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Abstract

Neural network in the mean-field regime is known to be capable of feature learning,
unlike the kernel (NTK) counterpart. Recent works have shown that mean-field
neural networks can be globally optimized by a noisy gradient descent update
termed the mean-field Langevin dynamics (MFLD). However, all existing guaran-
tees for MFLD only considered the optimization efficiency, and it is unclear if this
algorithm leads to improved generalization performance and sample complexity
due to the presence of feature learning. To fill this important gap, in this work we
study the sample complexity of MFLD in learning a class of binary classification
problems. Unlike existing margin bounds for neural networks, we avoid the typical
norm control by utilizing the perspective that MFLD optimizes the distribution of
parameters rather than the parameter itself; this leads to an improved analysis of the
sample complexity and convergence rate. We apply our general framework to the
learning of k-sparse parity functions, where we prove that unlike kernel methods,
two-layer neural networks optimized by MFLD achieves a sample complexity
where the degree k is “decoupled” from the exponent in the dimension dependence.

1 Introduction

Mean-field Langevin dynamics. The optimization dynamics of two-layer neural networks in the
mean-field regime can be described by a nonlinear partial differential equation of the distribution of
parameters (Nitanda and Suzuki, 2017; Chizat and Bach, 2018; Mei et al., 2018; Rotskoff and Vanden-
Eijnden, 2018; Sirignano and Spiliopoulos, 2020). Such a description has multiple advantages: ()
global convergence guarantees can be obtained by exploiting convexity of the loss function, and
(i) the parameters are allowed to evolve away from initialization and learn informative features, in
contrast to the neural tangent kernel (“lazy”) regime (Jacot et al., 2018).

Among the gradient-based optimization algorithms for mean-field neural networks, the mean-field
Langevin dynamics (MFLD) (Mei et al., 2018; Hu et al., 2019) is particularly attractive due to the
recently established quantitative optimization guarantees. MFLD arises from a noisy gradient descent
update on the parameters, where Gaussian noise is injected to the gradient to encourage “exploration”.
It has been shown that MFLD globally optimizes an entropy-regularized convex functional in the
space of measures, and for the infinite-width and continuous-time dynamics, the convergence rate is
exponential under suitable isoperimetric conditions (Nitanda et al., 2022; Chizat, 2022). Furthermore,
uniform-in-time estimates of the particle discretization error have also been established (Suzuki et al.,
2023a; Chen et al., 2022), meaning that optimization guarantees for the infinite-dimensional problem
can be effectively translated to a finite-width neural network.

However, existing analyses of MFLD only considered the optimization of neural networks; this alone
does not demonstrate the benefit of mean-field regime nor the presence of feature learning. Therefore,
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an important problem is to characterize the generalization of the learned models, and prove efficient
sample complexity guarantees. The goal of this work is to address the following question.

Can we show that neural network + simple noisy gradient descent (MFLD) efficiently learns an
interesting class of functions, with a better rate of convergence compared to the “lazy” regime?

Learning sparse parity functions. One particularly relevant learning task is the k-sparse parity
problem, where the response y is given by the sign of the product of k coordinates of the input (on
hypercube); as a special case, setting k& = 2 recovers the classical XOR problem. When k < d, this
target function is low-dimensional, and hence we expect feature learning to be beneficial in that it
can “zoom in” to relevant subspace. In contrast, for kernel methods (including neural networks in the
lazy regime) which cannot adapt to such structure, it has been shown that a sample complexity of
n= Q(dk) is unavoidable (Ghorbani et al., 2019; Hsu; Abbe et al., 2022).

For the XOR case (k = 2), recent works have shown that neural networks in the mean-field regime
can achieve a sample complexity of n = O(d/e) (Wei et al., 2019; Chizat and Bach, 2020; Telgarsky,
2023), which indeed improves upon the NTK complexity (Ji and Telgarsky, 2019). However, all
these results directly assumed convergence of the dynamics (¢ — oo) with no iteration complexity.
Moreover, Wei et al. (2019); Chizat and Bach (2020) directly analyzed the infinite-width limit, and
while Telgarsky (2023) provided a finite-width characterization, the dynamics is restricted to the
low-rotation regime, and a very large number of particles N = O(d?) is required. Lastly, these
analyses are specialized to XOR, and do not directly generalize to the k-parity setting.

1.1 Our Contributions

In this work, we bridge the aforementioned gap by presenting a simple and general framework to
establish sample complexity of MFLD in learning binary classification problems. We then apply this
framework to the sparse k-parity problem, and obtain improved rate of convergence for the fully time-
and space-discretized algorithm. More specifically, our contributions can be summarized as follows.

* We present a general framework to analyze MFLD in the learning of binary classification tasks.
Our framework has two main ingredients: (¢) an annealing procedure that applies to common
classification losses that removes the exponential dependence on regularization parameters in the
logarithmic Sobolev inequality, and (i7) a novel local Rademacher complexity analysis for the
distribution of parameters optimized by MFLD. As a result, we can obtain generalization guarantee
for the learned neural network in discrete-time and finite-width settings.

* We apply our general framework to the k-sparse parity problem, and derived learning guarantees
with improved rate of convergence and dimension dependence, as shown in Table 1. Specially, in
the n < d? regime we obtain exponentially converging classification error, whereas in the n < d
regime we achieve linear dimension dependence. Note that this improves upon the NTK analysis
(which gives a sample complexity of n = (d¥)) in that it “decouple” the degree k from the
exponent in the dimension dependence. Our theoretical results are supported by empirical findings.

Authors regime/method k-parity class error width  # iterations

Ji and Telgarsky (2019) NTK/SGD No d?/n d® d*/e

Telgarsky (2023) NTK/SGD No d?/n d? d%/e

Barak et al. (2022) Two phase SGD Yes d* D72/ /n 0O(1) d/ée?
Wei et al. (2019) mean-field/GF No d/n o0 o0
Telgarsky (2023) mean-field/GF No d/n d? 00

Ours mean-field MFLD  Yes  exp(—O(y/n/d)) e°@ eOld)

Ours mean-field/ MFLD Yes d/n Q) O

Table 1: Statistical and computational complexity (omitting poly-log terms) for the k-sparse (or 2-sparse) parity
problem. Column “k-parity” indicates applicability to the general k-sparse parity setting, and for references that
does not handle k-parity we state the complexity for 2-parity (XOR). d is the input dimensionality, and n is the
sample size. For SGD, n is the total sample size given by product of mini-batch size and iterations.

1.2 Additional Related Works

In addition to the mean-field analysis, parity-like functions can be learned via other feature learning
procedures such as the one gradient step analysis in Daniely and Malach (2020); Ba et al. (2022);



Damian et al. (2022); Barak et al. (2022). Such analysis requires nontrivial gradient concentration at
initialization, which translates to a sample complexity that scales as n = ©(d*) (Barak et al., 2022).
For “narrow” neural networks, Abbe et al. (2023) showed that a modified projected (online) gradient
descent algorithm can learn the k-parity problem with a sample complexity of n = O(d*~! + ¢7¢)
(for some unknown c). Also, Refinetti et al. (2021); Ben Arous et al. (2022) showed that a two-layer
ReLU network with more than 4 neurons can learn the Gaussian XOR problem with gradient descent.

