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Abstract

We consider the problem of recovering the support of a sparse signal using noisy
projections. While extensive work has been done on the dense measurement
matrix setting, the sparse setting remains less explored. In this work, we establish
sufficient conditions on the sample size for successful sparse recovery using
sparse measurement matrices. Bringing together our result with previously known
necessary conditions, we discover that, in the high-SNR regime where ds/p —
400, sparse recovery using a sparse design exhibits a phase transition at an
information-theoretic threshold of nff. = © (slog(p/s) /log(ds/p)) for the
number of measurements, where p denotes the signal dimension, s the number
of non-zero components of the signal, and d the expected number of non-zero
components per row of measurement. This expression makes the price of sparsity
explicit: restricting each measurement to d non-zeros inflates the required sample
size by a factor of log s/ log (ds/p), revealing a precise trade-off between sampling
complexity and measurement sparsity. Additionally, we examine the effect of
sparsifying an originally dense measurement matrix on sparse signal recovery. We
prove in the regime of s = ap and d = ¥p with o, ¢ € (0, 1) and ¢ small that a
sample of size nin"™ = @ (p/1?) is sufficient for recovery, subject to a certain
uniform integrability conjecture, the proof of which is work in progress.

1 Introduction

In recent years, sparse signal recovery has gained significant attention, motivated by applications in
compressive sensing [[7, [2} I5]]; signal denoising [3]]; sparse regression [13]; data stream computing
[4} 11} [14]; combinatorial group testing [6]; etc. Practical examples range from the single-pixel
camera, MRI scanners and radar remote-sensing systems to error-correction schemes in digital
communications and widely used image-compression formats [7, Chap. 1].

The problem can be formulated as follows. Consider a signal 8* € RP, unknown but a priori s-sparse
for some given s < p, a random measurement matrix X € R™*P (also referred to as design, features
or data) and a noise vector Z ~ N(0,0%1,,), where n € N denotes the sample size and 0% > 0 a
fixed constant. An vector of observations (also known as labels or annotations) is given by:

Y = X8+ Z.

Sparse recovery refers to reconstructing 5* given X and Y. Intuitively, this problem can be reduced
to recovering the support S* of 5*, i.e. the set of indices of its non-zero components. In fact, once
the support S* is identified, the full signal can be estimated using the corresponding columns of X
via the closed-form maximum-likelihood estimator formula Sygg = X g* Y, where X ;2 denotes the
Moore-Penrose pseudoinverse of the submatrix formed by the columns of X with indices in S* [10].
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Traditionally, X is considered to be a dense random matrix with sub-Gaussian entries. Previous
works have shown that the complexity of the problem in terms of required sample size exhibits two
phase transitions at two thresholds ning < naLg, yielding three regimes:

* n < niNg: impossibility of recovery. Reeves et al. [16] show that if n < (1 — &) ning then the
recovery of any fraction of the support of the signal is impossible.

* nNng < M < napLg: super-polynomial complexity. Gamarnik and Zadik [8]] show that if n >
(1 + &) ninF then the maximume-likelihood estimator (MLE) recovers the support of 5*. Although
solvable, the problem is widely believed to be algorithmically hard since the MLE exhibits an
Overlap Gap Property (OGP) [8]].

* n > narg: polynomial-time recovery. Wainwright [18] shows that if n > (1 + €) naLg then the
Lasso [17]] succeeds in recovering the support of g*.

1.1 Sparse measurement setting

While dense matrices offer an optimal sample size, they are costly in terms of storage and computation.
Sparse measurement matrices, where the number of non-zero entries per measurement vector scales
significantly smaller than the signal dimension, mitigate these costs: they require significantly less
storage and allow for more efficient computations, as matrix-vector multiplications and incremental
updates can be performed faster. In addition, they enable efficient signal recovery algorithms by
taking advantage of the structural properties of the problem [9]. However, this sparsity comes at
the cost of increased sampling complexity [[19]. This raises the following key question: How does
measurement sparsity trade off with sampling complexity?

Some of the prior studies have explored this sparse measurement setting. Wang et al. [[19] establish
necessary conditions for sparse recovery for various measurement sparsity regimes. Let d denote
the expected number of non-zero components of a row of X. Their work reveals three regimes of
behavior depending on ds/p, the expected number of non-zero components of 8* that align with
non-zero components of a row of X. The three regimes are: ds/p — +00, ds/p = 7 for some
constant 7 > 0, and ds/p — 0. They show that in each regime, the number of samples n must
exceed a specific information-theoretic lower bound for any algorithm to reliably recover the signal’s
support. In particular, in the first regime, where ds/p — 400, the necessary condition threshold of
[19] is the same as the one of the dense case, while it increases dramatically in the third case, where
ds/p — 0. They work with entries rescaled so that Var (X 5*) matches the dense case, while we
keep Var (X;;) = 1. The settings are equivalent since any scaling of X can be accounted for in 5*.

In this work, we examine the opposite question: how many samples are enough to guarantee a
reliable recovery? For simplicity, we assume the signal is binary, i.e. 3* € {0,1}”. Note that in
this case, recovering the support is equivalent to recovering the signal. This assumption is very
common in the literature [[1} (16, 8]]. Intuitively, detecting a component of size 1 is at least as hard as
detecting a stronger component, so the resulting thresholds are representative of signals with non-zero
entries bounded away from zero by 1, i.e. 8* € {8 € R?: [|B]|, = s and min; e 5,20 1851 > 1}
Our first main result (Theorem [I) states that in the high signal-to-noise ratio (SNR) regime where
ds/p — +o0, if the number of samples n is larger than a threshold given by:

s (slog(p/s)
e = © <10g (dS/p)> ’ M

then the MLE asymptotically recovers the support of the signal. The proof uses large deviation
techniques to bound the probability that a different support has a lower error than the true one, and a
union bound over such supports. Bringing our result together with the necessary condition shown by
Wang et al. [19]], we reveal that the problem exhibits a phase transition — similar to the one known
in the dense case — at the information-theoretic threshold n{f.. In fact, if there exists a constant
£ > 0 such that n < (1 — ) ni¥y then it is information-theoretically impossible to ensure a reliable
recovery of the support of the signal, and if there exists a constant ¢ > 0 such that n > (1 + &) n{:
then the MLE ensures a reliable recovery of the support. Our findings therefore answer the question
of exactly how much data is needed for recovery. However, we note that the recovery that we show in
the sufficiency statement holds in a weaker sense than the non-recovery in the necessity statement.
We call the amount of additional observations in the sparsification setting compared to the dense one
price of sparsity. Precisely, restricting each measurement to d non-zeros inflates the required sample



size by a factor of T = © (log s/ log (ds/p)), quantifying the sampling complexity vs. measurement
sparsity trade-off.

Regarding the computational complexity, Omidiran and Wainwright [15] show that the Lasso
performs as well in the sparse setting as in the dense setting, assuming a slow decay of sparsity. They
show that, under some slow sparsity assumption, it is sufficient for the sample size n to be larger than
the algorithmic threshold of the dense setting discussed above, given by:

naLc = 2slog (p — s),
specifically for the Lasso to ensure a reliable polynomial time recovery of 5*. Although the sparsity
assumption under which this result holds allows for the density rate d/p to go to 0 as p — +00, it
still doesn’t allow the measurements to be very sparse. In fact, it requires that:

d/p=w (3—1/3> and d/p=w <<bi§ij(}i;)8)> 1/3> . 2

This raises a question about what happens in a more sparse regime. Although we don’t address the

algorithmic threshold, i.e. the question of polynomial-time recovery, we discover herein a sufficient
condition for recovery that allows for more sparsity, allowing for future investigation in this direction.

1.2 Sparsification

The applications of the signal recovery problem [/, Chapter 1] considered in this paper can be broadly
categorized into two classes:

- Applications where X is designed, e.g. involving signal compression and reconstruction.
- Applications where X is observed, e.g. sparse regression, signal denoising, and error correction.

In light of this categorization, we note that measuring the trade-off between measurement sparsity
and sampling complexity is particularly useful for the first class of problems. It provides practitioners
with an exact description of how the measurement matrix should be designed, in terms of size and
sparsity, to optimize the computational cost of signal recovery. However, this is rendered useless in
the second class of problems when the measurement matrix is observed and dense. This motivates the
second key question: given an initially dense measurement matrix, is there a way to make it sparse
and still aim to recover the original signal?

This setting, in which the observations are generated with a dense measurement matrix, but the
signal is recovered using a sparsified version of it, is closely related to the “missing covariates”
or “missing-at-random” framework studied in high-dimensional statistics. Prior work by Loh and
Wainwright [12], established algorithmic ¢-error bounds for regression under this model, assuming
dense Gaussian designs and a constant missingness rate. Our analysis in Section [3| complements
this line of research by focusing instead on information-theoretic support-recovery thresholds and
deriving the precise sample complexity cost incurred by sparsification in this regime.

