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Abstract

We study the problem of learning a single neuron with respect to the L3-loss in
the presence of adversarial distribution shifts, where the labels can be arbitrary,
and the goal is to find a “best-fit” function. More precisely, given training samples
from a reference distribution png, the goal is to approximate the vector w* which
minimizes the squared loss with respect to the worst-case distribution that is close in
x2-divergence to 129. We design a computationally efficient algorithm that recovers
a vector w satisfying E,« (o(w - ) — y)? < CE,- (o(w* - &) — y)? + €, where
C > 1is a dimension-independent constant and (w*, 2*) is the witness attaining
the min-max risk miny, . || <w max, E )p (0(w-z)—y)*—vx?(n, no). Our
algorithm follows a primal-dual framework and is designed by directly bounding
the risk with respect to the original, nonconvex L3 loss. From an optimization
standpoint, our work opens new avenues for the design of primal-dual algorithms
under structured nonconvexity.

1 Introduction

The problem of learning a single neuron from randomly drawn labeled examples is a fundamental
problem extensively studied in the machine learning literature. Given labeled examples {(x;, ;) :
(x4, y;) € R x R} | drawn from a reference distribution 70, the goal in this context is to recover a
parameter vector wy; that minimizes the squared loss A, ,, (w) over a ball of radius W > 0:

wy = argmin - Ay (w);  Ag (W) = Eg y)ap, (0(w - x) — )2, e
wER?: w2 <W
where 0 : R — R is a known (typically non-linear) non-decreasing activation function (e.g., the ReLU
activation o(t) = max(0,t)) and we denote by OPT¢ = min,. jw|,<w As,n, (w) the minimum
squared loss. In the realizable setting — where y = o(w{ - ) and thus OPTy = 0 — this problem
is well-understood and by now part of the folklore (see, e.g., [KS09; |[Kak+11§[Sol17;[YS20]). The
results for the realizable setting also naturally extend to zero-mean bounded-variance label noise.

The more realistic agnostic model [Hau92; [ KSS92] (a.k.a. adversarial label noise) aims to identify
the best-fitting neuron for a reference distribution of the examples, without any assumptions on
label structure. However, it is known that in this setting finding a parameter vector with square loss
OPT( +e¢ requires dPy(1/€) time, even if the x-marginal distribution is Gaussian [|[GKK19; DKZ20;
GGK20; Dia+21; [DKR23]. Even if we relax our goal to achieve error O(OPTg) + e, efficient
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algorithms only exist under strong distributional assumptions. In fact, without such assumptions,
this problem is NP-hard [S1m02; MR18]. Recent work has also shown that (under cryptographic
assumptions) no polynomial-time constant-factor improper learner exists even for distributions
supported on the unit ball [Dia+22b]]. Given these intractability results, recent work has focused on
developing efficient constant-factor approximate learners under minimal distributional assumptions
(see, e.g.,[Dia+20; FCG20; |Dia+22a; |ATV23} |Gol+23} (Wan+23aj, [Zar+24])).

This recent progress notwithstanding, prior work primarily focused on the setting where only the
labels might be corrupted, without considering possible distributional shifts or heterogeneity of
the data. Such distributional corruptions are frequently observed in practice and have motivated a
long line of research in areas such as domain adaptation and (related to it) distributionally robust
optimization (DRO); see e.g., [BENO9; ND16; RM?22; |Bla+24] and references therein. Thus, the
main question motivating our work is:

How do adversarial changes in the underlying distribution impact the learnability of a neuron?

We study this question within the DRO framework, where the goal is to minimize the model’s loss
on a worst-case distribution from a set of distributions close to the reference distribution] This
set of distributions, known as the ambiguity set, models possible distributional shifts of the data.
In addition to being interesting on its own merits, the DRO framework arises in diverse contexts,
including algorithmic fairness [[Has+18b] and class imbalance [[Xu+20]. Moreover, it has recently
found a range of applications in reinforcement learning [[Kal+22; [Liu+22} [Lot+23;|Wan+23b}; | Yan+23};
Yu+23|], robotics [Sha+20]], language modeling [Liu+21], sparse neural network training [Sap+23|,
and defense against model extraction [Wan+23c].

Despite a range of impressive results in the DRO literature (see, e.g., recent surveys [Kuh+19; /CP20;
RM?22; Bla+24] and references therein), algorithmic results with rigorous approximation guarantees
for the loss have almost exclusively been obtained under fairly strong assumptions about the loss
function involving both convexity and either smoothness or Lipschitzness, with linear regression
being the prototypical example; see, e.g., [CP18; BMN21; DN21|]. Unfortunately, this vanilla setting
does not capture a range of machine learning applications, where a typical loss function is nonconvex.
In particular, even the simplest ReLU learning problem in the realizable setting (with noise-free labels)
is nonconvex. Further, existing DRO approaches for nonconvex loss functions such as [SND18}
Qi+21]] only guarantee convergence to a stationary point, which is insufficient for learning a ReLU
neuron even without distributional ambiguity [YS20]]. Motivated by this gap in our understanding, in
this work we initiate a rigorous algorithmic investigation of learning a neuron (arguably the simplest
non-convex problem) in the DRO setting. We hope that this work will stimulate future research in
this direction, potentially addressing more complex models in a principled manner.

Due to space constraints, we defer further discussion of related work to Appendix [A]

1.1 Problem Setup

To formally define our setting, we recall the definition of x2-divergence between distributions 1

and p’, given by x?(n,n’) = Ik ((if, — l)zdp’ . We focus on the class of monotone unbounded

activations introduced in [Dia+22al), for which we additionally assume convexity. Example activations
in this class include the ReLU, leaky ReLU, exponential linear unit (ELU), and normalizecﬂ SoftPlus.

Definition 1.1 (Unbounded [Dia+22a]] + Convex Activation). Let o : R — R be a non-decreasing
convex function, and let v, B > 0. We say o is («, 8)-unbounded if it satisfies the following: (%) o is
B-Lipschitz; (i3) o(t1) — o(t2) > oty —t2) forall £ >t > 0, and (4i3) o(0) = 0.

To formally state the problem, we further define the loss, risk, and optimal value (denoted by OPT).

Definition 1.2 (Loss, Risk, and OPT). Given a regularization parameter v and a reference distribution
10, let P = P(ng) denote the set of all distributions that are absolutely continuous with respect to

2We contrast here robustness to perturbed data distribution studied within the DRO framework to robust-
ness to perturbed data examples referred to as the adversarial robustness in modern deep learning literature
(e.g., [GSS14]]). Our paper is concerned with the former (and not the latter) model of robustness.

*Normalization, which ensures o(0) = 0, is without loss of generality, as it corresponds to a simple change
of variable: 6(t) < o(t) — 0(0) and § < y + o(0), which does not affect the loss value or its approximation.
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po and B(W) := {w : ||w||s < W}. We define the following:

Lo (w,12;10) := Eg ) (0(w - @) — y)* = vx* (12, 10) = Ao (w) — vx* (12, 120).
R(w;pg) := max Ly(w,pn;70), Guw := argmax L, (w, n;70),
0

PE€P(no) n€P(no)
w* := argmin R(w; ng), n* = Guw-,
weRB(W)

OPT :=E (4 p)np- ((w* - ) — y)? = Ay - (w¥).

We say that L, (w, 2;10) is the regularized square loss function of a vector w and a distribution
n € P; and R(w;nop) is the DRO risk of w with respect to 29. We call p* the target distribution.

The minimization of the DRO risk as defined above corresponds to the regularized/penalized DRO
formulation studied in prior work; see, e.g., [SND18; Wan+23c; MDH24]|. An alternate formulation
would have been to instead optimize over a restricted domain. The two are equivalent because of
Lagrangian duality. We show in Claim[E.T|a concrete relation between our regularization parameter
v and the chi-squared distance between the population distribution 72 and the target distribution 2*.
We further require that v is sufficiently large to ensure that the resulting x?(72*, 720) is smaller than an
absolute constant, which is in line with the DRO being used for not too large ambiguity sets [RM22].

Empirical Version If the reference distribution is the uniform distribution on N labeled examples
(x4,7:) € R? x R drawn from 1o, we call it 729 = 720(V), and similarly define 2 € % (7). Note
that R(w*; 72g) = maxzeg(5y) E(z,y)~a(0(w* - @) — y)* — vx?(72,70); if we let 2* denote the

distribution that achieves the maximum, 2* has the same support as 729 and can be interpreted as the
reweighting of the samples that maximizes the regularized loss.

Formally, our goal is to solve the following learning problem.

Problem 1.3 (Robustly Learning a Single Neuron Under Distributional Shifts). Given error parame-
ters €, € (0, 1), regularization parameter v > 0, set radius W > 0, and sample access to labeled
examples (x,y) drawn i.i.d. from an unknown reference distribution ¢, output a parameter vector
w € B(W) that is competitive with the DRO risk minimizer w* = arg min,,cg ) (w; no) in
the sense that with probability at least 1 — §, ||[@ — w*||3 < COPT + ¢ for an absolute constant C.

While the stated goal is expressed in terms of ||wb — w™||2, under mild distributional assumptions that
we make on the reference and target distributions, this guarantee implies being competitive with the
best-fit function on 22* in terms of both the square loss and the risk, namely A, ,« (@) = O(OPT)+e¢
and R(w, 120) — ming,eqmw) R(w,no) < O(OPT) 4 €. Further, our algorithm is primal-dual and
it outputs a distribution 72 that is close to 22* in the chi-squared divergence.

Since the solution to Problemhas an error of O(OPT) + ¢, when we use the term “convergence”
in our paper, we refer to the following weaker notion: the iterates of our algorithm converge to the
(set of) solutions such that asymptotically all iterates lie within the set of O(OPT) + € solutions,
which are the target solutions, as stated in Problem @}

1.2 Main Result

Our main contribution is the first polynomial sample and time algorithm for learning a neuron in
a distributionally robust setting for a broad class of activations (Definition [T.)) and under mild
distributional assumption on the target distribution (Assumptions[2.1]and 2.2]in Section [2.T]).

Theorem 1.4 (Main Theorem — Informal). Suppose that the learner has access to N = Q(d/e?)
samples drawn from the reference distribution 1g. If all samples are bounded and the distribution
n* satisfies the “margin-like” condition and concentration (Assumptions|2.1)and2.2]in Section2.1)),
then after O(dlog(1/€)) iterations, each running in sample near-linear time, with high probability
Algorithm[I|recovers W such that | — w*||3 < C OPT +¢, for an absolute constant C.

We emphasize that Theorem simultaneously addresses two types of robustness: firstly, robustness
concerning labels (y); and secondly, robustness due to shifts in the distribution (729 being perturbed).
This result is new even when specialized to any nontrivial activation like ReLU, realizable case
(where OPT = 0), and the simplest Gaussian x-marginal distribution. Without distributional
robustness, existing approaches, as previously discussed, yield an error of O(OPT) + € under certain
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ax-marginal conditions. We demonstrate that this error rate can be also achieved with respect to p* in
a distributionally robust context, as long as 72* meets the same conditions specified in [Wan+23al] —
among the mildest in the literature addressing non-distributionally robust agnostic setting.

1.3 Technical Overview

Our technical approach relies on three main components, described below:

Local Error Bounds Our work is inspired by optimization-theory local error bounds (“sharpness”)
obtained for learning a single neuron with monotone unbounded activations under structured distri-
butions without considering distributional shift or ambiguity [MBM18};|Wan+23a]. These bounds
are crucial as they quantify growth of a loss function outside the set of target solutions, essentially
acting as a “signal” to guide algorithms toward target solutions in our learning problems. Concretely,
under distributional assumptions on pn* from [Wan+23a], the following sharpness property can be
established: there is an absolute constant ¢; > 0 such that Vw € B(2||w*|2),

lw — w3 = QOPT) = Agp(w) = Ao+ (w”) > crflw — w3 @

The local error bounds in [MBM18; Wan+23a] assume identical reference and target distributions.
Introducing distributional ambiguity — as in our work — invalidates this assumption, and as a result
necessary distributional assumptions for sharpness may not apply to all distributions in the ambiguity
set. In this work, distributional assumptions are exclusively applied to the target distribution to exploit
the sharpness property proved in [Wan+23a]]. We also assume that the sample covariates from the
reference distribution are polynomially bounded; this assumption, which is without loss of generality,
impacts only the sample and computational complexities and is satisfied by standard distributions.

