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Abstract

In generative compressed sensing (GCS), we want to recover a signal £* € R”
from m measurements (m < n) using a generative prior z* € G(B%(r)), where
G is typically an L-Lipschitz continuous generative model and B% (r) represents
the radius-r ¢5-ball in R*. Under nonlinear measurements, most prior results are
non-uniform, i.e., they hold with high probability for a fixed * rather than for all
x* simultaneously. In this paper, we build a unified framework to derive uniform
recovery guarantees for nonlinear GCS where the observation model is nonlinear
and possibly discontinuous or unknown. Our framework accommodates GCS
with 1-bit/uniformly quantized observations and single index models as canonical
examples. Specifically, using a single realization of the sensing ensemble and
generalized Lasso, all z* € G(B5(r)) can be recovered up to an £o-error at most e
using roughly O(k/e?) samples, with omitted logarithmic factors typically being
dominated by log L. Notably, this almost coincides with existing non-uniform
guarantees up to logarithmic factors, hence the uniformity costs very little. As part
of our technical contributions, we introduce the Lipschitz approximation to handle
discontinuous observation models. We also develop a concentration inequality that
produces tighter bounds for product processes whose index sets have low metric
entropy. Experimental results are presented to corroborate our theory.

1 Introduction

In compressed sensing (CS) that concerns the reconstruction of low-complexity signals (typically
sparse signals) [5}/6L/15]], it is standard to employ a random measurement ensemble, i.e., a random
sensing matrix and other randomness that produces the observations. Thus, a recovery guarantee
involving a single draw of the measurement ensemble could be non-uniform or uniform — the non-
uniform one ensures the accurate recovery of any fixed signal with high probability, while the uniform
one states that one realization of the measurements works simultaneously for all structured signals
of interest. Uniformity is a highly desired property in CS, since in applications the measurement
ensemble is typically fixed and should work for all signals [[17]. Besides, the derivation of a uniform
guarantee is often significantly harder than a non-uniform one, making uniformity an interesting
theoretical problem in its own right.
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Inspired by the tremendous success of deep generative models in different applications, it was recently
proposed to use a generative prior to replace the commonly used sparse prior in CS [2], which led to
numerical success such as a significant reduction of the measurement number. This new perspective
for CS, which we call generative compressed sensing (GCS), has attracted a large volume of research
interest, e.g., nonlinear GCS [29,(33,/45]], MRI applications [24}46], and information-theoretic
bounds [27}/34]], among others. This paper focuses on the uniform recovery problem for nonlinear
GCS, which is formally stated below. Our main goal is to build a unified framework that can produce
uniform recovery guarantees for various nonlinear measurement models.

Problem: Let B (7) be the /5-ball with radius 7 in R*. Suppose that G : B.(r) — R" is an
L-Lipschitz continuous generative model, a1, ..., a,, € R" are the sensing vectors, * € K :=
G(B5(r)) is the underlying signal, and we have the observations y; = f;(a] *), i = 1,...,m,
where f1(-),..., fm(+) are possibly unknownE] possibly random non-linearities. Given a single
realization of {a;, f;}7,, under what conditions we can uniformly recover all x* € K from the
corresponding {a;, y; }7*, up to an {o-norm error of €?

1.1 Related Work

We divide the related works into nonlinear CS (based on traditional structures like sparsity) and
nonlinear GCS.

Nonlinear CS: Beyond the standard linear CS model where one observes y; = a, *, recent years

have witnessed rapidly increasing literature on nonlinear CS. An important nonlinear CS model is
1-bit CS that only retains the sign y; = sign(a?m*) [13,22/411/42]. Subsequent works also considered
1-bit CS with dithering y; = sign(a,; =* + 7;) to achieve norm reconstruction under sub-Gaussian
sensing vectors [9}/14,48]. Besides, the benefit of using dithering was found in uniformly quantized
CS with observation y; = Qs(a; * 4 7;), where Qs(+) = 6 (| 5] + %) is the uniform quantizer with
resolution § [8,/48L|52]]. Moreover, the authors of [|16,43]44] studied the more general single index
model (SIM) where the observation y; = fi(aiTa:*) involves (possibly) unknown nonlinearity f;.

While the restricted isometry property (RIP) of the sensing matrix A = [a1, ..., a,,] " leads to uniform
recovery in linear CS [4}|15/49], this is not true in nonlinear CS. In fact, many existing results are non-
uniform [9,/16}[211/41,43/44}/48]], and some uniform guarantees can be found in [[7,/8}/14,/17,/41,/42//52].
Most of these uniform guarantees suffer from a slower error rate.

The most relevant work to this paper is the recent work [[17] that described a unified approach to
uniform signal recovery for nonlinear CS. The authors of [[17] showed that in the aforementioned
models with k-sparse *, a uniform ¢5-norm recovery error of ¢ could be achieved via generalized
Lasso using roughly k/e* measurements [[17, Section 4]. In this work, we build a unified framework
for uniform signal recovery in nonlinear GCS. To achieve a uniform ¢5-norm error of € in the above
models with the generative prior * € G(B5 (7)), our framework only requires a number of samples
proportional to k/ €2. Unlike [17]] that used the technical results [36] to bound the product process,
we develop a concentration inequality that produces a tighter bound in the setting of generative prior,
thus allowing us to derive a sharper uniform error rate.

Nonlinear GCS: Building on the seminal work by Bora et al. [2]], numerous works have investigated
linear or nonlinear GCS [/1}11}12}|1920,/23,25130,/39,40L51]], with a recent survey [47] providing
a comprehensive overview. Particularly for nonlinear GCS, 1-bit CS with generative models has
been studied in [26}[31/45[], and generative priors have been used for SIM in [29132}33]]. In addition,
score-based generative models have been applied to nonlinear CS in [10,/38].

The majority of research for nonlinear GCS focuses on non-uniform recovery, with only a few
exceptions [33,/45]]. Specifically, under a generative prior, |33, Section 5] presented uniform recovery
guarantees for SIM where y; = f;(a/ *) with deterministic Lipschitz f; or fi(z) = sign(z).
Their proof technique is based on the local embedding property developed in [31]], which is a
geometric property that is often problem-dependent and currently only known for 1-bit measurements
and deterministic Lipschitz link functions. In contrast, our proof technique does not rely on such

?In order to establish a unified framework, our recovery method (Z.I) involves a parameter 7" that should
be chosen according to f;. For the specific single index model with possibly unknown f;, we can follow prior
works [33,/43] to assume that Tx* € K, and recover * without using 7. See Remarkfor more details.
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geometric properties and yields a unified framework with more generality. Furthermore, [33]] did not
consider dithering, which limits their ability to estimate the norm of the signal.

The authors of [45]] derived a uniform guarantee from dithered 1-bit measurements under bias-free
ReLU neural network generative models, while we obtain a uniform guarantee with the comparable
rate for more general Lipschitz generative models. Additionally, their recovery program differs
from the generahzed Lasso approach (cf. Section[2.1)) used in our work. Spemﬁcally, they minimize
an /o loss with ||z||3 as the quadratic term, while generalized Lasso uses || Ax||3 that depends on
the sensing vector. As a result, our approach can be readily generalized to sensing vectors with
an unknown covariance matrix [33| Section 4.2], unlike [45] that is restricted to isotropic sensing
vectors. Under random dithering, while [45]] only considered 1-bit measurements, we also present
new results for uniformly quantized measurements (also referred to as multi-bit quantizer in some
works [13]).

1.2 Contributions

In this paper, we build a unified framework for uniform signal recovery in nonlinear GCS. We
summarize the paper structure and our main contributions as follows:

* We present Theorem |[1| as our main result in Section [2} Under rather general observation
models that can be discontinuous or unknown, Theorem [|states that the uniform recovery of all
x* € G(B5(r)) up to an fo-norm error of € can be achieved using roughly O (*%2) samples.
Specifically, we obtain uniform recovery guarantees for 1-bit GCS, 1-bit GCS W1th dithering,
Lipschitz-continuous SIM, and uniformly quantized GCS with dithering.

* We provide a proof sketch in Section [3] Without using the embedding property as in [33]],
we handle the discontinuous observation model by constructing a Lipschitz approximation.
Compared to [17]], we develop a new concentration inequality (Theorem [2) to derive tighter
bounds for the product processes arising in the proof.

We also perform proof-of-concept experiments on the MNIST [28] and CelebA [35] datasets for
various nonlinear models to demonstrate that by using a single realization of {a;, f;}/;, we can
obtain reasonably accurate reconstruction for multiple signals. Due to the page limit, the experimental
results and detailed proofs are provided in the supplementary material.

1.3 Notation

We use boldface letters to denote vectors and matrices, while regular letters are used for scalars. For
a vector x, we let ||z[|, (1 < ¢ < c0) denote its £,-norm. We use Bf (r) := {z € R" : [|z]|, <7}
to denote the £, ball in R", and (Bf (r))¢ represents its complement. The unit Euclidean sphere
is denoted by S"71 := {z € R" : ||z|]2 = 1}. We use C,C;, ¢;, c to denote absolute constants
whose values may differ from line to line. We write A = O(B) or A < B (resp. A = Q(B) or
A 2 B)if A < CB for some C (resp. A > ¢B for some ¢). We write A < B if A = O(B) and
A = Q(B) simultaneously hold. We sometimes use O(-) to further hide logarithmic factors, where
the hidden factors are typically dominated by log L in GCS, or logn in CS. We let N (u, 3) be the
Gaussian distribution with mean g and covariance matrix 3. Given K1,y C R”, a € R™ and
some a € R, we define K1 + Ky := {1 L x5 : @1 € K1, 22 € Ko}, a+ Ky := {a} + Ky, and
akly := {ax : ¢ € K;}. We also adopt the conventions of a Ab = min{a, b}, and a Vb = max{a, b}.

2 Main Results

We first give some preliminaries.