In our examination of the sparsification question, we focus on the linear sparsity and linear sparsification
regime where s = ap and d = p for constant «, 1) € (0, 1). Specifically, our second main result
(Theorem 3)) states that if the number of samples n is larger than a threshold given by:

2h () p 7 3)

5 2
log (1 + —<17w><2156<17w>>)

then the minimizer of the mean squared error (MSE) based on sparsified measurements and accordingly-
rescaled observations asymptotically recovers the true support up to error fraction § € (0,1). In
particular, support recovery is possible for arbitrarily aggressive sparsification, i.e. arbitrarily small ¢).
In the strong-sparsification regime where ¢ — 0, the sufficient threshold (3) effectively writes:

Sp-ified p

TYNE =0 (1/)2> . (4)
We call the amount of additional observations in the sparsification setting compared to the dense one
price of sparsification. Unlike the price of sparsity, it is not due to the sparsity of the measurements
but rather to a bias in the observations. We also interpret our result as providing an expression of the
sparsification budget: the level up to which one could sparsify their data and still recover the true

signal. Based on our result, this has order © (\ /p/n) when n = Q (p).




1.3 Contributions
To the best of our knowledge, this work is the first to address the following:

1. Establish a necessary and sufficient condition for sparse recovery in the sparse setting.

2. Provide a sufficient condition for sparse recovery after sparsifying an originally dense design,
conditional on a mild uniform-integrability conjecture.

1.4 Outline and Notations

We organize the rest of the paper as follows. Section[2]studies the sparse measurement setting. Section
[3|examines recovery after sparsifying an originally dense measurement matrix. Sectiond]concludes
and sketches future work directions.

Throughout this document, we will use the following notations:
» We denote by h (+) the binary entropy: h (z) = —xzlogax — (1 — x)log (1 — ), x € (0, 1).

* We call {y-norm the number of non-zero coordinates of z € RY, that is ||z||, := Zle 1 (z; £0).

2 Sparse Recovery using Sparse Measurements

2.1 Setting

Let n,p, s,d € Nsuch that d, s < p. We define a sparse Gaussian matrix in R"*? as follows.
Definition 2.1 (Sparse Gaussian matrix). We call X = [X;]
matrix with parameter d if for all ¢ € [n],j € [p] we have:

Xij = Bi;jNij,

nxp .
ien]jep) € R™*P a sparse Gaussian

where (Bij)ie[n],je[p] "X Ber (d/p) and (Nij)ie[n] el idAr (0, 1) are mutually independent.

Remark 2.1. Note that d is the expected number of non-zero components per row of X. In our
setting, we think of d as being of smaller order of magnitude than p. In particular, d = o (p).

Let X be a sparse Gaussian random matrix of parameter d, and Z be a random vector in R™ such that
Z~N (O, 021") , with o > 0 a fixed constant. Let 5* € {0, 1}” be a deterministic vector such that

18*]l, = s. We define the random vector Y as:
Y = XB* + Z. S)

Of particular interest is the signal-to-noise ratio (SNR), known to be an important quantity for
characterizing the difficulty of sparse recovery problems [[19,[16]]. It’s defined as follows:

_EIXB5 _ ds ©
E||Z|l; ~ po?
The maximum likelihood estimator (MLE) of 5* is defined by the random vector:
B = arg min ||Y—Xﬁ||§ @)

Be{0,137,[1Bllo=s

We are interested in the minimum number of samples n required so that the MLE (7)) asymptotically
recovers the true signal 5*. We formalize the problem as follows.

2.2 Problem

We start by defining the support of a vector and the symmetric difference of supports.

Definition 2.2 (Support). Let u € RP. We call support of u the set of indices of the non-zero
components of u and denote it Supp (u) == {i € [p]: u; # 0}. Note that [Supp (u)| = |Jul|,.

Definition 2.3 (Symmetric difference). We call symmetric difference between two sets S7 and S, the
set of elements in one but not the other and denote it S1 A Sy = (51 U Sg) \ (51 N Sg).



We formalize the problem we address below as follows: given an error tolerance 6 € (0, 1), we wish
to determine the minimum number of samples n as a function of p, s and d required so that:

Px z (‘Supp (8*) A Supp (8)’ < 253) — 1, asn,p,s,d— +oo.

2.3 Results

Our first main result, Theorem|I] provides a sufficient condition on the sample size for reliable support
recovery when using sparse measurements.

Theorem 1 (Sufficient conditions for sparse recovery using sparse measurement matrices). Suppose
p,8,d = +00, d = o(p) and ds = w (p) (i.e. SNR — +00). Let § € (0,1). We consider two
different regimes.

1. Assume s = o (p). Let tog (p/5)
. 2slog (p/s
"0 log (ds/p) + og (0/(207))

If there exists € > 0 such that n > (1 + €) n}y;,, then the MLE 3 recovers 3* up to error § w.h.p.:
Px z ( Supp (6%) A Supp (B) ’ < 255) >1—exp ( —eslog(p/s) +o (slog (p/s) )),

asn,p,s,d — 4oo.

2. Assume there exists a constant « € (0, 1) such that s = ap. Let:

. 2h () p

Min = Yog d + log (3a/(202))

where h (-) denote the entropy function. If there exists € > 0 such that n > (1 + €) n},, then the
MLE (3 recovers 3* up to error § w.h.p.:

Px,z (‘Supp (B*) A Supp (ﬁ)‘ < 255) >1—exp ( —¢ch(a)p+o (p)),

asn,p,s,d — 400.

The proof of Theorem [I] given in appendix [A.T] uses large deviation techniques to bound the
probability of a high-error support to have a lower MSE than the true one, then a union bound over
such supports. We give below a brief proof sketch of Theorem [T}

Proof sketch. Let S denote the set of supports of cardinality s and S* = Supp (3*). Forany S € S,
we denote by 1 the vector in {0, 1}” such that [15], = 1 (i € S) for all ¢ € [p]. We define the loss

function L over S such that L (S) == ||Y — X]lSHg, so that Supp (B) = argmingcs L (5). As

p gets large, the event “L (S) < L (S*)” for any S such that |S A S*| > 2ds is a rare event. The
Chernoff bound yields:

togP(L(5) < L.(5)) < (log (ﬁf) 4 0(1)) .

This step involves most of the technical work. Then, by union bound:

. [ 20'2]? n/2
P(‘Supp(ﬁ)AS* <253)21_ 3 P(L(S)<L(S*))21—()(6d ) .
S:|SAS*|>268s 5 5
Solving for n, we obtain a critical threshold of n* = Toa(ds /p;(flggz 5727 ‘We conclude. O

Bringing together Theorem [ with the necessary conditions shown by Wang et al. in [19], we obtain
the following corollary.

Corollary 2 (Information-theoretic phase transition). The sparse recovery in the sparse setting
problem exhibits a phase transition at an information-theoretic threshold n3yy.



1. In the first regime considered above, the expression of Ny is given by:

P 2slog (p/s)
INE og (ds/p)

2. In the second regime considered above, the expression of nyby. is given by:

sp . 2h(a)p

INF = Toed
Specifically, in each of these regimes:

(i) If there exists € > 0 such thatn < (1 —¢) nf,f,’F then, as n,p, s,d — +oo, there exists no decoder
g: R" = {8 €{0,1}": ||Bll, = s} such that:

max P Y Su ) — 0.
(0,1}, 18 ly=s X’Z(g( ) # Supp (5 )>

In this sense, it is information-theoretically impossible to ensure an asymptotically reliable recovery.
(ii) If there exists € > 0 such that n > (1 + ) nyhy, then as n,p, s,d — +oo:
Supp (B) A Supp (%)

2s
in probability. In this sense, the MLE (7)) ensures an asymptotically reliable recovery.

— 0,

The proof of Corollary [2]is given in appendix [A.2] Statement (i) is due to Wang et al. [19]], while
statement (ii) follows from Theorem[T]and is the main contribution of this section.

Remark 2.2 (Limitations). We note that the definition of “recovery” is not the same in statements (7)
and (if) of Corollary[2] The necessity statement (i) is about the impossibility a vanishing probability
of exact equality of supports, which is stronger than the sufficiency statement of vanishing rescaled
error in (if). In particular, it is possible in theory that both statements hold simultaneously. To the best
of our knowledge, the literature on the dense setting also suffers from this gap (see [8,[18]]). While
Reeves et al. [16] establish a clean information-theoretic phase transition in the dense setting (using
the same definition of “recovery” for both bounds), their analysis considers different problem settings
and convergence guarantees than ours.

We interpret Theorem [I]and Corollary 2] as follows.

* Phase transition. For simplicity, we only discuss the sublinear sparsity regime, defined by s = o (p).
Previous works on sparse recovery in the dense case ([16]],[8]) have shown the existence of an
information-theoretic threshold: 2510 (p/5)

slo s
NINF = i, 3
log s
at which the complexity of support recovery in terms of sample size exhibits a phase transition, where
the recovery of any fraction of the support is impossible for n < (1 — ¢) niF, and full recovery
is guaranteed by the MLE for n > (1 4 €) nyng. In light of this, we ask if the support recovery
problem for the class of sparse measurement matrices described above exhibits a similar behavior.
In Corollary[2] we show that indeed, it exhibits a similar phase transition at an information-theoretic
threshold given by:
SP 2slog (p/s)

N log(ds/p) ”

In Table |1} we summarize these information-theoretic thresholds alongside known algorithmic
thresholds for the sublinear sparsity regime (s =0 (p)), highlighting the comparison between
dense and sparse measurements in the high-SNR setting.