Primal-Dual Algorithm Our algorithm is a principled, primal-dual algorithm leveraging the
sharpness property on the target distribution, the structure of the square loss, and properties of
chi-squared divergence. We control a “gap-like” function of the iterates, Gap(w,n;7p) =
Ly (w,n*;70) — Lo (w*,72; 20). The idea of approximating a gap and showing it reduces at a
rate 1/Ay, where Ay, is a monotonically increasing function of k, comes from [DO19] and has been
extended to primal-dual methods, including DRO settings, in [SWD21}|Dia+22c}; |Son+22; [MDH?24].

Unlike past work [SWD21} [Dia+22cj [Son+22; MDH24], our primal problem is nonconvex, even for
ReLU activations without distributional ambiguity. Unfortunately, the previously mentioned results
relying on convexity do not apply in our setting. Additionally, sharpness — which appears crucial to
approximating the target loss — is a local property, applying only to w such that | w||2 < 2||w*||2,
where ||w*||2 is unknown. This condition is trivially met at initialization, but proving it holds for all
iterates requires convergence. We address this issue via an inductive argument, effectively coupling
convergence analysis with localization of the iterates.

Additionally, standard primal-dual methods [[CP11} |Cha+18; |SWD21; | ACW22; [Son+22]| rely on
bilinear coupling between primal and dual variables in L, (w,n;70). In our case, L, (w, ;720)
is nonlinear and nonconvex in the first argument. Recent work [MDH?24| handled nonlinearity by
linearizing the function using convexity of the loss, which makes the function bounded below by its
linear approximation at any point. However, this approach cannot be applied to our problem as the
loss is nonconvex. Instead, we control the chi-squared divergence between the target distribution
and the algorithm dual iterates to bound L, (w, 2*;7¢) from below, using a key structural result that
we establish in Lemma[3.4] The challenges involved in proving this structural result require us to
rely on chi-squared regularization and convex activation o. Generalizing our result to all monotone
unbounded activations and other strongly convex divergences like KL would need a similar structural
lemma under these broader assumptions.

An interesting aspect of our analysis is that we do not rely on a convex surrogate for our problem.
Instead, we constructively bound a quantity related to the DRO risk of the original square loss,
justifying our algorithmic choices directly from the analysis. Although we do not consider convex
surrogates, the vector field v(w; x,y), scaled by 23, corresponds to the gradient of the convex
surrogate loss [ (c(t) — y) dt, which has been used in prior literature on learning a single neuron
under similar settings without distributional ambiguity [Kak+11;|Dia+20; [Wan+23a]. In our analysis,
the vector field v(w; x, y) is naturally motivated by the argument in the proof of Lemma

“Concentration” of the Target Distribution  To prove that our primal-dual algorithm converges,
we need to prove both an upper bound and a lower bound for Gap(w, 72; 20). The lower bound relies

https://doi.org/10.52202/079017-2151 67386



on sharpness; however, we need it to hold for the empirical target distribution (n*). This requires us
to translate distributional assumptions and/or their implications from p* to 72*. Unfortunately, 2* is
not the uniform distribution over samples drawn from 7 *. Rather, it is the maximizing distribution in
the empirical DRO risk, defined w.r.t. 229. This means that prior uniform convergence results do not
apply. Additionally, minimax risk rates from prior statistical results, such as those in [DN21], relate
R(w;np) and R(w; np). However, they do not help in our algorithmic analysis since they do not
guarantee that the sharpness holds for 2*.

To address these challenges, we prove (in Corollary [C.2) that as long as v is sufficiently large, there
is a simple closed-form expression for 22* as a function of 729 and an analogous relationship holds
between 12 and 7¢. This allows us to leverage the fact that expectations of bounded functions with
respect to 72 closely approximate those with respect to 729 to show that expectations with respect
to p* and p* are similarly close. This result then implies that the sharpness also holds for 2*
(Lemma|C.6). Full details are provided in Appendix [C]

2 Preliminaries

In this section, we introduce the necessary notation and state basic facts used in our analysis.

Notation Given a positive integer N, [N] denotes the set {1,2,..., N}. Given a set €, €°
denotes the complement of ‘€ when the universe is clear from the context. We use I¢ to denote the
characteristic function of a set €: Ig(z) = 1if © € € and Ig(x) = 0 otherwise. For vectors x
and Z from the d-dimensional Euclidean space R?, we use (x, Z) and « - Z to denote the standard
inner product, while || - || = /(-, -) denotes the £ norm. We use (z), 2(® ... 2(?) to denote
the entries of & € R?. We write < Z to indicate ) < Z9) for all coordinates j. For r > 0,
B(r) :={x : ||z||2 < r} denotes the centered ball of radius 7. We use A to denote the probability
simplex: A, = {x € RV : Zj\;l x) = 1,Vj € [N] : 1) > 0}. We denote by I, the identity
matrix of size d x d. We write A = B to indicate that z " (A — B)z > 0 for all z € R?. For two
functions f and g, we say f = O(g) if f=0(g log" (g)) for some constant k, and similarly define Q.
We use notation Oc(-) and QC() to hide polynomial factors in (typically absolute constant) parameters
c. For two distributions 72 and 1n’, we use n < 1’ to denote that 1 is absolutely continuous with
respect to p2’, i.e., for all measurable sets A, p’(A) = 0 implies 12(A) = 0. Typically, p and § are
empirical distributions, and p < ¢ is equivalent to the condition that the support of p is a subset

of the support of ¢. For p <« n’, we use ;rf, to denote their Radon—Nikodym derivative, which is

the quotient of probability mass functions for discrete distributions. We use x?(72,72") to denote the

chi-squared divergence of n w.r.t. ', i.e., X?(, ') = f((if, —1)%dp’.

2.1 Distributional Assumptions

Similar to [Wan+23a], we make two assumptions about the target distribution of the covariates (72,).
First, we assume that the optimal solution w* satisfies the following “margin-like” condition:

Assumption 2.1 (Margin). There exist absolute constants A,y € (0,1] such that
Egprps [:I:a:T]Iw*_mZA{”w* 2] = M, where 23, is the x-marginal distribution of n*.
We also assume that 2, is subexponential with parameter B, which is an absolute constant.

Assumption 2.2 (Subexponential Concentration). There exists a parameter B > 0 such that for any
u € RB(1) and any v > 1, it holds that Prgp: [|u - | > r] < exp(—Br).

Appendix E of [Wan+23a|] shows that Assumptions [2.1and [2.2) are satisfied by several important fam-
ilies of distributions including Gaussians, discrete Gaussians, all isotropic log-concave distributions,
the uniform distribution over {—1,0, 1}, etc.

For simplicity, we assume the labeled samples (a:(i), y(i)) drawn from the reference distribution are
bounded. This assumption, which does not affect the approximation constant for Problem[I.3] only
impacts iteration and sample complexities. We state the bound on the covariates below, while a bound
on the labels follows from prior work (Fact [2.6]stated in the next subsection).

Assumption 2.3 (Boundedness). There exists a parameter S such that for any fixed u € B(1) it
holds that w - © < S for all sample covariates x in the support of 1.
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We also assume without loss of generality that |[w*||3 > C OPT +¢ for some absolute constant C,
since otherwise 0 would be a valid O(OPT) + € solution. Algorithmically, we can first compute the
empirical risk (per Corollary [C.3)) of the output from our algorithm and of @ = 0 and then output the
solution with the lower risk to get an O(OPT) + € solution; see Claim for a detailed discussion.

2.2 Auxiliary Facts

To achieve the claimed guarantees, we leverage structural properties of the loss function on the target
distribution, implied by our distributional assumptions (Assumptions [2.T]and 2.2). Specifically, we
make use of Lemma 2.2 and Fact C.4 from [Wan-+23al], summarized in the fact below.

Fact 2.4 (Sharpness ([Wan+234d))). Suppose np* and w* satisfy Assumptions and Let
co = W. For all w € B2||w*||) and u € B(1),
Eonpzl(o(w - @) —o(w” - @))(w -z —w" - )] > collw — w3,
Egnpz[(x-u)"] <58 forT =2,4.
Fact [2.4] applies to the population version of the problem. Such a result also holds for the target

distribution of the empirical problem, which we state below. Note that this result cannot be obtained
by appealing to uniform convergence results for learning a neuron (without distributional robustness).

Lemma 2.5 (Empirical Sharpness; Informal. See Lemma|C.6). Under Assumptions[2.1jto[2.3] for a
sufficiently large sample size N as a function of B,W, S, v, a,y, \, d and with high probability, for
all w € B(2||w*|) with ||lw — w*|| > e and u € B(1),

Eonyl(o(w - x) —o(w - x))(w -z —w" - x)] > (co/2)|w — w3 3)

Ep~g:[(2 - u)7] ; 6B forT =2,4. “

As a consequence, for ¢; = ¢3/(24B) and any w € %B(W) (where ¢ is defined in Fact[2.4), we have
allw — w3 < Epnp[(0(w - @) — o(w” - x))*] < 686w — w3, )
where the left inequality uses Cauchy-Schwarz and the right inequality uses S-Lipschitzness of o (+).

[Wan+23a] also showed that the labels y can be assumed to be bounded without loss of generality.

Fact 2.6. Suppose n* and w* satisfy Assumption and Assumption Let y =
sign(y) max{|y|, M } where for some sufficiently large absolute constant C; we define

M = CpW BBlog(BBW/e) 6)
Then E,«(o(w* - x) — y')? < Ep-(o(w* - ) —y)? + e = OPT +e.

We also make use of the following facts from convex analysis. First, let ¢ : RV — R be a
differentiable function and the Bregman divergence of ¢ for any «, y € RY be defined by

Dy(y,x) = ¢(y) — ¢(z) — (Vo(z),y — ).

Fact 2.7. Let (z) = ¢(x) + (a,x) + b for some a € RN and b € R. Then Dy (y, z) = Dy(y, )
forall x,y € RY, i.e., the Bregman divergence is blind to the addition of affine terms to function ¢.

Second, we state the first-order necessary conditions that a local maximizer must satisfy.

Fact 2.8 (First-Order Optimality Condition). Let 2 be a closed, convex, and nonempty set and let
[ Q — R be continuously differentiable. If x* is a local maximizer of f on (), then it holds that

Vi) (y—x*) <0 forallyecQ. 7
If f is also concave, then Equation (1)) implies that x* is a global maximizer of f.

3 Algorithm and Convergence Analysis

In this section, we introduce our algorithm and state our main results, summarized in Theorem [3.1
We highlight the main components of our technical approach, while most of the technical details are
deferred to the appendix, due to space constraints.
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To facilitate the presentation of results, we introduce the following auxiliary notation: £(w;x,y) :=
(o(w-z)—1y)?, v(w;z,y) = 28(c(w-x) —y)x and OPT = E(z,y)~p+L(w*; z,y). We also note
that Assumption 2.3]implies that for all samples {;, y; }, the function w — v(w; x;, y;) is bounded
above by G and x-Lipschitz for all i € [N]and w € B(W), where G = 23S/ d(\/23W S+ M) and
Kk = 23252d (see Lemmain Appendix. Starting from this section, we write L(w, 72) to denote
L, (w,n; 70), hiding the dependence on np and o. We also write Gap(w, 1) for Gap(w, 72; 20)

Our main algorithm (Algorithm [I]) is an iterative primal-dual method with extrapolation on the primal
side via g;. The vector E5, [v(w;; ,y)] equals the (scaled) gradient of a surrogate loss used in prior
works [Kak+11}Dia+20; Wan+23a]. In contrast to prior work, we directly bound the original square
loss, with E, [v(w;; @, y)| naturally arising from our analysis. Both updates w; and 7; are efficiently
computable: w; involves a simple projection onto a Euclidean ball, and 72; involves a projection onto
a probability simplex, computable in near-linear time [Duc+08]].