Definition 1. For a random variable X, we define the sub-Gaussian norm || X ||y, = inf{t > 0 :
E exp(X?/t?) < 2} and the sub-exponential norm || X ||y, = inf{t > 0: Eexp(|X|/t) < 2}. X
is sub-Gaussian (resp. sub-exponential) if || X ||, < oo (resp. || X ||y, < o0). For a random vector
2 € R”, we let ||z, = supycsn-1 [[07 ]y,

Definition 2. Ler S be a subset of R™. We say that a subset So C S is an n-net of S if every point
in S is at most 1) distance away from some point in Sy, i.e., S C So + BY(n). Given a radius 1, we
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define the covering number A (S,n) as the minimal cardinality of an n-net of S. The metric entropy
of S with respect to radius 1 is defined as (S, n) = log N (S, n).

2.1 Problem Setup

We make the following assumptions on the observation model.

Assumption 1. Let a ~ N(0, I,,) and let f be a possibly unknown, possibly random non-linearity
that is independent of a. Let (a;, f;)7 be i.i.d. copies of (a, f). With a single draw of (a;, fi)I"1,
forx* € K = G(B5(r)), where G : B5(r) — R™ is an L-Lipschitz generative model, we observe
{yi :== f,-(a;w*)}zzl. We can express the model more compactly as y = f(Ax*), where A =

[@1,...,am]" €ER™ f = (fi,.c. fr) " andy = (y1, ..., ym) " € R™.

In this work, we consider the generalized Lasso as the recovery method [16,33,43]], whose core idea
is to ignore the non-linearity and minimize the regular /5 loss. In addition, we need to specify a
constraint that reflects the low-complexity nature of *, and specifically, we introduce a problem-
dependent scaling factor 7' € R and use the constraint “x € TX”. Note that this is necessary even
if the problem is linear; for example, with observations y = 2Ax™, one needs to minimize the ¢
loss over “x € 2K”. Also, when the generative prior is given by Tx* € K = G(B5(r)), we should
simply use “@ € K as constraint; this is technically equivalent to the treatment adopted in [33]] (see
more discussions in RemarkE]below). Taken collectively, we consider

E = i — Ax||s. 2.1
¢ = arg min |y — Azl 2.1)
Importantly, we want to achieve uniform recovery of all * € K with a single realization of (A, f).

2.2 Assumptions

Let f be the function that characterizes our nonlinear measurements. We introduce several assump-
tions on f here, and then verify them for specific models in Section We define the set of
discontinuities as

P ={a € R : fis discontinuous at a}.
We define the notion of jump discontinuity as follows.

Definition 3. (Jump discontinuity). A function f : R — R has a jump discontinuity at x if both
L~ = lima:*)xo* f(z)and LT := limzﬁzﬁ f(x) exist but L~ # LT. We simply call the oscillation

at xo, ie., |Lt — L~

, the jump.

Roughly put, our framework applies to piece-wise Lipschitz continuous f; with (at most) countably
infinite jump discontinuities, which have bounded jumps and are well separated. The precise statement
is given below.

Assumption 2. For some (By, Lo, o), the following statement unconditionally holds true for any
realization of f (specifically, f1, ..., fm in our observations):

* 9y is one of the following: @, a finite set, or a countably infinite set;

* All discontinuities of f (if any) are jump discontinuities with the jump bounded by By;

e fis Lo-Lipschitz on any interval (a,b) satisfying (a,b) N Dy = @.

* |a —b| > By holds for any a,b € Py, a # b (we set By = co if | D] < 1).
For simplicity, we assume f(xg) = limw_m,j f(x) for zg € @f.ﬂ
We note that Assumption [2| is satisfied by L-Lipschitz f with (By, Lo, 50) = (0,L,00), 1-
bit quantized observation f(-) = sign(- + 7) (7 is the potential dither, similarly below) with

(Bo, Lo, B0) = (2,0,00), and uniformly quantized observation f(-) = &(|=T] + 1) with
(B()aLOaBO) = (57035)

3This is very mild because the observations are fi(a, x), while P(a' z € 2;,) = 0 (as Dy, is at most
countably infinite and a ~ N(0, I,)).
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Under Asssumption 2| for any 8 € [0, %0) we construct f; g as the Lipschitz approximation of
fi to deal with the potential discontinuity of f; (i.e., Zy, # @). Specifically, f; g modifies f; in
Dy, + [— % g] to be piece-wise linear and Lipschitz continuous; see its precise definition in 1|

We develop Theorem [2]to bound certain product processes appearing in the analysis, which produces
bounds tighter than [36] when the index sets have low metric entropy. To make Theorem [2]applicable,

we further make the following Assumption [3] which can be checked case-by-case by estimating the

sub-Gaussian norm and probability tail. Also, Uél) and Uéz) can even be a bit crude because the
measurement number in Theorem|I]depends on them in a logarithmic manner.

Assumption 3. Let a ~ N (0, I,,), under Assumptions we define the Lipschitz approximation

fi,p as in (3.4). We let
&ipla) == figla) —Ta, g;p(a) = fipgla) — fi(a). (2.2)
Forall 8 € (0, ’6—20) we assume the following holds with some parameters (Agl), Uél), Pél)) and
2 2 2
(A5 U, Pg?):
. . T < A(l) P . T < U(l) > 1 _P(l).
supgex [16is(a’ @)y, < Ay’ P(supgex ipla’ ) <Uy7) > ),
2 9 5
* supge eis(aT @)y, < AP, P(supger leis(a™@)| < UP) > 1 PP,

To build a more complete theory we further introduce two useful quantities. For some € K, we
define the target mismatch p(x) as in [|17, Definition 1]:

p(x) = HIE[fl(alTx)aJ — Ta:||2. (2.3)

It is easy to see that E[f;(a; «)a;| minimizes the expected ¢5 loss E[||y — Ax||3], thus one can
roughly understand E[ f;(a; x)a;] as the expectation of &. Since Tz is the desired ground truth,
a small p(x) is intuitively an important ingredient for generalized Lasso to succeed. Fortunately,
in many models, p(x) with a suitably chosen 7" will vanish (e.g., linear model [2], single index
model [[33[], 1-bit model [31]]) or at least be sufficiently small (e.g., 1-bit model with dithering [45]]).

As mentioned before, our method to deal with discontinuity of f; is to introduce its approximation

fi.p, which differs from f; only in &y, + [—g, %} This will produce some bias because the actual

observation is f;(a; «*) rather than f; s(a, x*). Hence, for some = € K we define the following
quantity to measure the bias induced by f; g:

pp(x) = ]P(aTac € Yy, + [f g, SD, a~N(0,I,). (2.4)

The following assumption can often be satisfied by choosing suitable 7" and sufficiently small ;.

Assumption 4. Suppose Assumptionshold true with parameters By, Lg, o, A_((Jl), A_Sf). For the

T used in (2.1)), p(z) defined in satisfies

k
sup p(x) < (AW v A [ 2 2.5
wegp( ) S (4, s W\ o (2.5)

Moreover, there exists some 0 < 1 < % such that

|k
LoB1 + Bo) sup /s, () < (AD v AR [ =, 2.6
( 061 0) :DEE Mg ( ) ( g g ) m ( )

In the proof, the estimation error ||& — T'xz*|| is contributed by a concentration term of scaling

0 ((Agl) Y AE,Q) )v/k/m) and some bias terms. The main aim of Assumption E is to pull down the
bias terms so that the concentration term is dominant.

2.3 Main Theorem and its Implications

We now present our general theorem and apply it to some specific models.

q
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Theorem 1. Under Assumptions given any recovery accuracy € € (0,1), if it holds that
m 2 (Agl) Y AE,Q))Q%?, then with probability at least 1 — m(Po(l) + PO(Q)) — mexp(—Q(n)) —
C exp(—Q(k)) on a single realization of (A, f) = (ai, fi)71, we have the uniform signal recovery
guarantee | & — Tx* ||z < e for all x* € K, where & is the solution to withy = f(Ax*), and

£ = log P is a logarithmic factor with P being polynomial in (L,n) and other parameters that
typically scale as O(L + n). See for the precise expression of £.

To illustrate the power of Theorem [I] we specialize it to several models to obtain concrete uniform
signal recovery results. Starting with Theorem [I] the remaining work is to select parameters that
justify Assumptions We summarize the strategy as follows: (i) Determine the parameters in
Assumption 2] by the measurement model; (i) Set 7" that verifies (2.5)) (see Lemmas [8H{TT] for the
following models); (iii) Set the parameters in Assumption 3] for which bounding the norm of Gaussian
vector is useful; (iv) Set 3; to guarantee based on some standard probability argument. We only
provide suitable parameters for the following concrete models due to space limit, while leaving more
details to Appendix

(A) 1-bit GCS. Assume that we have the 1-bit observations y; = sign(a; *); then f;(-) = f(-) =
sign(-) satisfies Assumption [2[ with (By, Lo, 8p) = (2,0,00). In this model, it is hopeless to
recover the norm of ||z*||2; as done in previous work, we assume z* € K C S"~! [31, Remark
1]. We set T' = /2/ and take the parameters in Assumptionas A_E,l) =1, Ug(l) = \/n, Po(l) =
exp(—Q(n)),AéQ) = 1,Ug(2) = 1,P(§2) =0. Wetake g = 1 < % to guarantee li With these
choices, Theorem [T specializes to the following:

Corollary 1. Consider Assumptionwith fi(-) = sign(-) and K C S"~1, let e € (0,1) be any given

Lry/mn
eN(k/m) )

mexp(—Q(k)) on a single draw of (a;)™,, we have the uniform signal recovery guarantee H:F: -

\/%w*HQ < eforall x* € K, where & is the solution to with y = sign(Ax*) and T = \/g

Remark 1. A uniform recovery guarantee for generalized Lasso in 1-bit GCS was obtained in [33|
Section 5]. Their proof relies on the local embedding property in [31|]. Note that such geometric
property is often problem-dependent and highly nontrivial. By contrast, our argument is free of
geometric properties of this kind.

