed across different ¢. In particular, given a
probabilistic Turing machine, the sigma-algebra and probability distribution generated by the standard product
topology on {0, 1} induce the relevant collection X of Turing machines and sigma-algebra F, as well as PP.

Finally, we recall standard definitions of condition used in optimisation [24, 32]. The classical condition
number of an invertible matrix A is given by Cond(A) = || A||||A~}|. For different types of condition num-
bers related to a possibly multivalued (signified by the double arrow) mapping = : Q € C* = C" we need
to establish what types of perturbations we are interested in. For example, if {2 denotes the set of diagonal
matrices (which we treat as elements of C™ for some n), we may not be interested in perturbations in the
oft-diagonal elements as they will always be zero. In particular, we may only be interested in perturbations
in the coordinates that are varying in the set {2. Thus, given 2 C C" we define the active coordinates of €2 to
be Act = Act (Q) = {j : Jz,y € Q,x; # y;}. Moreover, for v > 0 (including the obvious extension to
vV = 00),

Q, ={z : Jy € Qsuchthat ||z — y|lj~ <V, Tacte = YActe ) -

In other words, €2, is the set of v-perturbations along the non-constant coordinates of elements in (2. We can
now recall some of the classical condition numbers from the literature [24, 32].

(1) Condition of a mapping: Let = : 2 C C™ =% C™ be a linear or non-linear mapping, and suppose that =
is also defined on 2, for some v > 0. Then,

Cond (Z,Q) =sup lim  sup
zeQ 0T z42€Q,
0<||zll,2<e

{dist(E(m + 2),E(x)) } 7

12122

where we allow for multivalued functions by defining dist(=(x + 2), E(2)) = infy, ez(a+2),waez(2) lw1 —
wal|;2 (see Remark 8.2). We will use this notion of condition number for (P;), (P2) and (Ps).

(2) Distance to infeasibility - the Feasibility Primal condition number: For the problem (P;) of basis pur-
suit (for (P;) and (Ps) the following condition number is always zero) we set
v(A,y) =sup {e >0 : [|9]li2, | Al <€, (A+ A, y+7) € Qo = (A+ A, y+7) are feasible inputs to Ep, },

and define the Feasibility Primal (FP) local condition number Crp(A,y) = w. We then

define the FP global condition number via Crp (Ep,, ) = sup4 ,)eq Crp(4,y).

8.2. Phase transitions. To prove Theorem 2.2, we use the following lemmas which describe phase tran-
sitions of the minimisers of the respective optimisation problems (e; correspond to the canonical basis of
CcM).

Lemma 8.10 (Phase transition for basis pursuit). Ler N > 2 and consider the problem (P) for

_ [w w w IXN _
A_(p—ll wo p—g)ec L y=1, eel0,1),
where p; > 0 for j = 1,..., N. Then the set of solutions is given by
N _ N
> {tj(l e)”]} ej, st t;€[0,1],Y t;j=1 and t;=0 if p;> minpg. (8.1)
ws
j=1 J j=1

Proof. Let &; = xjw; pj_l, then the optimisation problem becomes

N N
argmingecy f(£) =Y p; |#;] suchthat |1 i <e. (8.2)
j=1 j=1

Since € < 1 and the (p1, p2,...pn) weighted I* norm is convex, it follows that the solution must lie on the
hypersurface segment &1 4+ 22 + ... + &; = 1 — e for £; € R>. We now claim that if £ is a solution of
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(8.2), and p; > ming pg, then £; = 0. Suppose for a contradiction that there exists a solution £ of (8.2)
where ; > 0 and p; > miny py. Pick any [ such that p; = miny, py, then & + £;(e; — ¢;) is feasible with
f(@&+i(e; —ej;)) < f(&), acontradiction. Similarly, if z is of the form (8.1), then f(Z) = (1 — €) miny, py.
In particular, the objective function is constant over the set of all such vectors and the result follows. (]

Lemma 8.11 (Phase transition for LASSO). Let N > 2 and consider the problem (Ps) for

A=a(m omoom eV, g,
where 0 < p; < 2 for j =1,...,N. Then the set of solutions is given by
. N N
<1  min Pk) %ej, st E01L,> t =1 and t;=0 if p;>minp.  (83)
j=1""7 j=1
Proof. LetZ; = x; )\wjp;l, then the optimisation problem becomes argming o~ f() = |1 — Zjvzl &%+

Z;.V:l p;j|Z;|. It is clear that any optimal solution must be real and hence we restrict our argument to real &.

Define the 2%V quadrant subdomains Dy, ., = {Z; - (—1)% > 0} for k; € {0, 1}, and notice that

N
—2(1— Zj:l ) + (=1)*p
Vf(.i‘) = , forz e Dk1,m7k1\r'
N
—2(1— Zj:l ;) + (=)™ pn

We first look for stationary points of the objective function in the subdomains Dy, . .. The condition for

PR

a stationary point in the interior of such a domain leads to the constraint that ky = ky = ... = ky. If
ki =ko =..=ky =1, then Vf = 0 leads to the contradiction p; = 2(%1 + ... + Zn) — 2 < 0. Finally, in
the case (and only in the case) of p; = ps = ... = py, there is a hypersurface segment of stationary points in

.....

First, consider the case that p; = ... = py. Then any optimal solution must either lie on the boundary of
some Dy, 1, oron the hypersurface segment &1 + ... + &y = 1 —p1/2in Dy o, o. A simple case by case
analysis now yields that the solutions & are given by convex combinations of (1 — p;/2)e; forj =1,...,N.
Now consider the case that not all of the p; are equal. Then any optimal solution must lie on the boundary
of some Dy, . xy. A simple case by case analysis now yields that the solutions & are given by convex
combinations of (1 — p;/2)e; for j such that p; = miny, pi. Rescaling back to z gives the result. O

Lemma 8.12 (Phase transition for square-root LASSO). Let N > 2 and consider the problem (Ps) for

A=a(m mom) eV, oy,
where 0 < p; < 1forj=1,...,N. Then the set of solutions is given by
N pitj al . .
2 )\—wjej, st t; €10, 1]7;15]- =1 and t; =0 if p; > min py. 8.4)

Proof. Let&; = x; )\wjpj*l, then the optimisation problem becomes argmingccn f(Z) == |1 — Z;\Ll Zj] +
Zjvzl p;|Z;|. It is clear that any optimal solution must be real and hence we restrict our argument to real
Z. The objective function is piecewise affine and since p; < 1, the gradient of f is non-vanishing on the
interior of any of the domains Dy, = {&; - (—=1)% > 0} for k; € {0,1}. It follows that the optimal
solutions must lie on the boundaries of the domains Dy, ..., . A simple case by case analysis shows that the
solutions & are given by convex combinations of e; for j such that p; = miny, py. Rescaling back to x gives

the result. ]
We will also need the following propositions, which give useful criteria for impossibility results.

Proposition 8.13. Let {Z,Q, M, A} be a computational problem. Suppose that there are two sequences
LY e, {2 nen C Q satisfying the following conditions:
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(a) There are sets S*, S? C M and 1> 0 such that inf,, | c 51 4, e52 d(21, T2) >k and E(u1,) C 57 for j = 1,2.

(b) Forevery f € Athereisacy € Csuchthat |f(i%) — cg| <1/4™ foralln € Nand j = 1,2.
Then, if we consider {=,Q, M, A}>1, we have the following:
(i) For any sequential general algorithm I" and M € N, there exists 1 € ) and Ae LY(A) such that

dist(I'(¢),E(¢)) > k/2 or Sr(t) > M.

(ii) If there is an .° € Q such that for every f € A we have that (b) is satisfied with c; = f(.°), then
for any RGAT and p € [0,1/2), there exists . € Q and A € L(A) such that P, (dist(T'(1), 2(2)) >
k/2) > p.