« Price of Sparsity. In particular, we notice that n{fy > ng. This confirms the intuition that sparse
recovery requires more samples in the sparse measurement case: in fact, due to the sparsity of the
measurement matrix, there is a low probability for the coeflicient of a component of the signal at a
given observation to be non-zero, and hence the need for a larger sample size for recovery. In light



Table 1: Comparison of Sample Complexity Thresholds for Sublinear Sparsity (s =o0 (p))

M ¢ Info-Theoretic Info-Theoretic Algorithmic Algorithmic
casuremen Necessary Sufficient Necessary Sufficient
Dense 2o0ewls) [16[19)  28@/) [g[16]  2slog(p—s) [8]  2slog(p — s) 18]
Sparse, 25 log(p/s) 25log(p/s) t
hlgh SNR W [19] W (Thm 1 Unknown 2s log(p — S) [15]

THolds under the slow decay of sparsity assumption in [13], see @).

of this, Corollary [2]is to be interpreted as providing an exact value for the price of sparsity, i.e. the
extra amount of observations required in the sparse setting compared to the dense one, which is
given by:
I nire _ log s
nine log (ds/p)
* Dependence on d and s. Note that the expression of the price of sparsity heavily depends on the
regimes of d and s. The smaller the density rate d/p, the more “expensive” the desired sparsity of
the measurements is, as suggested by the expression of I'. In particular, I" could take any value in
(1, 400), depending on the regimes of d and s w.r.t. p.

Example 2.1. Consider the setting where s = p®, d = p® with o, 3 € (0,1) such that o + 3 > 1.
Then T = o/ (a+ S —1) € (1,+00), which goes to 1 when S goes to 1 (low measurement
sparsity), and goes to +o0o when « is fixed and /3 goes to 1 — « (high measurement sparsity).

> 1.

* Measurement sparsity vs. Sampling complexity trade-off. In this context, we conclude the

existence of a measurement sparsity vs. sampling complexity trade-off, which can also be interpreted
as a trade-off between sampling complexity and computational cost. We consider an example that
highlights this trade-off.
Example 2.2. Let ¢: [e,+00) — [e, +00) such that ¢ (r) = x/logx. Consider two mea-
surement matrices: X; a dense Gaussian in R™**? and X- a sparse Gaussian R™"2*P with
only d = min (p°™", 4~ (o (¢ (p)))) expected non-zero entries per row; and an s-sparse signal
B* € RP, in the linear sparsity regime where s = ap for constant & € (0,1). On one hand, the
number of samples required for reliable recovery raises from n; = ning = @(p/ log p) in the
dense case to ny = nf‘IEF = @(p/ log d) in the sparse one. On the other hand the computational
cost of recovery the support is better in the sparse case, as matrix-vector multiplication cost drops
from n1p = @(pZ/ log p) to nod = © (pd/ log d). This highlights a trade-off between sampling
complexity and computational cost. Proofs of these statements are given in appendix[A.3]

Allowing for more sparsity. Note that the sparsity assumption under which Theorem|I] guarantees
reliable recovery when there exists € > 0 such that n > (1 + €) nj}, which is:

ds/p — +00, (10)
is weaker than the sparsity assumption of the sufficient algorithmic threshold of Omidiran and

Wainwright [15] which guarantees polynomial-time recovery if there exists € > 0 such that
n > (1 4+ ¢) naLg. As they show, this holds under the assumption that:

3
<d> in {s, bgbgw} L oo
p log (p — s)

For example, when s = © (p), this requires that d = w (pz/ 3 ) , while our result holds under the
weaker assumption of d = w (1). Our result allows for a significantly better sparsity, but this comes
at the cost of potential super-polynomial computational complexity, since computing the MLE
is exponential-time in general.

3 Improving Sparse Recovery via Sparsification

3.1 Setting

Let n,p,s,d € Nand 8* € {0,1}" s-sparse, defined as in Section Let X € R™*P such that
(Xi)ieml jew) N (0,1) and Z ~ N (0,0%I,,), with o > 0 constant. Let Y := X3* + Z € R™.



iid.

Let (By;j), cinljep ~ Ber (d/p). We define the following sparsified version of X:
X € R™*? suchthat X;; = B;;X;j, Vi € [n],5 € [p]. (11)
In addition, we define a rescaled version of Y as follows:
-~ d
Y =-Y eR™ (12)
p

An estimator of 8* is defined by the random vector:

/63 = arg min
Be{0,1}7, [1Bllo=s
That is, the observations are generated with a dense measurement matrix (X), but the signal is
recovered using a sparsification of that matrix (X). We formalize the problem we address below as
follows: given an error tolerance ¢ € (0, 1), we wish to determine the minimum number of samples n
in terms of p, s and d required so that:

Px z (‘Supp (8*) A Supp (,5’)’ < 2(53) — 1, asn,p,s,d — +oo.

- - 2
Y—Xﬁ”z. (13)

3.2 Results

Our second main result, Theorem 3] provides a sufficient condition on the sample size for reliable
support recovery after sparsifying an originally dense measurement matrix.

Theorem 3 (Sufficient conditions for sparse recovery using sparsified measurements). Suppose that
p — 400 and there exist a,vp € (0,1) such that s = ap and d = p. Let § € (0,1). Let:

2h () p

5y2 ’
log (1 + (1?@(24(147@))

If there exists € > 0 such that n > (1 + €) 1§, 4,0 then, under Conjecture B recovers B* up to
error d w.h.p.:

P (’Supp (8%) A Supp (3)’ < 258) > 1—exp (—5h (@)p+o (p)),

asn,p,s,d — +oo.

Remark 3.1 (Limitations). We show that this result holds under a mild uniform-integrability
conjecture. The statement of the conjecture is deferred to appendix [B] (Conjecture [B.T)) as it requires
delving into technical details of the proof. We expect it to follow from standard concentration bounds
as all relevant random terms are sub-Gaussian, and verification is work in progress.

ng‘p_iﬁe g = (14)

The proof of Theorem [3]is given in appendix [B] It follows the same general outline as the proof
of Theorem (I} but is much more technically involved. In particular, deriving the large-deviation
bound is harder because the MSE no longer decomposes neatly: Y does not correspond to the true
observations of the sparsified data but rather to a rescaling of the original observations (T2). Instead
of repeating a sketch here, we simply refer the reader back to the earlier proof sketch (see section [2.3).
We interpret Theorem [3]as follows.

* Arbitrary sparsification rate. According to Theorem 3| support recovery is possible for arbitrarily
aggressive sparsification, i.e. arbitrarily small v, provided a large enough sample size.

 Strong-sparsification regime. In the strong-sparsification regime where ¢/ — 0, the denominator
of 1§, igeq in (14) is effectively §3)°/ (2 — ), and hence the sufficient condition upper bound writes:

22=96)h(a)p D
Sp-ified __ _
* Price of Sparsification. We interpret our result as providing a value for the price of sparsification, i.e.

the extra amount of observations required due to the information loss resulting from sparsification.
In the linear sparsity and strong-sparsification regime, it writes:

me s _ 0@/ _ g <logp>
TINF O (p/logp) )

FSp—calion =




Unlike the intrinsically-sparse-observations setting studied in Section [2] this extra amount of
required observations is not due to the sparsity of the measurements. In fact, one can check
from (24)) that in the linear sparsity regime where d = © (p), the price of sparsity is constant (i.e.
I' = ©(1)). Instead, the price of sparsification is due to a bias in the observations that we explain
by the fact that the sparsified observations Y were not obtained as noisy projections of the true
signal as in the original model (3)), but rather via a naive rescaling of the original observations (12)).
By simply rescaling the observations we did not discard the information in Y coming from the
nullified components of X, hence introducing a bias.

» Sparsification budget. Given dense data and a fixed large enough sample size n, by up to how
much could we sparsify the data and still get recovery? We call this the sparsification budget.
According to our result (T3), its expression in the strong-sparsification regime is given by:

Youdget = © <\/I%) .

In particular, the above expression only makes sense when n = € (p), below which Theorem
does not hold.

4 Conclusion and Future Work

In the first part of this paper, we have studied the problem of recovery of a binary signal * € {0,1}”
based on a sparse measurement matrix and noisy observations. Our main result is that, if the
measurements have density rate d/p then, assuming that the measurements and the signal are together
not too sparse — in particular if ds = w (p), i.e. high-SNR regime - it is possible to recover the
true support asymptotically when the sample size is larger than the threshold given by Theorem [I]
Combining our work with the necessary conditions of Wang el al. [19], we reveal an information-
theoretic phase transition. The expression of the phase-transition threshold makes the price of sparsity
explicit, revealing a precise trade-off between sampling complexity and measurement sparsity. In
the following, we present a quick summary of all — to the best of our knowledge — results on sparse
recovery in the sparse measurement setting, along with some future work directions.

¢ Information-theoretic threshold, sufficient conditions. In Theorem |1} we establish a sufficient
condition for reliable recovery. However, this result is conditional on the high-SNR (ds/p — +00)
assumption. This raises the question of sufficient conditions when the measurements and signal are
even more sparse.

* Informational-theoretic threshold, necessary conditions.

— Wang et al. [19] have studied this problem. Their work reveals three regimes of behavior
depending on the scaling of the expected number of non-zeros of 5* aligning with non-zeros of a
row of X: ds/p =w (1), ds/p — 7 for some 7 > 0, and ds/p = o (1). For their model, where
the variance of the non-zero components of X scales in a way that makes the second moment of
the projected signal X 8* remain the same as in the dense case: the necessary condition threshold
is on the order of magnitude of the one in the dense case in the regime where ds/p = w (1),
while it increases dramatically in the regime where ds/p = o (1).