Algorithm 1: Main algorithm

Input: v > 0, k, G, c1, v = 7683 Be/c1, sample set {(z;, ;) }L
Initialization:A_; =a_1 = Ag=ag =0, w_; = wy = 0,72_1 = fp;
fori=1,...,kdo ‘
a; = (1+ glxi:{:g;)l_l min{vg, 1/4}/(2max{x,G}), A; = a; + A;_1;
v(w;x,y) = 26(c(w - x) — sign(y) max{|y|, M })x, where M is defined in Equation @ ;
gi—1=E5,_ [v(wi_1;2,y)] + %(]Eﬁfl[”(wifl; z,y)| — Ea,_,[v(wi—osz,y)]);
w; = arg Miny,egw) 10i(gi-1, w) + 054 Aict oy — aw; 43 )

;= arg maxgcqp {aiL(wi,ﬁ) — (v + VAi,l)sz(iﬁu)(ﬁ,732-,1)};

Theorem 3.1 (Main Theorem). Under Assumptions[2.1|to suppose the sample size is such that
~ 4 4

N = Qp s garn (22 (1+ %) (d+ Whlog(1/6))) and v > 83*V/6B,/OPT 3 +€/c1, where
OPT 5y = E,-[((w*; x,y)?] and ¢y is defined in Lemma With probability at least 1 — 6, for all
iterates wy,, 12, it holds that

. . . _ Dy 608°BOPT

ZH’U’ — w3 +vDy (7%, 7y) < A, + . te
where Dy = %Hw* —wol|% + vox?(A*, A0) and x\*(2*,70) < ¢1/(153681B) (and therefore Dy
does not depend on the sample size N).

In particular, after at most k = 6(% log(22)) iterations, it holds that
||wk 7'w*||2 < C3\/OPT+\/E, (8)
E(w,y)~p+ L(wi; T, y)] < (24 20BB*C3) OPT +108°Be, 9)
R(wy; po) — wénggi(r%/[/) R(w; no) = R(wk; po) — R(w*;no) < C4(OPT +e), (10)

where C3 = 163V B/c1 and Cy = 1 + 2(10BB? + ¢1)C3 + ¢1V/5BB*C2.

We focus on the convergence of iterates w; as claimed in Equation (8); the loss bound (Equation (9))
follows directly from the iterate convergence, while the risk bound (Equation (I0)) requires a more
involved analysis. Complete details for Equations (9] and (T0) are provided in Appendix [F}

Our strategy for the convergence analysis is as follows. Consider {a;}, a sequence of positive
step sizes, and define A; as their cumulative sum 23:1 a. Our algorithm produces a sequence of
primal-dual pairs w;, 72;, tracking a quantity related to the primal-dual gap, defined by:

Gap(w;, 72;) := L(wi, p*) — L(w", 12;) = (L(wi, p*) — L(w", 2*)) + (L(w", p*) — L(w", 72;)).
We view (L(w;, n*) — L(w*, 2*)) as the “primal gap” and (L(w*, p*) — L(w*, 72;)) as the “dual
gap.” Since the squared loss for ReLU and similar activations is nonconvex, L(w, 2*) is nonconvex
in its first argument. Note that this gap function is not trivially non-negative (see Remark [B.7),
requiring an explicit lower bound proof.

67389 https://doi.org/10.52202/079017-2151



Our strategy consists of deriving “sandwiching” inequalities for the (weighted) cumulative gap

Zle a;Gap(w;, n;) and deducing convergence guarantees for the algorithm iterates from them. A
combination of these two inequalities leads to the statement of Theorem from which we can
deduce that unless we already have an O(OPT) + € solution, the iterates must be converging to the
target solutions at rate 1/Ay, which we argue can be made geometrically fast.

Organization The rest of this section is organized as follows — under the standard assumptions
we state in this paper, in Lemma we prove a lower bound on Gap(w, 72) for any choice of w and

7. This can be used to get a corresponding lower bound on the weighted sum Zle a;Gap(w;, p;).

In Lemma we then state an upper bound on Zle a;Gap(w;, p;); the proof of this technical
argument is deferred to Appendix [D] These two bounds together give us the first inequality in
Theorem 3.1} Claim [B.6]then bounds below the convergence rate for our choice of a; in Algorithm|[T}
and indicates that it is geometric. Finally, we put everything together to prove Theorem 3.1}

To simplify the notation, we use ¢(7) := x2(72, 7o) throughout this section. Note that Dy(7,G) =
~ ~ i) _5(9)? —~ ~. .
Dy(g,n) = Zf\il w for any 72 and ¢ in the domain.
[2)

3.1 Lower Bound on the Gap Function

We begin the convergence analysis by demonstrating a lower bound on Gap(w;, 72;).

Lemma 3.2 (Gap Lower Bound). Under the setting in which Lemma [2.5] holds, for all w €
~ 2 _— ~ ~

B(2|w*||2), Gap(w, ) > —2ELOPT + 4 |w — w* |3 + vDy (7", 7).

Proof. Writing (o(w - x) — y)? = ((c(w - @) — o(w* - ) + (c(w* - @) — y))2 and expanding
the square, we have

L(w,72") = L(w",5") = @ y)np- [(0(w - ) = y)* = (o(w" - @) — y)*]
== 25 [(o(w" - x) —y)(o(w - x) — o(w" - )] + Ez-[((o(w - x) — o(w” - ))?].

By the Cauchy-Schwarz inequality, we further have that
Eg+[(o(w” - @) —y)(o(w - ) — o(w" - x))]
< \/JE,; [(o(w* - x) —y)?|Es«[(o(w - &) — o(w* - x))?]

< BV6B\ OPT||w — w*|2, (11)

where in the second inequality we used the definition of OPT and Egp: [(0(w-2) —o(w*-x))?] <
6B3%||w — w*||2 from the right inequality in Equation (5).

On the other hand, by the left inequality in Equation (5), we also have
E-[(o(w - x) — o(w” - 2))*] > e1f|lw — w|J5. (12)

Thus, combining Equation (TT) and Equation (I2)), we get

L(w, ") — L(w*,7%) > —28V6B||w — w* |2\ OPT + ¢ |w — w3
ﬂzB

> — OPT + —lllw - w3, (13)
where the last inequality is by 25V6B||w — w*|2V OPT < ‘*@r‘%(ﬁ + % |lw — w*||3, which
comes from an application of Young’s inequality (Fact[B.T].

Finally, we use the optimality of 2*, which achieves the maximum over all 2 € P for L(w™*, ). By
the definition of a Bregman divergence, Fact[2.7] and first-order necessary condition in Fact[2.8}

—L(w",p) — (—L(w",n")) = =(VaL(w", n%), 2 — 2%) + D_p(w+,) (7, 27) = VD¢(73*,73)4
(14
Summing up Equation and Equation completes the proof. O
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3.2 Upper Bound on the Gap Function

Having obtained a lower bound on the gap function, we now show an upper bound, leveraging our
algorithmic choices. The proof is rather technical and involves individually bounding L(w;,n*)
above and bounding L(w*, 22;) below to obtain an upper bound on the gap function, which equals
L(w;, p*) — L(w*, p2;). We state this result in the next lemma, while the proof is in Appendix [D]

Lemma 3.3 (Gap Upper Bound). Let w;, 12;,a;, A; evolve accordmg to Algorlthml 7] where we take,
by convention, a_1 = A_1 = ag = Ag = 0 and w_1 = wy, A1 = Po. Assuming Lemma [2.3]
applies, then, for all k > 1, Zi:l a;Gap(w;, 7;) is bounded above by

1+0501AkH «

1 * * o~k
5”’“’ —ong+VoD¢(7’~’ ,20) — — w3 - (vo + vAR)Dy(22%, 22k)

k 2\/63\/OPT
C1 % B ~
+ E a; —w; |3+ azX (s, 2%) +
i—1 -1

4832 BOPT A,
C1 ’

A critical technical component in the proof of Lemma [3.3]is how we handle issues related to
nonconvexity. A key technical result that we prove and use is the following.

Lemma34. Let S; := E5, [(o(w* x) —o(w; x))*|+Eg, [2(0(w; - x) —y) (0 (w* - x) — o (w; - x))],
w; evolve according to Line[Bin Algorithm([I|and suppose we are in the setting where Lemma
holds. Then, S; > Eg, [(v(w;x,y), w* — w;)] — E; where

Ei = Flw* —wil3 + (882V6B\OPT ) fe1 ) *(Bi, ") + (4882 B/c1)OPT.  (15)

This bound is precisely what forces us to choose chi-squared as the measure of divergence between

distributions and introduce a dependence on OPT (2y. One pathway to generalize our results to other
divergences would be to find a corresponding generalization to Lemma [3.4}

3.3 Proof of Main Theorem
Combining Lemma [3.2]and Lemma [3.3] we are now ready to prove our main result.
Proof of Theorem[3.1] Combining the lower bound on the gap function from Lemma [3.2] with the

upper bound from Lemma [3.3] and rearranging, whenever ||w;|l> < 2||w*||> for all i < k so that
Lemma[2.5]applies, we get that

12528 e il k
AT 1 * 12 Sk AN ~
- OPTA, + i:ZlaiEH'wi —w*||5+ z:zl va;Dy(p*, ;) < ;aiGap(wi,pi)
1 e~ 14+ 0.5¢1 A . ~ ~
5”“’ — wol[3 + vo Dy (7", 70) — fﬂw — w3 — (vo + vAR) Dy (R*, Pk
k 882V6B1/OPT 9 ~ 2 BOPT
Cl (2) PO 483“BOPT A,
+ 30w — w3+ S (@) + e
— C1 im1 C1
To reach the first claim of the theorem, we first argue that

Zle a; ((452\/@ 6P\T(2)/cl)x2(7/5i, n*) — vDy(n*, 7/51)) < 0. This follows from (1)
Corollary by which we have 72*) > 73 2 / 2 for all j € [N], hence
W@ pT) = D @ =p? D <2 37 @ - ) ag) = 206" )
je[N] Je[N]
and (2) our choice of v, which ensures, with high probability, that v > 84%v/6B \/m Je1 >
83268 O/IFF(Q) /c1, where the last inequality is because for the specified sample size, we have
that O/\PT(Q) +e¢ > OPT(y) by Corollary
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Second, we similarly have that with probability 1 — 4, OPT < OPT +e¢. Hence, since Bregman
divergence of a convex function is non-negative, whenever ||w;||2 < 2||w*||2 for all i < k, we have

|[w* — w3 + 200Dy (2%, R0) n 2406°B

w* — w2 < OPT 16
I ellz < 14 0.5¢1 A c1 ( +e) (16)
PN [lw* —11:0\\3/2+VOD¢(7’5*,730) 6052B
Dg(n* < OPT 17
(j)(ﬂ 772]6) = v ¥ I/Ak- + v ( +6) ( )

The bound x2(2*,720) < ¢1/(153684B) is proved in Claim Finally, in Appendix [E} we

inductively prove the following claim so that assumptions in Lemma [2.5]are satisfied.

Claim 3.5. For all iterations k > 0,

wy |2 < 2[|w* 2.

The bound on the growth of Ay, follows by standard arguments and is provided as Claim[B.6] Since

Ay, grows exponentially with (1 + 1)* where n = % and since Do(1 4+ n)~% < e can

be enforced by setting k = (1 + 1/n)log(Dy/€) > log(Dqo/€)/log(1l + 1), we have that after
O(x{w:G} 146( Dy /€)) iterations either ||wy — w*|]2 < /€ or |w; — w*|]s < C5v/OPT. O

min{v,c1}
4 Conclusion

In this paper, we study the problem of learning a single neuron in the distributionally robust setting,
with the square loss regularized by the chi-squared distance between the reference and target distribu-
tions. Our results serve as a preliminary exploration in this area, paving the way for several potential
extensions. Future work includes generalizing our approach to single index models with unknown
activations, expanding to neural networks comprising multiple neurons, and considering alternative
ambiguity sets such as those based on the Wasserstein distance or Kullback-Leibler divergence.
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Supplementary Material

Organization In Appendix |A|we briefly discuss related work. In Appendix |B| we set up some
additional preliminaries for the rest of the appendix. In Appendix [C]we show that expectations of
some important functions with respect to 2* are close to their expectation with respect to 2*. In
Appendix [D] we give a detailed proof of an upper bound on the gap of the iterates our algorithm
generates (i.e. Lemma[3.3). Finally, in Appendix [F] we show that the estimate of w™ our algorithm
returns is a constant factor approximation to the squared loss of w™* with respect to the target
distribution.