Proof. Without loss of generality, we assume that Q = {¢1},,enU{:2 },.en. Part (i) follows immediately from
a Proposition of [15], so we only prove part (i). Let I' be a sequential general algorithm and M € N. We will
construct the required A € £1 (A) inductively. By Definition 8.3 and the setup of A; —information for A, there
exists some fj,, € A andny € N such that forall . € Q and for all A € £(A), we have S5 = frrn, - We set
frrma (t1,) = ¢y, forall m > ny and choose f, ., (¢},) consistently for m < n;. Again by Definition 8.3
and the setup of A; —information for A, it follows that there exists f, € A and ne € N (which without loss
of generality > n1) such that for all m > ny, either Ar(i7,) = {fx, n, } OF f; 5 = Jka,n,- In the latter case,
we set fi, n, (13,) = ¢y, forall m > ny and choose fi, 1, (1,) consistentlymfor m < ng. We continue this

process for a maximum of M steps up to fﬁ as follows. At the gth step after defining f

tsmin{ M, |Ar (e3,)]}
by Definition 8.3 and the setup of A; —information for A, it follows that there exists fx, ., € Aandngy1 € N

q>Mq?

(which without loss of generality > n,) such that for all m > ng, either Ar(¢Z,) C {fr, nys s Sryng } OF

r
fLthIle
Shyi1,mqs (43,) consistently for m < n, 1. We can then choose the rest of the function values to obtain A.

Given this A € £1(A), suppose for a contradiction that for any ¢ € €2, dist(I'(z), Z(:)) < x/2 and Sp(1) <
M. Without loss of generality, we assume that the above construction is carried out for M steps. It follows
that we must have f(u ) = f(:2 ) forall f € /A\p(L}LM). By (ii) and (iii) of Definition 8.3, it follows that

nm

(L ) =T(2 ). Lete > 0 be arbitrary. Since dist(I'(¢),=(¢)) < x/2 for all ¢ € €, there exists s; € S7

nm nmMm

such that d(T'(¢,, ), s;) < r/2 + €. It follows that

= fkyi1,nqs1- In the latter case, we set fi ., n,.,(t],) = Cfi,,, forall m > ngiy and choose

inf d(z1,22) < d(s1,82) < d(L(uy,,),s1) +dT(ep,,), 82) < K+ 2€.

z1€51, 126852 nm

Since € > 0 was arbitrary, we have inf, cg1 ,,es2 d(21, 22) < K, the required contradiction. (Il

Proposition 8.14. Let {=,Q, M, A} be a computational problem and uw > 2 be a positive integer. Suppose
that there are u sequences {1} }nen C Q, for j = 1, ..., u, satisfying the following conditions:
(a) There are sets S7 C M, for j =1, ...,u, and k > 0 such that inf, csi 2, ek d(zj, 21) > K for any
jEkand=Z() C S forj=1,..,u.
(b) Forevery f € A, thereis acy € Csuch that |f(i)) — c¢| < 1/4™ foralln € Nand j =1, ..., u.
Then, if we consider {=,Q, M, A}Y>1, for any halting probabilistic Turing machine (I',P), M € N and p €
[0, “=L), there exists 1 € € and A € LY(A) such thatP(dist(F(L), E() >k/2 or Sr() > M) > p.

Proof. Without loss of generality, we can assume that 2 = Uj_; {tJ }nen. Let (T, P) be a halting probabilistic
Turing machine and M € N, p € [0, (u — 1)/u). Suppose for a contradiction that for all . € Q and all Ae
LY(A), we have P(dist(T'(2), 2(¢)) > k/2 or Sp(1) > M) < p. We will construct the required A € £1(A)
inductively. Let 3 € (0,1) be such that (1 — )™ — p > 1/u. Such a 3 exists since p € [0, (u — 1)/u).
Since the Turing machine must halt with probability one, there exists finite sets K7, N; C N such that with
probability (w.r.t. P) atleast 1 — 3, for all © € €2 and for all Ae L'(A), it holds that fI} = fi, n, for some
ki € Kiandny € Ny. We set fi, n, (13,) = ¢y, forallm > max{n; : ny € N1} and choose fy, n, (+],)
consistently otherwise.
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r
Lg,L,Inin{M,\Ap(LZ,L)|}
for k, € K4 and ng € N, it follows (since the Turing machine halts with probability

We continue this process inductively for M steps up to as follows. At the gth step

after defining f, n,
one) that there exists finite sets K41, Ng+1 C N with the following property. Let 1 be the event that for
all o7, € Q withm > max{n:n € Ny U...UN,}, either fj;mqﬂ = fkys1,mqsr- fOr some kgyq € Kqyq and
Ng+1 € Ngg1, or [A(,)| < ¢. Then P(Eqy1| Nk<q Ex) > 1 — 5. We then set fj,
all m > max{n : n € Ny U... U Ny41} and choose fj,
existence of K, 2 and N, 2. After the Mth step, we can choose the rest of the function values to obtain A.

It follows that for m > max{n : n € Ny U ... U Ny}, the outputs I'(z/,) conditional on the event
Eyn...NnEyN{Sr(-) < M} are equal for j = 1,...,u. Since inf, cgi o, esr d(1,72) > & for j # k, it
follows that the events F; == {dist(I'(¢,),=(¢4,)) < k/2} N {Sr(},) < M}NE1N..NEy,j=1,..,u,
are disjoint. Moreover, using the fact that P(A N B) = P(A) + P(B) — P(AU B),

7)) —
q+1,Ng+1 (Lm) - CfL:q+1 for

a1yt (¢2,) consistently otherwise. This ensures the

)< MY +P(EyN...NEy)—1

B(F}) > P({dist(T(,), 2(i3,)) < £/2} N {Sr (e,
() < M) +(1=-BM 1> 1-BY —p>1/u.

> P({dist(T'(¢7,), E(¢7,)) < %/2} N {Sp

But this contradicts the disjointness of the F}’s. (]
8.3. Proof of Theorem 2.2.

Proof of Theorem 2.2. We will argue for m = 1 and construct such an €2 for this case. The general case of
m > 1 follows by embedding our construction for A € C'*(N+1=m) in the first row of matrices and vectors

A—(“‘ °>, I= w07, (Ay e,

of the form

0 ol

where I € C(m=1*(m=1) denotes the (m — 1) x (m — 1) identity matrix and & = a(A) is chosen such
that AA* is a multiple of the identity. In particular, such an embedding does not effect the relevant condition
numbers (it is straightforward to see that the matrix norm, distance to infeasibility for (P;) and condition
numbers of the mappings are all unchanged). For the classes we consider, the setup of Theorem 2.2 coincides
with the A; —information model discussed in §8.1. In particular, we can use Lemmas 8.10, 8.11 and 8.12 to
derive the relevant z ,,’s in (2.7). This means that we can apply Propositions 8.13 and 8.14 with the metric

corresponding to the 2-norm. Recall that for this theorem, we assume that w; = wy = ... = wy = 1.
Step 1: Proof for (P;). First, consider the class defined by
Q= {(Amse)y)  Ain) = (F & o &)=l ell-201-4},

for fixed v; > 10 and § € (0,1/4). We choose ~y; and ¢ such that

1—e¢ _
' sup lpje; — prewll, = 3-107K, (8.5)
Y1 pjor€[1-20,1-5).j#k

1—e¢

| o iej — prexll > 21075, (8.6)
71 p_f,pke[1—25,1,5]7#k||PgJ P ||l2

where the e; denote the canonical basis of CN. Note that we can ensure y; > 10 since € < 1 /2and K > 2.
If p; € [1 —26,1—9), for j = 1,2, then by (a simple rescale of) Lemma 8.10,
(1—€)p2

]_ _
ﬂel,apl (A(y1; (1=8,pa, 1 — 6,1 — §)), 1) == DP2¢,
Y1 Y1

Since (8.6) holds, it follows by selecting appropriate sequences ¢/, for choices of pj = pj T 1—4 that the

EPl (A(’Yl; (plv 1757 ey L= 5))3 1):

conditions of Proposition 8.13 hold for 2; with

. 1—
SJ:{ ,Yepej:pe[l—Qé,l—(S]}, k=2-10"K, (8.7)
1

Moreover, the condition for part (ii) of Proposition 8.13 also holds with (. = (A(vy1; (1—6,1-96, ...,1-5)), 1).