Remark 2. For traditional 1-bit CS, [[17, Corollary 2] requires m > O(k/e*) to achieve uniform

Ua-accuracy of € for all k-sparse signals, which is inferior to our O(k/€2) This is true for all
remaining examples. To obtain such a sharper rate, the key technique is to use our Theorem 2] (rather
than [36]]) to obtain tighter bound for the product processes, as will be discussed in Remark|8|

recovery accuracy. If m 2 6% log then with probability at least 1 — 2m exp(—cn) —

(B) 1-bit GCS with dithering. Assume that the aZ-T:c* is quantized to 1-bit with dithelﬁ T d
% [\, \)) for some A to be chosen, i.e., we observe y; = sign(a, * + 7;). Following [45] we
assume C C BY(R) for some R > 0. Here, using dithering allows the recovery of signal norm
||z*||2, so we do not need to assume K C S*~! as in Corollary We set A = C'R+/logm with

sufficiently large C, and T = A\~!. In Assumption we take A;l) = 1, Uél) = /n, Pél) =
exp(—Q(n)), Agz) = 1, Uéz) =1, and PéQ) = 0. Moreover, we take 3 = 3; = 2% (o guarantee
(2.6). Now we can invoke Theorem|I]to get the following.

Corollary 2. Consider Assumption[l|with fi(-) = sign(- + 7;), 7 ~ %[\, \] and K C B} (R),
and \ = CR+/log m with sufficiently large C. Let € € (0,1) be any given recovery accuracy. If

m > % log ()\(Lri\/m))), then with probability at least 1 — 2mexp(—cn) — mexp(—Q(k)) on a

~ 2 eN(k/m
single draw of (a;, ;)™ , we have the uniform signal recovery guarantee ||& — \~1x*||2 < € for
all x* € IC, where & is the solution to with y = sign(Ax* + 1) (here, T = [11, ..., Tm] | ) and
T=X1
Remark 3. To our knowledge, the only related prior result is in [45, Theorem 3.2]. However, their
result is restricted to ReLU networks. By contrast, we deal with the more general Lipschitz generative
models; by specializing our result to the ReLU network that is typically (ne(d))-Lipschitz [2]] (d is

“Here and in other similar statements, we implicitly assume a large enough implied constant.
>Throughout this work, the random dither is independent of the {a;} 7.

A
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the number of layers), our error rate coincides with theirs up to a logarithmic factor. Additionally, as
already mentioned in the Introduction Section, our result can be generalized to a sensing vector with
an unknown covariance matrix, unlike theirs which is restricted to isotropic sensing vectors. The
advantage of their result is in allowing sub-exponential sensing vectors.

(C) Lipschitz-continuous SIM with generative prior. Assume that any realization of f is uncon-
ditionally ﬁ-LipschitZ, which implies Assumption 2| with (By, Lo, 8o) = (0, L, o0). We further
assume P(f(0) < B) > 1 — P} for some (B, P;}). Because the norm of * is absorbed into the
unknown f(-), we assume K C S"~ 1. We set 8 = 0 so that f; g = f;. We introduce the quantities
p=E[f(9)gl,v = |f(g)|ly,, where g ~ N(0,1). We choose T = p and set parameters in

Assumptionas Agl) = Y+ u, Uél) = (L 4 p)v/n + B, Pél) = P} + exp(—Q(n)), A(QQ) =
v+, U_(SQ) =0, Po(z) = (0. Now we are ready to apply Theoremto this model. We obtain:

Corollary 3. Consider Assumption |I|with L-Lipschitz f, suppose that P(f(0) < B) > 1 — P},
and define the parameters i = E[f(g)g], ¥ = || f(9) |y, with g ~ N(0,1). Let € € (0,1) be any

Lry/mn(p+e)(L+p)+vnpB+ip)
(n+)e

at least 1 — 2m exp(—cn) — mPy — c1 exp(—Q(k)) on a single draw of (a;, f;)1™, we have the
uniform signal recovery guarantee |& — pax™*||2 < € for all x* € K, where & is the solution to
withy = f(Ax*) and T = p.

Remark 4. While the main result of [|33] is non-uniform, it was noted in [33, Section 5] that a
similar uniform error rate can be established for any deterministic 1-Lipschitz f. Our result here is
more general in that the f/-Lipschitz f is possibly random. Note that randomness on f is significant
because it provides much more flexibility (e.g., additive random noise).

Remark 5. For SIM with unknown f; it may seem impractical to use as it requires 1 = B[ f(g)g]
where g ~ N(0,1). However, by assuming pz* € K = G(B5(r)) as in [33], which is natural for
sufficiently expressive G(+), we can simply use x € K as constraint in . Our CorollaryE]remains
valid in this case under some inessential changes of log p factors in the sample complexity.

given recovery accuracy. If m 2 (“t;“’f log ( ) then with probability

(D) Uniformly quantized GCS with dithering. The uniform quantizer with resolution § > 0 is
defined as Qs(a) = 6([ 2] + 1) for a € R. Using dithering 7; ~ % [—3, 3], we suppose that the
observations are y; = Qs(a; z* + 7;). This satisfies Assumptionwith (Bo, Lo, 8o) = (4,0,9).
We set T' = 1 and take parameters for Assumption [3|as follows: A§1)7 Uél)7 A_gz), Uf) = 9, and
Pél) = Po(z) =0. We take 8 = 51 =< %‘S to confirm 1! With these parameters, we obtain the
following from Theorem
Corollary 4. Consider Assumptionwith f()=Qs(-+7), 7~ %%, 3] for some quantization
Lry/mn

ATRS) (moy/] ) then
with probability at least 1 — 2m exp(—cn) — c1 exp(—8Q(k)) on a single draw of (a;,7;),, we
have the uniform recovery guarantee |& — x*||2 < € for all x* € K, where & is the solution to
withy = Qs(Ax +T)and T = 1 (here, T = [T1,...,Tm] " ).
Remark 6. While this dithered uniform quantized model has been widely studied in traditional CS
(e.g., non-uniform recovery [8,48|], uniform recovery [17,52|]), it has not been investigated in GCS
even for non-uniform recovery. Thus, this is new to the best of our knowledge.

resolution 6 > 0. Let € > 0 be any given recovery accuracy. If m 2 5:—2’“ log (

A simple extension to the noisy model y = f(Ax*) + 1 where 7 € R™ has i.i.d. sub-Gaussian
entries can be obtained by a fairly straightforward extension of our analysis; see Appendix [

3 Proof Sketch

To provide a sketch of our proof, we begin with the optimality condition ||y — A%||3 < ||y —

A(Tx*)|%2. We expand the square and plug in y = f(Az*) to obtain

2
2

< =(f(Az*) - TAz* A& — Tz")). (3.1)

&—Tx")
m

~

m 2
For the final goal || — Tx*||2 < ¢, up to rescaling, it is enough to prove ||& — Tx*|2 < 3e.
We assume for convenience that | & — T'x*||2 > 2¢, without loss of generality. Combined with

7
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&, Tx* € TK, we know & — Tz* € K., where K7 := (TK™) N (B5(2¢))°, K~ = K — K. We
further define
(Ko)" = {z/||z||2 1z € IC;} (3.2)

where the normalized error lives, i.e. % € (KC2)*. Our strategy is to establish a uniform

lower bound (resp., upper bound) for the left-hand side (resp., the right-hand side) of (3.1). We
emphasize that these bounds must hold uniformly for all x* € K.

It is relatively easy to use set-restricted eigenvalue condition (S-REC) [2]] to establish a uniform lower
bound for the left-hand side of (3.1)), see Appendix for more details. It is significantly more
challenging to derive an upper bound for the right-hand side of (3.1I). As the upper bound must hold
uniformly for all *, we first take the supremum over &* and & and consider bounding the following:
1
X = —(f(Axz*) — TAz* A& — Tx"))
m
1 m
- * 1 G - *
|& — Tx*||2 - sup sup — Z (fl-(a?a:) - Ta;-rac) . (a;rv) = ||& — Tx*|2 - Pu,
@k pe(co)- M i

where (K )* is defined in (3.2). Clearly, Z,, is the supremum of a product process, whose factors
are indexed by & € IC and v € (C_)*. It is, in general, challenging to control a product process, and
existing results often require both factors to satisfy a certain “sub-Gaussian increments” condition
(e.g., [36,[37]). However, the first factor of %, (i.e., fT(achc*) — TaiTw*) does not admit such
a condition when f; is not continuous (e.g., the 1-bit model f; = sign(-)). We will construct the
Lipschitz approximation of f; to overcome this difficulty shortly in Section[3.1]

Remark 7. We note that these challenges stem from our pursuit of uniform recovery. In fact, a
non-uniform guarantee for SIM was presented in (|33, Theorem 1]. In its proof, the key ingredient
is [|33, Lemma 3] that bounds 9, without the supremum on x. This can be done as long as f; (a;-'— x*)
is sub-Gaussian, while the potential discontinuity of f; is totally unproblematic.

IN

3.1 Lipschitz Approximation

For any zy € %y, we define the one-sided limits as f; (x¢) = lim o fi(z) and f;"(xo) =

lim,, o« fi (z), and write their average as f¢(zo) = 5(f; (x0)+ f;" (x0)). Given any approximation

accuracy f8 € (0, %0), we construct the Lipschitz continuous function f; s as:
filz) ifz ¢ 95, + (-5, 5]
Fuple) = 3 filg) = b2l it € gy sta € o= Fom] L (34)

B
(zo+L)—fo(z T—T .
fi(xo) + 2fi(wot3) [J}( o)l( 0), if 3zg € Dy, s.t.x € [xg, 0 + g]

We have defined the approximation error ¢; g(-) = f; 3(-) — fi(+) in Assumption 3| An important
observation is that both f; 5 and |e; 3| are Lipschitz continuous (see Lemma [1]below). Here, it is
crucial to consider |¢; g| rather than €; g as the latter is not continuous; see Figurefor an intuitive
graphical illustration and more explanations in Appendix [B.2]

Lemma 1. With By, Ly, B given in Assumptionfor any 3 € (0, %"), fipis (Lo+ %0 )-Lipschitz

over R, and |e; g| is (2Lo + Eg’ )-Lipschitz over R.