A Related Work

Learning Noisy Neurons The problem of learning noisy neurons has been extensively explored in
recent decades; notable works include [Kak+11; [KS09; KKM17; NW72]|. In the recent past, the focus
has shifted towards specific activation functions such as ReLUs, under both easy noise models such
as realizable/random additive noise [KSA19;|Sol17;|YS20] and more difficult ones like adversarial
label noise [Dia+20; DKZ20; |Dia+21; |[Dia+22a; |Dia+22b; (GGK?20; | GKK19; 'Wan+23al].

Even with clean labels, this problem has exponentially many local minima when using squared loss
[AHWO5]. Unfortunately, directly minimizing the squared loss using (S)GD on a bounded distribution
does not converge to the global optimum with probability 1 [YS20]. Even so, gradient based methods
can achieve suboptimal rates in the agnostic setting (~/OPTy vs OPTy) for distributions with mild
distributional assumptions [FCG20]. Making slightly stronger assumptions on the marginal does allow
us to get efficient constant factor approximations. [Dia+20] developed an efficient learning method
that is able to handle this in the presence of adversarial label noise and for isotropic logconcave
distributions of the covariates. This was later extended to broader classes of activation functions and
under weaker distributional assumptions by [Dia+22a; Wan+23a]]. Without specific distributional
assumptions, learning remains computationally difficult [Dia+22b; HM13]]. The challenges extend
to distribution-free scenarios with semi-random label noise, where methods like those in [DPT21]]
address bounded noise, and [KMM20] and [Che+20] explore stricter forms of Massart noise in
learning a neuron with noise. In this paper, we consider the harder setting of distributionally robust
optimization, where an adversary is allowed to impose not only errors in the labels, but also adversarial
shifts in the underlying distribution of the covariates.

Distributionally Robust Optimization Distributional mismatches in data have been extensively
studied in the context of learning from noisy data. This includes covariate shift, where the marginal dis-
tributions might be perturbed, [BBS07; [Hua+06; ShiO0], and changes in label proportions [Dwo+12;
Xu+20]. This research also extends to domain adaptation and transfer learning [Ben+10; MMRO09;
PYQ9; Pat+15} [Tan+18]|. Distributionally robust optimization (DRO) has a rich history in optimization
[BENO9; Shal7] and has gained traction in machine learning [DGN21; [DN21}; Kuh+19; ND16;
SJ19; [Zhu+20], showing mixed success across applications like language modeling [[Ore+19], class
imbalance correction [Xu+20], and group fairness [Has+18b].

Specifically this has also been studied in the context of linear regression and other function approxi-
mation [BMN21}|CP18;|DN21]]. Typically, DRO is often very sensitive to additional sources of noise,
such as outliers ([Has+18a; Hu+18}; [Zha+21[]). However, prior work makes strong assumptions on
the label noise as well as requiring convexity of the loss. We study the problem of learning a neuron
where the labels have no guaranteed structure, effectively studying the setting for a combination of
two notions of robustness — agnostic learning as well as covariate shift.

B Supplementary Preliminaries

B.1 Additional Notation
Given an m x n matrix A, the operator norm of A is defined in the usual way as ||A| o, =

sup{||Ax||2 : * € R™, ||z|2 < 1}. For problems (P) and (P’), we use (P) = (P’) to denote the
equivalence of (P) and (P’). For a vector space E, we use E* to denote its dual space.
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B.2 Standard Facts and Proofs

Fact B.1 (Young’s inequality). Ifa > 0 and b > 0 are nonnegative real numbers and if p > 1 and
q > 1 are real numbers such that

1 1
,_|_,:17
p q
then
aP  b?
ab < — 4+ —.
p q

Equality holds if and only if aP = b4.

Fact B.2 (Hoeffding’s Inequality). Ler X1, Xo,..., X, be independent random variables such that
a; < X; < b; almost surely for all i. Let X = % i, Xi. Then, for any t > 0,

n 2
Pr[|X —E[X]| > t] < 2exp <—an2(bt_a)2> ,

Fact 2.7. Let (x) = ¢(x) + (a,x) + b for some a € RN and b € R. Then Dy (y,z) = Dy(y, )
forall x,y € RY, i.e., the Bregman divergence is blind to the addition of affine terms to function ¢.

Proof of Fact[27} The Bregman divergence Dy, and D, are defined by:
Dy(y,z) = o(y) — ¢(x) — (Vo(x),y — z),
Dy(y,z) = ¥(y) —¢(x) — (VY (z),y — ).
Since Vi)(x) = V() + a, substituting in the definition gives:
Dy(y, ) = o(y) + (a,y) +b— ((z) + (a,z) +b) = (Vo(x) + a,y — x)
=¢(y) — o(x) — (Vé(z),y — =) = Dy(y, x).

Thus, the Bregman divergence is blind to the addition of linear terms to the function ¢. O

B.3 Auxiliary Facts
We first state and prove Lemma [B23]to obtain upper bounds on the norm of each point, projections
onto vectors of norm at most W, and the loss value at each point.

Lemma B.3 (Boundedness). Fix w € B(W). For all samples (x;,y;) with truncated labels
lyi| < M as per Fact[2.6land bounded covariates as per Assumption it holds that

w-x; <WS (18)
|zi]2 < SVd (19)
(o(w-x;) — ;)% < 2B°W2(52% + C3,B?log*(W BS/¢)) (20)

Proof. Equation (T8) follows from Assumption[2.3] as

w
w-x; = ||w||2m sy < w28 < WS.

To prove Equation , for each coordinate j € [d], we have |£\)| = sign(z))e; - < S, by
again using Assumption Therefore, ||x||2 < SV/d.

For Equation (20), we recall Fact[2.6] that for some sufficiently large absolute constant C, it holds
that |y| < M := CyW BBlog(BBW/¢). Thus, Equation follows from Young’s inequality

(Fact [B.1)) and Equation (19), since |o(¢)| < B]t|, which follows from B-Lipschitzness of ¢ and
o(0) =0. O

https://doi.org/10.52202/079017-2151 67398



Lemma B.4 (Bounds on v). Let
v(w;x,y) =2(0(w - x) - y)Bz

Then v is uniformly bounded by G in {5-norm and k-Lipschitz for all samples x,y with truncated

labels |y| < M and bounded covariates as per Assumption where G = 28SVd(v/2BW S + M)
and k = 23%25%d.

Proof. We first uniformly upper bound v. An application of Lemma B3| gives us,
[v(ws 2, y)|3 = 467 (o(w - x) — y)* |||
<457 (26°W25% + M?) $%d.
Taking square roots, we get |[v(w; x,y)||2 < 28SVd(vV/28WS + M) =: G.
We now upper bound the Lipschitz constant x. We will use the fact that o is S-Lipschitz.
IVwv(w;2,y)|2 = 28l (w - @)||lzz” ||

= 2flo"(w - z)||]3
=233 5% =2p%S%d =: k.

O

Corollary B.5. Fix a reference distribution ng. Suppose |v(w;x,y)|l2 < G for all w almost surely.
Then for all distributions 1, q € P () it holds that

B, [v(w;z, )] — By [v(w;z,)]|13 < G*Dy(p, ).

Proof.

[Eafotwiz. )] - By fo(wi )]} = | [ owiz.o)@n - do)]
= | [ v (G~ G

(@) dn  dg |32
< - _
= /Hv<w)(d7:10 dpo)szm

(i) d da \ 2
< G2/(i_i) dpg
dpo  dpo
= GZDXQ(-,ﬂo)(TQa 9),
where (4) is an application of Jensen’s inquality and (i) follows from Lemma B.4] O

Claim B.6 (Convergence Rate). For all i > 0, let a; be defined as in Line El Then it holds that

2G%a;? ) 2r2a;’ 140.5¢1 A1 - _ k L
Trose A, < Yo+ vA;,_1 and TH05e A < 1 for all i. Moreover, Ay, = Y . ja; =

((1+ SmdweZhyl — 1) min{w, 1/4}/ min{v, ¢ /8}.

2G%a;? . 2k2a,;? 14+0.5¢1 A4; 1
Proof. In order for both TT05c A, < vy +vA;_1 and TT08e A, < 1 to hold for all

iterations 1, it suffices that
4max{G, k}?a;?
1+ 0.5¢14;
for which it suffices to enforce
4max{G,k}?a;? = (min{vo, 1/4} + min{v, c; /8}A4;_1)?,

where we used 4,1 < A;.

< min{vp, 1/4} + min{v,c1/8}A;_1,

Taking a square root on both sides using a; > 0, we obtain

2max{G, k}a; = min{vy, 1/4} + min{v, ¢; /8} A;_1.
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Solving this recurrence relation using Mathematica, we compute that for all iterations ¢ and k,

a; = (1 n M)H min{vo, 1/4} /(2 max{x, G})

2max{k, G}
k :
Ag = Zoai =((1+ m)k — 1) min{vy, 1/4}/ min{v, ¢1 /8}.

O

Remark B.7. Note that in our case, the gap is not guarenteed to be non-negative as is usually the
E N

case for convex-concave min-max problems. Recall that Gap(w, ) = (L(w, n*) — L(w*, p*)) +
(L(w*, p*) = L(w", 12))

Consider the following example:

Let 12 be the uniform distribution over {(—2,2), (2,1.5)}, 0 = ReLU and v = 0. Then, w* = —1

and p* is the distribution which places all its mass on (2,1.5). Then, Gap(l,p*) = L(1,p*) —
L(-1,p*) =0.25 — 2.25 < 0.

This is why we also need an explicit lower bound on the Gap that we have shown in Lemma 3.2}

C Concentration

Recall that that ., is not guaranteed to act as an empirical estimate of ., because we cannot draw
samples from the (unknown) distribution ., but only from 12°. In this section, we show that for
certain important functions f, it holds that E;  [f] ~ E,, [f]. We will abuse terminology and say
that f “concentrates” with respect to .

Organization: In Appendix we derive closed-form expressions for ., and 4., in terms of g
and 72 respectively. Note that bounded functions concentrate with respect to 72¢. In Appendix
we use the closed-form expressions found in Appendix to translate these concentration properties

t0 -Gy Finally, in Appendixwe show that p* satisfies sharpness, OPT ~ OPT and O/PTI‘(Q) ~
OPT y).

C.1 Closed-form expression
The following lemma gives us a closed-form expression for ., and ., in terms of ng and 7,
respectively.

We start with an additional definition to Definition [[.2}

R(w;np) = max E(z4)~z(0(w - ) — y)*> — vx*(R, 7o), with the maximum achieved by G,
nes

Lemma C.1 (Closed-form .,). Let png be a fixed distribution. Then, there exists £ € R such that,

max{{(w;z,y) — { + 2,0}

A _
) 4

dno N

When g is the empirical distribution 7io(N ), this result implies that there exists ¢ € R such that

iy max{l(w;x;,y;) — é + 2v,0}

) = ay o foralli € [N].

The constants & and é can be interpreted as normalization that ensures [ dg., = [ dGw = 1.

Proof. Recall that the dual feasible set is given by P = P(n9) = {p < po: [dp=1,p0 >0} =

{p<npo: [ dc%dpo =1, ;—:O > 0} and the function n — L(w, p) is strongly concave.