— In the dense setting, Reeves et al. [[16] have shown that even the recovery of a fixed fraction of
the support is information theoretically impossible below the phase transition threshold: this is
what they call the all-or-nothing property. It would be interesting to extend this property to the
sparse setting.

* Algorithmic threshold, sufficient conditions. Omidiran and Wainwright [[15] have shown that under
a low-sparsity assumption on the measurements, the sufficient condition of the dense setting, i.e.
n > (1 + €) naLgc, is sufficient for the sparse setting as well. It would be interesting to explore the
question of polynomial-time recovery in a stronger sparsity regime.

* Algorithmic threshold, necessary conditions. Although we cannot really hope to provide necessary
conditions for polynomial-time recovery — unless conditionally on P # NP — it would be interesting
to provide a threshold under which the problem is believed to be algorithmically hard, as done by
Gamarnik and Zadik [8] in the dense setting.

In the second part of this paper, we have studied the problem of recovering the signal based on
sparsified — but originally dense — measurements and accordingly-rescaled observations. Our main



result is that, in the linear sparsity and linear sparsification regime where s = ap and d = ¥p for
constant o, % € (0, 1), it is possible to recover the true support asymptotically when the sample
size is larger than a threshold given by Theorem[3] This reveals that support recovery is possible
for arbitrarily aggressive sparsification provided a large enough sample size, and provides an upper
bound on the price of sparsification.

Nevertheless, we believe that the sparsification problem is infeasible for strong enough regimes of
sparsification. In particular, we conjecture that the recovery is information-theoretically impossible
no matter the sample size in the sub-linear sparsification regime where d = o (p). We leave the
exploration of this regime for future work.
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A Sparse Recovery using Sparse Measurements: Proofs

A.1 Proof of Theorem[l

Proof of Theorem[l| For any i € [n], we denote by X; = (Xij)je[p] B; = (Bij)je[p]’ N; =
(Nij)jepp- We denote by 5™ = Supp (8*) the support of 8*. Let S := {S C [p] : [5|=s}. We
define the function:

L:S—]0,+00)
S— ||V — X1g]3,

where 1.5 denotes the vector in {0, 1}” such that [15]; = 1 (j € S) for all j € [p]. Note that, since
X and Y are random, L(.S) is a random variable for every S € S. In addition, note that:

L(S) = 1Z|l3 + IX (Lg« — Lg)[3 +2(Z, X (15« —1g)) VSES,
and, in particular:

L(s*) = 1Zl5 = ZZQ

Fix S € & such that M = |SAS*| /2 > Js, and let U = 5*"\S, V= 5\ 5" Note that
|U| = |V| = M. We define:
A= L(S) — L(S™).

Proposition A.1. Asn,p,s,d — +oo:

20’2]) n/2
P(A<0)< o(n),
(A<0)< ( dds ) €

Proof. See appendix [A.T.T]

Hence, we obtain:

202p\ "/
]P’(Y—X]ls|§<||Y—X]lS*|§)<<Mf) o™, (16)

for any S € {0,1}" such that |S| = s and |S A S*| > 24s.

Using (T6)) and the union bound over the set of supports S s.t. |S A S*| > 2§s, we obtain:
Px,z ( ‘Supp (B*) A Supp (ﬁ) } < 258)
> Pyz (I = X1sl} > Y = X1 3,V S: [SA 5| > 265)
=1-Pxz (as: IS A S*| > 20s, ||V — X1g)2 < |V — X]lS*Hg)

U.B.
>1- > Pra (V- XUl < Y - Xt ]3)
S:|SAS*|>26s

n/2
P 202p o(n)
>1-— —_— .

First regime: s = o (p). Using the Corollary of Stirling:

g (*) = stoe /) 1+ 0 1),
in the RHS of the inequality above, we obtain:

Px z (‘Supp *) A Supp ( )’ < 253)

>1— exp [slog (p/s) (1 +0(1)) — g (log (2‘2‘12‘;) + 0(1)” .

12



Letn

B = log(ds?;)li%£§{§;(202)). Then if n > (1 + ¢) n;, for some constant € > 0, we have:

Px z (‘Supp (8*) A Supp (/3’)‘ < 265)

>1—exp {slog (p/s)(1+0(1)) — % (log (;i;) +o(1)>]
14+¢

= 1o [s1og (/) (== o)~ e o)
=1—exp (slog(p/s) ( —5—1—0(1))).

Hence, as n, p, s,d — +oc:
Px z (‘Supp (8*) A Supp (B)‘ < 255) >1—exp ( —eslog (p/s) + o (slog (p/s) )) — 1.

Second regime: s = ap, « € (0,1). Using the Corollary of Stirling:

g () = pha) (14 0(1),
we get:
Px. z (‘Supp (8*) A Supp (3)} < 263)

>1—exp [ph(a) (1+0(1)) — g (log ( 0ds ) -1-0(1))} .

202p

Similarly to above, we take n}, = m. If n > (1 + ¢) nf;, for some constant € > 0,

then we obtain, as p, s,d — +0o0:

Px z (’Supp (8*) A Supp (B)‘ < 265) >1—exp ( —ceh(a)p+ o(p)) — 1,
concluding the proof. O
A.1.1 Proof of Proposition[A.T]

Proof of Proposition[A-1} We have:
A= L(S) — L(5")
= X (I — Ls)ll; + 2(Z, X (1s- — Ls))
= (X lge —18)° +2> Z(X;, 1ge — 1g).

i=1 i=1
We denote by (A;),¢(,, the terms of the sum in the above expression, that is:

Ai = <Xi7 15* — Ils>2 + QZz<XZ, 15* — Il5>
Note that (A;);c[n) are iid. and A =" | A,
Now using the Chernoff bound:
P(A<0)=P(-A>0)=infP(e 2 > 1) < inf M_A,(0)". 17
(A<0)=P(-A20)=fP (7" > 1) < fuf M_,(0) (17)
We now study the moment generating function of —A;, i.e. M_a,(-). We have:
M_n,(0) = Ex, 2, {6—0[<X7:,ﬂs*—ns>z+2zi<xi,ﬂs*—ﬂs>]}
—Ex [6—9<X,;,115* _HS>2EZ,- [e_zazi(xi,]ls*—ng ’XiH

_6_9<Xi,]ls* _]ls>2MZi\Xi (_29<X“ ]lS* — ﬂs>)]

—Ey. ’e—a<xi,ns*fns>26é<726<xiyns*fns>>2cr1

{e(—9+29202)<xi,15* —1S>2}

>€(_9+29202)(ZjEU Xij—2jev Xij)Q] .

13



Plugging this expression into (T7), we obtain:

log[P(A < O) < ninflogEy, |:e(_0+29202)(z:jeuXij—zjev Xi.i)2:|_
0>0 '

Studying the function 6 — —6 + 26%0% on R>( leads to the change of variable:

inf log Ey, [6(_9"'292”2)(2;@1Xw'—zjev X“)Z] (18)

>0 ‘

= inf logE x. —0(Zjev Xis—Tjev Xi5)* 19
960%%2/602ﬂ o8 ‘Xl[e }’ (19)

One can check that the function § — log Ex; {6_9(21 cv Xij=Yjev Xis) } is non-increasing over
(—00,1/ (802)]. Hence (T9) is equal to:

logEx, {6’(2161 Xij=2jev Xij)2/(802)} .
Therefore, the Chernoff bound yields:
logP (A < 0) < nlogEy, |:67<Z]‘EUX75]'72]'5V Xi]-)Z/(SO—z)] 20)

Since U NV = &, we have:

d
D X=Xy = Y Xy
jeu JEV jEUUV
Therefore:

E ei(ZjEU Xij—=>ev X’L'j)Q/(8g'2)j| _E [e*(zjeuuv Xij)2/(80'2):|
=E |:e_(EJGUuV BijNij)z/(8o'2):|

=Ep, {ENZ- {6—(Zjequ Bi;Ni;)*/(80%) |BiH

2
Yjevuv BijNij ) « Zievuy Bij

N ; . 852
=Ep, |En, |e <\/2aevuv3w B;

In addition, conditionally on B;, we have:

2
r 2jevuv BisNij | a ).
Zjequ Bij
Its MGF is: 1
E [e! | B;] = Mg, (t) = ———, fort < 1/2.
[6 | ] T'|B; ( ) m /
Hence:

2
Yjevuv BijNij ) « Zjevuv Bij
2

Eg, |En, |e (\/ZJEUUVB’U 5

_ _ B,
B|| = En, |0y, (_dequ J):|

20
_\/4"2 + X jevuv Bii

Let Upss) and Vs, respectively denote the sets of ds smallest elements of U and V. Note that this
definition is legitimate since |U| = |V| = M > ds. Since B;; > 0 forall j € U UV, we have:

Z B;; > Z Bij,

jevuv jGU[(;S]U‘/[(;S]

=Ep,

i
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and hence:
2 2
Exs, o < Eg, o
2
\/402 + ZjGUUV Bij \/40 + ZjEU[ss]U‘/[ss] Bi;

Therefore, we get:

)

E [e_(zjeu Xij=2jev Xi.?‘)z/(&#)} <Ep, 2
\/4(72 + 2 ey uvisy Bis

and plugging this into (20} yields:
20
\/40'2 + ZjEU[as]U‘/'[(sS] Bij

logP (A <0) <nlog | Ep, 21

Now note that, for any ¢ € [n]:
d
> B <Bin <25$, > ,
JEUs5]UV 55 p
In addition, since d = o (p) and ds/p — +00, we have:

Lemma A.1. For any i € [n], the following holds: as p — +oo,

! ST By —20ds/p | SN (0,1).