3.2 Bounding the product process

We now present our technique to bound Z,,. Recall that &; 5(a) and €; g(a) were defined in (2.2). By

Lemma Gpis (Lo+ T+ %)-Lipsohitz. Now we use f;(a) —Ta = §; g(a) — €;,5 to decompose

S, (in the following, we sometimes shorten “sup, ¢ sup,, ey as supy 5, 7):
1« 1«

R, < - is(a’x) - (a) - i a(al Tol.

<sup Y cialalw) - (al0) +sup -3 [eis(ale)] a0

pam e (3.5)

%'ul %'uZ

R
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Figure 1: (Left): f; and its approximation f; ¢ 5; (Right): approximation error €; ¢ 5, |€;,0.5].

It remains to control %,,; and Z,2. By the Lipschitz continuity of {; 3 and |; g|, the factors of %1
and Z,,» admit sub-Gaussian increments, so it is natural to first center them and then invoke the
concentration inequality for product process due to Mendelson [36, Theorem 1.13], which we restate
in Lemma [5] (Appendix [A). However, this does not produce a tight bound and would eventually
require O(k/e*) to achieve a uniform £5-error of €, as is the case in [[17, Section 4].

In fact, Lemmais based on Gaussian width and hence blind to the fact that /C, (K. )* here have low
metric entropy (LemmalG). By characterizing the low intrinsic dimension of index sets via metric
entropy, we develop the following concentration inequality that can produce tighter bound for %,
and Z,2. This also allows us to derive uniform error rates sharper than those in [[17, Section 4].

Theorem 2. Let g, = go(a) and hy, = hy(a) be stochastic processes indexedby x € X C RP*, v €
V C RP2, both defined with respect to a common random variable a. Assume that:

* (AL) gz(a), hy(a) are sub-Gaussian for some (A4, Ay) and admit sub-Gaussian increments
regarding {5 distance for some (Mg, My):
192(a) = gar(@)|ly, < Mgl — 2|2, [92(a)lly, < Ag, Va, 2" € X;

1ho(@) = hor (@) llyy < Mpllo = 'z, [|ho(@)]ly, < An, Vv,0" € V.

(3.6)

* (A2.) On a single draw of a, for some (Ly,Ug, Ly, Up) the following events simultaneously
hold with probability at least 1 — Py:

92(a) = 9o (a)] < Ly[l@ — a[|2, |92(a)| < Uy, V@, @' € X

3.7
ho (@) — he(@)] < La|lv — v'||2, |ho(a)| < Un, ¥ v,v" € V. 67

Let ay,...,an, be iid. copies of a, and introduce the shorthand Sy, = L,U;, + MyAy, and

Ton = LUy + MyAy. If m 2 A (X, \/’%’?:h) + A (V, \/’%?g’}) where J(-,-) is the

metric entropy defined in Definition EI then with probability at least 1 — mPy — 2exp [ —

A A A A A A A A A A
D (X, o) + A0 o] wehave 1 250 (X, o)+ 0. )

where I := SUpex SUDycy | 2 S0 (9o (ai)ho(ai) — Elgz(ai)hy(a;)])| is the supremum of a
product process.

Remark 8. We use %, as an example to illustrate the advantage of Theorem|2|over Lemma[3] The
key step is on bounding the centered process

Rz =sup sup  {leig(a] z)llafv| - Ellei s(a] z)[|a] v|]}.
we’CvG(ICQ)*

Let gz(a;) = |eig(a) x)| and hy(a;) = |a v|, then one can use Theorem E| or Lemma @ to
bound #,s,.. Note that ||a,] v||y, = O(1) justifies the choice Ay, = O(1), and both (K, n) and
H((KC2)*,m) depend linearly on k but only logarithmically on 1) (Lemma @), 50 Theorem@could

bound %z, by O~(Ag\ /k/m) that depends on My in a logarithmic manner. However; the bound
produced by LemmaEIdepends linearly on M, see term %ﬁ:('@ in . From , My should

be proportional to the Lipschitz constant of |e; g|, which scales as % (Lemma . The issue is that

in many cases we need to take extremely small /3 to guarantee that (2.6) holds true (e.g., we take
B =< k/m in 1-bit GCS). Thus, Lemma @ produces a worse bound compared to our TheoremIZl

Q
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4 Conclusion

In this work, we built a unified framework for uniform signal recovery in nonlinear generative
compressed sensing. We showed that using generalized Lasso, a sample size of O(k/e?) suffices to
uniformly recover all z € G(B%(r)) up to an /y-error of €. We specialized our main theorem to 1-bit
GCS with/without dithering, single index model, and uniformly quantized GCS, deriving uniform
guarantees that are new or exhibit some advantages over existing ones. Unlike [33]], our proof is
free of any non-trivial embedding property. As part of our technical contributions, we constructed
the Lipschitz approximation to handle potential discontinuity in the observation model, and also
developed a concentration inequality to derive tighter bound for the product processes arising in the
proof, allowing us to obtain a uniform error rate faster than [|17]]. Possible future directions include
extending our framework to handle the adversarial noise and representation error.
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Supplementary Material

A Unified Framework for Uniform Signal Recovery in Nonlinear
Generative Compressed Sensing

(NeurIPS 2023)

A Technical Lemmas

Lemma 2. (Lemma 2.7.7, [50]). Let X,Y be sub-Gaussian, then XY is sub-exponential with
IXY Ny < N X Maa 1Y 45

Lemma 3. (Centering, [50, Exercise 2.7.10]). For some absolute constant C,
CIX |y, -

Lemma 4. (Bernstein’s inequality, [50, Theorem 2.8.1]). Let X1, ..., X n be independent, zero-mean,
sub-exponential random variables. Then for every t > 0, for some absolute constant c we have

P ‘ZN:X >t] <2exp —cmin{ r t }
=) S X2, macisn [ X,

Lemma 5. ( [36]], statement adapted from [ 16, Theorem 8]). Let g = gz(a) and h, = hy(a) be
stochastic processes indexed by x € X C RP', v € V C RP2, both defined on some common random
variable a. Assume that (A1.) in Theorem 2| holds, and let a1, ..., @, be i.i.d. copies of a. Then for
any u > 1, with probability at least 1 — 2 exp(—cu?) we have the bound

X —EX|y, <

3 (al@)o(01) — Elgala)h (@)
=1

sup
xzxeX
veY
<C((Mg~w(X)+u~Ag)'(Mhow(V)+u~Ah) (A.1)
- m
n Ag ~M;L-w(V) —|—A}L-Mg ~w(X)—|—u-AgAh)
vm ’

where w(-) is the Gaussian width defined as w(X) = Esup,c g' © where g ~ N(0, I,,).

The proofs of the remaining lemmas will be provided in Appendix D] (Some simple facts such as
Lemma 8| were already used in prior works; while we provide the proofs for completeness.)
Lemma 6. (Metric entropy of some constraint sets). Assume K = G(BE(r)) for some L-Lipschitz
generative model G. Let K~ = K — K, for some T > 0, € (0,1) let K7 := (TK~) N (B} (26))6,
and further define (KK )* = {ﬁ : z € K_ }. Then for any n € (0, Lr), we have

L L
) < Klog 222 (1=, ) < 2klog 22
n n

12T L 12T L
Lo (D) ) < 2klog ——,

€n

A (KZ ) < 2klog

where H (-, ) is the metric entropy defined in Definition 2}

Lemma 7. (Bound the ¢5-norm of Gaussian vector). If @ ~ N(0, I,), then P (|||al|z — v/n| > t) <
2exp(—Ct?). In particular, setting t < \/n yields P(||al|2 > /n) < 2exp(—Q(n)).
In the following, Lemmas 8}[TT]indicate suitable choices of T in the concrete models we consider.

These choices can make p(x) in (2.3) sufficiently small or even zero.
Lemma 8. (Choice of T in 1-bit GCS). If a ~ N(0,I,,), then for any € S"~! it holds that

E[sign(a'z)a] = \/g:c

Lemma 9. (Choice of T in 1-bit GCS with dithering). If a ~ N(0,1I,,) and 7 ~ % [—X, \] are
independent, and A = C R+/log m with sufficiently large C, then for any x € BY(R) it holds that
|E[sign(a’z + 7)a] — £[|2 = O(m™?).

17
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Lemma 10. (Choice of T'in SIM). If a ~ N(0, I,,), for some function f and any = € S"~* it holds
that B[f (a'x)a] = px for p = E[f(g)g] with g ~ N(0,1).

Lemma 11. (Choice of 7 in uniformly quantized GCS with dithering). Given any § > 0, let
T~ U-5, 8] and Qs(-) = 6(| 5] + 3). Then, for any a € R, it holds that E[Qs(a + 7)] = a.
In particular, let a € R™ be a random vector satisfying E(aa’) = I,,, and 7 ~ U%[-%, 2] be
independent of a, then we have E[Qs(a”x + 7)a] = =.

Lemma [T2]facilitates our analysis of the uniform quantizer.

Lemma 12. Let f;(-) = 6(| =57 | + ) for 7 ~ % [—35, 5], and f; 5(°) be defined in for some
0 < B < 3. Moreover, let & g(a) = fi5(a) —a, £;,5(a) = fig(a) — fi(a), then for any a € R,
i,p(a)| <20, |e5,5(a)| < 6 holds deterministically.

More generally, the approximation error |e; g(a)| can always be bounded as follows.

Lemma 13. Suppose that f; satisfies Assumption and for any 8 € [0, %0] we construct f; g as in
. Then, for any a € R, we have |g; g(a)| < (% + Bo)1(a € %5, + [—g, g])

B More Details of the Proof Sketch

B.1 Set-Restricted Eigenvalue Condition

Definition 4. Let S C R". For parameters vv,§ > 0, a matrix A € R™*"™ is said to satisfy
S-REC(S,~, ) if the following holds:

|A(z1 — x2)||2 > Ylle1 — ®2|]2 — , V1,25 € S.