Consider the following optimization problem

max L(w,p)= max Ez ), l(w;x,y) — vx’(no,n).
ax (w, ) A Bey) pl(w;z,y) — vx*(no, n)
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By Fact 2.8 the first-order necessary and sufficient condition that corresponds to ., =
arg max, cq (,,) L(w, n) is the following: for any n € P (no),

dp  dguw
oz/VLw,wd fw:/VLw,w(—f )d, 21)
pL(W, Gw)d(n = Guw) p LW, Gu) (G o = 3 ) dPo
where we recall that both V,, L(w, g.,) and Radon-Nikodym derivatives dﬂ ‘;”“” are real-valued
measurable functions on R? x R. We will also write £ = ¢(w*, -, -) for short.

We claim Equation is satisfied if there exists £ € R and a bounded measurable function ¢ > 0
such that

if d9w
¢ 1fdﬂ0>0

& —Y(x,y) otherwise. (22)

VﬂL<w7 @w)(x, y) = {
Indeed, for any n € P(1p),

[ bt (G~ T Y

dp  dgw / dp
— L £ d L —d
[yppovﬂ (w,qw)(dﬂo dﬂo) Po + dqwzovﬂ (w’%’)dpo 0

dpo

d d d
- / £ <Pdpy + / 6Py + / 6(- 52 )dpy
T >0 120 G =0 120 >0 120
d dgw i
— [eildmr [ (-5 )an Q- =,
dpo Sl >0 dpo

where (i) is because fd%] >0 (‘3’;‘: )dpo = f ((jipo )dpo

Observe from the definition of L(w, G ) that V., L(w, G ) (2, y) = {(w; z, y) —20( 3% e w (g y)—1).
Plugging this into Equation (22) and rearranging, we have,

dp* {2”355 if S > 0

0
T ) 2vHl—E+Y e dgw
dﬂo oy if dpo 0
For the case where g’i >0, 4 dTlo = 2’”5575 so the condition dq—“’ > 0 becomes 2v + £ — & > 0.

On the other hand, if the above condition fails, it has to be the case that d‘ho" = 0. Combining, we
have

dGw % if2v+0—-¢>0 max{2v+/{—&,0}
dpo |0 otherwise B 2v .

O

Instead of using the expression in Lemma|[C.1] we will set v to be big enough to ensure that there is
no maximum in the expression for .,. This is captured in Corollary [C.2]

Corollary C.2 (Simpler Closed-form g.,). Fixw € R% Ifv > IE, ((w), then
dQ/w( D=1+ Uw;z,y) — By b(w)
dﬂo 2v
Similarly, if v > 1E5 {(w), then Gw'? > 0 foralli € [N], and
iy~ Awixi,y) — Eg l(w)
O =7l + ( ;V 20 )né)

foralli € [N].
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Furthermore, if v > Eﬁof(w), then, in particular, for each coordinate j € [N|], we have
a9 > ag )2

Similarly, if v > E, ¢(w), then for any non-negative function g, we have

1
/gdnwzi/gdno

Recall from Definition [1.2] that when w = w*, we define p* = G and p* = Gup. If v >
862V6B,/OPT 5 +€/c1 as assumed in Theorem then both conditions v > E5 ((w) and

v > E,, ((w) hold.

Proof. Setting v > 1E, {(w)and ¢ = E, (w) in Lemmaimplies lw;z,y)—E, l(w;z,y)+
2v > 0, which, in turn, means

d-grw (@, ) = max{{(w;x,y) — E, {(w;z,y) + 2v,0}
dpo 77 2v
lwiz,y) — Ep l(w; 2, y) + 2v

2v '

The empirical version follows analogously.

To establish the last claim, we show that 83%v/6 B/ O/P?I‘(z)/01 > Eg,¢(w). By Corollary , it
holds that

\/OPT(9) > OPT = Eg- (0(w* - &) —y)*® > Ez« (o(w* - ) —y)* —vx*(A*, 720) = L(w*, 2%).
By definition of 2*, we have L(w*,2*) > L(w*, 72o) = E5, (c(w* - ) — y)? — vx* (70, A0) =
E5, (o(w* - ) — y)?. Combining, we obtain 862\/63\/O/P\T(2)/cl > B, ¢(w)86%V6B/ci. We
conclude by observing 8532V 6B/c; > 1.

O

Another consequence of Corollary [C.2]is a closed form expression for the risk, as a variance-
regularized loss, similar to [DN19; Lam13|.

Corollary C.3. Fix an arbitrary distribution po. Recall the risk defined in Definition[I.2]
. - . 2
R(’U)7 ﬂO) = 7£r<1<a;§ E(m,y)r\/pg(w7 T, y) — VX (ﬂa 790)
Ifv > 1E; ((w), it holds that

Epo [ (w)] = (Ep, [6(w)])?
412

R(w;ﬂo) _ Eﬂo [Z(w)] + Eﬂo [5 (w)] ;V(Eﬂo [é('w)]) )

X2 (Guws 120) =

Proof. Both of these follow from Corollary [C.2} To see the first equality holds, observe that,

dg 2
2 w

wi10) = Epy [ SH2 1
X~ (Gw; 10) no(dm )

—E (U(w;z,y) — Ep l(w; z,y))?
o 12
_ E [ (w)] — (Ep, [{(w)])?
412 .

The second equality follows by a similar substitution.
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Setting d.g., as per Corollary [C.2] we get

Rlws o) = By | (522) tw)| = 020010

dpno
_E,, P(w) (1 | Uw) —Q%ﬂoé(w))] B [P(w)] - V(]Em l6(w)])
= Eﬂo [g(w)] + Eﬂo [f(fw) ] ;V(Eﬂo [Z(w)]) _ ]Eﬂo [f (w)} ;V(Epo [f(w)])
2 ()] — w2
B, [f(w)) + CrelZ@)] - V(Em[ﬁ( )

O

Finally, an important consequence of Lemma [C.T]is that it is possible to efficiently compute the risk
of a given vector w with respect to 729. We use this to compare the risk of our final output with the
risk that is achieved by the zero vector.

C.2 Concentration

The expression we get in Corollary [C.2]for 2* in terms of 20 allows us to translate concentration
properties of yag to 2*. We first state and prove a helper lemma, Lemma that shows E,, ¢(w*) ~
E5,¢(w*). Note that this is for the reference distribution 720, and not the target distribution p*.

For ease of notation, we define U := 252W?(S?+C?%, B?log?(W Bf3/e)), which is the upper bound
for the loss value in Equation (20) throughout this section.

Lemma C.4. Suppose ng satisfies Assumption Then for any fixed w € B(W) and all t > 0, it
holds that
[Epot(w) — Ego vy f(w)] <t

—t°N
8(B2W?2(S?2+C%, B2 log?(W BB/e)))?

with probability at least 1 — Qexp(
inequality holds for w*.

). In particular, the above

Proof. By Equation (20), Vi € [N],0 < (o(w - ;) — y;)*> < U. Hoeffding’s inequality (Fact[B.2)
now implies that, for all ¢t > 0,

S| —2N
Pr [Z W@, y) — By, f(w”) > t} < 2exp(W).
i=1
Rearranging and plugging the definition of U, we get the lemma. O

We now use Lemma [C.4] show that bounded Lipschitz functions concentrate with respect to p*.

Lemma C.5. Fix ¢ > 0. Let h = h(z;x,y) : B(¢) x R? x R — R be a measurable function
with respect to x,y that satisfies the condition that |h(z; ;)| < b almost surely. Then, for N =

OB,s,g (lt’—;(l + %) 10g(1/5)) samples drawn from the reference distribution ng to
construct (), for any fixed z € B(C), with probability at least 1 — 40, it holds that

|E(w,y)~ﬁ* [h(z; €z, y)] - E(m,y)wﬂ* [h(z; Z, y)” <t.
Moreover, suppose z — h(z;x,y) is a-Lipschitz. Then, for
bQ
2
with probability at least 1 — 40, it holds that for all z € B((),

N = 0p55( (1+ VDY (h10gca) + tox(1/0)

IE(z,y)~px [0(2; 2, Y)] — E(zy)~n=- [R(2; 2, 9)]| < T
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Proof. We use Lemma [C.1] to change the distribution with respect to which we are taking the
expectation,

Hw"sz,y) — Bg b(w™; 2, y) + 21/}
2v '
Lemma [C.4|now implies that with probability 1 — 2 exp(—2Nt2/(bU/2v)?),

Ep-[h(=)] = Eg, |h(zi,y)

lw*z,y) — Ep l(w";2,y) + 2V} Lt
2v 4
We now show that the expectation on the right hand side concentrates. To this end, we will use

Hoeffding’s inequality (Fact [B.2). To apply this, we will need a bound on the quantity in the
expectation. We bound this via an application of Equation and the fact that |h| < b to get,

Ep- [1(2)] = Bp, [h(z:2,y)

This means, with probability at least 1 — 2 exp(—2t2N/(b*(1 + U/2v)?)),

B i LBt )t s

Since w — h(w) is a-Lipschitz, a standard net argument over exp(O(dlog({a/t))) vectors yields:
with probability at least 1 — 2 exp(O(dlog(Ca/t) — t>N/(b*(1 + U/2v)?))) , it holds that for all

(23)

z € B(Q),
lw*) —Ep l(w*) +2v Yw*) —Ep l(w*) +2v
— b5 <t.

‘Em {h(z) 2v ] Ezo {h(z) 2v ] ’ =t @4

Putting things together, we see that if we choose
b? U?
N = Q(t—z (1 + ﬁ>(dlog(ga/t) n 1og(1/5))),
with probability at least 1 — 46, for all z € B((),
[Ea-[h(2)] = En- [A(2)]] < ¢.
O

C.3 Sharpness and Optimal Loss Value

Finally, as a consequence of Lemma we can derive that 2* satisfies sharpness, OPT ~ OPT
and OPT(Z) ~ OPT(Q)

Lemma C.6 (Shaprness for 2*). Suppose Assumptions|2.1|to2.3|are satisfied, then for large enough

N:
4

~ w Whlog*(1/€)
N = Op,sp.amn (5 (1+ =52 ) (d+log(1/3))).
with probability at least 1 — 49, for all w € B(2||w*||) with ||w — w*|| > /e and u € B(1),

Eunpyl(o(w - x) —o(w - x))(w -z —w" - 2)] > (co/2)|w — w3 (25)

Egepzl(x-u)"] < 6B forT =2,4. (26)

Proof. Fact[24]shows that p* the conditions above (with different constants). We need to translate
these to 2*. For each of the inequalities above, we will do this via an application of Lemma|C.5
Proof of Equation (25): Set h in Lemma|C.5Jto be h(w; ,y) = (o(w-x)—o(w*-x))(w-z—w*-x).
We proceed to set the constants a and b that used in Lemma [C.5] Equation (I8) implies that
for all (x,y) in the support of 7, |h(w;z,y)| < 48W?25% =:b. Also, w — h(w) is a =
2WS2%(B + 1)\/&—Lipschitz as a consequence of Equations and .
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Lernrnanow gives us that for N = 63757[3 (Vf—; (1 + %) (d+ log(l/é))) with proba-
bility at least 1 — 46, for all w € B(2||w*||),

Egng:[(0(w - x) — o(w™ - x))(w -z —w* - )] > colw — w* |3 —t.
Using the fact that ||w — w*||a > /€, we set ¢ = cpe/2, giving us the sample complexity

~ wH Wlog(1
N =050 (= (1+ #)(d +log(1/9))). 27)

€2

Proof of Equation (26)): This follows analogously to the proof above. Set h(u;x,y) = (z - u)" in

Lemma [C.5|for 7 = 2,4 and we proceed to calculate constants a, b. By Equations (I8) and (19), it
holds that h(u) < S* =: band u +— h(u) is a := 45*\/d-Lipschitz. Setting t = B, by Lemma|C.5|

for N = 637575 ((1 + %) (d+ 1og(1/5))) the conclusion follows. Note that this is
dominated by Equation (27). O

We now show that OPT ~ OPT.

Lemma C.7. Suppose Assumptions[2.1|to2.3|are satisfied and the sample size N is large enough
and N = 637575<W4 lotg:(l/e) (1 + loyg:(l/ﬁ)) log(1/5)>. Then for any fixed w € B(W) and
all t > 0, it holds that

|Ep-l(w;x,y) — Ez-l(w;x,y)| < t
OPT —OPT| <

with probability at least 1 —46. In particular, the above inequality holds for w*, i.e.,
t.