\ 25d8/p JEU55)UV s4)

Proof. The proof is a simple adaptation of the proof of the Central Limit Theorem. See appendix

Hence, there exists a choice of the underlying probability space and random variables (B;;)
for which the random variable above converges almost surely and:

i€[n],j€[p]

N = B;; —20ds/p | ~N(0,1).

1
lim ——— Z
p—+oo | /20ds/p JEU55)UVs4)
The above yields:
) 20

\/402 + ZjeU[ss]uv[ss] Bij \/402 + 2dds/p+ +/2dds/p N + o ( ds/p)

20+/ds/p
Vo

o 2 -
\/40 + ZjEU[as]UV[JS] B”

V= 20+/ds/p
-
\/40—2 +23ds/p + \/26ds/p N + o ( ds/p)

20
\/25+;;’;7+ %N—I—o(l/@)

Since ds/p — 400 as p — +o0, the above yields:

Let:

Then we have:

V—>—20— ﬁ
P m 5'

In addition, we note the following:

15



Lemma A.2. V, is uniformly integrable, that is: there exists p’ € N such that

lim sup E [[V,| 1y, >3] = 0.

T—+o0 p>p’
Proof. See appendix[AT.3]
Therefore, we get:
202
lim E[V,] =4/—.
i E (V] 5

Hence, we write:

e ]V
\/402 + Y jevyyoviey Bis ods P

‘We conclude:

20
2 ..
\/40 + ZJ'EU[M]UV[M B”

w2 ((2) )
n<1og< >+log 1+0 )))

(V) o)
e ({22 o

logP (A <0) <nlog | Ep,

which yields the desired result:

20_2p n/2
P(A<0)< o(n),
(A<0)< ( ods ) ¢

A.1.2 Proof of Lemmal[A.1l

Proof of Lemma[A7] Let:

1
R — > By —2dds/p
\ 25ds/p JEU 551UV 54
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Its characteristic function writes:
Dy, (t)
E [e""]
= e itV 20ds/p (E [exp (ztBU/\/Wﬂ)
= ¢ itV/20ds/p (1 d/p+ d/pexp (z’t/m))%
(

= e~ V/20ds/p (1 4 q/p (exp (Zt/m) - 1))
_ —ity/25d5]p <1+d/p< NETOT 4559/;7 O( 26d—sl/i 3/2>>>
— o—ity/20ds/p (1 +d/p <\/25iT/p - 45225/17 ( 25ds/p )2 >>
- <_Ztm+25310g (1 s <\/25iT9/ 4548/17 He ( (20ds/p) 3/2>>>>
6n¢%mmmp<%s<wp<vﬁgw@4£;p+0<@WEMVﬂ>>+O<i)>>

=exp | —1t ] 1 s/p — t2 # @
= p< t\/26ds/p + it/25ds [p t/2+0<m>+0(p)>

—+oo
= exp (—t2/2 + 0(1)) LRAN exp ( t2/2) = Dpr(0,1) (1) 5
for all ¢ € R. The result follows.

ds

A.1.3  Proof of Lemma([A.2]
Proof of LemmalA.2] Fix T > 2. We have:

20+/ds/p B 20
402 + 3 icv,u v, Bii o2 .
\/ Vi io 20+ 375 + ds/pN+0(\/;e/p>
By total probability, we have:
E(V, 1{IVpl > TY = E [V 1{IV;] > T} [N = — (ds/p)"| P (N = = (ds/p) /")
+E[\V\1{|V|>T}|N< (ds/p) /}P( ds/p1/4).
Let
21 =E [ 1{V] > T} [N 2 - (ds/p)*] P (N = — (as/p)""),
and

% =E[|VI1{IV,| > T} [N < - (ds/p)*] P (N < = (as/p)""*),

so that E[|V,| 1 {|V,| > T'}] = =1 + E2. We address the two terms separately.

* Firstcase: N > — (ds/p)1/4. We have:

402 20

1 452 ds\ 1
M+ CWN+O<\/dS/p> st/p\/%<p> +O< ds/p>'
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The RHS above goes to 0 as p — +00, and therefore it is > —J for p large enough, say for all
p > p1 for some p; € N. Hence we have:

20
Vol =V, = <

402 1
\/26+d5/17+ ds/pN—i—O(\/ds/p)

for all p > p;. In addition, this implies:

]1{|Vp|>T}§]1{(\2;5) >T}.

P (N > - (ds/p)1/4) <1,

s 252{(3) 1)

Second case: N < — (ds/p)1/4. We have:

SIY

In addition, we have:

which all together yield:

204/d
[Vl = Vi = At < Vds/p,
\/40- + Z’LGU 55]U‘/[55] Blj

which also implies:

]1{|vp>T}g]1{\/M>T}]1{T2<dS}.

p
In addition, by Gaussian tail bounds we have:

ds/p

P (N < - (ds/p)l/4) <e T2

for p large enough, say for all p > p, for some ps € N. Therefore:

d
o < W/ds/pe” 2 {T2 8}.
p

\ds/p
Note that the term /ds/p e” " 2z “ s decreasing as ds/p increases (we have ds/p > T? > 2).
Therefore:

=, <Te 7?1 {T2 < ds} <Te T2
p
We hence conclude that:

E[|Vo| 1{|V,| > T} =51+ 52 < \2% n{(?) > T} +Te T2,

for all p > p’ := p1 V pa. Therefore we have:

EEB]E |V|\[]1{|V>T}} %ﬂ{(%)>T}+Tc‘T/2.

This holds for any 7" > 2. Taking 7" to 400, the result follows:

I E[|V,|1{|V,| > T} =0.
i sup B[V [L{|V] > T3

18



A.2  Proof of Corollary 2]

Proof of Corollary[2] This proof relies on bringing together Theorem [I] with the following result
from Wang et al. [19].

Theorem 4 (Necessary condition for sparse ensembles, Corollary 2 of [19]). Let the measurement
matrix X € R™*P be drawn with i.i.d. elements from the following distribution:

1
Xij = N (0.3). oo . foralli€ [n], j € [pl; (22)
0, wp. 1 —7

where v € (0,1]. Let A > 0 and

e ) = {5 B2 | Isupp (9 = s, _uin_ 18] =2}

1€Supp(

Assume that 0% = 1. Then, in the regime where s — +00, a necessary condition for asymptotically
reliable recovery over the signal class Cp, s (\) is given by:

- log (f) -1
3log (1 +sA2)

Note that, while Theorem is not stated on the exact same signal space C,, 5 () in [19] but rather on
the larger:

{5 e RP ’ [Supp (8)| =s, min )\Bz| > )\},

i€Supp(B

it follows directly from their result on “restricted ensembles” where the signal components under
consideration are set exactly to A (see section ITL.A. in [19]). We now proceed to prove Corollary [2]

(i) We show that (i) holds using Theorem ] but this requires adapting our problem to the framework
used by Wang et al. in [19]. In fact, note that the model used in Theorem[4]is different from the one
we use in this paper, that we defined in (). In their model, Wang et al. [19] rescale the non-zero
components of X by multiplying them by 1/,/7, and require that the noise variance is o2 =1.
Therefore, we cannot directly use Theorem[z_f] in our setting. However, this difference can be fixed
by a simple rescaling of our model. Note that our model defined by (5), where X follows the sparse
Gaussian distribution defined in Deﬁnitionand Z~N (O7 UQI%D, can be equivalently written
as:

Yo = Xofg + Zo,
where:
1 1 \/d 1
Yo==Y, Xo=—X, 5 ::7/pﬂ*’ and Zy==-Z~N(0,1,).
o d/p a o

Hence, it is a particular case of the model defined in (22)), with:
vy=d/p and \:= ﬂ
o

In addition, the regime we consider of d = w (p/s) corresponds exactly to the regime considered
in Theorem [ where vs — +occ. Therefore, using Theorem [d] a necessary condition for an
asymptotically reliable recovery of 8* in the considered regime is given by:

log() -1  2log(®)—2  2log(?) )
~ $log (1+sA2)  log(1+ds/(po?))  log(ds/p) (I+0(1)). (23)
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(i)

First regime: s = o (p). Using the Corollary of Stirling:

o (7) = slog (o/5) 1+ 0 (1),
the necessary condition (23) writes:

25 og (p/s)

Tog (ds/p) (14+0(1)).

Let:
aSP 2slog (p/s)
N log (ds/p)
Assume there exists € > 0 such that n < (1 — &) njFz. We know that, for large enough n, p, s, d we
have:
2slog (p/s)
SP
< —>" 7
N o (ds/p)
which contradicts the necessary condition. Therefore, it is information-theoretically impossible to
ensure a reliable recovery of the support of 8*.