2 Problem Setting

Throughout this paper, we consider a classification problem given by the following model:
Y =14(2) — 14.(2) € {£1}

where Z = (Z3,...,Z4) is the input random variable on R? and 14 is the indicator function
corresponding to a measurable set A € B(R?),i.e., 14(Z) =1if Z € Aand 14(2) =0if Z € A.
Let Pz be the distribution of Z. We are given input-output pairs D,, = (z;,y;)?_; independently
identically distributed from this model as training data. Then, we construct a binary classifier that
predicts the label for the test input data as accurate as possible. To achieve this, we learn a two-layer
neural network model in the mean-field regime via the mean-field Langevin dynamics.

One important problem setting for our analysis is the k-sparse parity problem defined as follows.

Example 1 (k-sparse parity problem). Py is the uniform distribution on the grid {+1/v/d}% and
A= {C: (<17"'7<d) € {il/\/g}d ‘ Cl"'ck >0}1

As a special case, k = 2 (XOR) has been extensively studied (Wei et al., 2019; Telgarsky, 2023).

Mean-field two-layer network. Given input z, let h,(z) be one neuron in a two-layer neural
network with parameter x = (z1, 72, z3) € R4+ defined as

he(z) = R[tanh(z 21 + 29) + 2tanh(x3)]/3,
where R € R is a hyper-parameter determining the scale of the network’. We place an extra tanh
activation for the bias term x3 € R because the boundedness of h, is required in the convergence
analysis. Let P be the set of probability measures on (R?, B(R?)) where d = d + 2 and B(R?)

is the Borel o-algebra on R¢ and P, be the subset of P such that its p-th moment is bounded:
E,[||X]|?] < oo (u € P). The mean-field neural network is defined as an integral over neurons /.,

fu() = [ ha()p(dz),

for 1 € P. To evaluate the performance of f,,, we define the empirical risk and the population risk as

L(p) = 3 3201 Uifu(=i)), L(p) = E[(Y fu(2))],
respectively, where £ : R — R is a convex loss function. In particular, we consider the logistic
loss £(f,y) = log(1 + exp(—yf)) fory € {£1} and f € R. To avoid overfitting, we consider a
regularized empirical risk F'(u) := L(p) + AEx.,[A1 ] X]|?], where A, \; > 0 are regularization
parameters. One advantage of this mean-field definition is that f,, is a linear with respect to u, and
hence the functional L(u) becomes a convex functional.

Mean-field Langevin dynamics. We optimize the training objective via MFLD, which is given by
the following stochastic differential equation:

6F (pe)
op

where X ~ po, Law(X) denotes the distribution of the random variable X and (W;);> is the

d-dimensional standard Brownian motion. Readers may refer to Theorem 3.3 of Huang et al. (2021)

for the existence and uniqueness of the solution. Here, 5175(5“) is the first variation of F'.

dXt =-V (Xt>dt =+ V 2)\th, Mt = LBNV(Xt), (1)

Definition 1. For a functional G : P — R, the first-variation %(u) at i € P is a continuous

functional P x RY — R satisfying lir% M = %(,u)(x)d(u — W) forany v € P.
e—

'We present the axis-aligned setting for conciseness, but the same result holds under orthogonal transforms.
*We may also deal with more general activation function that is smooth and bounded.
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Fokker-Planck equation of the SDE (1) is given by?

In our setting, we have M:;L“) (z) = L5700 (yi fu(z)yihe(2:) + A(A1]|z]|?). Tt is known that the

Bupte = MAjuy + V- {Mtv%} —-v. {utv (A log (11¢) + %)} . 2)

v

Then, we can verify that this is equivalent to the Wasserstein gradient flow to optimize the following
entropy regularized risk (Mei et al., 2018; Hu et al., 2019):

L(p) = F(p) + AEnt(p) = L(w) + AKL(v, p) + (const.) 3)

where KL(v, 1) = [log(p/v)du is the KL divergence between v and p, and v is the Gaussian
distribution with mean 0 and variance I/(2\1), i.e., v = N(0,1/(2\1)).

For a practical algorithm, we need to consider a space- and time-discretized version of the MFLD,
that is, we approximate the solution x; by an empirical measure g = % Zfil dx, corresponding
to a set of finite particles 2" = (X*)¥ | C R9. Let 2, = (X2)Y, C R% be N particles at the 7-th
update (7 € {0,1,2,...}), and define 11, = 19, as a finite particle approximation of the population
counterpart. Then, the discretized MFLD is defined as follows: X ~ po, and 27 is updated as

i i OF (pr i i
X=X —nV 5(5 )(X+) + /287, )

where 1 > 0 is the step size, and &2 ~; ; 4. N(0,I). This is the Euler-Maruyama approximation of
the MFLD with a discretized measure; we present the discretization error bounds in the next section.

3 Main Assumptions and Theoretical Tools
In this section, we introduce the basic assumptions and technical tools for our analysis.

Condition on the loss function To derive the convergence of the classification error, we assume
that the loss function satisfies the following condition.

Assumption 1. The convex loss function £ : R — R satisfies the following conditions:

 ( is first order differentiable, its derivative is Lipschitz continuous and its derivative is bounded
by I1: |0/(x) — ¥'(2")| < Clz — 2’| and sup,, |¢'(x)] < 1.

* { is monotonically decreasing, and is classification calibrated: ¢'(0) < 0 (Bartlett et al., 2006).
o Y(u)~t = £(0) — (£(u) — ul'(u)) > 0 for any u > 0.

This standard assumption is satisfied by several loss functions such as the logistic loss. We remark
that the first assumption is used to show the well-definedness of the mean-field Langevin dynamics
and derive its discretization error, and also to obtain a uniform generalization error bound through the
classical contraction argument (Boucheron et al., 2013; Ledoux and Talagrand, 1991). The second
and third assumptions are used to show the convergence of classification error of our estimator.

Logarithmic Sobolev inequality. Nitanda et al. (2022); Chizat (2022) showed that the convergence
of MFLD crucially relies on properties of the proximal Gibbs distribution whose density is given by

Pu(X) o exp <;<”;§y><x>) ,

where 1 € P. By the smoothness of the loss function (Assumption 1) and the tanh activation, we can
show that the objective £ has a unique solution p* which is also a proximal Gibbs measure of itself.

Proposition 1 (Proposition 2.5 of Hu et al. (2019)). The functional L has a unique minimizer in
Py that is absolutely continuous with respect to the Lebesgue measure. Moreover, i* € Py is the
optimal solution if and only if i* is absolutely continuous and its density function is given by p,,».

The next question is how fast the solution p; converges to the optimal solution p*. As we will see,
the convergence of MFLD heavily depends on a logarithmic Sobolev inequality (LSI) on p,,.