32 THE BARRIERS OF DEEP LEARNING AND SMALE’S 18TH PROBLEM

Now suppose for a contradiction that there exists a (halting) RGA (with input ¢4 s) and p > 1/2 that
produces a NN ¢ such that minyes, infy-ez, (a,y) [[¢a(y) — z*[|;2 < 107 holds with probability at
least p for all (A,y) € €. Then there exists a (halting) RGA, T, taking ¢4 s as input that computes a
solution of (P;) to K correct digits with probability at least p on each input in 2;. However, this contradicts

Proposition 8.13 (ii). Next, consider the class defined by

922{(14(72;[7)79)3A(72§P):72(p% P %N),y=17pj6[1—2571—5],pj#pkifj#k},

where v2 = 71 /10 > 1 so that

sup lpse; — prerlls = 3- 107K+ 2 (8.8)
Py pR€E[1—26,1-8],j#k L—e

inf e — >9.107 K+, 02 8.9
pj’pke[lggmia]#kIIPJ% prell; T (8.9)

By extending the argument above to u = N + 1 — m = N (recall without loss of generality that m = 1)
sequences and sets S7 defined as in (8.7), the conditions of Proposition 8.14 hold with x = 2 - 10~ ¥+1. Now

suppose that there exists a (halting) probabilistic Turing machine (I',P), M € Nand p € {0, Nﬁ;fm), such
that for any (A, 1) € Qo, I computes a NN ¢4 with

P ( inf(A ) [¢a(y) —z*[|;> > 10"~X or the sample size needed to construct ¢4 > M) <p.
z*€8p, (Ay

Then there exists a (halting) probabilistic Turing machine that computes a solution of (P;) to K — 1 correct
digits on each input in 2o with sample size at most M with probability at least 1 —p. However, this contradicts
Proposition 8.14.

We now set 2 = 3 U {)5. Note that the negative statements of part (i) and (ii) follow from the above
arguments by considering restrictions to {21 and {25 respectively. Hence, we are left with proving the condition
number bounds, part (iii) and the positive part of part (ii). First, note that Cond(AA*) = 1 forany (A, y) € Q.
For any (A,y) € €, we have v(A,y) = ||A|| > 1 = ||y|l;z and hence Crp(Ep,,?) < 1. To bound
the final condition number, first note that if p;, p’; < 1, then [[p — p'[l;z < || Zj\;l(i — pi})ejﬂp. Let

(A(713p),1) € Q, thenif (A(y1; "), 1) € @y with A(p, p') =711 | Z;Vﬂ(i - pi;)ejle sufficiently small,

. = - 1—e€
dlSt(‘:‘Pl (A(’Yl; p/)v 1)a =P (A(Vl; P), 1)) < T Hp - p/HP .

It follows that
diSt(Epl (A('yl; p/)v 1)a EPl (A(Vl; P), 1)) < 1—e

lim sup < < 1.
BIO (A(yip'), 1) e Ap, p') V2
A(p,p’)<B

A similar argument holds for (A(yz; p), 1) € Qg, and hence Cond(=p,,2) < 1.

We now prove the positive parts of (ii) and (iii). We begin with (ii) and describe the algorithm informally,
noting that the output of the algorithm, T'(A), yields a NN which maps y = 1 to I'(4) € CV. Given an
input (4, y) € Q, the algorithm first tests the size of A; ; to determine whether (A,y) € ©; or (4,y) € Qo.
Explicitly, we note that A; ; is positive and bounded away from 0. Hence, with one sample from ¢4 s we
can determine A; ; to an accuracy of at least 0.01 - A; ; and such that, simultaneously, the corresponding
approximation of Al_% is accurate to at least 1075, If (A,y) € Qi, then A11 € v - [1,2] whereas if
(A,y) € Qg, then A1 1 € 2 - [1,2]. Since 2 = 1/10, this level of accuracy is enough to determine whether
(A,y) € Qq or (A4,y) € Qy. Next, if the algorithm determines (A4,y) € €, it outputs the corresponding

1—¢
71

approximation of (1 — e)Al_&el = p1e1 correct to 10~ % in the /2-norm from the sample. Since

sup lpje; — prell, =3- 1075 - ——,
Py pr€[1—26,1-8],j#k L—e
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it follows that inf .« ez, (a4 [[T'(A) — %[z < 4- 1075 < 10K+, On the other hand, if the algorithm
determines (A, y) = (A(y2; p),y) € s, then we know that all of the p; are distinct. The algorithm continues
to sample ¢4 s until we determine j such that p; = ming ps. It then outputs an approximation of (1 —

€)AT je] = Ep, (A, y) correct to 107X in the [2-norm. Such as approximation can be computed using ¢4 s.
It then follows that ||T'(A) — Zp, (A, y)|l;z < 107K < 1075+ and this finishes the proof of (ii). Finally,
to prove (iii), note that the arguments above show that, given an input (A,y) € , we can use one sample
(L = 1) of 4 s to compute an approximation of Af% with error bounded by 10~%. We simply set I'(A) to
be (1 — €)e; multiplied by the approximation of Al_i Using (8.5) and (8.8), it follows that

inf  ||T(A) — 2|2 <3-107 KT 107K < 1075+2,
z*€Ep, (Ay)

Step 2: Proof for (P,). This is almost identical step 1 with replacing Lemma 8.10 with Lemma 8.11. The
other changes are replacing e with the suitable p; /2 in the solution of each LASSO problem, including the
additional scale ) in the definition of the matrices (see Lemma 8.11) and choosing 3 A > 10 and § € (0,1/4)
such that (recall that A < 1)

Sup )\ ||p](1 - PJ/Z) —pe(1— Pk/2)ek||l2 =3-107% (8.10)
s -pxE€[1-28,1-68],j#k A1

inf —p:i/2)e; — pp(l — pg/2 2.107K, 8.11
ps [l 251 5],k )\,y ”/)7( PJ/ )6.7 Pr( pr/ )ek||l2 > ( )

Let f(z) = (1 — x/2)x, then for z € [0,1], | f'(x)| < 1. It follows that

D (pi(l=p/2) = pi(1=pj/2) 5| <D | —— )&
Jj=1 j=1 pj pj

2 2

Hence, for sufficiently small §, for any (A(v1; p), 1) € Q4 (recall the additional factor of ) and p’ sufficiently
close to p with (A(vy1;p'),1) € Q4,
diSt(EP2(A(71;p/)a 1),5132(14(’71,[))71)) 1 <1
— 2 2 )
S G e, P
with the same bound holding for 2. It follows that Cond(Zp,, ) < 1.
Step 3: Proof for (Ps). This is almost identical step 2 with replacing Lemma 8.11 with Lemma 8.12, and

12

deleting the corresponding factors of 1 — p; /2. ]

8.4. Details on numerical example in §2.1. In this section, we elaborate on the numerical example in §2.1.
The example is a simplification of the arguments found in the proof of Theorem 2.2 that uses Lemma 8.12
extensively. In our experiment, we use N; = 2 and A = 1, but for full generality, we do not keep these
parameters fixed in the discussion below. We assume throughout that A € (0, 1] and N; > 2. The experiment
is done for real matrices so that the LISTA network architecture can be used.

Lety > 0, p € RV1\ {0}, and D € CN2*+1xN2+1 pe g unitary discrete cosine transform matrix. Define

a(y,p)" 0 . ) 1 o
A(v,p) =D ,  where a(y,p) =1v (7 . ) € RUM,
0 la(v o)t P e

and I € RN2*Nz g the identity matrix. Observe that A(v, p) € R™*N with N = N; + Ny and m =
N5 + 1 and that A has irrational entries (hence only approximations can be used in real-life computations).
Furthermore, let 6 = 1/6 and yx = ‘[(1 §) - 10%, where K is the parameter from Theorem 2.2. Also let

.
y(z?) =D (1 ||a(*y,p)lex(2)) eRMFL for 3 RN (8.12)
and Qx = {(y(z?), A(vk,p)) : pj € [1 — 26,1 — ], 22 € RN2} . Next define

d=(p 1=6 o 1-6) and pF=(1-6 g5 1-6 - 1-0)
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/
P1
Vi €1

where pf, p} € [1—26,1—6). We let ¢; denote the 7’th canonical basis vector for RV and define 2/ =

ot
AV

T T
(«/,2) " € B3 (A(vk, p), y(2®)) and (aF,2®)) " € Z5 (A(yx, p'), y(21)).
Observe that we can let A(7g, p') and A(7yg, p*) become arbitrary close by letting pf, pﬁ2 T1—4. We will

and 2! =

eo. For this choice of parameters we have from Lemma 8.12 and the fact that D is unitary that

let p} = pg, and notice that for this choice the data y(a:@)) are the same for both inputs. However, regardless
of the choice of p}, p, € [1 — 26,1 — &) the minimisers for the two problems are bounded away from each
other. In particular, we have that