Second regime: s = ap. Using the Corollary of Stirling:

log (p) — ph(a) (1+0(1)),

the necessary condition (23)) writes:

2h (a) p

n > Tog d (I14+0(1)).

Let:
e = 2 (@)p
INF log d °
Similarly to above, we conclude that if there exists ¢ > 0 such that n < (1 — &) n{¥; then it is
information-theoretically impossible to ensure a reliable recovery of the support of 5*.

We show that (ii) holds using Theorem I}

First regime: s = o (p). Letd > 0 and:

I 2slog (p/s)
sin = 1og (ds/p) + log (3/(202))

Note that: 2510 (p/5)
slog(p/s
niNg = Tog (ds/p) = ngin (1 +0(1)).

Assume there exists € such that n > (1 + ¢) njtg. Then:
n=(L+e) (L+o(1)nj,=1+e+o01)nj = (1+&/2)nk,
for n, p, s, d large enough. Using Theorem|[I] we have:

Px z (215 ‘Supp (B) A Supp (8%)] < 5) >1—exp ( —eslog (p/s) + o (slog (p/s) ))

Therefore, we obtain:

1 .
Px,z <2S ’SUPP (5) A Supp (8%)
asn,p, s,d — +oo. Since this holds for all § > 0, we conclude:

Supp (6) 2ASSupp (8*) o

<5)*>1,

in probability, as n, p, s, d — +00.
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Second regime: s = ap. Letd > 0 and:

« 2h (@) p
"hin = log d + log (6ar/(202))"

Note that:
2h(@)p _ .
niNE = Tlogd  Min (I+0(1)).
Assume there exists ¢ such that n > (1 + £) njf. Then:

n<(l+e)(l+o())ni,=10+e+0())n, > (1 —|—5/2)nl*in,

for n, p, s, d large enough. Using Theorem [T} we have:

Px (215 ‘SUPP (B) A\ Supp (8%)

< 5) >1 —exp(—eh(a)p+0(p)).
Therefore, we obtain:

Px z <21s ‘SUPP (B) A\ Supp (8%)

< 6) — 1,
asn,p, s,d — +oo. Since this holds for all § > 0, we conclude:

Supp (ﬂ) A\ Supp (3*)
2s

— 0,

in probability, as n, p, s, d — +00.

A.3 Proof of Example2.2]
Proof of Example[2.2] We have d = min (p°), ¢~ (0 (¢ (p)))). hence:
{log d/logp=o0(1)
¥ (d) /¥ (p) =0(1)
In addition:
Ny = NINF = @(p/ logp), N = Npgg = @(p/ log d).

Therefore, we have:

nz _ ©(p/logd) _ o (logp> — ),

n O (p/logp) log d

On one hand, the number of samples required for reliable recovery is better in the dense case:
n1 = O(p/logp) = o(p/logd) = o (n2). (24)

On the other hand, the computational cost of recovering the support is better in the sparse case. In
fact, matrix-vector multiplications are made easier by sparsity: in the dense case, multiplying X;
with a vector in RP costs:

nip = ©(p*/logp)
real number multiplications, while multiplying X» with a vector in R? costs
nad = @(pd/ log d) = pO (z/J (d)) = po(z/J (p)) = 0(p2/10gp) =o(n1p), (25)

real number multiplications. This highlights the trade-off between sampling complexity and
computational cost.
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B Improving Sparse Recovery via Sparsification: Proof of Theorem 3|
Proof of Theorem[3] Let S := {S € [p]: |S| = s}. We define the error function:
L:S8—0,+00)
5 |7 - X1
Note that:
~ X1 H2
2

5 2
Y — X1g

2
2

Q. Bla K

=||= (X1s: + 2) — X1
p

2
2

d . d
—1¢x1g. - X154+ 22
p p

2

In particular, we have:
2

L(S*) = (dX - X) Ts + dy
D D iz
Let S € S. We define A (S) .= S*\ S, B(S) =5\ S*,C(S):=5*NSand M (S) = |A| =
|B| = |S* A S| /2. Note that |C| = s — M. We are interested in bounding the following probability:
P(L(S)—L(S*)<0).
Note that the term above only depends on S through M. In fact, for any S, S’ € S such that
|S A S*| = |S"AS*| we have L (S) L (S"). In light of this, we define a family of random
variables (A (1)), ;¢ (s indexed by the rescaled symmetric difference n = M/s as L (S) — L (5¥)
for some S such that |S A S*| = 2M, that is:

For any n € {; i€ [s]}, A(n):=L(S)— L(S™), forsome Ss.t. |[SAS*| =2ns.

We extend the notation above to 7 € [0, 1] by defining A () :== A ( @)
Proposition B.1. Letn € (0,1] and S € S such that S N S* = [ns]. For any 0 € (0,400), define:
v () = 2d*05° /p*.

Let B € {0, 1} denote a random vector such that B; X Ber (d/p). Forany 6 € (0, +00), we define
the following random variables:

o (0,B):=60* Y B
JEA(S)UB(S)

ot (0,B) = 4228 + ((1 +7(9)° - W) > B

JEA(S)
+(1=~(0) > Bz—j+4<1—2d) > B,
jE€B(S) p JjeC(9)

Coviy) (0. B) = 6 <1+v(9)—2;> S B -(1-20) Y B,

JEA(S) JEB(S)
COV(U7‘/) (9, B)
oy (9, B) [oavs (9,B>

p(0,B) =
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In addition, for any 0 € (0, +00) we define the random variable:

1

f (0’ B) = 0'(1((973)0"/(9,3)\/(W*p(Q)B))271
+00 else.

lfnU(H,B)lav(ﬂ,B) —p(0,B) > 1,

(26)
Then we have:

(A <0) < (infEs[r©,B)])"

(A(n) <0) < (infEs[/ (0, B)]

Proof. See section [B.I] O
Now recall that s and d are both linear in p. In particular, there exist v, 1) € (0, 1) such that:

{s—ap
d=1p

v (0) = 2d%05° /p* = 20%4?0. (27)

‘We have:

Proposition B.2. We define:

Y
(1=9)2=n1-19))

C*(n) = > 0.

Define the function:
&N — (0,400)
C* (n)
20)p
Consider the random vector B € {0,1}" : B; "% Ber (v). We define the random variable:

Hy(B) = f(&(p),B).

pr

Then the following hold:

(i) H,(B) *% as p — +oo.

T
(i) P(A () <0) < (Ep [H, (B)]) .

Proof. See section[B.2] O

Conjecture B.1. The exists py such that (Hy, (B)) is uniformly integrable, that is:

P>Po

lim sup Eg {Hp (B)1(H, (B) > T)} =0.

T—+00 p>p,

Hence we have H, (B) =% , / m which by Conjecture yields:

. 1
i B By (B =\ [ ey
Bs 1, (B) =\ 1o + 0 (1)
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Thus, by Proposition[B.2] we have:
g (P(A () < 0)) < log (B 7, (B)))
1
:log< TF 00 ) +0(1)>

- —% log (1 +nypC* (77)) +o(1).

Hence:

Taking the union bound:

P (‘Supp (8%) A Supp (3)‘ < 2(53)

~ ~ 2 - ~ 2
> P (HY—X]ISH > HY—X]IS* VS
2 2

D ISAST| > 265)

:1—1@(35; 1S A S*| > 265, Hzg Hf’—f(]lg*

- ¥ p(HymsungymS* z)
S: ]S A S*|>26s

=1- > Y P(L(S) < L(SY)

nef{i/s: i€[s]}: n>6 S:|S A S*|=2ns

—1- 3 >, PAMm<0)

nef{i/s: i€[s]}: n>6 S:|S A S*|=2ns

>1- (’;) > (1ot m)

ne{i/s: i€[s]}: n>68

)

—n/2
e

In addition, we have:

> (1+npC* () ™* < > (1+dwC*(8)™"*  (28)

ne{i/s: i€[s]}: >0 nefi/s: i€[s]}: >4

< s(146pC* () "2, (29)

where (28) holds because the term inside the sum is non-increasing in 7, and (29) holds because the
cardinality of the index set of the sum is upper bounded by s. Therefore:

P (‘Supp (8*) A Supp (B)‘ < 2(58)

>1- ( )s(l +0pC* (6 ))ﬂl/ze“(")

o(1)) +logs—n (; log (1 + dypC* (6)) +o (1))]
0(1)) — (;bg (1 I fon (5)) + 0(1)” .

—l—exp[ph 1—|—
—1—exp[ph 1+

We define:
2h (@) p

log (1 Ty Wex (5)) '

n* =
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Lete > 0. Thenif n > (1 + &) n*, we have:

P (‘Supp (8%) A Supp (6)’ < 255)
>1—exp {ph (@) (14+0(1) —n <; log (1 + oyYC* (5)) + 0(1))}

=1—exp [ph (@) (—e + 0(1))}

p——+oo
—

1.

B.1 Proof of Proposition [B.1]

Proof of Proposition Since 7 and S are fixed, we will simplify notations in this proof as follows:
we will write A for A (), and A, B, C, M respectively for A (S), B (S),C (S), M (S). We have:

A = L(S) — L(S¥)
2

d

2
:dens*_anJrz —H(dX—X) 1S*+§Z
p 2P p p

2

~ 2 ~
- - s
2

2 d -
, T2 » (X1s« +Z,X (15 — 1g))

n n n

=S (R g)? - (KB 42 g 3 (Xi1se) + Z)) (O@-, 1g.) — <Xi,115>)

= (Q@ 1g)2 — <Xi’]15*>2+2g ((Xi 1s0) + Z) (%o Tse) - <Xi,115>))
Let:
A; = <Xi315>2 — <Xi7IlS*>2 +2 g (<Xi;1$*> + Zz) (<Xi71l5’*> — <Xi715’>) .