It was proved in [2]] that \/—%A satisfies the S-REC with high probability if the entries of A are i.i.d.
standard Gaussian.

Lemma 14. (Lemma 4.1 in [2]). Let G : B5(r) — R™ be L-Lipschitz for some r, L > 0, and define
K = G(BE(r)). Forany a € (0,1), if A € R™*" has i.i.d. N'(0, 1) entries, and m = Q(% log &),
then ﬁA satisfies S-REC(K,1 — «,8) with probability at least 1 — exp(—Q(a?m)).

B.2 Lipschitz Approximation

The approximation error €; (-) can be expanded as:

0 7/& ifx¢@fi+[_g7§]
Ei,B(JJ) _ fla(xO) . fz(x) _2[f; (%)*fi(20*5)](900*90)7 ifr e [Z'O _ %71.0]7 (31.0 c ‘@fi)
(@o+2)— £ (x0)] (z—a .
f2(wo) — filw) + Aot D= LElm0) g g e 2, g + 5], (w0 € 9y,)

?

Although |e; g| is Lipschitz continuous, &; 4 is not. In particular, given o € Zy, we note that

giplzo) = lim e 5(x) = fi'(xo) — fi (w0) = 1(ff(xo) — i (%)),

TT 2

el g(wo) = lim e p(x) = f{(z0) — [ (w0) = 1(fi_ (z0) — fi" (20)).

fE—).’EO 2

Thus, it is crucial to include the absolute value for rendering the continuity.

C Proofs of Main Results

C.1 Proof of Theorem

Proof. Up to rescaling, we only need to prove that ||& — T'x*||2 < 3e holds uniformly for all * € K.
We can assume ||& — T'x*||2 > 2¢; otherwise, the desired bound is immediate.

14
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Specifically, we invoke Lemma |14

LIr) with probability at least

€

(1) Lower bounding the left-hand side of (3.1)).
2
s

We use S-REC to find a lower bound for || %(:ﬁ —Tx*
which gives that under m = Q(klog
.1

€

with a = 1 and 6 = 55,
1 — exp(—cm), the following holds:
A 1
H\/%(xl — )| = 5llen - aalls - % V@, @, € K.
= %,mg =x*in

Recall that we assume || — T'x*||s > 2¢, T~1% € K, and * € K, so we set T,
1
: |12 = T=2"|],.

L
>
, 2T = 4T

2

(CI) to obtain
(1)
—|=—=
Vm\T

Thus, the left-hand side of (3.1) can be lower bounded by Q(||& — T'z*|3).

(2) Upper bounding the right-hand side of (3.1).

As analysed in li and lb the right-hand side of l| is bounded by 2||& — T'x*||2 - (e%’m -h%ug),
so all that remains is to bound %1, Z.2. In the test of the proof, we simply write sup,, ,,
SUP,cc ye (k- )+ and recall the shorthand &; 5(a) = fis(a) — Ta. Thus, the first factor of . is

given by &; 5(a; ). By centering, we have
1 m
Fu <sup— Y {[& s(a]@)](a] v) - B[l s(a] @)|(a] v)]} +sup E[[& s(a] 2)](a] )],
T, v ,v
Rul,e
(C.2)

i=1
HRui,c

and
Rz < sup {1 Z |5i’5(a:w)|’al—-rv| - ]Eﬂsiyg(a;rm)Ha;r'vH } +sup]EH5i,5(a;ra:)Ha;rUH .
zv | T i1 x,v
Ru2,e
(C.3)

%u’.’,c

We will invoke Theorem [2] multiple times to derive the required bounds.
(2.1) Bounding the centered product process %, .
Jx) and hy(a;) = a; v, and write

i

We let gz (a;) =& g(a
1 m
Rut,e = Swui) m z; {gm(ai)hv(a‘i) - E[gm(ai)hv(ai>]}-
=
We verify conditions in Theorem [2]as follows:
» Forany x,z’ € K, because &; g is (LO + % + T) -Lipschitz continuous (Lemma , we have
By
192 (@) = gar (@), < (Lo +T + F)Ila?w —a; @y,

B
— O(LO + T+ FO)H:B — |2

* Since a; ~ N(0,1,,), by Lemma[7] with probability 1 — 2exp(—£(n)) we have ||a;|lz =

O(y/n). On this event, we have
B
92(a5) = gor(@)| < (Lo + T+ =2)lal @ — o/ @'
Maill2llz — 2|2

= O(\/H{Lo + T+ %DH:}C — |2

B
S(L0+T+FU

https://doi.org/10.52202/075280-0361
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e Recall (K7)* in (3.2). Since (K7)* C S"~%, for any v,v' € (K.)*, we have ||a; v —
a] ', = O(1) [ — v'2. and when |la | = O(y/m) we have |a; v — @] v/| < [a,lls][v
v'|l2 = O(y/n)||lv — v'||2. Moreover, because (K. )* C BY, for any v € (K_)* we have
la; vllu, = O(1), [a] 0] < [laslls = O(v/n).

Combined with Assumptionand its parameters (Agl), Uél), Po(l)) and (Agz), UéQ), PéQ)), R,
satisfies the conditions of Theorem 2] with the following parameters

B
ngL0+T+?O, AQ:Agl),thl, Ap =<1

B
Ly=v/n(Lo+T + ?0)’ Uy =UW, Ly < vn, Uy < v/n

and Py = Pél) + 2exp(—(n)). Now suppose that we have

A(gl) Agl)
m 2 | K, + | (K2)", , (C4)
Vil + T+ ] VU T A)

and note that by using Lemma 6] (C-4) can be guaranteed by

(1) (1)
Lry/ B T A
m 2 klog %[n(Lo—i—T—&-fo)-&- (VU + Ay )} .
Ag B €

(C.5)

Then Theorem [2| yields that the following bound holds with probability at least 1 — mPo(l) —
Cexp(—Q(k)) — mexp(—Q(n)):

1

B o] < 22| (K 4 + | (Ke) A
el S 7% " Vmn[Lo + T + 22] T m(yaush + D)

< A(l) k og LT\/?%
~ A(l)

g

(Lo +T + %)Jr :

(2.2) Bounding the centered product process %, ..

We let g (a;) = |e; g(a; x)| and hy(a;) = |a; v|, and write

Auze =~ >~ {gu(@i)ha(a) — Elga(a)ho(a:)]}.

We verify the conditions in Theorem [2]as follows:

* Forany z,z’ € K, because |¢; g| is (2Lo + %)-Lipsehitz continuous (Lemma , we have
By T T,/
192(@:) = gar (@), < (2Lo + ?)”ai ©—a; @'y,

B
=O0(Lo + ?”) |z — 2|5

« By Lemma(7] with probability at least 1 — 2 exp(—£(n)) we have ||a;||2 = O(y/n). On this
event, we have

B
|92(a:) = 9o (ai)] < (2Lo + —)la] @ — a/ @/|

B

B,
< (2Lo + FO)||az‘||2||~’B S ar
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« Forany v,v’ € (K)* we have |||a] v| — |aTU’|||w2 <|la) (v = v")|lp, = O()||v — V'[|2.
Similarly as before, we assume ||a;|2 = O(y/n), which gives |a, v — a v'| < ||a;||2|v —
v'[|2 = O(y/n)||v — v'||2. Moreover, (K.)* C BY implies |||a; ”|H¢ = O( )and |a] v| <
lla;i|l2]|v]]2 = O(y/n) holds for all v € (K7 )*.

Combined with Assumption [3| %, . satisfies the conditions of Theorem 2 z with

M, L0+B , Ag= AP My, <1, A, < O(1)

By
Lg = \/7(.[/()—"—

5
and Py = (2) + 2exp(—(n)). Suppose we have
572) A§2)
= 57| T | (K, ;
Vmn[Lo + 2] V(AP + U
which can be guaranteed (from Lemmal6) by

L’I”\/TT’I BO

Uy =UP, L, < v/n, Up < v/n

mzjf(IC

€

T(A5” + vaUg”) ]) _ (k)

Then, we can invoke Theorem 2] to obtain that the following bound holds with probability at least
1—mP? — 2mexp(—Q(n)) — Cexp(—Q(k)):

a0 s P
|<%u2 C| S T H ]C, ﬁ + A (’Ce )*, (2) (2)
m manlLo + 2] V(AP + iU

TM9+¢HfW>

(C.8)

By
F {n(LO + ?) +

€

(2.3) Bounding the expectation terms %, ¢, %2, c-

Recall that §; g(a) = f; 3(a) —Taande; g(a) = f; g(a)— fi(a),and so & g(a) = €; 5(a) + fi(a)—
Ta. Hence, by using E[a;a; ] = I,, and ||v|2 = 1, we have

Ruyl,e < suplE[(fi(aiTm) - TaiTa:) (aiT'U)] + supE[[eiﬁg(aZm)]a;v]

< sup |Elfi(af 2)a;] - Tz|, + sup Elei s(a] z)[|a] v|] (C.9)
x x,v

< sup p(x) + Zu2,e,
xeX

where p(z) is the model mismatch defined in (2.3)), and %2 . is defined in (C.3). It remains to bound
PR2,e, Tor which we first apply Cauchy-Schwarz (with ||v||2 < 1) and then use Lemmato obtain

Ruze = supElle; p(a] x)l|a; v]]

< sup \/Elle; 5(a] 2)[2)y/Ella] o]
B B
<21€12\/ {Iszﬁ(a w)lzll(a x € Dy, + [_2’2})] (C.10)

< (3L203 +Bo) sup \/1P<aiTa: € Dy + [* géD

< (3L°B sup 1/ i (),

2 xzell

+ BO)

17
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where we use Lemma|13|in the third and fourth line, and pg(x) is defined in (2.4).
(3) Combining everything to conclude the proof.