1 1
~——llpler = pheall2 > 210 and sup ~——llpher — pheslliz =3 10

in
Ph.phe—26,1-6] AVK Py, phe[1-28,1-0) MK
which implies that 105 < ||(z/, )T — (24, @) T||;2 < 105+,
In the numerical experiment in §2.1, we take A = A(vx, p’) with pj =1 — § +27"~1, and approximate
this matrix with the matrix A,, = A(yg, p*), where the parameter pﬁz = 1— 6+ 27", This ensures that
|A — A,| < 2". For the trained neural network, we used 8000 triples of the form

LASH = { (ykn(aszi), Ay, (zF SC;EQL)T) ck=1,...,8000, and ® is 5-sparse} . (8.13)

for n = 10, 20, 30. Note that it is not necessary to make the 2(2) component sparse. This is done merely to
make the experiment more realistic, as the main usage of the problems (P;) are for recovery of sparse vectors.

9. PROOF OF THEOREM 5.5

A roadmap for the proof is as follows. We consider the problem (Ps) and unroll iterations of Chambolle
and Pock’s primal-dual algorithm [37,38]. These iterations are approximated by NNs in Theorem 9.5, where
we obtain bounds on a rescaled version of the objective function in (9.9). The assumption of weighted INSPL
then allows us to relate the bounds proven in Theorem 9.5 to bounds on the distance of the output of the NN
to the wanted vector and also, simultaneously, prove stability. This also allows the acceleration to exponential
convergence through a restart scheme (with a reweighting at each restart). We begin with the proof of Lemma
5.4, which allows us to consider the approximation matrices A; in the construction of the NNs. We also state
some results from compressed sensing that are needed in our proofs. We then discuss preliminary results on
unrolling iterative algorithms for (Ps), which are used in the proof of Theorem 5.5. When writing out NNs in

. NL . L
the proofs, we will use —> arrows to denote the non-linear maps and — arrows to denote the affine maps.

9.1. Some results from compressed sensing.

Proof of Lemma 5.4. Let A be a (s, M) support set and z € C, then

pllzacly
|zalle £ ——=% + 7| Az||;2 <

3

pllzaclly

Vi + | Az|liz + v A = All]|z |2 ©.1)

121 and hence, (9.1) implies that

pleacly, o A e
gl < P22 M o Aglle +AllA = A ( lzallp + ——2 M )
lealle < S0 4 alldelis 414 = Al (sl + =t

Rearranging now gives the result. O
The following results are taken from the compressed sensing literature [1].

Lemma 9.1 (rfNSPL implies [} distance bound). Suppose that A has the weighted rNSPL of order (s, M)
with constants 0 < p < 1 andy > 0. Let v, z € CV, then

1+p
Iz =2l < 37—, 2osm(@), + 12l — Il

2
8)+ 15 VEIAG — o)l 92)
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Lemma 9.2 (rNSPL implies /? distance bound). Suppose that A has the weighted rNSPL of order (s, M)
with constants 0 < p < 1 and v > 0. Let z, z € CN, then

<1+p>n1/4> |z —a
2 Ve

9.2. Preliminary constructions of neural networks. When constructing NNs, we will make use of the
following maps from CM to CM, defined for various M € N and 8 € Qs by wg(z) = max{0,1 —
Bzl ye, ¢t (z) = min{1, ||z]|5" .

1 /il/4
b (1 55 ) A - o)l ©3)

I — 2l < (p+

Lemma 9.3. Let M € N, 8 € Qsg and 0 € Q=g. Then there exists neural networks ¢%79,¢$ € Npso2
with D = (M,2M, M + 1, M) such that ||¢% 4(z) — ¥g(x)|liz < 6 and ||pg(x) — ' (2)|li2 < 6 for all
x € CM, and the non-linear maps can be computed from sqrt, and finitely many arithmetic operations and

comparisons.

Proof. We deal only with the case of 1/)?, since the case of 9! is nearly identical. Consider the maps ¢%79:

|21 [?
|| M
o ()2 [ [ (Sl ", Smafo,1-
x | '|2 x HlaX{OJ—m}x sqrt9(||x||l22)
T
X

The first, third and final arrows are simple affine maps. The second arrow applies pointwise modulus squar-
ing, which can be done using finitely many arithmetic operations. The penultimate arrow applies a non-linear
map which can be computed from one application of sqrt, and finitely many arithmetic operations and com-
parisons. The bound |13 () — ¢3 4(2)||;> < @ follows from a simple case by case analysis. O

The final piece of machinery needed is a NN approximation of applying a pointwise version of 1/12.

Lemma 9.4. Let 5,0 € Q~o, w € QY and for & € CN consider the minimisation problem
argmin cex ol + sllz — &% 9.4
Let &4(%) denote the solution of (9.4). Then, there exists ¢s 9 € Np 2,1 such that
ps.0(2) = E(2)]l12 < Ollwl2, Vi eCN 9.5)

and D = (N, N, N). Each affine map in the NN is linear and is an arithmetic function of w. Moreover, the
non-linear maps used can be computed from sqrt, and finitely many arithmetic operations and comparisons.

Proof. Let B = diag(wy, ...,wy) € QV*Y and consider the function F(y) = || Byll;1/(2s) = |[ylli2 /(2s).
We write the minimisation problem (9.4) as prox(2). Given y € CV, we identify y = (y1,2) " € R?V.
First, for 3 > 0 and x € R™ recall that the proximal operator of a multiple of the /?-norm is

proxg).| , (x) = max{0,1 — 8/|[z([;2 }. 9.6)

Thus, for 8 > 0 we define p5(y) = (v(y, B) * y1,v(y, B) * y2) ", where * denotes pointwise multiplication
and v(y, f); = max{0,1 — 5/ y%’j + ygj} for j = 1,...,N. The function g simply corresponds to a

proximity map of the /2-norm applied component-wise to the complexified version of y. Using (9.6), we have

. 1 1
proxp(y) = argmin.cov 5[ B2l + 312 — vl

N
, B, 1
= argmin,cen Y (2;]\/2%,]- +25; + 5 ((z15 = y14) + (225 — yz,j)Q))
=1
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It follows that (in complex vector form) [prox,(y)]; = {0,1 — %jfs)}yﬁ forj = 1,...,N. We can

therefore write prox,(y) = B (2,)-1 (B~ 'y). We unroll the computation of prox (&) via:
T L) B '3 & (p(gs)—l(B_l,f) b B(p(gs)fl(B_ly).

The first arrow is a simple linear map, the second applies ((,)-1 and the third is a linear map. We approximate
this by replacing v(y, 8);y; with qb%’g(yl,j + ¥2,54) (denoting the replacement of ¢ 5,)-1 by 4,0?23),1) where

gﬂ is the NN from Lemma 9.3 with M = 1. This clearly gives ¢ ¢ € /\/'D72,1, so we need to only bound the
error. From Lemma 9.3 we have

‘ = HB (50(23)71(3_150) - 50?25)71(3_133)) Hl

The bound (9.5) now follows. O

proxg (&) — ng?%),l(B_lfc) , < Olw|z.

12

The following theorem proves that one can construct NNs with objective function bounds. The proof
constructs approximations of unrolled iterations of Chambolle and Pock’s primal-dual algorithm [37,38]. We
have used b to denote part of the inputs of the NN, instead of y, to avoid a clash of notation with the usual
notation for primal-dual iterations (y is used to denote a dual variable). The bounds in part 2 of Theorem 9.5
will be combined with results from §9.1 to construct the families of NNs in Theorem 5.5.