Sothat A = " | A;. Now using the Chernoff bound:

P(A<0)=P(—A>0)=inf P (e % > 1) < inf M_a,(6)".
(A<0)=P(-A>0)=fP (7" > 1) < juf M_4,(6) (30)
We have:
- - d - -
A= (Ko 1s)? — (Ko lse)? 42 0 (X Bse) + 20) (K Bse) = (Ko 1)
2 2
- - d - -
= (22X (XX r2o [ Do Xu+Zi) | DXy Xy
jes jeES* p jES* jeES* jes
. i . . d
== 2 Xy =D Xy | [ Do Xu+d Xy-2- > Xy
jeES* jeSs jES* jeSs p jES*
JES* JjeSs

Then:



K; = — ZX ZX Z Xij + ZXU+2ZXU—272XU,
€B

JEA(S) JEB(S) JjeC(S JeS*

d - -
Ai:Ki+2];ZZ— Xy > Xy

JjeA JEB
The MGF of —A; can be expressed as:
M_n, (0) = E[exp (—A;0)]
d - -
=Ex, B, |Ez |exp| -0 | K;+2 - Z; Xij — Z Xij Xi, B;
L P JEA jeB
2d6 ~ -
= EXi;Bi 6_9KiEZi exp | — Z; Xij - Xij ’XiuBi
i p JEA jEB
0K, 2d6 ~ -
=Ex, B, |€ eK'lMZ”Xi,Bi - Xij — Xij
L p jeEA jeB

2
. 1 ~ -
= EX’L'yBi e "t exp 5 —_— Xi]‘ — X,L'j o2
p JjEA JEB

2
e EX’L'yBi exp | —0K; + 3 Xij — Xij
p JEA JjEB

Thus, by the tower rule:

2
2426202 . .
M_a, () =Ep, |Ex, |exp | —0K; + = X -3 Xy Bl|l. @1
JEA JjEB
Fix 6 > 0. Then:
2
2d26%02 . .
—0K; + — > X - X
JEA JjEB
. . . . d
=0 ZX,] ZX” Xij+ZX”+2 Xy —2 - ZXU
JEA jEB JEA jEB jec p JES*
2
2426202 . .
ol DIRCED PP
p JEA JEB
=0 > Bi;X; BiiXij | x
JEA jJEB
2d d
D (+~40)B;— =) Xij+ Y (1=v0)ByXi; +2> (B —— ) Xi5 |,
jEA p jEB jec p
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where v (0) = 2d*00? /p?. Since  is fixed for now, we simplify the notation ~y () by simply writing
v. Let:

U:=40 (ZjeA BijXij = Y jen Bz‘sz‘j)
Vi=3ica ((1 +7) Bij — %) Xij+2jep (1 -

so that:

)

V) Bij Xij +23cc (Bu - %) Xij

2

=UV.

202 2
9K, + d0

(32)

S X - X

JEA jEB
Plugging (32) in (31)), we obtain:
M*Ai (0)

Note that, conditionally on B;, we have:

=Ep, [Ex, [V | Bi]]. (33)

d 2 2
USN[0,6> Y B}

JEAUB

; (34)

and:

vEN{0Y

JEA

+> (1—x

JjEB

B, +4> (B

jeC

d 2
(1+7 ) (35)
p
GQU = 6? ZjeAuB Bz'Qj

djea ((1 +7) Bij —

(m-5)

Let:
2d) 2
;) +2jes(1—7)

0'(2]:92 Z Bij7

jEAUB

2
B A B d
'?j Z]GC ( ij p)

2 .
oy =

Note that:

+> 0 )2

jeEB

) Bl +4>
jec
) 4d (14 ) 4d2
<(1+7) ij*TB M*Z
jeEB
4d?
)
D

d(l—i—v >

1+'y>

(

(s — M)

B”Jrz 1—~

JEB

Blj+4z

(1-5)
jec
23” +4 (1 — 2d> ZBij.
S

jeC

((1 +9)? -
JEA
_ 4d2s

ot ((1 +9)° -

In addition, we have:

ZBZJJF 1—~

JEA

Cov (U, V)

:92

jeA

—o{ (144-2)

((1 +7) Bij —

2
p) !

D By~

JjEA

[

jEB

M By

jeB

2
20) Bij
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Lemma B.1. Let Ny £ N/ (0,0%), Ny = 4N (0,03) and p := corr (Nl,Ng). Then:

foee —P> 1
E [6N1N2 — 0102\/(0102 — 12
else.
Proof. See section[B.1.1] O
Now using Lemma [B.T| with Gaussian random variables U and V', we conclude that:
Ex, [eYV | Bi] = f(8,B;), (36)
with f (-, -) defined in (26). Plugging this into (33)), we obtain:

Let B € {0, 1} be a random vector such that B; "= Ber (d/p). Note that B < B;. Then (37) yields:
MfAi (9) = EB [f (973)} :
Plugging this into the Chernoff bound (30), we conclude:

P(a<0)< (i Es[f(0.5))"

B.1.1 Proof of Lemma|[B.1]

Proof of Lemma|B-1] We have:
E [eM 2]

e™Y 1 z\° T Y Y 2
B /ZGR /ye]R 271'0372@ P <_2 (1-p?) <<(71> 2 <(71> <U2> * (02) )) dyde
1 1 2> T Y Y >
[ Srono T2 (”’ T2 ((J () () () )) e
1 22 — 2pxy + 3>
- /xeR /yER QWM P (Ul(’?my 21— ) dyde

/ / exp (20102 (1 — p2) zy — a2 + 2pry — y2) dydx
zeR JyeR 277 1 —

_ / V1-p?
zeR JyeR

- exp (20102 (1 — p2) zy — 2 + 2py — yz) dydz

Therefore:
E [ N1N2 v F 1- / 620'102(17p2)zy7x2+2pzy7y2dydx
z€R JyeR
V1i-p / (y—2(o102(1-p%)+0)) *+2 ((0102(1 p?)+p)? _l)dyd:r
yeR

z€R

\/1_7 / (o) [ o)) dyda
yeR
\/1_7/ (o102(1-p%)+p

—1
) /UER vr (I)N(””(‘Tl"z(l—/)g)+p)71/\/§) (y) dydz

vizp / exp 0102 (1-p%)+ p)2 - 1)) Vrde.
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Hence we obtain:
E[ N1N2 \/1_ / exp 0102 ( ) +p) —1))da:.

Let £ == 0103 (1 — p?) + p. Note that, if £ > 1, the above explodes to +oo. However, if { < 1, the
above yields:

E[ N1N2 vi-—p” / eXp —1))dx

f\1/1_—7£2 xp (~o7) do

IW/ \F(I)/\/Ol/f
_vi-p
V1—¢&2

Plugging the expression of £ in the above, we obtain:

) (z) dz

1— 2
E [eMN2] = -
V1=p? =0t (1= 022 = 20(1 - p?) 0103
1

- V1-0303 (1 - p%) — 2p010s
1

B 1+ p20203 —2p0o109 — 0303
1

\/(,00102 —1)” = o}03
1

2
0109 (ﬁ—p) -1

In addition, note that:

§<1<:,>0102(1*p2)+/)<1
<:>0102(1+p)(1fp)<17p
<=>0102(1+p)<1

—= 1<
0109

B.2  Proof of Proposition [B.2]

Proof of Proposition[B.2} Fix n € (0, 1]. To simplify notations, we will write C* instead of C* (7).
All asymptotic statements are as p — +00.

We start by showing (i). First, we note the following.
Lemma B.2.

Y Bj=nayp(l+o(1), Y Bj=nayp(l+o(1)), > Bj=(1-nayp(l+o(l)).

JEA(S) jeB(S) JEC(S)

Proof. See section|B.2.1 O
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Next, plugging the expressions given by Lemmainto the expressions of o7 (0, B), 0%, (0, B) and
Cov(y,v) (0, B) given in the statement of Proposition we obtain the following.

Proposition B.3. We have:

0% (0, B) = 2naypb? (1 +o0 (1))
ot (0, 8) = 2aup [2— 20+ (@ =7 (0))" = (1= 0)*) | (1+0(1)
Covy) (6, B) = 2natph (7 (6) — ) (1 + o (1)

Proof. See section[B.2.2] O

Plugging ¢ (p) in the expression of «y () given by (27), we obtain:

7 9 2 B 20_21/)20* - 0'2'1/)0* B
v (€ () =20"¢7E (p) = ST E—— =o0(1).

Therefore, we have by Proposition [B.3}

*

Mp) (2=20+n (W=7 - 1-v?))(1+00)
=nC? (2= 200 (W -0 (1) = (1 -1)°) ) (1+0(1))
- nc*2(2 — 2+ (2 — 1)) (1 +0(1))

&nc*2(2—2¢+2nw—n).