Proof. Set b := [2W?2(252 + 2C%,B*log*(WBA/e) > |l(w)|2 in Lemma where
the inequality is a consequence of Lemma Then, with N = 537575(%(1 +

%) log(1/5)) samples, with probability 1 —46, |E,«{(w; z,y) —Ez-l(w;x,y)| < t. O

Finally, we show OPT 5y ~ 6P\T‘(2).

Lemma C.8. Suppose Assumptions[2.1|to 2.3 are satisfied and the sample size N is large enough
~ 8 8 4 4

and N = OB,S,Q(W g, (1/e) (1 + ¥ 1052(1/6)) log(1/5)>. Then for any fixed w € B(W) and

all t > 0, it holds that

B0 (w2, y) — Bg 02 (w; @, y)| <t
with probability at least 1 — 46. In particular, the above inequality holds for w*, i.e.,
|OPT (5) —OPT o] < t.

Proof. Analogous to the previous proof, observe that |[[2(w)ls < 8B*W4(S* +

C4,B*log*(WBS/e) =: b. By Lemma with N = Opgspg (% (1 +
w) log(1 /5)) , with probability 1 — 44, it holds that |E,,- (2 (w; @, y) — E5- £2(w; 2, )| <
t. O

We capture properties of OPT and OPT 5 in the following corollary.

Corollary C.9 (Properties of OPT, OPT(y)). Suppose Assumptions[2.1|to[2.3|are satisfied and the
. . A W log®(1/€) Wlogt(1/€)

sample size N is large enough and N = Op s g o 1+ e log(1/6) ). Then

for all t > 0, the following hold:

1. With probability 1 — 45, [OPT 9, —OPT )| < t.

2. With probability 1 — 45, |OPT —OPT| < .

67405 https://doi.org/10.52202/079017-2151



3. OPT < /OPT (3, and OPT < /OPT .

Proof. The first two items follow immediately from Lemma[C.§]and Lemma|[C.7} The third item is a
consequence of Cauchy-Schwarz. O

D Gap Upper Bound

To prove Lemma [3.3] we need to construct an upper bound on the gap Gap(w;, 22;) = L(w;, p*) —
L(w*, p;). To achieve this, we establish an upper bound on L(w;, 2*), which motivates the update
rule for 72;. We also establish a lower bound on L(w™, 12;), which guides the update rule for w; and
the construction of g;. Note that the construction of the lower bound is more challenging here, due to
the nonconvexity of the square loss. This is where most of the (non-standard) technical work happens.
To simplify the notation, we use ¢(72) := x*(72, 720) throughout this section.

Upper bound on L(w;,n*). We begin the analysis with the construction of the upper bound,
which is used for defining the dual updates. Most of this construction follows a similar argument as
used in other primal-dual methods such as [Dia+22c; SWD21]].

Lemma D.1 (Upper Bound on a; L(w;, 2*)). Let 72; evolve as outlined in Line[7} Then, for alli > 1,

a;i L(w;, n") < a;L(wi, pi) + (vo + vAi—1) D (n", 2i-1) — (vo + vAi) Dy (", 1)
— (vo +vAi—1)Dg(pi; pi-1)-

Proof. Recall that ¢(22) := x?(72,720). Observe that L(w;,72*) as a function of 2* is linear minus
the nonlinearity v¢. We could directly maximize this function and define 72; correspondingly (which
would lead to a valid upper bound); however, such an approach appears insufficient for obtaining our
results. Instead, adding and subtracting (vo + vA;_1)Dy(2*, 72;—1), we have

aiL(w;, %) = a;L(w;, ") — (vo + vAi—1)Dy(n", 72i—1) + (vo + vAi—1) Dy (0", 12i-1)
= h(n*) + (vo + vAi—1)Dy(n", pi-1), (28)
where we define, for notational convenience:
h(7) := a;L(w;, 2) — (vo + vAi—1) Dy (22, 72i1)-

Observe that by the definition of 7;, h(n2) is maximized by 72;. Hence, using the definition of a
Bregman divergence, we have that

h(p”) = h(7:) + (Vh(2i), A" — 1) + Dn(A", 721)
< h(pi) — (vo +vA;) Dy (", 12:),
where in the inequality we used that (Vh(7;), 2* — 7;) < 0 (as p2; maximizes h) and Dy (n*, 1)
—(vo +vA;)Dy(22*, 12;) (as h(72) can be expressed as —(vg + vA;)$(72) plus terms that are either

linear in 72 or independent of it. See Fact[2.7). Combining with Equation (28) and the definition of &
and simplifying, the claimed bound follows. O

An important feature of Lemma [D.1]is that the first two Bregman divergence terms usefully telescope,
while the last one is negative and can be used in controlling the error terms arising from the algorithmic
choices.

Lower bound on L(w*,7;). The more technical part of our analysis concerns the construction of
a lower bound on L(w*, 72;), which leads to update rule for w*. In standard, Chambolle-Pock-style
primal-dual algorithms [ACW22; |(CP11;|[SWD21], where the coupling L(w), 72) between the primal
and the dual is bilinear, the lower bound would be constructed using an analogue of the upper bound,
with a small difference to correct for the fact that w; is updated before 72; and so one cannot use
information about 72; in the w; update. This is done using an extrapolation idea, which replaces 72;
with an extrapolated value from prior two iterations and controls for the introduced error.

In our case, however, the coupling is not only nonlinear, but also nonconvex because {(w; x,y) =
(o(w - &) — y)? is nonconvex. Nonlinearity is an issue because if we were to follow an analogue of
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the construction from Lemma|D.1] we would need to assume that we can efficiently minimize over w
the sum of L(w, 72) and a convex function (e.g., a quadratic), which translates into proximal point
updates for the L3 loss for which efficient computation is generally unclear. Nonlinearity alone (but
assuming convexity) has been handled in the very recent prior work [MDH24||, where this issue is
addressed using convexity of the nonlinear function to bound it below by its linear approximation
around w,. Unfortunately, as mentioned before, this approach cannot apply here as we do not have
convexity. Instead, we use a rather intricate argument that relies on monotonicity and Lipschitzness
properties of the activation o and structural properties of the problem which only hold with respect to
the target distribution 22* (and the empirical target distribution 2*, due to our results from Lemma
Handling these issues related to nonconvexity of the loss in the construction of the upper bound is
precisely what forces us to choose chi-square as the measure of divergence between distributions; see
Lemma and the discussion therein.

Proposition D.2. Consider the sequence {w,}; evolving as per Line @ Under the setting in which
Lemma[2.3| holds, we have for all i > 1,

a; L(w*,72;) > L(w;, 12;) — a; By — (19 + vA;—2) Dy (Pi—1, Pi—2)

1+ 0.501Ai_1 % 1+ 0.561141‘_1 %
A g - T o — i

1+0.5¢14;-1 5 140.5c14;-9 9

SR g — i [ = R iy — wial

+a; <]Ef1\¢ ['U(wi; T, y)] - Efi\¢71 [’U(wi,ﬁ T, y)]’ w* — wi)
—ai—1(E5,_, [v(wi—1;2,9)] — Ea,_, [v(wi_2; 2, y)], w" —w;_1),

where is E; is defined by Equation (37).

Proof. From the definition of L(w*, p;), we have:
L(w*7 731) = E’ﬁz [(O(w* ' lli) - y)Q] - VD(ﬁi7 7/50)

2= ((o(w* ) —o(w; - z)) + (o(w; - ) — y))? and expanding the square,

Wri}tling (c(w*-x)—1y)
L(w*, 7;) = Bz, [(o(wi - @) — y)*] = vD (73, 70) + Eg, [(0(w* - ) — o (w; - x))?]
+ Bz, [2(0(w; - @) — y)(o(w" - @) — o(w; - @))]
— L(ws, ) + Si, (29)
where for notational convenience we define
S; = Eg,[(c(w* - z) — o(w; - )% + Ez,2(c(w; - ) — y)(o(w* - x) — o(w; - x))].  (30)

Observe that L(w;, ;) on the right-hand side also appears in the upper bound on L(w;,2*) in
Lemma|D.1]and so it will get cancelled out when L(w*, 72;) is subtracted from L(w;,72*) in the gap
computation. Thus, we only need to focus on bounding .S;. This requires a rather technical argument,
which we defer to Lemma[D.3]below. Instead, we call on Lemma|[D.3]to state that

Si 2 B, [(v(wis 2, y), w* — w;)] — E; GD
and carry out the rest of the proof under this assumption (which is proved in Lemma|D.3).

At this point, we have obtained a “linearization” that was needed to continue by mimicking the
construction of the upper bound. However, v(w;; «, y) depends on w;, and so trying to define w;
based on this quantity would lead to an implicitly defined update, which is generally not efficiently
computable. Instead, here we use the idea of extrapolation: instead of defining a step w.r.t. w;, we
replace E;, [v(w;; z,y)] by an “extrapolated gradient” defined by (cf. Linein Algorithm :

aj—1

gi-1=Eg,_ [v(w;_1;2,y)] + Bz v(wi—z,y)] — Eg,_, [v(wi—as 2, y)]).

Combining with the bound on S; from Equation (31)) and simplifying, we now have
aiSi > ai(gi—1,w" —w;) — a; B
+ ai(Eg, [v(wi; @, y) — gi—a], w" — w;).

(32)
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Let (w) = a;(gi—1, w) + % |lw — w;_1||% and observe that (by Line|§|in Algorithm i

w; = arg min,, cg ) 1 (w). Then, by a similar argument as in the proof of Lemma since v 18
minimized by w; and is a quadratic function in w;, we have

1+0561AZ 1 1+0501A2 1

ai(gi—1,w" —w;) > 7” —wl|5 — Jw* —w; 1|3
(33)
1+ O 5c1A4;_1
t e llwi —wi—13.
On the other hand, by the definition of g;, we have
ai<E73' [w(ws;z,y)] — gim1, w" — wy)
= az<Eﬂ [’U(’w“ (Y y)} Eﬁi—l [’U(wifl; €, y)]a w" — wz> (34)

—a;—1(Eq,_, [v(wi—1;2,y)] — Bz, _,[v(wi—2; 2, y)], 0" —w;—1)
+ aiﬂ@ﬁi,l w(wi—1;2,y)] — Ez._, w(wi—2;x,y)], w; — wi_1)

The first two terms on the right-hand side of Equation telescope, so we focus on bounding the
last term. We do so using Young’s inequality (Fact followed by k-Lipschitzness of v, which
leads to

- az’—1<Eﬁi,1 [v(wi—1§ x, y)] - ]Eﬁz‘—Z [”(’wz’—Q; Z, y)L w; — W;— 1>

2
a;—1 1+0561Az 1

< m” P Jv(wiog )] *Eﬁi_a[v(wi—%%y)]ﬂg 7” wz’—lH%
(@) 20‘,1‘_12/{2 2 Qai_12G2 —~ —~ 1+0501Al 1 2

T AE. A 1—1 = i— —FD i—1, [Hi— - < i—
S 150504, |wi—1 —wi—2||3+ 1T 0504 ¢(Ri—1,7i—2) + w; —wi—1]l3
()1+0561A12 1+0561A1 1 ~ ~
< 7” —w; o3 + 7H —wi_1]]3 + (vo + vAi—2) Dy (Pi-1, Ri—2),

(35)

2 22
2a;_1 2k 140.5¢1 A; o 2a;_ 1°G . .
where in (i7) we used 50501 A1 < 7 and 10504 < vy + vA;_o, which both

hold by the choice of the step size, while (¢) follows by boundedness and x-Lipschitzness of v and
Corollary [B23] using

1Bz, _, [v(wi1;2,9)] — Ep,_,[v(wi—o; 2, y)] 3

= B, , [o(wi-1;2,9)] = Ep, L [w(wii;2,y)] + Ep, ,[v(wii;2,y)] — Es,_,[v(wi—2;2,9)][3
<2||Bp,_, [v(wi1;2,9)] — Ba,_, [v(wii; 2, 9)][13 + 2 Ba,_, [o(wi1;2,9)] — B, [v(w; 2 2,9)]3
< 2G2D¢(ﬁi71;ﬁi72) + 263w — w; 3. (36)