3This should be interpreted in a weak sense, that is, for any continuously differentiable function ¢ with a
compact support, [ ¢dpy — [ pdus = — fst V- (Viog(ue) — V%)dufdr

4



Definition 2 (Logarithmic Sobolev inequality). Let y1 be a probability measure on (R%, B(RY)). u
satisfies the LSI with constant o > 0 if for any smooth function ¢ : R — R with E. [$?] < oo,

E[¢7 1og(¢%)] — Eu[67] log(E,.[¢°]) < %EM[IIVMI%}

This is equivalent to the condition that the KL divergence from p is bounded by the Fisher divergence:
[log(dv/dp)dv < 2 [ ||V 1og(dv/dp)||*du, for any v € P which is absolutely continuous with
respect to ;.. The LSI of proximal Gibbs measure can be established via standard perturbation criteria.
For L(u) with bounded first-variation, we may apply the classical Bakry-Emery and Holley-Stroock
arguments (Bakry and Emery, 1985; Holley and Stroock, 1987) (Corollary 5.7.2 and 5.1.7 of Bakry

etal. (2014)): If || 5%—(;) lloo < B is satisfied for any p € P, then p* and p o satisfy the LSI with
a > Aexp(—4B/)). Q)

With the LSI condition on the proximal Gibbs distribution, it is known that the MFLD converges to
the optimal solution in an exponential order by using a so-called Entropy sandwich technique.

Proposition 2 (Entropy sandwich (Nitanda et al., 2022; Chizat, 2022)). Suppose that | satisfies
L) < oo and the proximal Gibbs measure p,,, corresponding to the solution i, has the LSI
constant o for all t > 0, then the solution 1y of MFLD satisfies

NKL( 1) < L{e) — L") < exp(—=2aM)(L o) — L"),

where p* = argmin,,cp L(w) (the existence and uniqueness of 1v* is guaranteed by Proposition 1).
Hence we know that time horizon 7' = O(5% log(1/€)) is sufficient to achieve & > 0 accuracy.

Convergence of the discretized algorithm. While Proposition 2 only established the convergence
rate of the continuous dynamics, similar guarantee can be shown for the discretized setting. Let

LN () = NE g o0 [F(p20)] + AEnt (™),

where 1Y) is a distribution of N particles 2 = (X N, C R?. Let u(TN) be the distribution of
the particles 2, = (X)X, at the 7-th iteration. Suzuki et al. (2023b) showed that, if Aan < 1/4

and 5 < 1/4, then for B2 i= E[|X§|% + 5k | (3 + 5k ) R2+Ad| = O(d + A=) and 6,
C1L2(n? + \n), where L = 2R+ A\ = O(1) and Oy = 8(R% + A\ B? +d) = O(d + \71),

Lo aNg, (V) xanr\ [ ELLY (1§ . 4 -, o 40y
- — < 77 0 — _—
SELLN ()] = L) Sexp (=27 ) (HEGe N £(0) )+ = L2010 (W +7) + 1

where C'y is a constant depending on A. In particular, for a given € > 0, the right hand side can
be bounded by ¢ + 40* after T = O (% + LT\/\/%) 1 log(1/€) iterations with the step size

n=0 ( ( L Cl + Lf&ag) ) Furthermore, the convergence of the loss function can be connected to
the convergence of the function value of the neural network as follows,

E g, o™ l sup  (fua, (2) —fw(Z))zl

z€supp(Pz)
72 (N, " 2
< 4L ( W) p( )) +2E%N(#*)®Nl sup (% SN b (2) = [ halz ) ] .
z€supp(Pz)

Here the second term in the right hand side can be bounded by 32R [1 +2 <( oz Ty )} via

Lemma 2, if ||z|| < 1 for any z € supp(Pz) as in the k-sparse parity problem. Hence, by taking the
number of particles as N = e 2[(Aa) ™2 + (A\1) ™2 + d/A1] and letting € = Aae® with the choice
of T"and 7) as described above, we have SUp_ coupp(py) [ fra, (2) = fus (2)] = Ople).



Assumptions on the model specification. We restrict ourselves to the situation where a perfect
classifier with margin ¢ is included in our model class, stated in the following assumption.

Assumption 2. There exists co > 0 and R > 0 such that the following conditions are satisfied:
* For some R, there exists u* € P such that KL(v, u*) < R and L(*) < £(0) — co.

* Forany \ < co/R, the regularized expected risk minimizer iy} := argmin L(u) + AKL (v, 1)
satisfies Y fu,,(X) > co almost surely.

Importantly, we can apply the same general analysis for different classification problems, as long
as Assumption 2 is verified. The advantage of this generality is that we do not need to tailor our
convergence proof for individual learning problems. Note that the convergence rate of MFLD is
strongly affected by the values of R and R; therefore, it is crucial to establish this condition using the
smallest possible values of R and R, in order to obtain a tight bound of the classification error. As an
illustrative example, we now show that the k-sparse parity estimation satisfies the above assumption.

Example: k-sparse parity estimation. In the k-sparse parity setting (Example 1), Assumption 2 is
satisfied with constants specified in the following propositions. The proofs are given in Appendix A.
Proposition 3 (k-sparse parity). Under Assumption I and for R = k, there exists ji* € P such that
KL(v, 1) < e1klog(k)%d (= R),

and L(p*) < £(0) — cq, where ¢1, c2 > 0 are absolute constants.

Proposition 4. Under Assumption 1 and the settings of R and R given in Proposition 3, if A <
c2/(2R), then ju;y) satisfies

max{L(upy), L(upy)} < 00) — ez + AR < £(0) — %,

and f,,, is a perfect classifier with margin ca, i.e., Y f. ., (X) > %.

In other words, Assumption 2 is achieved with R = O(klog(k)?d), R = k and ¢y = c2/2. By
substituting these values of I? and R to our general results presented below, we can easily derive a
bound for the classification error of the MFLD estimator.

4 Main Result: Annealing Procedure and Classification Error Bound
4.1 Annealing Procedure

The convergence rate of MFLD is heavily dependent on the LSI constant which may impose a large
computational cost. We alleviate this dependency by employing a novel annealing scheme where we
gradually decrease the regularization parameter A. In particular, at the x-th round, we run the MFLD
until (near) convergence with a regularization parameter A(*) = 275X ;g = ;(s=1)

dX, = — [v%ﬁ(xgdt + 20N X, | + Vaamaw,, ©6)

which corresponds to minimizing £*) (1) := L(p) + A*)KL(v, 11). Then, we obtain a near optimal
solution z2(%) as £09) (%)) < min,ep L) (1) + €* for a given €* > 0. We terminate the procedure
after K rounds and obtain ;%) as the output.

Suppose that there exists z* such that KL(v, u*) < Rand L(p*) < §*. Then, as long as A(*) > §*
and €* < 6*, we have that

L(p™) + XOKL(v, 1) < L(p*) + APKL(v, p*) + € < 26* + XF R < (R + 2)A),

Since £ (u;) is monotonically decreasing during the optimization, we always have L(u;) <
L) (=) < =D (=) < (R 4+ 2)A=1, Now we utilize the following structure on
common classification losses to ensure that || L()/d ]| oo is small when the loss L() is small.

Assumption 3. There exists cr, > 0, such that, for any u € P, it holds that || 5%—2‘) lloo < cLRL(p).
For example, the logistic loss satisfies this assumption:

90 log(1 -+ exp(—u)| = rFET5 < log(1+ exp(—u)).