Recall that in Assumption[d] we assume that

k
1y 4@y, [
xeX g g ) m’

sup p(z) S (A]

and we take sufficiently small 3; such that

k
(Lof1 + Bo) 2161% \/m < (Aél) V AEJQ)) L

m

then by setting 3 = 3, the derived bound of %1, + Zu2,c (see (C.6) and (C.8)) dominates that of
r%ul,e + %uQ,e (See " and )’ and so %ul + '%u2 5 '@ul,c + '%ulc-

Recall that (C.6) and (C.8) are guaranteed by the sample size of (C.3)) and (C.7), while (C.3) and

(C7) hold as long as
I B T W 7@y 1 (4D 4@
mzklog< L gy Boy y TR VU 1 (457 A7)
A A A A €
=kZ (here we use .Z to abbreviate the log factors)
(C.11)
with probability at least 1 — m(Pél) + Pé2)) —mexp(—(n)) — Cexp(—Q(k)) we have
k&
Rt e+ Buze S (AD VAR [ ==
Le+ Ruze S (A, 5 ) -
Therefore, the right-hand side of (3 can be uniformly bounded by
kL
O ||&—Ta*|2- (A v ARD) == ] . C.12
<|w 2 - (A v AP [ c12)

Combining with the uniform lower bound for the left-hand side of (3.1), i.e., Q(||& — Tx*|3), we
obtain the following bound uniformly for all 2*:

. " kZ
& — Tz*|2 S (ALY v AR et
Hence, as long as
2okZ
m 2 (A v AP)
we again obtain ||& — T'z*||2 < 3¢, which completes the proof. O

C.2  Proof of Theorem
Proof. Step 1. Control the process over finite nets.

Recall that X and V are the index sets of « and v, as stated in Theorem [2] We first establish
the desired concentration for a fixed pair (@, v) € X x V. By Lemma 2] |gz(a;)ho(as)|y, <
|92 (@i) ||y || Pov(@i) ||y, < AgAp. Furthermore, centering (Lemma gives

192 (@i)ho(@i) = Elgz(ai)ho(@i)llly, = O(AgAp).
Thus, for fixed (z,v) € X x V we define

1 m
Im,v == E Z Jx (U/i)hu (az) — E[gm(a1)hv (av)] .
i=1
Then, we can invoke Bernstein’s inequality (Lemma ) to obtain for any ¢ > 0 that

. t 2 t
IP(|I:,M,| > t) < 2exp (—cmmln { (m) ’AAh}) . (C.13)
g g

1R
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We construct Gy as an 7;-net of X', and G5 as an 72-net of V, with both nets being minimal in that
log |G1| = 22(X,m1), log |Ga| = H(V, 12), and where 7)1, 72 are to be chosen later. Then, we take
a union bound of (C.13)) over (x,v) € G; x Gs to obtain

2
P sup Iz >t S26Xp<%(X,n1)+%(V,n2)—cmmin{( t ) t })

x€G, AgAn/ T AgAy
vEG2
(C.14)
Now we set t =< A A \/ W for a sufficiently large hidden constant. Then, if

m > C(H(X,m) + H#(V,n2)) for large enough C' so that ﬁ < 1 (we assume this now and
will confirm it in (C.21) after specifying 1, 72), (C.14)) gives

‘%p(‘)(ﬂh) +%(V7772)

m

P sup Iz 2 AgAh\/ < 2exp (—Q(%(X,m) + %(V,ng)))

xzeGy
vEG)

Hence, from now on we proceed with the proof on the event

sup Ty < AgAh\/ A X m) + AV, 1) (C.15)
vl "

which holds within the promised probability.

Step 2. Control the approximation error of the nets.

We have derived a bound for sup,eg, veg, |lz,v|, While we want to control I = sup,e v yey e vl
so we further investigate how close these two quantities are. We define the event as

& = {the events in (3.7) hold for all a;, i € [m]},

then by assumption (A2.) in the theorem statement, a union bound gives P(&1) > 1 — mP.
In the following, we proceed with the analysis of the event &;. Combining with wWe now
bound |I .| for any given * € X,v € V. Specifically, we pick ' € Gi,v" € G such that
e’ — x||2 < m, ||v" — v||2 < 12, and thus we have

+ %(Vﬂb)

m

X
‘Im,vl S ‘Im/,v/|+|]’:n,v*]’m’,'v’| S O (AgAh\/%( 77]1) >+|Im,'v]m’,v’|~ (C16)

Moreover, we have

‘Iw,v - Iw’,v’|

m

(90 (@) ho(@i) = gor (@i)hor (@) = m - B(go (@i ho(@i) = gor (@) (a:)) ‘

< % Z |92 (@i)ho (@;) — gar (@) hey (@) + B g (@i) R (@) — gar (@) o ()]

errp

erry

(C.17)
We bound err; using the event &7 as follows:
e <1zm:| (a;) (@i)] - [ho(@i)| + [ho(a;) — hor (@) - |92 (ai)]
- el N o la)l - ) N B Aa) o (a,
1_,’,”‘2-:1 gz \Q; 9z % v \Ag v \Aj v 4 9z %
1 m
< 2|t e =@l Ut L o= v'la- 0, ©18)
< LS LyUm + Lalgm| = Lyl + LU
= g hrT h g772 — Lyg r h gn2~

©
I
=

10
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On the other hand, we bound errs using assumption (Al.)in the theorem statement. Noting that
E|X| = O(||X||y,) [50l Proposition 2.7.1(b)], and further applying Lemma|2] we obtain
erry S [|9e(@i)ho (i) — gar (@i)ho (@i) ||y,
<19 (@i) = gar (@) hoy (@) [y + [|gar (@i) (hw(@i) = P (@),
< gz(@i) = gar (@i) s | ho(@i) 4, + (|92 (@i) s 1 ho (@i) = o (@) ]y,
S M-l — a2 Ap+ Ag - My - [|o = '[l2 < My Apm + AgMpns.
Note that the bounds (C.18)) and (C.19) hold uniformly for all (x,v) € X x V, and hence, we can
(C.16]

substitute them into ) and ( ) to obtain

(C.19)

H(X,m) + AV,
1 0] < O <A9Ah\/ ( m)m ( 772)> + (LyUp, + My Ap)m + (LpU, + My Ag)ns.
xTe

vey

(C.20)
Recall that we use the shorthand Sy 5, == LUy + MyAp and T, , = LpU, + MpA,. We set
m = \/’ili’;hh, Mo X \/‘%’?hh so that the right-hand side of (C.20) is dominated by the first term.
g,h g,h |
Overall, with a sample size satisfying

m=0 (%(x%) +(v, \%ﬁ:h)) 21

we can bound I = sup,c y SUPycy |le,»| (defined in the theorem statement) as

\/jf(z’\f, AgApm= V2S00 ) + A (V, AgApm=112T, )

I<AGA, - (C.22)
with probability at least

1 — mPy — 2exp [—Q (%(X \/‘%) +#(v, f%%”h)ﬂ .
This completes the proof. ) ) O

D Other Omitted Proofs

D.1 Proof of Lemma (Lipschitz continuity of f; 5 and ¢; 3).

Proof. 1Tt is straightforward to check that f; 3 and |¢; g| are piece-wise continuous functions; hence,
it suffices to prove that they are Lipschitz with the claimed Lipschitz constant over each piece.

In any interval contained in the part of z ¢ Py, + [—g, g], fi,s = fi and |&; g| = O trivially
satisfy the claim. In any interval contained in [xg — g, xo] for some zy € Zy,, fi p is linear with
slope Z (fi*(xo) — fi(zo — 5Y), combined with the bound |f{ (o) — fi(zo — 5)| < [ff(x0) —
£ @)l + |f7 (wo) — filzo — 5)I < WLM + L98 < 1(By + LoB), we know that f; 5
is (Lo + %)-Lipschitz. Further, |e; 3| = |fi s — fi|, and f; is Lo-Lipschitz over this interval, so
lei | is (2L0 + %)-Lipschitz continuous. A similar argument applies to an interval contained in

(20, Zo + %} O

D.2 Proof of Lemma@ (Metric entropy of constraint sets).

Proof. Bounding J# (K, n).

By [50, Corollary 4.2.13], there exists an (%)-net G, of ]]3%]2“ such that

2L 3L
log|Gi1| < klog (—T + 1) < klog—r,
n n
where we use 7 < Lr. Note that 7Gy is an ()-net of B (r), and because G is L-Lipschitz, G(rG:)

is an n-net of KC, thus yielding 7 (KC, ) < klog 3—?

20
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Bounding 7 (K~,n) and 2 (K_ 7).

We construct G, as an (%)-net of K satisfying log |Ga| < klog %. Then, it is easy to see that
Gs — Gy is an -net of X~ = K — K, showing that

6L
H(K™,n) <log|G2|* < 2klog TT

For a given T' > 0, this directly implies 57 (TK~,n) < 2klog %. Moreover, because K. C

TK™, by [50, Exercise 4.2.10] (which states that 72 (Ky,7) < (Ko, 5) holds for any r > 0 if

K1 C K9) we obtain
12T Lr

Ui

H(K.,n) < (%”(TIC* ) < 2klog

Bounding 57 ((KK2)*, n).

We construct G as an (en)-net of K_ satisfying log |G5| < 2k log @ , then we consider (G3)* :=
{ﬁ 1z € Qg} We aim to prove that (G3)* is an n-net of (K )*. Note that any 21 € (K )* can

be written as for some z; € K and recall that ||z1||2 > 2¢e. Moreover, by construction, there

Hz Tz

exists some z3 € Gs such that ||z — z2||2 < en. Note that Hz B € (G3)*, and moreover we have
‘ z1 2 ’ z1 2 2 2
1zl Nlz2llzlly = lHllzallz =zl lly  IHlzallz lz2ll21]
_ llzr=2ll2 | [llz2ll2 = l[21]2]
l[Z1]]2 (e

2||z1 — 22||2 < 2EQ _
[21]]2 2¢

Hence, we obtain

12T Ly
H((KE) ) < log|(Gs)7| < log|Gs] < 2klog ——=,

which completes the proof. O

D.3  Proof of Lemma [§|(Choice of T in 1-bit GCS).