Combining Equations (32) to (33)), we now have

14 0.5¢1 4; 14+ 0.5¢1 A;
aiS; > —a; B + #ll — w3 — #II — w13
— (vo+vA; - 2)D¢(ﬂ171a Ri—2)
1—|—0561Az 1 1+O501Az 2 2
7” — w1z — 7” —w;_23
+a’i<]Erli [v(whm’y)] 7Eﬂ1 [v(wz 15 ,y)], 7wz>

—ai—1(Es,_ [v(wi—1iz,y)] — Ea,_, [v(wi—oiz,y)], w" —w;_q).
To complete the proof, it remains to combine the last inequality with Equation (29). O
Lemma D.3. Let S; be defined by Equation (30). Then, under the setting of Proposition|D.2} we have
Si > Eg [(v(w;z,y), w" —w;)] — Ej,

where
86268/ OPT 5 4832 BOPT
c N ~
Ei = w" — w3 + o X (s 87+ ———— (37)
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Proof. Define the event € = {(x,y) : o(w; - ) — y > 0}. Then,
Bz [2(0(w; - ) —y)(o(w” - ) — o(w; - x))]
=Bz [2(0(wi - @) —y)(o(w” - ®) — o(wi - @))lg + 2(o(w; - ) — y)(o(w

> Eg, [Ig2(0(w; - ) — y)o' (w; - @) (w* - & — w; - x)]

i

*

cx) —o(w; - x))lge]

+ Eg, [Ige2(0(w; - ) — y)o' (w* - x)(w* - & — w; - )],

where the last inequality uses convexity of o(-) to bound the term that involves Iy and concavity of
—o(+) to bound the term that involves Igc and where o’ denotes any subderivative of o (guaranteed
to exist, due to convexity and Lipschitzness).

Recall that v(w;; z,y) = 26(c(w; - ©) — y)x. Using that o’(t) = 8 + (¢/(t) — B) for all ¢ and
combining with the inequality above, we see
Ez [2(0(w; - ) —y)(o(w” - @) — o(w; - ))]
> Bz, [(v(wi; z,y), w" — w;)]
+ 2B, [Ig (o0 (w; - @) — y) (o' (w; - @) — B)(w”" - = — w; - x)] (38)
+ 2B, [Ige (0 (w; - ) —y) (o' (w" - @) — B)(w" - & — w; - @), (39)

and so to prove the lemma we only need to focus on bounding the terms in the last two lines.
Recall that o is assumed to be monotonically increasing and 8-Lipschitz, and so 0 < ¢’ (w* -x) < .
Thus, we have
(o(w; - @) — y)(o'(w" - @) — B)(w’ -z — w; - @)
x) —y)(o'(w” - @) -
+ (o(w; - x) —o(w* - x)) (o' (w" - ) — B)(w* - & —w; - )
> (o(w" ) —y)(o'(w” - x) = B)(w" -z —w; - x), (40)

*

where we have used o/ (w* - ) — 8 < 0 (by Lipschitzness) and (o (w; - ¢) — o(w* - x))(w* - & —
w; - ¢) < 0 (by monotonicity of ). By the same argument,

(o(w; - x) —y)(o'(w; - x) — B)(w* -z —w,; - )

> (o(w" @) —y)(o'(w; - x) — B)(w" - = — w; - @).

To complete the proof of the lemma, it remains to bound the expectation of the term in Equation (40).
We proceed using that |0 (w - &) — 8] < S5, Yw, and thus for w € {w*, w;}:

(o(w” - @) —y)(o'(w - ) — B)(w" - & — w, - )|
< Plo(w” - @) —yl|lw” -z —w; - z|.

Taking the expectation on both sides, and combining with Equation (40), we further have

—2E;, [Ig(o(w; - ) — y) (o (w; - ) — B)(w* - & — w; - x)]
— 2B, [Ige (o(w; - @) — y) (o' (w" - z) = B)(w" - & — w; - z)]
< 98 [(Ts + Tgolo(w" - @) — yllw* -z — w; -]
=2BEg [[o(w" - ) — yl|[w" - @ — w; - x|

—25 [ Jo(w" @) - yllw @~ w; - alda,
:26/\a(w*-ac)—y||w*-:c—wi-a:|dﬁ*
+2ﬁ/|a(w*-sc) —yllw* - @ — wi - | (dfi — dAY). 1)

In the last equality, the first integral is just the expectation with respect to 2*, and thus using Cauchy-
Schwarz inequality, the definition of OPT, and Lemma [C.6] the first term in Equation (1)) can be
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bounded by

[lotw ) = sl o - w, - alda

< /B l(o(w - 2) — B [(w - @ — w; - )

\/(ﬁ\/ﬁBHw* — w;l|a

< 24ﬂBOPT
- (1 166

IN

Jw* — w3, (42)

where the last line is by Young’s inequality and the second last line uses Lemma 2.3]

For the remaining integral in Equation (1)), using the definition of chi-square divergence and Cauchy-
Schwarz inequality, we have

[lotw @) - ylw" @ - wi o dz - d7")

« . dp; — dp* _
:/"’<w x) —yllw ~w—wi-w|(ﬂd\/?f)\/@
@0 - .
< V(A B)Ep- (o (w - @) = y)2(w* -z — w; - @)?]
<u>

< (P, ") PEp (o (w” - @) — )] Ep (0" - @ — w; - 2) ]!

(#41) ~ o~k _—1/4 N
< X*(7i, n*)/2OPT 5 (6B]lw* — wil|3)"/*

(w 45\/ GB\/ OPT(Q)

)+ @llw - wil, (43)

where (2) is by Cauchy-Schwarz, (i7) is by Cauchy-Schwarz again, (¢i7) is by the definition of OPT
and Lemma|[C.6| and (iv) is by Young’s inequality.

To complete the proof, it remains to plug Equations @) to #3) back into Equation (39), and
simplify. O

Gap upper bound proof of Lemma[3.3] Combining the upper and lower bounds from Lemma [D.]
and Proposition[D.2] we are now ready to prove Lemma[3.3] which we restate below.

Lemma 3.3 (Gap Upper Bound). Ler w;, f2;, a;, A; evolve accordmg to Algorlthml I} where we take
by convention, a_1 = A_1 = ag = Ayp = 0 and w_1 = wq, A_1 = Po. Assuming Lemma

applies, then, for all k > 1, Zz’:l a;Gap(w;, p;) is bounded above by

1+ 0.501Ak %
—— =

1 * Sk S f ~
Fllw” = woll3 + voDy (7", 7o) - w* — w3 — (vo + VA Dy(R”, Bi)

k 882v6B1/OPT (9 F > PADT
ey \ OPT(y) .. 4832BOPTA,
‘*‘Zaizﬂw —wll5 + o Zaz (A, %) + T
=1 i=1

Proof. Combining the upper bound on a; L(w;, p*) from Lemma with the lower bound on
a; L(w*, 72;) from Proposition[D.2] and recalling that Gap(w;, 2;) = L(w;, 2*) — L(w*, 22;) and
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A; = A;_1 + a;, we have

a;Gap(w;, 12;) < a; E;
+ (vo +vAi—1)Dy(n", 2i-1) — (Yo + v A;) Dy (", 72:)
+ (vo + vAi—2)Dy(pi-1,i-2) — (Vo + vAi—1) Dy (i, 12i-1)

1 +0.501Ai,1 % 1+0561A2 %

P L0 - B3
1+0.5¢14;_ 9 5 14+0.5¢14;_4 2
— wier —wislly = ——————lwi — w4

+ai1 (B, [v(wi—1;2,y)] — Ea,_, [v(wi—2;x,y)], w" —w;_1)

*

—ai(Bp, [v(wisz,y)] — Eg,_, [v(wi—i;2,y)], w" —w;).

Observe that except for the first line on the right-hand side of the above inequality, all remaining
terms telescope. Summing over ¢ = 1,2, ..., k and recalling that, by convention, ag = Ag = a_; =
A_1=0,w_1 =wpy, and p_; = g, we have

k k
~ 1, ., e~
ZaiGap(wi7ﬂi) < Z%Ei + §||w — woll5 + vo Dy (7", 720)
i=1 =1
14+ 0.5¢1 A " e~
- %Hw — w3 — (1o + Ax) Dy (", k) (44)
— ap(Eg, [v(wi; z,y)] — Ea, , [v(wi—1;2,9)], w" —wy)
1+ 0.5¢1Ap_ ~ o~
- %klﬂwk —wi_1 5 — (o + VA1) Dy(Pk, Pi—1)-

To complete the proof, it remains to bound a|(Ez, [v(wg; x, y)]—Es, , [v(wr_1; 2, y)], w*—wy)|,
which is done similarly as in the proof of Proposition In particular,

ak\@ﬁk [v(wg; x,y)] — Ese_y [v(wi—1;2,y)], w" —w)|

GO __ 14 05¢ A, .

< m”Eﬁk [v(wi; z,y)] — Eg,_, [v(wi_1;2,)]||3 + f”w — wy 2

QD __w 1+ 0.5¢; Ag

< % (2G®D, (5. Br1) + 262w — _2>7*_‘2

< 1—|—0.501Ak( oAk, Ar—1) + 2r%||lwp — wr—1])3 ) + . [w* — wy2

(¢7) ~ o~ 1+ 0.5¢1Ap_ 14+0.5¢A §

< (vo + vAk—1)Dy (7K, Pr-1) + #Hwk —wk,1|\§+f1k”w — w2,
(45)

where (¢) is by Young’s inequality and (¢7) is by Equation , and (7i7) is by % < vo+vAi_1

and 1+26€.25itilk < 1+O‘5‘2A’“‘1 , which both hold by the choice of the step sizes in Algorithm

To complete the proof, it remains to plug Equation (#3) back into Equation (#4), use the definition of
E; from Equation (37), and simplify. O

E Omitted Proofs in Main Theorem

Claim 3.5. For all iterations k > 0,

wy |2 < 2[|w* 2.
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Proof of Claim[3.3] Tt trivially holds that 0 = wy € B(2||w*||2). Suppose ||w;||2 < 2||w* ||, for all
iterations ¢ < ¢ where ¢t > 0. Then

k

| 128°B - o _
. OPT Ay + Z ai— sz —w*[|3+ Y va;Dy(p*, i) + ar11Gap(wi 1, Prt)
1 i=1 i=1
k1
< ZaiGap(’wi;ﬁi)
i=1

1+ 0. 561Ak+1

1 * ko * ~x o~
< |lw* — woll3 + voDg (™, 70) — [w* — wis1l5 — (Vo + VA1) D (R, akg1)

k+1 2
+Zaic—1llw* , 88 \/GB\/OPT
i=1 4

4832 BOPT Aji1

alx (i, %) + o

— w3 +

proceed to deduce a different lower bound for Gap(wg1, 2k+1)- Similar to Lemma|[3.2] we break
into two terms L(w*, fag11) — (= L(w*, 2%)) = vDy (", pry1) and L(wp 1, 27) — L(w™, p*) =
Es-[(0(wpt1 - ) — y)? *x)—y)? > —OPE,\where the first term is bounded the same
way as in Lemma Hence, Gap(wg1,Ag+1) > —OPT. Therefore, we simplify as before

14 0.5¢1 Ag41
2

where we used the gap upper bound Lemma again as it does not require w € B(|Jw*||2). We
L

— (o(w

* %~ C1 *
[ w* — wii1]3 + (o + vAk41)Dg(R*, Prs1) — aiZHw — w13

5l e ) + 1228 G o, 1852BOPTA
< 5”’111 — w3 + voDy(R*, 7o) + 51 OPTA, + a4 10PT + B - k41

which implies by nonnegativity of Bregman divergence that:

60528
c1

~% A~

2+ c1 Ag 1
S wt — wea I < Sllw” = woll3 + voDo (A" 7o) + (

4

At an (14 2B Y)oPT,

Rearranging and using 2 + c; A, > 2,

e~ 2408%B 4 4843%B
w* — wyp1]|2 < ||lw* — wol|2 + 200Dy (R*, 10) + b + e 1+ b OPT
+11l2 2 [ 2

cy 2+ c1 Ay c
Our choice of stepsizes a; implies 21’;?@ < 1/max{x,G} <1, hence
* * ke~ 2883°B 1 —
H’LU 7w/€+1||§ < H’LU *U)0||§+2VOD¢(ﬂ 77Q0)+ ( C% max{ﬁ,G})OPT7
Claim E.1. Forv > 832V6B1\/OPT ) /c, it holds that
v~ Varg, (£(w* OPT 9
X2 (A", o) = ’le(yé ) st < c1/(15368'B).
Similarly, for v > E, ((w*),83?V6B, /OPT (3)/c1, it holds that
Var,, ({(w* OPT
o) = Ctel)) 0PV <o 153657 B).
1% 1%
2 N #3712 2
ProofofClazm@ By Corollary 2(n*,10) = Egy [E7(w” )]41/(;E oltw D" [4y(2 IS

OPT(Q)

< ¢1/(15363* B), where the second last 1nequa11ty uses 2% > 7/2 from Corollary.and
the last inequality comes from lower bound on v in the assumption.