Hence, the condition holds for ¢;, = 1 because || 6%8‘) oo < 570 10 (yi, Fu(zi)|l|Pas (oo <

LS RU(y;, fu(zi)) = RL(p). Under this assumption, the Holley—Strook argument yields that
the log-Sobolev constant during the optimization can be bounded as

a > A exp (_%) > A\ exp (~8cLR(R +2)),
which is independent of A(*) and the final accuracy §*. Hence, after K = log,(R/(A(Ve*))
round, we achieve that L(;(5)) < §* 4 2¢* where each round takes T,, = log(1/€*)/(2a\) =
O(log(1/€*) exp(8cL R(R + 2)) /(A A*))) for the continuous time setting.

s T Aevac

iterations in each round is sufficient (where C is given for \()), where the step size is
n =0 (C’flae* A Cf1/2\/)\(“)ae*). As long as ¢ = O(A¥)/a) for all &, the total itera-
tion number can be simplified as O (log(1/€*) exp(16c, R(R + 2))C1/(A%)e*)), and the width
N (number of particles) can be taken as N = O([(AF)a)=2 4+ (AE))=2 4 d]/(e*)?) =
O ([exp(16cL, R(R +2))/(AF))2 + d]/(€%)?).

Remark 1. We make the following remarks on the annealing procedure.

For the discrete setting, 7, = O <( G Qi >log(1/e*)exp(80LR(R—|— 2))/()\1)\(“)))

e The main advantage of this annealing approach is that the exponential factor induced by the LSI
constant o is not dependent on the choice of the regularization parameter \*) (note that the
LSI is solely determined by the intermediate solution p;). In contrast, the naive Holley—Stroock
argument of Eq. (5) imposes exponential dependency on the regularization parameter.

* Our annealed algorithm differs from the procedure considered in Chizat (2022, Section 4);
importantly, we make use of the structure of classification loss functions to obtain a refined
computational complexity analysis.

4.2 Generalization Error Analysis

We utilize the local Rademacher complexity (Mendelson, 2002; Bartlett et al., 2005; Koltchinskii,
2006; Giné and Koltchinskii, 2006) to obtain a faster generalization error rate. For the function
class of mean-field neural networks, we introduce F := {f, | 4 € P}, and the KL-constrained
model class Far(p°) == {f. | p € P, KL(u®, ) < M} for u° € P and M > 0. The Rademacher
complexity of a function class F is defined as

Rad(F) = Ee, -, [supjez £ Xiy e f (20|

where (z;)!"_; are i.i.d. observations from Pz and (¢;)?_, is an i.i.d. Rademacher sequence (P(g;
1) = P(g; = —1) = 1/2)). We have the following bound on the Rademacher complexity of the
function class Fps(4°).

Lemma 1 (Local Rademacher complexity of Fj;(1°), Chen et al. (2020) adapted). For any fixed
1° € P and M > 0, it holds that Rad(Fas (p°)) < 2Ry /L.

The proof is given in Appendix B.2 in the supplementary material. Combining this local Rademacher
complexity bound with the peeling device argument (van de Geer, 2000), we can roughly obtain the
following estaimte (note that this is an informal derivation):

_ - SL(p* KL(p*, i 1 .
£~ 2) (3= ) 5L amn e 9 $ SR € KL ), )

n nA

an @

with high probability, where {1 = argmin,cp L(1), p* = argmin,,cp L(p) + MKL(v, 1), R and
R are regarded as constants, and the last inequality is by the AM-GM relation. Observe that on
the left hand side, we have two non-negative terms (I) and (IT). Corresponding to each term, we
obtain different types of classification error bounds (Type I and Type II in the following subsection,
respectively). Note that there appears a O(1/n) factor in the right hand side, which cannot be



obtained by a vanilla Rademacher complexity evaluation because it only yields an O(1/+/n) bound.
In other words, localization is essential to obtain our fast convergence rate.

We remark that a local Rademacher complexity technique is also utilized by Telgarsky (2023) to
derive a O(1/n) rate. They adapted a technique developed for a smooth loss function by Srebro
et al. (2010), which requires the training loss L(j) to be sufficiently small, that is, of order L(j1) =
O(1/n). In our setting, to achieve such a small training loss, we need to take large R such as
R = Q(log(n)). Unfortunately, such a large R induces exponentially small log-Sobolev constant like
a < exp(—cdlog(n)) = n=¢. In contrast, our analysis focuses on the local Rademacher complexity
around p*, and hence we do not require the training loss to be close to 0; instead, it suffices to have a
training loss that is close to or smaller than that of p*.

4.2.1 Type I: Perfect Classification with Exponentially Decaying Error

In the regime of n = Q(1/A(5)2), we can prove that the MFLD estimator attains a perfect classi-
fication with an exponentially converging probability by evaluating the term (I). From Eq. (7) we
can establish KL(u*, 1) < O,(1/(nA¥)2)); this KL divergence bound can be used to control the
L*-norm between f; and f,,-. Indeed, we can show that || f — f,-||2, < 2R*KL(u*, 1) (see the
proof of Theorem 1). Then, under the margin assumption of f,- (Assumption 2), we have that f;
also yields a Bayes optimal classifier. More precisely, we have the following theorem.

Theorem 1. Suppose Assumptions 1 and 2 hold. Let My = (e* + 2(R + 1))/A¥). Moreover,
suppose that \') < ¢y /R and

AR? (K) (4P AU 2 (K) *
Q:=c¢ PEIE) A 4R + 527n + 8R?(4 + loglog, (8n* Mo R)) + nA > 0,

A2

then f; yields perfect classification, i.e., P (Y fu(Z) > 0) = 1, with probability 1 — exp(— "7 Q).

The proof is given in Appendix C.1 in the supplementary material. From Proposition 3 we see that the
requirement n =< 1/\(!)2 implies that in the n < d? regime, Theorem 1 gives a perfect classification
guarantee with a failure probability decaying exponentially fast.

4.2.2 Type II: Polynomial Order Classification Error

Next we evaluate the classification error bound from term (II) in Eq. (7). In this case, we do not
require an L°°-norm bound as in the Type I analysis above; this results in a milder dependency on
M%) and hence a better sample complexity.
Theorem 2. Suppose Assumptions I and 2 hold. Let \) < cq/R and My = (¢* +2(R+1)) /AU,
Then, with probability 1 — exp(—t), the classification error of [ is bounded as

P2

8R 1 A
P(Y fu0(Z) <0) < 29(co) ) (44t +loglog,(8n*MoR)) + <4R+ 5977 ) + 6*] .

The proof is given in Appendix C.2 in the supplementary material. We notice that the right hand side
scales with O(1/(nA))), which is better than O(1/(nA(*)2)) in Theorem 1; this implies that a
sample size linear in the dimensionality is sufficient to achieve small classification error. The reason
for such improvement in the A* -dependence is that the stronger L°°-norm convergence is not used
in the proof; instead, only the convergence of the loss is utilized. On the other hand, this analysis
does not guarantee a perfect classification.