0% (£ () . B) 0% (€ (p) . B) = dna®?p? ( ¢

Note that the above is > 0 because 1 (1 — 2¢)) < 2 (1 — 1)), which follows from the facts that < 1
and ¢ € (0,1). In addition, by Proposition

Covy (€ 6) B) = 200 (5o ) (4 (€0) = )1+ 0(D)

=nC*(o(1) —¥)(1+0(1))
22—y O

Bringing these together, we obtain:

lim {(1 — Coviu,v (€ (p), B)>2 - (U?} (&(p).B)oy (£(p),B)+ 1+ 171/)0*)}

p—+oo

= (1emet) (220 + 290 )0 —puCt -1

= PR 4 2myC 41— (2 - 20+ 2 — ) O — U C* — 1
= (n%z =20+ 2 — 20"y + 772) C*? + npC*
:nc*<—<1—w> (2—n<1—¢>)c*+w>

=0.
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In addition:

1
lim

p_>+OO{JU (5 (p)vB)O'V (g(p) B) _ﬂ(f (p)?B)}

{ 1— Cov,vy (§(p), B) }2
ou (g(p)7B)0-V (f(p)’B)

(1 +n¢c*)2
; 77<2 — 20 +2nY — 77)0*2

(1 +nwc*)2 —n(2 — 2+ 2m9) —n)c*Q

= lim
p——+oo

=1+
n(2 - 20+ 200 — ) C*?
— 1+ ki A%
(1+mp0*) - (1+mp0*)
=1+ nwlc’* > 1.

Therefore, there exists p’ € N such that, for all p > p’ we have:

1
{UU (g(p) 7B)GV (g(p) 7B)
Then note that, for all p > p’ we have:
1
ou (€(p),B)ov (€(p),B)

2
—p(é“(p%B)} > 1.

-p&(p),B)>1,

and hence:

(€@, B) = !

ou (€ (p),B)ov (§(p), B) \/<au<s<p>,3>lov<s<p),3> —rEP) vB)>2 -1
1

\/(1 - COV(U,V) (E (p) ) B))2 - 012] (E (p) ) B) 0‘2/' (g (p) 7B)

as. | 1
.
14+ nyC*

Therefore, we conclude that (i) holds. We now show (if). We have:
inf Ex[f (6.8)] < Es[f (€ (), B)] =Es [H, (B)].
Plugging this into the Chernoff bound obtained in Proposition [B.I] we obtain:

P(A<0) < (infEg[f ©.8))" < (Es(H,(B)])".

B.2.1 Proof of Lemma

Proof of Lemma We know that B; X Ber (v). Therefore:

> B = A6+ VIAS) VN +0 (VIABSI).

JEA(S)
where N4 ~ N (0, 1). In addition, we have:
[A(S)| = ns] =ns(1+0(1)).
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Hence:

Z B; = nawp(l + 0(1)).

JEA(S)

Similarly, we have:

3 Bj=navp(l+o(1)) and Y Bj=(1-n)aup(l+o(l)).

JE€B(S) JEC(S)

B.2.2  Proof of Proposition [B.3]

Proof of Proposition|B.3] We have by Proposition [B.T}

of (0,B)=6> Y B
JEA(S)UB(S)

02 (0.5) - 4;123 . <(1+7(9))2_4‘*"(1+7(9))> 3 B

p JEA(S)
2 2d
+(1=50)" > By+4(1-=) > B,
JjE€B(S) P JEC(S)

Covoy @) =0 | (1490) - 2) ¥ By~ (1-70) 3 B

JEA(S) JEB(S)
Now by Lemma[B.2] we have:

Y jeacs) Bi =nayp(1l+o(1))
> jen(s) Bi = navp(1+o0(1))
Yjeces) Bi = (1 =n)avp(l+o(1))

Hence, the expression of o (6, B) writes:

o (0,B)=6> > B;+6> > B

JEA(S) JEB(S)
= 927704¢p(1 +o0 (1)) + 9277a¢p(1 +o0 (1))
= 2nayppt® (14 0(1)).
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The expression of 0%, (6, B) writes:

0¥ (0, B)
4dzs+<(1+7(0))24d(1+7(9))> S B
P P JEAS)
2 By+4(1-2 B;
je%;S) ( P >je%(:s>
=4ay?p + (1 +7(0)) (1 4+ (0) — 4¥) nayp(1 +o(1))
+(1—v<o>)2nawp(1+o<1>)+4<1—2¢>< n) ap(1+0(1))
— atp(49 +n(1+7(9) (1+7(8) = 49) +n(1 =7 (8)* +4(1 = 26) (1 =) ) (1 + 0 (1))

= avn(4=au-4n((14 7 O) + (17 (6)7 - 10(147(6) ~4(1-20)) ) 1+ 0(D)
—atp(1- 10+ (2420~ 407 0) + 46— 4) ) 1+ 0 (1)

- 2awp<2 — 2 +n(7(0)° =267 (6) + 20 — 1)) (1+0(1)

= 2a¢p<2 — 2+ (7 () - 267 (0) + ¥* — ¥ + 24 - 1)) (1+0(1)

- 2a¢p[2 —20+5((¥ =) - (1~ w)2)] (1+0(1)).

The expression of Cov(y,vy (6, B) writes:

Cov (v (9,3):9((1+7 p) > By—(1-700) > B”>

JEA(S) JEB(S

= 9((1 +7(0) - 2¢)na¢p(1 +o(1)) = (1=~ (0)nayp(l+o (1)))

—naipt((140) - 20) = (1=70) ) (10 (1)
= 2naypd (v (0) — ) (1 + o (1)),

as desired. O
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paper’s contributions and scope?

Answer: [Yes]
Justification: Theorem [T} Corollary 2]and Theorem 3| clearly state the main claims.
Guidelines:
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* The authors should reflect on the factors that influence the performance of the approach.
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is low or images are taken in low lighting. Or a speech-to-text system might not be
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technical jargon.
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and how they scale with dataset size.
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be specifically instructed to not penalize honesty concerning limitations.
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Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]

Justification: Complete proofs of theoretical results are provided: for Theorem [I]in appendix
[AT] for Corollary 2] in appendix [A.2] for Example[2.2]in appendix [A.3] and for Theorem 3|
in appendix

Guidelines:

» The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.
. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main
experimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [NA]

Justification: The paper does not include experiments. In order to observe our results we
need the dimension p of the problem to be large, which cannot be ran experimentally since
computing the MLE (7)), (T3) is exponential-time.

Guidelines:

* The answer NA means that the paper does not include experiments.

* If the paper includes experiments, a No answer to this question will not be perceived well
by the reviewers: Making the paper reproducible is important, regardless of whether
the code and data are provided or not.

If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

* Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

* While NeurIPS does not require releasing code, the conference does require all
submissions to provide some reasonable avenue for reproducibility, which may depend
on the nature of the contribution. For example
(a) If the contribution is primarily a new algorithm, the paper should make it clear how

to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct the
dataset).
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(d) We recognize that reproducibility may be tricky in some cases, in which case authors
are welcome to describe the particular way they provide for reproducibility. In the
case of closed-source models, it may be that access to the model is limited in some
way (e.g., to registered users), but it should be possible for other researchers to have
some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instructions
to faithfully reproduce the main experimental results, as described in supplemental material?

Answer: [NA]
Justification: The paper does not include experiments.
Guidelines:

* The answer NA means that paper does not include experiments requiring code.
* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

¢ The instructions should contain the exact command and environment needed to run
to reproduce the results. See the NeurIPS code and data submission guidelines
(https://nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [NA]
Justification: The paper does not include experiments.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.

7. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [NA]
Justification: The paper does not include experiments.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confidence
intervals, or statistical significance tests, at least for the experiments that support the
main claims of the paper.
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8.

10.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

e It should be clear whether the error bar is the standard deviation or the standard error of
the mean.

* It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

¢ For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

o If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the computer
resources (type of compute workers, memory, time of execution) needed to reproduce the
experiments?

Answer: [NA]
Justification: The paper does not include experiments.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]

Justification: The research conducted in the paper conforms, in every respect, with the
NeurIPS Code of Ethics.

Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special
consideration due to laws or regulations in their jurisdiction).

Broader impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes]

Justification: The main positive societal impact of our work is reducing computational cost
in a range of applications via the measurement sparsity vs. computational cost trade-off.
Applications of the sparse recovery problem are discussed in the introduction and an example
of computational cost reduction is given in Example
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11.

12.

Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

* Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

» The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: The paper poses no such risks.
Guidelines:

» The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [NA]

Justification: The paper does not use existing assets. Previous theoretical results are properly
credited to their authors.

Guidelines:
* The answer NA means that the paper does not use existing assets.

* The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.
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13.

14.

15.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

« If this information is not available online, the authors are encouraged to reach out to the
asset’s creators.
New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]

Justification: The paper does not release new assets. We provide our interpretation of the
theoretical results in sections 2] and

Guidelines:

* The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.
Crowdsourcing and research with human subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with

human subjects.

* Including this information in the supplemental material is fine, but if the main
contribution of the paper involves human subjects, then as much detail as possible
should be included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional review board (IRB) approvals or equivalent for research with human
subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.
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* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.

16. Declaration of LLLM usage

Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used
only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]

Justification: The core method development in this research does not involve LLMs as any
important, original, or non-standard components.

Guidelines:

* The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

¢ Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM)
for what should or should not be described.
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