Theorem 9.5. Let A € Q[i]™*Y and § € Q. Suppose also that Lo € Q> is an upper bound for || A
that 7,0 € Q~¢ are such that ToL% < 1. Let X\ € Qso, w € ng and consider the resulting optimisation

,and

problem (Ps3). Then there exists an algorithm that constructs a sequence of neural networks {gbfl‘_ s 9} with

the following properties:
(1) (Size) Each qb;i)\ : C™HN 5 CN takes as input data b € C™ and an initial guess o € CN, both of
which are completely general. Also, d)ﬁ’ \ € Nb, 3n+1,3 with
D, =(m+ N,2N +m,2(N +m),2N + m+ 1, N).

repeated n times

(2) (O(n=' + nb) Error Control) Let

T+ o0 T+ o0

C = (1+ Julle + 20 Al wlie) | o [,
A

0.7

then for any inputs b € C™ and xq € CN, there exists a vector 1,,(b, x¢) € CN with

[ (b, 0) — Gt 5 (b, 0)|, < nOC ©.8)
such that for any x € C and n € [0, 1), it holds that

1 (llz— ol | »?
Mlon (b, zo)llis, = Allllas, + 1l A (b, 20) = blliz = [[Az = blliz < — | ————+—).  ©9)

T

Proof. We use the notation b € C™ to denote an input vector for our NNs throughout the proof and reserve y
to denote dual vectors, consistent with the literature on primal-dual algorithms for saddle point problems.
Step 1: The first step is to consider an equivalent optimisation problem over R instead of C, and rewrite
the problem as a saddle point problem. For z € CV, let z; = real(x) and 2 = imag(x) and consider
x = (r1,22) " as a vector in R?Y (and likewise for the dual variables). With an abuse of notation, we use
the same notation for complex 2 € CV and the corresponding vector in R?V, though it will be clear from the
context whether we refer to the complex or real case. We let ¢ = (real(b), imag(b)) . Define the matrices

K, = .real(A) —imag(A) e R2™WN [, — .real(B) —imag(B) € R2NVX2N
imag(A)  real(A) imag(B)  real(B)

corresponding to multiplication by the matrices A and B := diag(wy, ..., wy ) respectively. Let Fy RN
R be defined by F (z) = Zjvzl (KQZC)? + (KQI)?+N and F3(z) = AFy(z). Then (Ps) is equivalent to
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min,cgen  Fy(z) + || K12 — ¢||;2 and L4 is an upper bound for ||K{||. The saddle point formulation of the
problem is given by
min max L(z,y) = (Kiz,y) + F3(x) — f5(y), (9.10)

z€R2N ycR2m
where f3(y) = xB,(0)(y) + (¢, y), and x5 denotes the indicator function of a set S, taking the value 0 on S
and +oo otherwise, and Bj (0) denotes the closed {2 unit ball.

Step 2: We will solve (9.10) by approximating Chambolle and Pock’s primal-dual algorithm [37] (with a
shift of updates considered in [38]) with a NN. We will write the iteration as an instance of the proximal point
algorithm [96] and gain a non-expansive map in a norm which we relate to the standard Euclidean norm.

We start by setting 2° = z (one of the inputs of the NN) and y° = 0. Recall that for a convex function A,
we have that = prox,(z) if and only if z € x + Oh(z), where Oh denotes the subdifferential of h, see, for
example, [53, Prop. B.23]. Letting g = ﬁg and f* = f5, the exact iterates can be written as

: 1 * — *
e* = argming epon g(z) + ol L («* —rK{y" )| = (I +79g) " (" — TKTy")

. _ . 1 .
Y = argmingegan I (4) + 50y = (4 + 0Ky (224 2 ©.11)

= (I4o0f*)™* [yk +0K1(2xk+1 — xk)] .

Note that the solutions of these proximal mappings are given by Lemmas 9.3 and 9.4 and their proofs, as we
describe explicitly below in step 4. The function f* also depends on the input data b.
Let z = (x,%) " and define the matrix

Mo = 1l —-Kj € R2(mA+N)x2(m+N)

which is positive definite by the assumption 70 L% < 1 and hence induces a norm denoted by || - ||-,. We can

-1
_ dg Kf
T M 1 1 k.
! ” <K1 af*)] ’

write the iterations as (see, for example, [38, Sec. 3])

0c M} ( 99 Kf) L (PP k) = R =

—-K; Of"
TO _Kl af*

is maximal monotone with respect to the inner product induced by M, [96] and hence the iterates are non-

The multi-valued operator

expansive in the norm || - ||,. We also have that

TO —

T2 ||x||122 Hy||122 Ly -1 2 ~1 2
1z, y) 7o = ==+ == +2Lallzllzllylle < { —= + 77 ) llzlliz + (Lav+07") [yl

for any v > 0 by the generalised AM~GM inequality. Choosing v = o L 4 and using 70 L% < 1, we have that

Iz, y) "7, < (0 o Hll(z,y) "2 9.12)
A similar calculation yields that
Tto T2
(2, 9) "I < = @ 9) "7, (9.13)
1—710Ll?

Step 3: Next, we use convergence guarantees proven in [38] to obtain inequalities that closely resem-
ble (9.9). Define the ergodic averages X* = & Z?:l I, Yk =1 Z;‘f:l y7. By convexity, the map from
(x1,y) T to (X*,Y*)T is also non-expansive in the norm || - ||,,. It also holds (see [38] Theorem 1 and
remarks) that

1 — 2 2
L(X*,y) — L@, Y") < 7 (lx wollf Iyl

k T o

> , Vo e R vy e R>™, (9.14)
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Let y be parallel to K X* — ¢ such that ||y||;> = 7 < 1, and z be general in (9.14). This gives

= vk = K k L[z =0l »?

Fy(xx*) = Fiy(a) + (Ko X* — ey + (e = Ky Y¥) < - (0 4 1),
Since ||[Y*||;2 < 1 (otherwise we gain a contradiction in that the left-hand side of (9.14) is infinite), this
implies

~ ~ 1 [ |lz— aol|2 2

Fy(X*) — By(a) K0 X* — el — |y el < (”” T ’jf) L)

Step 4: The next step is to unroll the iterations in (9.11) as (complex-valued) NNs that approximate the

X*_ We unroll via the following steps:

Xk Xk Xk Xk+1 Xk+1

L NL X L NL
LL’k = LL’k _ TA*yk .%‘]H_l = $k+1 . $k+1 7
yk yk: _ O'Al’k yk _ O_Axk: ’U,k yk+1

with u¥ = y*¥ + 0 A(22%t! — 2¥) — ob. The first arrow is a simple linear map, the second computes
= (I + T)\OF{‘)_I (¥ — 7 A*y*). The third is an affine map and the final arrow applies ' to u*.
We now define the approximations Z* and z* (of Z¥ = (X*,Y*)T and zF = (2% 4*)T respectively)
defined by replacing 1! with ¢} (Lemma 9.3) and the computation of (I + TAOF{) (2% — 7A*y*) with
G(arn)-1,0(@" — TA*G*) (Lemma 9.4). We initialise the network with 2° = zy and y° = 0. Since the
composition of two affine maps is affine, it follows that the mapping from (b, z() to X™ can be realised by
¢§?,,\ € Nb, 3n41,3 With

D, =(m+ N,2N +m,2(N +m),2N + m+ 1, N).

repeated n times

Clearly, the sequence of NNs are NNs in the sense of §5.1 and can be constructed by an algorithm (see §8.1).