4.2.3 Computational Complexity of MFLD

From the general result in Section 4.1, we can evaluate the computational complexity to achieve the
statistical bounds derived above. In both cases (Theorems 1 and 2), we may set the optimization error
= O(1/(nAU9))). Then, the total number of iteration can be

ZKfl T. <0 ((d + AB "N exp(16cL R(R + 2)) 1og(nA<K>)) _

The width N (the number of particles) can be taken as N = O((e*A\)a)~2) = O(n?a~?) =
O (n? exp(16cLR(R + 2))).



Corollary 1 (k-sparse parity setting). In the k-sparse parity setting, we may take R = O(k log(k)3d),
R =k and \') = O(1/R) = O(1/(klog(k)2d)). Therefore, the classification error is bounded by
k2 log(k)%d
PV Sy < 0) < 0 (B0 g1 + toglogn) )
with probability 1 — 6. Moreover, if n. = Q(kSlog(k)*d?), then P(Y f, ) > 0) = 1 with probability

1 — exp(—Q(nk® log(k)*/d?)).

As for the computational complexity, we require O(klog(k)%dnlog(nd) exp[O(k? log(k)?d)]) itera-
tions, and the number of particles is O(exp(O(k? log(k)?d)))).

Comparison with prior results. In the 2-sparse parity setting, neural network in the kernel
(NTK) regime achieves only O(d?/n) convergence in the classification error, as shown in Ji and
Telgarsky (2019) and Telgarsky (2023, Theorem 2.3), whereas we demonstrate that mean-field
neural network can improve the rate to O(d/n) via feature learning. Telgarsky (2023) also analyzed
the learning of 2-sparse parity problem beyond the kernel regime, and showed that 2-layer ReLLU
neural network can achieve the best known classification error O(d/n). However, their analysis
considered a low-rotation dynamics and assumed convergence at ¢ — oo, whereas our framework
also provides a concrete estimate of the computational complexity. Indeed, the number of iterations
can be bounded as O(dn log(nd) exp[O(d)]). In addition, while we still require exponential width
N = O(n?exp(O(d))), such a condition is an improvement over N = O(d?) in Telgarsky (2023).

Barak et al. (2022) considered a learning method in which one-step gradient descent is performed
for the purpose of feature learning, and then a network with randomly re-initialized bias units is
used to fit the data. For the k-sparse parity problem, they derived a classification error bound
of O(d**+1)/2/./n). In contrast, our analysis yields a much better statistical complexity of
O(K%log(k)2d/n A exp(—Q(nkSlog(k)*/d?))), which “decouples” the degree k in the exponent of
the dimension dependence.

5 Numerical Experiment

We validate our theoretical results by numerical experiment on synthetic data. Specifically, we
consider the classification of 2-sparse parity with varying dimensionality d and sample size n.

Recall that the samples {(z;,y;)}?, are independently generated so that z; follows the uniform
distribution on {:i:l/\/c?}d and y; = d(;1G2 € {£1} (20 = (Gi1s---5Ci,a))- A finite-width
approximation of the mean-field neural network % Zf;l h,(2) is employed with the width N =
2,000. For each neuron of the network, all parameters are initialized to independently follow the
standard normal distribution (meaning that the network is rotation invariant at initialization) and the
scaling parameter R is set to 15. We set d to take values 5, 10, - - - , 150, and n = 50, 100, - - - , 2000.
We trained the network using noisy gradient descent with 7 = 0.2, \; = 0.1, and A = 0.1/d (fixed
during the whole training) until 7' = 10, 000. The logistic loss is used for the training objective.

Figure 1 shows the average test accuracy over -1.0

five trials. We make the following observations.

* The red line corresponds to the sample size o

= O(d?), above which we observe that © o5

almost-perfect classification is achieved. Ac- 3 ' ®
cording to Section 4.2 (Type I), the classifi- 2 078
cation error gets exponentially small with re- S
spect to nn/d?, which predicts very small clas- o6
sification error above the line of n = ©(d?),
which matches our experimental result. Los

250 500 750 1000 1250 1500 1750 2000

* The boundary of test accuracy above 50% is sample size n

almost linear, as indicated by the blue line. Figure 1: Test accuracy of two-layer neural
This matches the theoretical conditions (Type  perwork optimized by the MFLD to learn a d-

II) to obtain the polynomial order classifica- j;mensional 2-sparse parity (XOR) problem.
tion error in Section 4.2.



6 Conclusion and Discussion

We provided a general framework to evaluate the classification error of a two-layer neural network
trained by the mean-field Langevin dynamics. Thanks to the generality of our framework, an error
bound for specific settings can be derived by directly specifying the parameters in Assumption 2 such
as R, R, and cy. We also proposed an annealing procedure to alleviate the exponential dependencies
in the LSI constant. As a special (but important) example, we investigated the k-sparse parity problem,
for which we obtained more general and better sample complexity than existing works.

A limitation of our approach is that the required width and number of iterations are exponential with
respect to the dimensionality d; in contrast, certain tailored algorithms for learning low-dimensional
target functions such as Abbe et al. (2023); Chen and Meka (2020) do not require such exponential
computation. An important open problem is whether we can reduce the width and number of
iterations to poly(d) for the vanilla noisy gradient descent algorithm. Another interesting direction is
to investigate the interplay between structured data and the efficiency of feature learning, as done in
Ghorbani et al. (2020); Refinetti et al. (2021); Ba et al. (2023); Mousavi-Hosseini et al. (2023).
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Appendix

A Proofs of Propositions 3 and 4

Proof of Proposition 3. Remember that
h.(z) = Rltanh(z" 21 + ) + 2tanh(z3)]/3.

Letb; = 2i—kfori =0,...,k,let > 0 be the positive real such that E,,. 5(0,1)[2 tanh(¢ +u)] = 1
(note that, this also yields E,,. n(o,1)[2 tanh(—¢ + u)] = —1 by the symmetric property of tanh and
the Gaussian distribution), and let

E=NdVd,....Vd, 0,...,0 |T eR<
—— —

k-dimension d — k-dimension

Let

)

I/(2)\1) 0 0
Y= 0 1/(2\1) 0] e REFIHDx(d+1+1)

0 0 1
and p > 1 be a constant which will be adjusted later on. Then, for &; := [log(pk)¢ ", —log(pk)(b; —
1),¢]" € R and &oi41 := —[log(pk)¢ ", —log(pk)(b; +1),¢]T € R fori = 0,.. ., k, we define

fizi = N(£2:, %), foit1 = N(E2i41,2).
Then, we can see that, for z € {#1/+/d}?, it holds that
Earfia;[ha (2)] = REunn0,1/00) {tanh[log(pk)((€, 2) — (bi — 1)) + u] +1}/3

because we have (x1, z) + 2 = log(pk)({, z>7(bi71))+2?:1 w;2j+ugs forx ~ N([€T, (bi—
1)]",1/(2\1)) where u; ~ N(0,1/(2)\;1)) (i.i.d.) and Z?Zl u;j2; + ug+1 obeys the Gaussian

.. . . . d .
distribution with mean 0 and variance » =1 ﬁé + ﬁ = % In the same vein, we also have

Erminin [he(2)] = —REuvn(0.1/x,) {tanh[log(pk) (¢, 2) — (bi + 1)) + u] + 1}/3.