Proof. Since x € S"~1, for some orthogonal matrix P we have Px = e; (the first column of T,,).
Since @ := Pa = [a;] has the same distribution as a, we have

E[sign(a'x)a] = E[sign(a' e;)P'a] = P E[sign(a)a)

o

O
D.4 Proof of Lemma@] (Choice of T in 1-bit GCS with dithering).
Proof. We first note that
HIE sign(a’z +7) H ~ sup (E[X-sign(a’z+7)a"v] —zv). (D.1)

veS"*l

We first fix a and expect over T ~ % [— A, A] to obtain

E, [ sign(a'x + T)aTv}

2\ 2\
=(a'z)(a"v)1(la"x| < \) + (\a"v)sign(ax)1(|a" x| > \).

=(\a'v) (Jl(aTwI > \)sign(a’@) + L(la"a| < A)- (/\ ta'z - aTm)>

21
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We plug this into (D.1), and note that x "v = E[(a x)(a "v)], which gives
HIE] sign(a’z +7)a H

:i vesggl E ([(x\a v)sign(a'x) — (aTsc)(aTv)} 1(|a" x| > )\)) (D.2)

1
<- sup E ([/\\aT'U\ +la"z|la"v[]1(la"z| > N))
A vesSn—1
For any « € B} (R) and v € S"~!, we have ||a "z, = O(R) and |lav||y, = O(1). Applying
the Cauchy-Schwarz inequality, we obtain

E ([)\|aTv| + |aT:BHaTv|]]l(|aTx| > )\))

g\/IE[()\|aTv| + |wTaaTU\)2]\/]P(\aTm| > )

§\/2(/\2E laTv]?] + E[(a"x)?(aTv)?])\/2exp(—cA?/R?)
C)‘2> <A
RZ) ~ m9

Note that in the third line, we use the probability tail bound of the sub-Gaussian |aTw|, and in the last
line, we use A = C' R+/log m with some sufficiently large C'. The proof is completed by substituting

this into (D.2). O

D.5 Proof of Lemma (Choice of T" in SIM).

<\lexp (

Proof. This lemma slightly generalizes that of Lemma|[8] We again choose an orthogonal matrix
P such that Px = e, where e; represents the first column of I,,. Since a and Pa have the same
distribution, we have

E[f(a'x)a] = P'E[f((Pa)'e1)Pa]

=P'E[f(a"e1)a] = P (ue1) = ux.

D.6 Proof of Lemma (Choice of T in uniformly quantized GCS with dithering).

Proof. In the theorem, the statement before “In particular” can be found in [[18, Theorem 1]. Based
on this, we have E[Qs(a'x + 7)a] = E,E,[Qs(a’ = + 7)a] = Ey(aa' ) = . O

D.7 Proof of Lemman 12} (Bounds on |¢; 5| and |¢; 3| for the uniform quantizer).

Proof. By the definition of f; 5 in (3.4), we have |¢; 5(a)| = |fi s ( ) — fi(a)| < 6. It follows that
fi(-) = Qs(- + 1) with Qs(a) = 5(L J 1),and |Qs(a) —al < § holdsforanyaeR Hence, we

have |f;(a)—a| = |Qs(a+7)— (a+7)+7\ <|Qs(a+T1)— (a+7')|+|7'| < $+2 = . To complete
the proof, we use the inequalities |£; g(a)| < |f1,5( ) — fila)| + | fi(a) — a| < 5 + 4§ = 24. O

D.8 Proof of Lemma (Bound on the approximation error |¢; 5)

Proof. Foranya ¢ 9y, 4[5 5, 2] by the definition in (3.4) we have ¢; g(a) = 0. If a € [zo— é , o)
for some z¢ € Zy,, then we have

leip(a)| =|fip(a) — fi(a)]
<Ifi,s(a) = fi,p(xo)| + | fi,p(x0) = fi (o)l + | fi (o) — fi(a)]

<(2o+ 57 la— ol + |77 (@0) = £ (@) + Lolea ~

B 1 3L
4”*%)%~Wm%ﬁmm;ﬁ+m
where we use Lemma |l|and Assumption [2in the third line, and use |a — x| < and fa(xo) =
% (fi_ (wo) + fi+ (xo)) in the fourth line. O

77
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E Parameter Selection for Specific Models

E.1 1-bit GCS

To specialize Theorem [I]to this model, we select the parameters as follows:

. Assumption Under the 1-bit observation model y; = sign(a; *), the function f;(-) =
f(-) = sign(-) satisfies Assumption 2] with (Bo, Lo, 8o) = (2,0, 00).

. in Assumption@ Recall that K C S"~!. Under the assumption ||z*||» = 1, we set
T = \/2/7 so that p(x) = O holds forall z € X (Lemma, which provides

. Assumption By Lemma we have P(]lall2 = O(v/n)) > 1 — 2exp(—Q(n)), and we
suppose that this high-probability event holds. Also note that | f; g| < 1. Hence, we have

I€i,5(a" @)l < I fip(a@™ @)y, + I Ta 2y, = O(1),
sup &ip(a’ @) < |fip(a"@)| +|Ta" 2| <1+ Tllalls = O(Vn).
xe

Because ;3 = fig — fi, we have ||lg; s(a’ x)||y, = O(1), and |e; g(a’x)| < 2 holds
deterministically. Hence, regarding the parameters in Assumption 3} we can take

A = 1,00 = v, Y = exp(—0(n)), AP = 1,UP < LR =0.
* (2.6) in Assumption[d] It remains to pick 8, that satisfies (2.6). Note that 2y, = {0}, and for
any x € K,a'x ~ N(0,1), so we have
psla) = IP(aTa; e [— c —D —0(8).

Thus, we take 8 = 51 < % to guarantee 1!

E.2 1-bit GCS with dithering

To specialize Theorem I]to this model, we select the parameters as follows:

» Assumption 2| The observation function can be written as f(-) = sign(- + 7) with 7 ~
% |-, A}, which satisfies Assumption 2] with (Bo, Lo, 8o) = (2,0, 00).

 (2.5)in Assumption@ We set A = C'R+/log m with C' large enough, so that Lemma|§| justifies
(2.5)

. Assumption By Lemma we have P(|lalla = O(v/n)) > 1 —2exp(—(n)). Assume this
event holds, and note that f; 3 is still bounded by 1, we have

lgis(a’®) v, < I fipla’ @)y, + 1N a 2]y, = O(R/N) +O(1) = O(1),
sup [&,5(a’ @) <1+ sup [A"'a 2| <1+ sup A allz]|z]|2 = O(vn).
xzek xzek xzel
Moreover, because ¢; 3 = fi 5 — fi, the following hold deterministically: ||g; s(a' )|y, =

O(1), supgex |eis(a’x)| = O(1). Thus, regarding the parameters in Assumptionwe can
take

AP =1, UV = Vi, BV < exp(-Q(n), AP =1, UP =1, BY = 0.

* (2.6) in Assumption [d It remains to confirm (2.6) for suitable 1. For any 3, note that
Dy, + [—g, g] =[r— g,r + g], and hence for any = € K C B3 (R) we have

Mﬁ(w):IP(anL’E [_T_g’_7+§D =IP<aTac+T€ {—g,gb S%

which can be seen by conditioning on a. Hence, we can take 5 = 31 = % to guarantee (2.6)).
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E.3 Lipschitz-continuous SIM with generative prior
To specialize Theorem [I]to this model, we select the parameters as follows:

* Assumption Since f is ﬁ-LipschitZ by assumption, it satisfies Assumption |2| with
(BOa LO) /80) = (07 La Q).
(2.5) in Assumption 4 Recall that we have defined the quantities p = E[f(g9)g],v =
| f(9)|lo, Where g ~ N(0,1). Then, we choose T' = p so that p(x) = 0 holds for any x

(Lemmal[T0), thus justifying (2.5).
* Assumption (3 I Because f; is L- -Lipschitz and does not contain any discontinuity, there is no

need to construct the Lipschitz approximation f; g for some 3 > 0, while we simply use 3 = 0,

which implies f; g = f; and €; g = 0. Note that §; g(a) = f;(a) — pa, and so we have
IfiaT®) — paT x|y, <|fila’@)lly, + |na’ @y, = O + p).

We suppose ||a|l2 = O(y/n), which holds with probability at least 1 — 2 exp(—2(n)) (Lemma

; we also suppose f;(0) < B, which holds with probability at least 1 — P} by assumption.
On these two events, we have

fila"®) — pa'z| < [fi(aTx) — fi(0)] + |£i(0)] + ulallz] |l
< Lllallz + B+ pllallz < (L + p)vn + B.

Combined with €; g = 0, we can set the parameters in Assumption|3|as follows:

AP =g+ p, ;” = (L+pvn+ B, Py =< Pj+exp(—Q(n)),
=¢+p, U =0, BY =0.
* (2.6) in Assumption[d Because 5 = 0 and 7y, = @, (2.6) is trivially satisfied.

E.4 Uniformly quantized GCS with dithering

To specialize Theorem E]to this model, we select the parameters as follows:

» Assumption[2] The uniform quantizer with resolution § > 0 is deﬁned as Qs(a) = 0([ %] +3)

for a € R. We consider this quantizer with dithering 7; ~ % [ 5 2] Specifically, we observe
= Qs(a; * + 7;), so the observation function is f(-) = Qs(- + 7) with 7 ~ % [-3, 3].

Hence Assumption [2|is satisfied with (By, Lo, 8o) = (4,0, ).

in Assumption 4} The benefit of dithering is to whiten the quantization noise. With T' = 1,

for any ¢ € IC, Lemma.lmphes p(z) = |E[Qs(a; x + 7;)a;] — x| = 0, thus justifying

2.5).

Assumption 3, Note that for any 5 € (0, %), by Lemma we can take the parameters for

Assumption [3[as follows:

AW UM, AP U <6, PV = PP =0.