Step 5: Finally, we bound the difference between Z * and Z* to deduce (9.8), and the error bound in the
objective function using the inequalities in Step 3. We write #¥ = 2% + e¥, §* = y* + €& and clearly have
that ¢§ = 0 and e = 0. We can write Z*71 = ¢ (9,3)-1(ZF — TA*G*) + 51!, with [|e5 ;2 < O]|w];2 by
Lemma 9.4. We also have that 7° 1 = ¢ (7% + 0 A(23F 1 — %) —ab) +-e4 ™, with ||efT];2 < 6 by Lemma
9.3. Since ¢! is non-expansive, it follows that §*+1 = ¢! (§* + o A(2(F*+! —eb ™) — 7F) — ob) +eE ™| with
|eE 2 < (1 + 20 || A]| ||w]|;2). We can then use the fact that the iterates applied with the exact proximal
maps are non-expansive in the norm || - ||, along with (9.13) and (9.12), to conclude that

~ T+ 0 ~
X" - X" <, |—|Z" - Z"||+o
|| I < [T oz ] n
T+0o ne1 1 T+a( )
<,/ —7F1|||Z -7 1 2+ 20||A 2
<\ oz |! e + 64/ =7 (14 lwlli2 + 20 4] Jaw]le)

T+o0o T+o
< 0L+ ol + 20 Allkwle)y | 77y
It follows that (9.8) holds with v, (b, zo) = X™ and the complex version of (9.15) implies (9.9). O

9.3. Proof of Theorem 5.5. Step 1: The first step is to derive a bound on the distance between vectors
using the square-root LASSO objective function and rNSPL. For any inputs A (the rational approximations
{A;}), p and  described in the theorem, we can compute, using Lemma 5.4, a positive integer [ in finitely
many arithmetic operations and comparisons, such that A; € Q[i]™*" satisfies the INSPL with constants
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(1+p)/2 € (0,1),2y > 0. Lemmas 9.1 and 9.2 therefore imply that for any pair 21, z» € C¥ we have

3+
o1 = 22l < 22 oy + il — leally) + T iGer = 22 ©.16)
1 3 4N 21 — 22l
HZI _22”12 < < _|2'p + ( +Z)/€ ) ” 1 \/gQle + (2_’_%1/4) 'Y”Al(zl _22)”[2. 9.17)

Combining these two inequalities, we obtain the bound

2C1 1
|21 — 2all;z < \/gffsM(Zz)z1 +—= e (Izalley, = llz2llin) + CallAi(z1 — 22) iz

20
gﬁas,mz%w@um@ yllie+ = (Allzallis, — M2zl + [ Arzr — yllie — [ A2z — ylli)

(9.18)

Cy
AWE
where the second inequality follows from the fact that | A;(z1 — 22)|l;z2 < ||4i121 — ylliz + || Aiz2 — y|;2 and
we chose a positive rational A < C4 /(Ca/€) (we will specify how small |\ — C' /(Ca+/€)| must be later, and
always assume \ ~ (' /(C2+/€)). For notational convenience, we define

G(z1,22,9) = A|z1llin, — Allzelln, + | Aiz1 — ylliz — | Aiz2 — ylli2, (9.19)

the difference between the values of the objective function Fj* for arguments z; and z,. We also define

o(z,y) = 2G1 o
7y T 02\/g S,M
It follows from (9.18) and A < C4/(C2+/€) that

(2, +2[| A1z — ylli=- (9.20)

21 = 22|z < (c(22,9) + G(21,22,9)) , 9.21)

A\f
which also implies the bound G(z1, 22, y) > —c(22,y). These bounds hold for general z1, 25 and y.

Step 2: We now apply Theorem 9.5 using a suitable scaling to define a family of parametrised NNs, which
we iterate later in the proof (this corresponds to restarting primal-dual iterations with different parameters).
Let o = 7 € (4||4;]|71/5,5||4;]|~1/6) be positive rational numbers. We can compute such parameters by
approximating || A;|| via any standard algorithm that approximates the largest singular value of a rectangular
matrix using finitely many arithmetic operations and comparisons. We now use Theorem 9.5 (with 6§ specified
below) with input y/(pB) and zo/(pp) for a given p € N, and 5 € Q~( (which we explicitly define below).
Given ¢ "(y/(pB),xo/(pB)), Theorem 9.5 ensures the existence of a vector ¥, = ¥, (y/(pB), zo/(pB))

satlsfymg
Y zo A y =z
pr (pﬁ’z%) (pﬁ pg) < pCo

where C'is given in (9.7) and

Ayl — A

# |av- &

Lz -yl < 1 (22— 2000) i
p

T

+ 1) (9.22)
ag

-z
pp
for any z € CY (and we have taken 7 = 1 in (9.9)). Define the map Hg :C™ x CN = CN by

The additional scaling factors can be incorporated so that Hf S J\/Dp,gp+173. Rescaling (9.22) yields the

ll

existence of a vector 7,/A1p(y, x9) € CV (where the * denotes an appropriate rescaling by multiplying by p3)
such that

- A
G (dptoan).zy) < (Lol — aolls + 145 ) ©0.23)
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where we have used 7! = 0~ < 5||4,|| /4. Moreover, the constant C' in Theorem 9.5 is bounded by

T+o T+o _ A
(1 + Nl + 20| Adllwlie) || 3=y o < CrlL+ lwle), 9.24)

for a constant C; that we can explicitly compute. Hence, upon rescaling (9.8), we arrive at
|0ty 20) = B (w,20)|| , < p*08C1 (1 + [[wle).

Using Holder’s inequality, this also implies that
0w, 20) = o w0)| |, < #P85C1(1+ o)l

It follows from the reverse triangle inequality that

C

G (H} (y,20), 2.y) < G (p(y,20), 2, y) +p*0BC1 (1 + [[w]2) (| Al] + Allw]i2) 9.25)
Using this bound in (9.23), and the fact that A < (7+4/€) ™1, we can choose 6 € Q¢ such that
- Allwllee [[wlle2
671 < p*(1 + ||lw||;2) max {1, <P (1 + ||w|p2) max {1, S &
1Al [ Allvv€
and, simultaneously,
4 (|| A,
G (#nz0) ) < 5 (L8l = aalf + 14015
Combining this with (9.21), we obtain the key inequality
4C?|| A 2 4
B 1
G (Hp (317330)73779) < W [C(J?, y) + G(l‘o, xvy)} + gHAlHB (9.26)

Step 3: In this step, we specify the choice of p and 3. So far, we have not used any information regarding
the vectors « and y. Recall that for our recovery theorem, we restricted to pairs (z, y) such that

Foe (el +20As —ylle <5, Jalle byl < b
Using this, we can choose [ larger if necessary such that for any such (x,y), we have the bound
c(z,y) < 24 osm(@)i, + 2| Az — ylli2 + 2|4 = Al < 26.
Cove 7 v

The following lemma shows how to choose 8 and p to gain a decrease in G by a factor of v € (0, 1), up to
small controllable error terms.

Lemma 9.6. Let v € (0,1) N Qx0, €0 € Qs and choose 8 € Q¢ such that 8||A;|| 5 = 3vov(eg + 26) for

some vy € [1,2). Then for any xo with G(xg,z,y) < €y and positive integer p > — S| tpe
0 € [1,2) for any xq (o, x,y) < €0 and p BT P = | 5avE/ @m0

following bound holds
G (HJ (y,x0),2,y) <v (26 +€o). (9.27)

Proof. The choice of 3 ensures that § |43 < “3%(20 + €). Using (9.26), and the fact that 0 < c(z,y) +
G(xo,x,y) < 20 + €9, the bound (9.27) therefore holds if
3207 | Ad?
Ip2uguA2€

Rearranging and taking the square root gives the result, where the ceiling function ensures p is an integer. [J

— VgV

(26 +€0) < C (26 + €o)-

We denote the choice of 8 in Lemma 9.6 by (v, €p). Since 8/3 < 3, we can, by taking [ larger and by
making A closer to C/(Ca+/€) if necessary, and through an appropriate choice of v, ensure that we can
compute (using finitely many arithmetic operations and comparisons) a choice p(v) < {30217!"“'—‘ such that
the conclusion of the lemma holds.
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Step 4: We are now ready to construct our NNs. Note first that G(0,z,y) < |ly|l;z < b, for any y in
our desired input. Given n € N, we set ¢g = by and for j = 2,...,n sete; = v (20 + ¢;_1) . By summing
a geometric series, this implies ¢,, < % + v™by. We define ¢, (y) iteratively as follows. We set ¢ (y) =

Hf((;j) “)(y,0) and for j = 2,...,n we set ¢;(y) = Hf((;’)67 Dy, #;j—1(y)). Clearly this algorithmically
constructs a NN ¢,,. We can concatenate (by combining affine maps) the NNs corresponding to the Hf
maps to see that ¢,, € J\/‘D(n ».3np+1,3- Moreover, Lemma 9.6 implies the bound G (¢ (y), 7,y) < €, <