The population version follows analogously. O

Since Dy(7*,70) = X*(A*, 720), by choosing v = 76834 Be/c1, we ensure 2vo Dy (n*, 7g) < €
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By choosing vy small enough and initialization wg = 0, it holds that

288328 1
. 2 < * (|2 (
|w* —wrp |3 < [lw[3+e+ 2 max{k, G}

)T,

We may assume without loss of generality that — {1&’6,} < 28853 because both x and G is O(d)
but the right hand side is an absolute constant. We may also assume without loss of generality that
%G\PT + € < 2f|lw*
reason for the last no loss of generality is the following: otherwise, we can compare, per Claim[E.2]

the empirical risk of the output from our algorithm and of w = 0 and output the solution with the
lower risk to get an O(OPT) + € solution. O

Claim E.2 (Zero-Tester). In the setting of Theorem it is possible to efficiently check if R(0; 20) >
R(w;np) or not; where W is the output of Algorithm

2, thus completing the induction step ||w* — w1 1|2 < 2|]w*||2. The

Proof. Observe that L(w, ) = Zf\il ni(oc(w-x) —y)? — vx*(2,70) is 1/v-strongly concave in
(AW,..., ™). Now, since R(w; 7Ag) = max; L(w, 72), we can estimate the risk at any given w
using standard maximization techniques (such as gradient descent).

To test which risk is larger, we estimate R(0; 720) and R(w; 72p) to a necessary accuracy and then
compare.

O

F Parameter Estimation to Loss and Risk Approximation

Theorem [3.1| shows that Algorithm |l|recovers a vector W such that |@ — w*||2 < VOPT + /e,
where OPT := E,« (o (w* - x) — y)~.

F.1 Loss Approximation

In this section we show that this implies that the neuron we recover achieves a constant factor
approximation to the optimal squared loss.

Lemma F.1. Let p* satisfy Assumption and Assumption Suppose (W, ) is the solution
returned by Algorithmwhen given N = samples drawn from png. Then, E,«(o(w - x) — y)* <
OﬁyB(OPT) +e

Proof. Recall that ¢ is S-Lipschitz, and Fact gives us E,,« (u - x)? < 5B for all unit vectors u.
These together imply,
Epe(o0(® - @) —y)° < 2B, (0(w” - @) — y)* + 2E,- (0(w” - @) — 0 (@ - x))?
< 20PT +28%|@ — w* |2 E,- (‘f‘“’ : az)
lw —w*||
< 20PT +23%(2C3 OPT +2¢) 5B
< (2+20BB*C2) OPT +105Be.

F.2 Risk Approximation

Fix w as output by Algorithm [I]and w* as defined in Definition Since we are bounding the
population risk throughout this subsection, we write R(w) = R(w; o) in short. The goal of this
subsection is to show

R(w) — R(w*) < O(OPT) +e.

We first introduce some convex analysis results that we rely on in this subsection:
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Fact F.2 (Strong convexity of chi-square divergence). Consider the space P(po) = {p :pn < no}-

For n € P(no), we denote by é% the Radon—Nikodym derivative of 12 with respect to g, and we

define |||y, = @/I(%)deg. Then p — X*(, no) is 2-strongly convex with respect to ||-|%, .

Fact F.3. Consider the space P(n9) = {n : n < no}. Denote by (-,-),, the inner product
(1, 02)ny = [ 41l2dpg and denote by ||-||,,, the correponding norm. Then ||-|| ., is the dual norm of

(|15, defined in Fact

Definition F.4 (Convex conjugate). Given a convex function defined on a vector space [E denoted by
f : E — R, its convex conjugate is defined as:

f(y) = i‘ég(@’@ — f(=))

for all y € E* where E* is the dual space of E and (y, x) denotes the inner product.

Fact E.5 (Conjugate Correspondence Theorem, [Becl7, Theorem 5.26]). Letv > 0. If f : E — R is
a v-strongly convex continuous function, then its convex conjugate f* : E* — R is %-smooth.

We are then able to state and prove the key technical corollary in this subsection:

Corollary F.6. For any po-measurable function £ : RY x R — R, let R({) = max,«py Ep,l —
vx%(n, o). The function R(-) is 1/(2v)-smooth with respect to the norm ||-|| ,, defined in Fact

Proof. Observe by definition of the convex conjugate that % (-) is the convex conjugate of the function
vx2(+, 720). Since the function v\ (-, a9) is 2v-strongly convex with respect to the norm |- 7 BY
Fact[F2] it follows from Fact[F.3]that % (-) is 1/(2v)-smooth with respect to the norm |[-[| 5, O

For ease of presentation, we define the following quantities: let £*(z,y) = (o(w* - &) — y)? and
U(x,y) = (o(w - x) — y)2. We first compute V,% (£*) by conjugate subgradient theorem.
Fact F.7 (Conjugate Subgradient Theorem [Bec17, Theorem 4.20]). Let f : E — R be convex and
continuous. The following claims are equivalent for any x € E and y € E*:

1 (y,z) = f(x) + [*(y)

2. yeof(x)

3.z € df*(y)
Corollary F.8. Let p* be as defined in Definition[1.2} Then n* € 9,%R (¢*).

Proof. We verify that R (£*) = max,«p, Ep,[o(w* - @ — y)?] — vx?(p,n0) = Ep+[o(w* - @ —

Y)?] — vx*(p* n0) = Ep- 0 — vx%(p*, po) = (p*, 0*) — vx*(n*, po), where the second equality
is the definition of * and the third equality is the definition of £*. By Fact[F.7]and observing that
%R (-) is the convex conjugate of the function vx?(-, o), we have p* € 9, R (€*). O

Theorem F.9. Suppose Corollary holds for both w* and W with respect to the population
distribution. Then
R(w;po) — R(w*;p9) < C4(OPT +e),

where Cy = 1+ 2(10BS3? + ¢1)C3 + c1vV5BB%C2. In particular, Corollaryholdsfor both w*
and W is satisfied under the assumptions in Theorem[3.1

Proof. By the definition of smoothness, it holds that for any p € 9, (£*), we have

A * N * N * 15 *
R(t; po) — R(w"; po) = R(E) = R(C7) < (p, £ = £7) + |10 = L[5,
Hence it follows from Corollary [F.8] that

N * x ) * L. *

R(t; po) — R(w"; po) < (p" £ = £7) + [0 = L],

=Ep-[(o( - @) —)* — (o(w" - x) —y)*] + %Em[((a(ﬁf ) —y)* = (o(w” - x) —y)*)?].
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We use the following shorthand for ease of presentation.

U(x,y) = o(w”-z) -y,

*

Alz,y) =o(w - x) — o(w* - x).

Then

I * * ) * 1.5 *
R(w;no) — R(w™mo) < (7, 0= £7) + || — ¢ [

1
=E,-[(A+0)? - 97 + o5 B [((A + U)? — 0?)?]
1
=E,-[A% + 2A7] + 55, Ero [A%(A +2W)?]
1%
<E,.[A% +2AT] + lEﬂo [A%(A% + 402)],
14

where the last inequality is the standard inequality (a + b)? < 2a? + 2b%.

Recall in Fact2.4|that E,,« [AV] > ¢o|w — w*||3 and E < [(z - (W — w*))7] < 5B||w — w*||3.
From the second- and fourth-moment bounds, we have E - [AT] = E,«[(o(x - w) — o(x - w*))7] <
BTE,+[(z - (W —w*))"] <5BAT||w — w*||3 for 7 = 2,4, where the second last inequality follows
from S-Lipschitzness of o(-). Taking 7 = 2 gives us a bound for E,,«[AZ].

For E,-[A¥], it follows from Cauchy-Schwarz that E,-[AU] < (/E,-[A%]E,-[¥2] <
VHBB2OPT||w — w*||2.

By Corollary [C.2] we have E,,, [A%] < 2E,-[A%] < 5B8*||w — w*|[3.

Finally, similarly by Corollary it follows additionally from Cauchy-Schwarz that E,,, [A2W?] <
2E,- [A20?] < 2/E, [AYE,-[V?] < 2||w — w*|3,/5B5* OPT ). By Theorem 3.1} we have
v > 83%V6B,/OPT ) +¢/c1 by assumption, hence 4E,,, [A?U?] /v < ¢1||w — w*|[3.

Combining the above four bounds and the guarantee of Theorem that ||l — w*||3 <
2C3 OPT +2¢, we have
R(w; po) — R(w”; o)
< 5BB? || — w*||3 + 24/5BB2 OPT||w — w*||s + c1]|w — w*||3 + 5B || — w*||3/v
< OPT +(10BB? + ¢1 + 5BBY|w — w*||2/v)||w — w*||3
< OPT +2(10Bf? + ¢1)(C3 OPT +¢) + 40BB*(C2 OPT? +€%) /v.
By Corollary OPT < /OPT(, hence v > 8632%v6B, /OPT () +€/c1 >
832v/6B max{OPT, \/e}/c1, hence
R(w; po) — R(w"; o)
< OPT 42(10Bf? + ¢1)(C3 OPT +4¢€) + ¢;V5BB%(CZ2 OPT? +¢2)/ max{OPT, y/e}
< OPT 42(10Bf% + ¢1)(C3 OPT +e) + ¢ V5BB?(C2 OPT +¢'9)
= (1+2(10BB% 4 ¢1)Cs + c1V5BB2C3) OPT +(2(10BB% + ¢1) + c1V5BA?)e.
O
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: The abstract and introduction clearly outline the open problem we provide the
first results for, clearly state the assumptions involved (cf. Section[I.T]— Problem Setup and
Section[I.2]— Main Result), and give a detailed technical overview of our algorithm (cf.
Section [I.3|— Technical Overview).

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: The limitations are clearly stated in the statements of each theorem and are
discussed in the introduction of the paper and description of the key lemma (Lemma [3.4).

Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations" section in their paper.

The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs
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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: Each theorem statement provides all the assumptions and we provide complete
proofs for all statements that are either in the main body of the paper or in the 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 ex-
perimental 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 is theoretical in nature and does not include experiments.
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 submis-

sions 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).

(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.

67417 https://doi.org/10.52202/079017-2151



5. Open access to data and code

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

Answer: [NA]
Justification: The paper is theoretical in nature and 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 is theoretical in nature and 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 is theoretical in nature and 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, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* 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).
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8.

10.

* 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).

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

e 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).

* 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 com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [NA]
Justification: The paper is theoretical in nature and 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: Our research 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.

o 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 consid-
eration 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: [NA]
Justification: The work is theoretical and we do not see any major or immediate implications
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.
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» 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).

11. 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 work is theoretical.
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.

12. 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: This paper does not use existing assets.
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.

 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.
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paperswithcode.com/datasets

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

13. New Assets

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

Answer: [NA]
Justification: This paper does not release new assets.
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.

14. 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: This 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 contribu-
tion 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.

15. 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: This 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.

* 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.
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