Here, define |z| := |[{i € {1,...,k} | z; > 0}| for z € {£1/+/d}? which is the number of positive
elements of z in the index set {1, ..., k}. For a fixed number i € {0,...,k}, we let

fi(30) = {tanh[log(pk)((€, 2) — (b — 1)) +u] + 1}/3,
fo(z: ) — {tanh[log(pk)((€, 2) — (b + 1)) + u] + 1}/3,
then we can see that
oy [OQUR) (el <),
f1(z0) {1—0<1/(pk>> (12 = 9),
and
ok (el <it),
f2lz:0) = {1 S 00/(pk)) (2] > i+ 1),

because (£, z) — b; = 2521 sign(z;)b; = 2|z| — k — b; = 2(|2| — 7). Hence, we have that

Q(1) (2] = 2),

f(z3u) = fi(z3u) — fo(z3u) = {0(1/(pk)) (otherwise).

Then, since tanh(u) + 1 = ii;iiz +1= 1+(3272u’

f(zu) 2 Q(1),

if |z| = ¢ and |Ju| < 1/Aq,

and if |z| # ¢ and |u] < log(pk)/2,
f(z3u) <01/ (pk)).
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Therefore, when |z| = i,

1/

EWMMMQU@uMz/ Fzwg(u)du > Q(1).

71/)\1
where g is the density function of N(0,1/\1), and when |z| # i,

log(pk)/2

EuNN(O,l/M)[f(Z; W] < /log(pk)/2
<O(1/(pk)) + O (
= 0(1/(pk)),

where we used the upper-tail inequality of the Gaussian distribution in the second inequality. Hence,
it holds that

f@mmmm+/ F(z; u)g(u)dz

jul >lo(pk) /2
exp(—A1 log(pk)2/2)>
log(pk)

0= Bl B - {36, G0

because R = k. Therefore, by taking p > 1 sufficiently large, we also have

k Q(1)  (]z| is even),
k+ Z {—Q(l) (|z| is odd),

7,:0

f(z) =

where the constant hidden in () is uniform over any |z|. Hence, there exists ¢;, > 0 such that
Y f(Z) > c, almost surely. Then, if we let 11,y (A) := pu(aA) for a € R, a probability measure
and a measurable set A, then we can see that f is represented as

f() = Ezwu* [hz()L

where i
kJrl ; i ((—1)7y F it (—1)i))-

Then, by letting co = £(0) — ¢(c}), we have
L(u*) < 4(0) - co.
Next, we bound the KL-divergence between v and p*. Notice that the convexity of KL-divergence
yields that
k

KL(v, pu*) < Z(KL(V, f2i) + KL(v, fizi41))

“2(k+1) &
<\ log<pk> H|£H2 + (max [bi| + 1)°] +log(1/(2A1)) + Aa(1 + ¢?)
= O(log(k)*(dk + k%)) = O(log(k)*dk) (= R),

because k£ < d, which gives the assertion. O

Proof of Proposition 4. The first assertion can be seen by L(y[y)) < L(p*) + AKL(v||p*) < £(0) —
ca + AR < £(0) — co + ¢2/2 = £(0) — c2/2, by the assumption of A such that A < c3/(2R). The
same argument is also applied to L(jupy)), that is, L(ppx) < £(0) — co/2.

We show that the optimal solution f,, should satisfy [f,, (2)| = |fu,, (2")] for all 2,2 €
{£1/ \/a}‘i by the symmetric property of the distribution. For that purpose, we construct a group
action on {—1/+/d, 1/+/d}“. For notational simplicity, we consider Z¢ := {—1, +1}¢ instead. Z?
can be equipped with a group structure where the binary operation between z, 2’ € Z? is given by
the element wise product z - 2/ = (z;2/)%_;. Let T; : Z¢ — Z be a group action that flips the
j-th element Tjz = (21,...,—2;,...,24). It is obvious that T} is bijective. Then, we can show
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that there exists a sequence of indices o(1),...,c(2%) € {1,...,d} such that the “orbit” generated
by the chain of the group actions T,y 0 - -+ 0 Ty 0 Tpqyz fork = 1,..., 2¢ covers the entire
elements of Z¢ for any initial state z € Z% and the last state turns back to the initial state, that is,
T,(24yz = z. This can be shown by induction. If d = 1, we just need to take o(1) = 0(2) = 1
(indeed, T,(1y2 = —z and T,(2) o T;(1)2 = 2, which satisfies the condition). Suppose that the
argument is true ford = 1,2,...,d" — 1, then we show that it is true for d = d’. Indeed, if we write
o’(1),...,0'(2¢~1) be the corresponding sequence for d = d’ — 1, then let

(i) = o'()

fori=1,..., 24'=1 _ 1 then the corresponding orbit covers all the elements with the last element is
fixed except the initial state. Then, we flip the last coordinate at the 2¢ ~! + 1-th step as

o271 = d,
and then we “trace-back” the orbit as
o2V i) =o'(2V 1 i),

.,2%'=1 _ 1. By the construction, we notice that, after 2¢ = 4 2¢'~1 — 1 steps, the state

fori=1,..

becomes
Ta-(leil) o TJ(Qd/72) o---0 Tg(l)z = [2’1, ey 2d—1, —Zd/]T.

Therefore, by flipping the last coordinate again, the state can come back to the initial state, that is, by

setting o(2%) = d, we have T, (pwy 0 -+ 0T,z = z while the orbit covers the entire elements of

’

Z.
We can define the action 7} to {+1/+/d}? in the same manner. We note that the distribution of Z
is invariant against the action of T}, that is, Pz = T} #PZ where T} % is the push-forward induced
by Tj. Here, let ji := ppy andf = fu. We also define an “adjoint operator” T : P — P for
jef{k+1,...,d}suchthat f,(Tjz) = fr;,(2) forall z € {#1/+/d}?*. We can easily check that
there exists 7'/ 11 that satisfies this condition. Indeed, we may take 7' 11 such that 7 u(A x B x C') =
w(T;A x B x C) where T; A = {Tjz | z € A} for any measurable set A € B(R?), B € B(R) and
C € B(R). Since the probability on product sets uniquely determines the probability on the Borel
sigma algebra B(R?) x B(R) x B(R) = B(R*2), T’} ju is uniquely determined.

Now, we consider the sequence of the group action T, (1), ..., T, (24-) constructed above acting

on the last d — k coordinates. Since the label is independent of the last d — k coordinates, we have

L(T;qy 00 Tryi) = L(f) foralli = 1,..., 297" Moreover, the symmetricity of the Gaussian

distribution yields that KL (v, T u) = KL(v, u). Hence, if we take
2d—k

1

Al * * ~

i =gmw 2 Ty oo Toh
i=1

then by the convexity of the objective £, we have

2d—k

. 1 . . - .
L) < Gy Z L(T;y 0o Tgui) < L(A).
=1

Then, by the strong convexity of the objective £ (due to the KL-divergence), we have i’ = fi. Then,

we notice that
zdfk

1
fa(z) = 2a=% > falToy o+ 0 Toy2),
i=1

for any » € {41/v/d}?, which means that f;(2) is constant against any change of the last d — k
coordinates.