2“5 + v"by. Combining this with (9.18),

lén(y) — e < 255

Again, we can apriori choose ! and )\ to ensure that

o 209 200
2 A — Afll;2 n < n
Co| z||zb1+)\\[< ’Ub2>_02(1 +0+4v b2>

Applying this bound to (9.28) yields (5.3).
Finally, we argue for the error in the weighted [} -norm. Note that since p < 1, the choice of \ ensures that

C 206
Os M( )11 +2CQ||A$ —yle +2Cg||A Allebl + )\\1[ ( —I—Uan) , (9.28)

% < %ﬁ%. It follows from (9.16), using the same argument for the 12 case, that

3
1600) = alhy, < 32 (ol + 314 = gl + 36 Guzn)) . 029

Again, we can apriori adjust [ and A as necessary to obtain the bound

3+ 2C C 206 " C
I6a0) ~ wly < 32 (2omteny + 2B =yl + 28 (220 4oy ) 459208,
1—p Ci \1-v 1
where the final term in brackets corresponds to this final approximation. Simplifying this yields (5.4). (]

To end this section, we provide a brief proof sketch of the bounds in Remark 5.7. The argument is similar
to the proof of Theorem 5.5. We set djn(y, x0) = B d) (y I“) and the arguments in Theorem 5.5 show
that we can choose 7,0, and 6,, with 6,1 = O(n?) such that for any z, 7o € CV and y € C™,

R TR
G (Bulyan)zy) < U2 (120l 4 )

If ||z||;2 < by, then we can choose [ such that 2||A — A;||bs < ||A]|3/(2n) min{C;/(C2AV/€), 1} and hence
(5.5) follows from (9.18). Similarly, we can use the corresponding bound (9.29) to show (5.6).

10. PROOF OF THEOREM 5.10

For the benefit of the reader, we first recall the orthonormal bases used. We then provide coherence
estimates which are used to obtain bounds on the number of samples needed, and end this section with
the proof of Theorem 5.10. It will be convenient to sometimes enumerate the vector or tensor elements
starting from 0, or negative numbers. That is for z € CV with d = 1 we might denote its elements as
z = (2(0),...,2(N =1)),orz = ((—N/2 4+ 1),...,2(N/2)) and for d > lits k = (k1,...,kq)’'th
element is written as x(k). It will always be clear from the context, which range of indices we consider.
Furthermore, recall from §5.3 that we let N = K% and K = 2" forr € Z>g. This is assumed throughout this
section.

10.1. Setup: the relevant orthonormal bases.

Discrete Fourier transform. For a d dimensional signal @ = {z(t)}; 1, _o € CF*"*K we denote its

2miw- t)

Fourier transform by [Fz|(w) = w17 Ztl ty=0 T(t) exp( ,  w € R% For discrete computations,

it is customary to consider this transform at the integers w € {—K/2 +1,...,K/2} andlet F(4) ¢ CK**K*
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denote the corresponding matrix so that F(Dvec(z) = {[Fx] (@)}Ywe{—K 211, K 2} for a suitable vectori-
sation vec(x) of x and ordering of the w’s. Let

Vo = {N*1/2exp (f2m‘K*1w.t) :te{0,...,K — 1}d}  CKx-xK

Then
{vec(Wo,) 1w € {-K/2+1,...,K/2}"} (10.1)

is an orthonormal basis for C¥ ‘= CN. Furthermore, recall from §5.3, that we divide the different frequencies
into dyadic bands. For d = 1 we let B; = {0,1} and

Br={-2"1 41,22 u {2k 2 41,281 k=2,

In the general d-dimensional case we set Blid) = Bj, X ... X By, fork = (ky,....kq) € N¢.

Walsh transform.

Definition 10.1. The Walsh functions vy, : [0,1) — {41, —1} are defined by
Vo (2) = (~1)ZF @+ UYL 10 1) € Zsg, (10.2)

where (z(i))ieN denotes the binary expansion of z (terminating if z is a dyadic rational) and we write w =
Py w21 for w9) € {0,1}. For z € [0,1)? and w € Z%O, we let vy, (2) = Vi, (21) * * + Voo, (24d)-

For x € CK**K and K = 2" we let its d-dimensional Walsh transform be denoted by

K—-1
Wa](w) = ﬁ Y ee(t/K), wefo,...,2" —1}%
t1,..ta=0

As in the Fourier case, we let (%) € CN*N 5o that W(@vec(z) = {{Wx] (w)}oeqo,..., x—1ya for a suitable
vectorisation of - and ordering of the w’s. We let g, = {N~1/2v,,(t/K) : t € {0,..., K —1}4}cCK*xK
and note that

{vec(ow) s w € {0,..., K —1}%} (10.3)
is an orthonormal basis for CV. As in the Fourier case we recall the frequency bands introduced in §5.3.
Let By = {0,1} and By, = {2*~',...,2¥ — 1} for k = 2,...,7 in the one-dimensional case, and Blgd) =
By, X ... X By, k= (k1, ..., kq) € N%. Whether the notation refers to the Walsh or Fourier frequency bands
will always be clear from the context.

Haar-wavelet transform. On C¥ the Haar wavelet vectors are defined as

i=r —j . 1 —Jj

27, p2”§2<(p+2)2r]
o — L 1 , .
Vjp(1) —2'7", <p + 2) 2" <i<(p+1)277

0, otherwise,

forj =0,..,r —landp = 0,...,29 — 1, and we can define the corresponding scaling vectors as ¢;,(i) =
[¢;p(1)]. To simplify the notation we set 1/1](.?,3 = ¢, and 1/)51,2 = ;. Ford > 1land ¢ = (q1,...,qqa) €
{0,1}4, p= (p1,...,pa) € Zéo define the tensor product ¢f , = wj(-?pll) R .. ® ¢;?;3~ Splitting these tensors
by scale

Cy = {vec(¥g,) : g € {0, 139}, O = {vec( ? 1)1 a €0, 1YN\{0},pr =0,...,297 1 — 1},

forj = 2,...,7, we get that C; U- - -UC, is an orthonormal basis for CV. Next, let the vectors in C; U- - -UC,.,
form the rows of a matrix ® € CN*N. The matrix U is called the discrete wavelet transform (DWT)
matrix, and its inverse U~! is called the inverse discrete wavelet transform (IDWT) matrix. Notice that
since C; U - - - U C,. is an orthonormal basis, we have the relation ¥ ~1 = U*,
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10.2. Uniform recovery guarantees and coherence estimates. We express U = [U (k.7) } L‘k”fo; =nr in block
form, where the entries in each U%J consist of the inner products (¢, p,) for ¢ € C; and where p,, is an
element in either (10.1) or (10.3) with w € Blgd), depending on whether we consider Fourier or Walsh

sampling. For this decomposition we define local coherence as follows.

Definition 10.2. Let U = [U®)] Hk”“’; S defined as above. Then the (K, j)th local coherence of U is

p(US) = ’B( )‘ max |(U*I )pq|2 where Blgd) is the cardinality ofBlEd).

Recall from Definition 3.1, that for an (s, M)-sparse vector, s = s1 + ... + s, denotes the total sparsity.
Furthermore, m = ZHk”m < my denotes the total number of samples in an (N, m)-multilevel subsampling
scheme. The following shows that to use Theorem 5.5, we need to bound the local coherences of U.

Proposition 10.3 ( [1]). Let ep € (0,1), (s,M) be local sparsities and sparsity levels respectively with
2 < s < N, and consider the (N, m)-multilevel subsampling scheme to form a subsampled unitary matrix A
as in Definitions 5.8 and 5.9. Let

M
tj:minHMW M; — M;_ 1} j=1,..m (10.4)
W)
and suppose that
i,
mg 2 LY tuU), k=11 (10.5)
j=1

where L' = r - log(2m) - log®(t) - log(N) + log(ep *). Then with probability at least 1 — ep, A satisfies the
weighted rNSPL of order (s, M) with constants p = 1/2 and v = /2.

The following bound the local coherences of U, with M £ (s, k) and My (s, k) defined in (5.7) and (5.8).