* (2.6) in Assumption [} All that remains is to pick 5 = (3 that satisfies (2.6). Because
D, = —T; + 0Z, hence for any € K we have

pp(@) =P(aTw e —7+0Z+ [—%%D =P(a’z+reiz+ [—gg]) :0(?),

)

which can be seen by using the randomness of 7 ~ %[5, %] conditionally on x. Hence, we

take 0 = 51 < %, which provides .
F Handling Sub-Gaussian Additive Noise

In this appendix, we describe how our results can be extended to the noisy model y = f(Ax*) + n,
where 7 € R™ is the noise vector that is independent of (A, f and has i.i.d. sub-Gaussian
entries 7, satisfying ||7;||y, = O(1). Along similar lines as in (3.1)-(3.3), we find that n gives

rise to an additional term 2 (n, A(Z — T*)) to the right-hand 51de of (3.1), which is bounded by

24
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2[|& — Ta™||2 - Sup,, ¢ sc- - L (n, Av), with the constraint set (K. )* defined in ( 2. Thus, in l|
in addition to Z,,, in the noisy setting we need to bound the additional term

1 m
R, := sup —(n,Av)= sup —Zma?’u.
ek ) M ek Mo
This can be done by the following lemma, which indicates that the sharp (uniform) rate in Theorem ]

can be retained in the presence of noise 7.
Lemma 15. (Bounding the additional term R)). In the noisy setting described above, with probability

TLr

at least 1 — Cy exp(—Q(k log TLT)) — Cyexp(—Q(m)), we have R!, < ’“L

Proof Conditioning on 7, the randomness of a;’s gives —- Z —1 M@ ~ N(0, H;’JQ‘?I ), and so
T omay) Toy — (237 mia) Tog M holds for any v;, v2 € R™. Let

m i=1"1 m i=1"11 m, y )
w(- ) be the Gaussian width as defined in Lemmal 5} Then, using the randomness of a;’s, Talagrand’s

comparison inequality [S0, Exercise 8.6.5] yields that for any ¢t > 0, we have

IP(R;L < Cilnllz - [Wsl(’c;)*) +t]) > 1 — 2exp(—t?). (F.1)

Next, we bound the Gaussian width w((K7)*). Recall that (K )* is defined in (3.2), and Lemma 6]
bounds its metric entropy as 7 ((}C7)*,n) < 2klog 123;7“ . Thus, we can invoke Dudley’s integral
inequality [50, Theorem 8.1.3] to obtain

2
12TL TL
)SCQ/ \[ 2k log rdng klog 4
0 €n

Now, we further let ¢ = q/klog in to obtain that R], < lmllzy/klog Z2% klog holds with

probability at least 1 — 2 exp(—k log TTL’") It remains to deal with the randomness of 1 and bound
[In||l2. Because n has i.i.d. entries with |[7;]|y, = O(1), by [50, Theorem 3.1.1] we can obtain
that ||n]ls < Cg,f with probability at least 1 — 2exp(—csm). Substituting this bound into

Rl < < lnll2y/klog =% log , the result follows. O

additive noise 1. Specifically, the left-hand side of (3.1) and its uniform lower bound Q(||& — Tw* 12)
remain unchanged, while the right-hand side of (3.1) is now bounded by 2||& — T'x*||2 - u1 +
Ryo + R.,) (with 2||& — Tx*||2R,, being the additional term); thus, combining the bound ( on
2|& — Ta*||2 - (Zu1 + #u2) and Lemmall3] we establish a uniform upper bound

o K7  |klog ILr
oz -Te H2~[(Aél)\/A§2))\/W+ T]

for the right-hand side of (3.1)). Therefore, to ensure uniform recovery up to the £5-norm accuracy of

€ under the sub-Gaussian noise 1, it suffices to have a sample complexity

) k‘ g k IOg TL'r‘
572 2 :

To close this appendix, we briefly state how to adapt the proof of Theorem [I]to explicitly include the
3]

m 2 (AN v AP) (F.2)

€

Since the logarithmic factors .Z in li dominates log TLT D indeed coincides with the sample
complexity m 2 (A(l) Y A(z))2 EZ in Theoremunder the mlld condition of A Dy A(z) Q(1).

G Experimental Results for the MNIST dataset

G.1 Details of the Settings

In this section, we conduct experiments on the MNIST dataset [28] to support our theoretical
framework. We use various nonlinear measurement models, including 1-bit, dithered 1-bit, ReL.U,
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Figure 2: Reconstructed images of the MNIST dataset for the noiseless 1-bit measurements with
m = 150.

and uniformly quantized CS with dithering (UQD). We select 30 images from the MNIST testing set,
ensuring that there are three images from each of the 10 classes for maximum variability. A single
measurement matrix A is generated and used for all 30 test images. All the experiments are repeated
for 10 random trials. All the experiments are run using Python 3.10.6 and PyTorch 2.0.0, with an
NVIDIA RTX 3060 Laptop 6GB GPU.

We train a variational autoencoder (VAE) on the training set of the MNIST dataset, which has 60,000
images, each of size 784. The decoder of the VAE is a fully connected neural network with ReL.U
activations, with input dimension k£ = 20 and output dimension n = 784, and two hidden layers with
500 neurons each. We train the VAE using the Adam optimizer with a mini-batch size of 100 and a
learning rate of 0.001.

Since our contributions are primarily theoretical, we only provide simple proof-of-concept exper-
imental results. In particular, since is intractable to solve exactly, to estimate the underlying
signal, we choose to use the algorithm proposed in [2] (referred to as CSGM) to approximate it. CSGM
performs a gradient descent algorithm in the latent space in R* with random restarts. In addition, we
compare with the Lasso program that is solved by the iterative shrinkage thresholding algorithm.

For CSGM, we follow the setting in [2]] and perform 10 random restarts with 1000 gradient descent
steps per restart and pick the reconstruction with the best measurement error.

G.2 Experimental Results for Noiseless 1-bit Measurements and Uniformly Quantized
Measurements with Dithering

In this subsection, we present the numerical results for 1-bit measurements and uniformly quantized
measurements with dithering, while the results for dithered 1-bit measurements and the Lipschitz
SIM where the nonlinear link function is ReLU are similarly provided in Appendix [G.3] For 1-bit
measurements, since the underlying signal is assumed to be a unit vector and we aim to recover
the direction of the signal, we use cosine similarity that is calculated as 27 x*/(||2||2 - ||z*||2) with
& being the estimated vector to measure the reconstruction performance. For uniformly quantized
measurements with dithering, we use the relative {5-norm distance between the underlying signal and
the estimated vector, i.e., ||£ — x*||/||@*||2, to measure the reconstruction performance.

Since this paper is concerned with uniform recovery performance, in each trial, we record the worst-
case reconstruction performance (i.e., the smallest cosine similarity or the largest relative error) over
the 30 test images, and the worst-case cosine similarity or relative error is averaged over 10 trials.

Figures[2] [3] and[d]show that for noiseless 1-bit measurements and uniformly quantized measurements
with dithering with § = 3, the CSGM approach can produce reasonably accurate reconstruction for all
the test images when the number of measurements 72 is as small as 150 and 100 respectively.

G.3 Experimental Results for ReLLU and Dithered 1-bit Measurements

We present the experimental results for the ReLU link function and dithered 1-bit measurements
in Figures [5} [6| and[7] For dithered 1-bit measurements, we set A = Ry/logm with R > 0 being
a tuning parameter. For the case of using the ReLU link function, similarly to noiseless 1-bit
measurements, we calculate the cosine similarity to measure the reconstruction performance. For
dithered 1-bit measurements, similarly to uniformly quantized measurements with dithering, we
calculate the relative /5-norm distance. We observe that for these two nonlinear measurement models
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Figure 3: Reconstructed images of the MNIST dataset for UQD with m = 100 and § = 3.
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Figure 4: Quantitative results of the performance of CSGM for 1-bit and UQD measurements on the
MNIST dataset.

with a single realization of the random measurement ensemble, CSGM can also lead to reasonably
good reconstruction for all the test images when the number of measurements is small compared to
the ambient dimension.

H Experimental Results for the CelebA dataset

In this section, we present numerical results for the CelebA dataset [35]], which contains more
than 200,000 face images for celebrities with an ambient dimension of n = 12288. We train
a deep convolutional generative adversarial network (DCGAN) following the settings in https:
//pytorch.org/tutorials/beginner/dcgan_faces_tutorial.html. The latent dimension
of the generator is £ = 100 and the number of epochs for training is 20. Since the experiments for
CelebA are more time-consuming than those of MNIST, we select 20 images from the test set of
CelebA and perform 5 random trials. Other settings are the same as those for the MNIST dataset.

Since we have observed from the numerical results for MNIST that the experiments for the ReLU
link function and dithered 1-bit measurements are similar, we only present the results for noiseless
1-bit measurements and uniformly quantized observations with dithering.

From Figures [§|and [I0] we observe that for noiseless 1-bit measurements with 1500 samples, a single
measurement matrix A can lead to reasonably accurate reconstruction for all the 20 test images.
In addition, from Figures [9] and [I0] we observe that for uniformly quantized measurements with

Hol/lz]slul<lolzllalol 2]3]]sl6lo]€l2loli[2]3] ] sl 9]2]4]
‘INEEEEEEE BN EEEEEEE EEETEEEES
jol/lzlvlul<lolzizlalol r2fs]vislelolel2lol ([ Z]3]4]s]b]2]2]4]

Figure 5: Reconstructed images of the MNIST dataset for the ReLU link function with m = 150 and
o=0.2.
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Figure 6: Examples of reconstructed images of the MNIST dataset for dithered 1-bit measurements
with m = 250 and R = 5.
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Figure 7: Quantitative results of the performance of CSGM for the ReLU link function and dithered
1-bit measurements on the MNIST dataset.

dithering, a single realization of the measurement matrix and random dither is sufficient for the
reasonably accurate recovery of the 20 test images when m = 1000 and § = 20.
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Figure 8: Reconstructed images of the CelebA dataset for the noiseless 1-bit measurements with
m = 1500.
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Figure 9: Reconstructed images of the CelebA dataset for UQD with m = 1000 and 6 = 20.
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Figure 10: Quantitative results of the performance of CSGM for 1-bit and UQD measurements on the

CelebA dataset.
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