Next, we consider to change the first k coordinates. We also construct a sequence of the group action
Ty(1)s-- - Ty(2r) acting on the first & coordinates. In this case, the action of 7); on z also flips the
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corresponding label. Hence, if y ) is the label of z, then the label for T}z is —y(.) = y(1,-)- By
defining the adjoint operator 7' as '

T u(A x B x C) = p((~TA) x (—B) x (~C)),
for j € {1,...,k}, then by the symmetric shape of tanh, we have
Yty [ (T52) = ye) frr a(2),

forany z € {£1/+/d}?. We also have that KL (v, i) = KL(v, T7 1) by the symmetry of the Gaussian
distribution. Therefore, onece again by the invariance of the Pz against the action of T} and the
convexity of £, we have that

L() < L(f),

where

2k Z o(1) © (z)'u ®)
By the strong convexity of £ due to the KL-divergence term, we have ppu’ = ji. Hence,
yzf/J 2k Zy(To(l)o ole)f,u( "'Ole)a 9
for any z € {£1/v/d}?, which means that y, f;(z) is constant.
Finally, combining Eq. (9) with the fact L(jz) < £(0) — c2/2, we have that P(Y f;(Z) > 0) = 1 and

Y fi(Z) > c2/2 almost surely because ||¢'||oc < 1. O

B Proofs of auxiliary lemmas

B.1 Difference between finite particle network and its integral form for the optimal solution

Lemma 2. Under Assumption 1, if ||z|| < 1 for any z € supp(Pz), then it holds that
1 & | 1em2 2R2 d
Eo (s su — hiZ—/hIZd*Z <{1+2<+>}.
Lo (u*)®N ‘ PPZ) (N ; X*( ) ( ) 2 ( )) N ()\)\1)2 Al
Proof. Note that the left hand side can be rewritten as

z€supp(
th - [l @) )

From the standard argument of concentration inequality corresponding to the Rademacher complexity,
it holds that

z€supp(Pz)

Exicps < sup

P sup
z€supp(Pz)

i A= [ hale)an @)

N 2t R?
N

for any ¢ > 0, where € = (ei)lNzl is an i.i.d. sequence of the Rademacher variable, 2 = (X)) | is
an i.i.d. sequence generated from p*, and the probability is taken with respect to the realization of 2.
Since tanh is Lipschitz continuous with | tanh’ | < 1, the contraction inequality of the Rademacher
complexity yields that

N Z GihXi (Z)

sup
z€supp(Pz) i—1

< exp(—t

N

%Z eihxi(2)

i=1

Ee 2. sup

z€supp(Pz)
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R 1 2R 1
<2=E. o. sup  |— ("X, + X! + " Fea. ||~ Y € tanh(X
Ry [() etk x|+ H e || X e
R N :
§2* ]Ee,ﬁ?f* sup (”ZH2+1 Z *laXiZ
3 z€supp(Pz) i—1
2
= N
2R 1 .
N ; e; tanh (X7 3)
2R
<2\/ XL 24+ (X)) + —.
N E[| X1 11? + (X1 2)?] VN

To bound the right hand side, we evaluate the moment of x*. Since p* is the stationary distribution
of the SDE (1). Hence, if X ~ p*, the process (X¢);>o obeying the MFLD (1) satisfies X; ~ u*
for any ¢ > 0. Then, the infinitesimal generator of the MFLD gives that

0= NI = E 20T (-9 EE ) - Xt) + m}

= —220\E [||X]*] + E [(QXt)T ( OL(ue) )] +2xd

L (1
= —20\E [|| X% +E )\/\lllXtH2+ H )(X) + 2)\d,
which yields that
2R)?  2d
E [||X:]]?] < ( —
Therefore,
2R 2R? d D
]Ee " su e h < + +1] = —
i lzesuprz) Z XL ] 3\/N ()\)\1)2 )\1 \/N
Then, for x > 0, it holds that
1 & ’
P sup — Y hyi(z) — /hm(z)d,u*(z) >z
<z€supp(Pz) N; :
<min<1,e —i T — @
= P\ TaR N '
This yields that
1 ’
B[ s |53 o) - [ @)
(zesupp(Pz) N;
o0 LN 2
S/ P sup —ZhXi(z)—/hx(z)du*(z) >z| dx
0 z€supp(Pz) N i—1
<8D2 N > N N az
°= <p [ — ——
N L TPUTaRT)
8D2 4R?* 16R? 2R? d
< — < 142 + —
SN TN N (A2 N
This gives the assertion. O



B.2 Proof of Lemma 1

The proof follows the line of Lemma 5.5 of Chen et al. (2020). Let the empirical Rademacher
complexity of a function class F be

Rad(F) = E.

sup L Z Eif(zi)] :

,ue]:' n i=1
We can see that Rad(-) = E.,)» | [@()] Then, it holds that

sup Zzez/hr(zz)dﬂ(@]

HEF s (1°) i=1

/exp (:L Zéi%(%)) dﬂo(l’)] }

< % {MJrlog/IE6 [exp (Z thx('zi)> d,uo(x)},

i=1
where the first inequality is by the Donsker-Varadha duality formula of the KL-divergence (Donsker
and Varadhan, 1983). The second term in the right hand side can be bounded as

RN 7 < v -
exp - Zeihz(zi) exp " Z efhm(zi)Q < exp (nR2> .
i=1

i=1

_ 1
Rad(fM(uo)) - QEG

IN

1
—{ M +E.log
¥

E. < E.

Therefore, we have that

Rad (Far(1°)) < - {M+ fﬁ?}.

v
The right hand side can be minimized by v = v/nM /R, which yields
— _ /M
Rad(Far(p°)) < 2Ry / gt

This gives the assersion.

C Proofs of Theorems 1 and 2

To show the theorems, we first prepare the following uniform bound, which is crucial to obtain the
fast learning rate.

Lemma 3. It holds that
L(p) = L(p) + L(p*) = L(p*)

vnY) \/ t + loglog,(8n2MR)

<2 Rad(‘/—-éKL(;t,u*)\/%(:u*)) + (2||fu - fu* n

uniformly over i € P with KL(u, u*) < M with probability 1 — exp(—t) for any t > 0.

Proof. Let B, = M/27% and Cy = 2R/27% for k = 0,1,2,.., and Fppr := {p € P |
KL(p, *) <,|[fu — furlle < Ci}. Then, the standard concentration inequality regarding to
the Rademacher complexity (Theorem 3.1 of Mohri et al. (2012)) with the contraction inequality
(Theorem 11.6 of Boucheron et al. (2013) or Theorem 4.12 of Ledoux and Talagrand (1991)) yields
that

p ( sup  L(p) — L(p) + L(p*) = L(p*) <2 |Rad(Fp, (1*)) + Ck-\/z ) > 1 — exp(—t),

MEFy 1
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for each k, k. Then, since || f, — fur|lso < 2R for any p, 1/ € P, by taking uniform bound for all
k=0,...,logy(n?) and k' = 0,...,log,(2Rn), we have that

P (i(u) — L(u) + L(p") = L(p*) < 2 |Rad(Fokp(upuryvr (17)) + @Il fu = furlloo V %) ;] :

Vfe fn(u*)> > 1 — (2 +logy(nM) + log,(2Rn)) exp(—t).