Lemma 10.4 (Coherence bound for Fourier case). Consider the d-dimensional Fourier—Haar-wavelet ma-
trix with blocks U7 then the local coherences satisfy

d
,u(Uk’j) < 9—2(3—lkllro0 )+ H 2—\’%—1\7 (10.6)

i=1

where for t € R, t; = max{0,t}. It follows that

r |kHz<x> r d
Zst(UkJ Z H2 ki—jl | Z sj2—2(j—\|k||w°) H o—lki—=jl _ Mx(s,k).  (10.7)
J=1 i= j=kllzee +1 i=1
Proof. From the one-dimensional case treated in [6, See proof of Lem. 1], we have
2 9 ko~Ik=il, if j <k,
Folp] @) s | :
’ { 7P 9—ko—3lk—il otherwise

We proceed by showing that |[F 1/)5?13 J(w)|> < 27%271¥=3l in the one-dimensional case, before considering d
dimensions. Let w # 0 correspond to a frequency in By, j € {0,...,r — 1} and p € {0, ...,27 — 1}. Then
2771 1— 2miw2 ™I

(0) _ 9i—r 2miwp27I 2miwt2™" _ od—r 2 miwp €
{]—'wj_p (w)=22""e E e =2z""¢ T
t=0

A simple application of the double angle formula then yields
|sin(Tw277)| B 25 w27

sin(rw2=")|  |w| [sin(rw2="

o) o] 2t

| |sin(rw277)| < 23—k |sin(rw277)|,
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where the second inequality follows from [w2~"| < 1/2 and 2¥ < |w|. If k > 7, this implies \[.Fw](»gg](w)ﬁ S
27k~ k=3l If k < j, we use that |sin(nt)| < 7[¢|, V¢ € R to get |sin(mw277)| < 2577, Hence,

2 . . . .
|[Fol0] ()| 5 27722220 = 273 = g=hg-lhnil,

If w = 0 then by definition we have |[F ¢§2 J(w)|?> < 277 = 27%2~1¥=l and hence this bound still holds.
We now consider the general d-dimensional case. The above computations give that

d d
d . 2 k. —
) g2t e T [[7os] @] < T2
Similarly for j > 1
d ( 9 d
U( 7) <221 1 ki ‘[ a:) } ‘ < 9—lki—il=2q: (G—Fi)+
U3 qe{cﬁ%{\m}nwe%i pee 05y PV ) qu{ﬂ?f\{o}g

The maximum value of this estimate is obtained when the non-zero component of g corresponds to the maxi-
mum value of k;. This gives precisely (10.6). (]

Before proceeding with the Walsh—Haar—wavelet case, we recall the following lemma [8].

Lemma 10.5. Let w and j > 0 be integers so that 2 < w < 29 and let A], = [k277, (k + 1)277) for
k€ Z>q. Then v, is constant on each of the intervals Aj+1, k € {0,...,27Tt —1}. Each of the intervals Af;
can be decomposed into the intervals AJ; T and A%Zr 11, Where v, is equal to 1 on exactly one of them and
equal to —1 on the other. When w = 0, we have v, = 1.

Lemma 10.6 (Coherence bound for Walsh case). Consider the d-dimensional Walsh—Haar-wavelet matrix
with blocks U9, then the local coherences satisfy

H2 ki =l ifk; < jfori=1,....d with at least one equality,

p(U*9) (10.8)
0 otherwise
It follows that
r d
> sin(UE) S sy [T2715 7M1 = Myy(s, k). (10.9)
= i=1
Proof. We begin with some computations in the one-dimensional case. Let I; , = {p2"~7,..., (p+1)2"77 —
1}. We recall that that supp(i/)](-?;) = supp(i/)(l)) = I; . Using Lemma 10.5 it is clear that for 2" < w <
2mF1] o, is constant on I, 41k, for k € {0,...,2mF1 — 1} and that for any pair L1265 Int1.2641, Ow

changes sign. For w = 0, we have that g,, is all constant. Keeping track of the supports gives the relations

©) 2792 ifw < 2 ( 2792 if 21 <w < 27!
(.0 - [ s
0 otherwise 0 otherwise
In particular, we can rewrite this as |<1/J§f2,gw>| = 279/2 = 27k/29=UG-F/2if y € By, k < j and 0

otherwise, and note that |<¢J 0 0w)| = 279/2if w € Bj41 and 0 otherwise.
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Turning to the general d-dimensional case. The above computations immediately give that (U ®1)) <

~

H?Zl Ok, 1, where 9; ; is the Kronecker-delta. Similarly for j > 1

d

2
utn) = | B (0
1( ) geqdiax o) 11 L, S (0w 037 ,0)

d
< 22?:1 ( Su 9~ ki—lki—jl 46, 16.. _27]%)
~ e {0130\ {0} 1_[1 4:,00ki<j 0,10k, j

d

< 80 00p. <2 Mki=il 5 15, ).
qe{g}?z{\{o}ﬂ( 200k o W>

This estimate is zero unless k; < j and at least one of the k; is equal to j. In this case the maximum
corresponds to ¢; = 1 if k; = j and g; = 0 otherwise. This gives precisely (10.8). U

10.3. Proof of Theorem 5.10. For the benefit of the reader, we recall that A = Pz DV W¥. We apply Propo-
sition 10.3, noting that the ¢; in (10.4) satisfy

<§(sMw)

wiy)

t; <s;-k(s,M,w), t<s-kr(s,M,w). (10.10)

Therefore >~ t;u(US7) < k(s,M,w) 377_; s;(U*7). Combining with (10.10), note that (10.5) holds if
my 2 Kk(s, M, w) ZS][L U9 | - £, where (10.11)

-log(2
L= 7’log((2)m).10g2 (s - k(s,M,w))-log(N)+log(ep ) = d-r?-log(2m)-log” (s - (s, M, w))+log(ez '),
0g

since N = 27, In the Fourier sampling case, by Lemma 10.4, (10.11) holds if (5.9) holds. Similarly, in the
Walsh sampling case, by Lemma 10.6, (10.11) holds if (5.10) holds. By Proposition 10.3, with probability
at least 1 — ep, A satisfies the weighted rINSPL of order (s, M) with constants p = 1/2 and v = /2. The
conclusion of Theorem 5.5 then holds for the uniform recovery of the Haar wavelet coefficients z = V¢ €
CN.

For the final part, we use Theorem 5.5. The only difference is that we have to compose the NNs with (an
approximation of) the matrix W™ to recover approximations of ¢ from approximations of x = Wc. Recall that

—— {1 maxj=1,....r W)V (M = Mj—1) }

5(57 M7 w)

and set ng = ﬂog (5’12) 51/42,’] . Let p be as in Theorem 5.5 and let n; € Zx( such that ng = nip+ny for
ny € {0,...,p— 1} (the n from the statement of the theorem corresponds to n1p). Set ¢p(y) = ¥* [¢y,, (y,0)],
where ¢,,, denotes the NN from Theorem 5.5 with b; = 1, by = ||A|| + J and v = e~!. Strictly speaking,
we need to approximate ||A| and e~!, and also apply a rational approximation of the matrix ¥* instead
of U*, but we have avoided this extra notational clutter (the associated approximation errors can be made
smaller than x'/4§ since the vectors we apply the matrix to are uniformly bounded). Now suppose that
y = PrDVec+e € J(4,s, M, w), and notice that for ||c||;z < 1 we have that ||y|/;z2 < ||A] + |lelliz < b2
since W is an isometry. Then, since C7, Cy ~ K1/ (using that k > 1), (5.3) implies that

16(y) = clliz = lldno (y:0) = Wellyz S £746 + bor'/ e,

The theorem follows if we can prove that boe ™™ < 4.
Let t be as in (10.4) and let Ay, Ao, ... be a partition of {1,..., N} such that each support set is (t, M)-
sparse. We can choose such as partition with at most

M; — M,_
max |—L 471} <
J=1..r t; J

Lg
]

)/wgy, Mj = Mj 1}
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sets. The proof of Proposition 10.3 shows that A satisfies the RIPL of order (t, M) and hence for any x € C¥,

2 S llza,
i

where we have used Holder’s inequality in the last step. It follows that || A|| < Z and hence that p < k'/4Z
and by < Z. This implies that ny > log (671 Z) and boe™™* < §, completing the proof. O

[ IVER

1Az]li <Y [ A(za,)

M; — M;_
2 < max - J
=

=17 min{g(sa M7 w)/w%])’ M] - Mj—l}
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