By resetting ¢ «— ¢ + log log,(8n2M R), we obtain the assertion. O

C.1 Proof of Theorem 1

By Assumption 2, we have

max{L(pp\co1), Lppaor)} < £(0) — co,
and
P (YfM[X(K)](Z) > co) —1.
Let ji := p) and p* := Haco- By the optimality condition of /i, we have

L(f1) + \YKL(v, 1) < L(ppaoy) + AFKL(v, ppao) + € < 1/2 = 26" = co.
Moreover,
L(p) + AOKL(v, 1) — (L(p*) + AOKL(w, 1))
< L) + AKL(v, ) — (L") + AOKL(p*, ) + (L) — L) + L(p*) = L(1"))
<€+ (L) — L) + L(p") = L(p%))-
By the optimality of *, the right hand side can be lower bounded as
L() + \SKL(v, 1) — (L(?) + AOKL(w, 7))
ZoaN  Tooa L OL(p
> L) - L) — (3 - 1)

Then, we have KL(u*, 1) < (¢* + 2(R + 1))/A¥). Hence, the uniform bound on the Rademacher
complexity (Lemma 3) with My = (¢* + 2(R + 1)) /A5, it holds that

L() = L(f2) + L(p") = L(n")

< 2 |Rad(Fokp (e pyve (7)) + QI fa = fur

+ ABOKL (e, o).

Y n_l)\/t + log log, (8n2 My R)

n

)

with probability 1 — exp(—t) for any ¢ > 0. Moreover, Lemma 1 gives

OKL( i) V!

Rad(Fokp (et (17)) < 2R\/ .

Therefore, by setting ¢ = sy/n with s < 1, we obtain that
- . ) S OL(p* . -
L0 — L) = (= 1) D XKL )

_ [2KL(p*, o) Vn1! 1. [sy/n+loglog,(8n2MyR
ZRV W RV oy fye oo v 1)\/f 2(8n My R)

<2
n
1 32R?* AR
2K * I
< gAVKL(T ) + gy +
NCS Ifa — furll3 AU 8R2 s\/n + loglog,(8n®MyR)
8R?2 32R2n2  A(K) n ’
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with probability 1 — exp(—sy/n), where a arithmetic-geometric mean relation and an inequality
(aVb)? < a?+b% (a,b > 0) are used in the last inequality. Here, we know that the Hellinger
distance between p* and i can be bounded as

2 [ (Vi = ViPde = 2du( ) < KLGu", ).

Sl = | / o () () — p (2))da)2,

_ / he () (VA + V@) (VAE) — Vi @)de
< / ha (2 (Vi) + v/ (@) da /m/mx)—m*(a:)ﬁdm
ol [~ v

Hence,

I fa —

< |2 [ el i) + (o
§4R2dH(N*7ﬂ)§2R2KL( 1)

By summarizing the argument above and noticing L(j1) — L(u*) — (1 — pu*) %ﬁ*) > 0, it holds that

L@ — E(u) — (i — p >5L§M 1) IAOKRLG )

IA

1
EAOKL(u )
32R? N 4R N A 8R? sy/n + loglog,(8n?MyR)
“nAE)  n o 32R2p2 0 A(K) n ’
with probability 1 — exp(—sy/n). Then, letting s = 7A), then we have
1 £a = fur I3
< 4R < 32R? 4R 1 L g2 TAE) /i + log logQ(SnZMOR))

nA()2 + nAU) + 32R2n? nA(K)2
4R?
= pAE)2

_ _ (K)2 _ _
(32R2 +4ARNF) + 4+ 8R?[7V/nA(F)2 + log 1og2(8n2M0R)]> ,
n

with probability 1 — exp(—7A5)/n) for any 7 > 0. Hence, if we take n sufficiently large and 7
sufficiently small so that the right hand side is smaller than c3, then we have

P(Y[u(2) > 0) =

More precisely, if we let

nAF)2 4R? A(E)
Sn= 3571 {c?) - =@ {M ) (4R+ 3277 > + 8R%(4 + loglog, (8n? MOR))H

and s,, > 0, then P (Y f(Z) > 0) = 1 with probability 1 — exp(—s,).

C.2 Proof of Theorem 2

Let /i := p) and p* := paco1- From the proof of Theorem 1, with probability 1 — exp(—t), it
holds that
82R? 4R N 8R?
nAU) o 32R%n? 0 pAK)
T/ T * ~ * 5L ,LL* 1 * A
> L) - 25) - (3 1) ) 4 AORLGe )

L) — L) = (= 1) D 4 NORL G )

(t + loglog, (8n*MyR))
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17> - SL(p*)
>—|L(p) — L") — (o — pu~ .
23 [ (1) = L") = (= ) o
Since Y f,,« (X) > ¢y almost surely, the Markov’s inequality yields that

P(Y fu <0)

1 _ . *
< E(O) - (—Coé’(co) +£(CO)) (L([L) - L(Iu ) — (:U' — ) 5 )

— 20(e0) (L(ﬂ) SR - (- M;;”) .

This yields the assertion.

D Additional Experiments

In addition to the 2-sparse parity problem, here we give additional experiments for the k-sparse parity
problems with £ = 3 and k = 4. The setting is the same with the main text, except that the width,
step size, the number of iterations are modified to N = 2,000, n = 0.2, and T' = 10, 000, and we
take different grids of n and d. We ran the experiment 10 times and plotted the mean for each n and
d. The results are provided in Figure 2.

For k = 3, which is shown in Figure 2 (a), we can see that there appear phase-transition lines of
n = O(d?) and n = ©(d), which correspond to the test accuracy of around 90% and the test accuracy
of around 70%, respectively. The former almost perfect classification means the Type I convergence
in 4.2, where the classification error gets exponentially small with respect to n/d?. The latter means
the Type II polynomial convergence.

For k = 4, presented in Figure 2 (b), only the linear phase-transition, that corresponds to the test
accuracy of around 70%, is observed.

Together with Section 5, we conclude that the our theoretical results are experimentally verified for
the 2-sparse parity problem as well as higher-order sparse parity problems. The reason why the
quadratic line was not observed in & = 4 would be partially because the hidden coefficients and the
required number of steps are exponentially large with respect to k.

-1.0

— n=d — n=d
— n=d?
0.9 -0.9
< 20 he]
2 087 @ 08®
() w (V) w
£40 2 E 2
© 0.7 o 0.7
0.6 0.6
1500 3000 45_00 6000 7500 1500 3000 450.0 6000 7500
sample sizen sample sizen
(a) Result with k = 3. (b) Result with k = 4.

Figure 2: Test accuracy of two-layer neural network trained by MFLD to learn a d-dimensional
k-sparse parity problems.
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