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Abstract

In the context of statistical supervised learning, the noiseless linear model as-
sumes that there exists a deterministic linear relation Y = (6., ®(U)) between the
random output Y and the random feature vector ®(U), a potentially non-linear
transformation of the inputs U. We analyze the convergence of single-pass, fixed
step-size stochastic gradient descent on the least-square risk under this model. The
convergence of the iterates to the optimum 6, and the decay of the generalization
error follow polynomial convergence rates with exponents that both depend on the
regularities of the optimum 6, and of the feature vectors ®(U). We interpret our
result in the reproducing kernel Hilbert space framework. As a special case, we an-
alyze an online algorithm for estimating a real function on the unit hypercube from
the noiseless observation of its value at randomly sampled points; the convergence
depends on the Sobolev smoothness of the function and of a chosen kernel. Finally,
we apply our analysis beyond the supervised learning setting to obtain convergence
rates for the averaging process (a.k.a. gossip algorithm) on a graph depending on
its spectral dimension.

1 Introduction

Linear regression is widely used in statistical supervised learning, sometimes in the implicit form
of kernel regression. A large theory describes the performance (reconstruction and generalization
errors) of various algorithms (penalized least-squares, stochastic gradient descent, ...) under various
data models (e.g., noisy or noiseless linear model) and the corresponding minimax bounds. In
nonparametric estimation theory, one seeks bounds independent of the dimension of the underlying
feature space [IL6} [30]: these bounds describe best the observed behavior in many modern linear
regressions, where the data are inherently high-dimensional or where a kernel associated to a high-
dimensional feature map is used. In this paper, we provide nonparametric bounds for stochastic
gradient descent under the noiseless linear model and under small perturbations of this model.

Under the noiseless linear model, we assume that there exists a ground-truth linear relation ¥ =
(0., X) between the feature vector X and the output Y € R. The feature vector X may be itself a
non-linear transformation of the inputs U, explicitly computed through a feature map X = ®(U)
or implicitly defined through a positive-definite kernel k(U, U’) [17]. The noiseless linear model
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assumes that there exists a linear predictor in feature space with zero generalization error. The
difficulty to approximate this optimal prediction rule 6, from independent identically distributed
(i.i.d.) samples (X1,Y7), ..., (X,,Y,) depends on some measure of the complexity of 0,.

The noiseless assumption is relevant for some basic vision or sound recognition tasks, where there
is no ambiguity of the output Y given the input U, but the rule determining the output from the
input can be complex. An example from [[18, Section 6] is the classification of images of cats versus
dogs. For typical images, the output is unambiguous; humans indeed achieve a near-zero error. In
sound recognition, one could think of the recovery of the melody from a tune, an unambiguous (but
tremendously complex!) task.

Note that in the noiseless model, there is still the randomness of the sampling of X;,..., X,
sometimes called multiplicative noise because algorithms end up multiplying random matrices [13].
Given those inputs, the outputs Y7, ..., Y, are deterministic: there is no additive noise, and thus the
noiseless linear model we consider in this paper is a simplification of problems with low additive
noise.

The large dimension and number of samples in modern datasets motivate the use of first-order online
methods [8. [7]. We study the archetype of these methods: single-pass, constant step-size stochastic
gradient descent with no regularization, referred to as simply “SGD” in the following.

Contributions. Our theoretical results and simulation agree to the following: under the noiseless
linear model, the iterates of SGD converge to the optimum 6,. and the generalization error of SGD
vanishes as the number of samples increases. Moreover, the convergence rate of SGD is determined
by the minimum of two parameters: the regularity of the optimum 6, and the regularity of the
feature vectors X, where regularities are measured in terms of power norms of the covariance matrix
Y =E[X ® X], see Sectionfor precise definitions and statements. Our analysis of the convergence
is tight as we prove upper and lower bounds on the performance of SGD that almost match. Thus
SGD shows some adaptivity to the complexity of the problem. In Section[d] we study the robustness
of our results when the noiseless linear assumption does not hold, but the generalization error of
the optimal linear regression is small. We prove that the asymptotic generalization error of SGD
deteriorates by a constant factor, proportional to this optimal generalization error.

Two extensions of our results are studied. First, in Section @ the extension to kernel regression is
derived, with, as a special case, the application to the interpolation of a real function f, on the torus
[0, 1]¢ from the observation of its value at randomly uniformly sampled points. In the latter case,
we show that the rate of convergence depends on the Sobolev smoothness of the function f, and of
the interpolating kernel. Second, beyond supervised learning, our abstract result can be seen as a
result on products of i.i.d. linear operators on a Hilbert space. In Section[3.2] we use this result to
study a linear stochastic process, the averaging process on a graph, which models a key algorithmic
step in decentralized optimization, the gossip algorithm [28,24]. We prove polynomial convergence
rates depending on the spectral dimension of the graph. Finally, in Section a toy application
instantiates our results in the special case of Gaussian features.

Comparison to the existing literature on linear / kernel regression. There is an extensive research
on the performance of different estimators in nonparametric supervised learning, however almost all
of them do not consider the special case of the noiseless linear model [[16, (9,130, [15]. The difference
is significant; for instance, rates faster than O(n ') for the least-square risk are impossible with
additive noise, while in this paper we prove that SGD can converge with arbitrarily fast polynomial
rates. Some of these works analyse the performance of SGD [34, 4, 29, 26, [12} |13} 20, 25} 23]].
However, because of the additive noise of the data, convergence requires averaging or decaying step
sizes. As a notable exception, [18]] studies a variant of kernel regularized least-squares and notices
that the rate of convergence improves on noiseless data compared to noisy data. However, their rates
are not directly comparable to ours as they assume that the optimal predictor is outside of the kernel
space while we focus in Section[3.1]on the attainable case where the optimal predictor is in this space.
We make a more precise comparison of this work with our results in Remark 2]

While our work focuses on the test error, a recent trend studies the ability of SGD to reach zero
training error in the so-called “interpolation regime”, that is in over-parametrized models where a
perfect fit on the training data is possible [27, 21, [10]. Even with a fixed step size, SGD is shown
to achieve zero-training error. However, these results are significantly different from ours: zero
training error does not give any information on the generalization ability of the learned models, and



the “interpolation regime” does not imply the noiseless model. The authors of [31]] study a mixed
framework that includes both the interpolation regime and the noiseless model, depending on whether
SGD is seen as a stochastic algorithm minimizing the generalization error or the training error. An
acceleration of SGD is studied, depending on the convexity property of the loss, but not on the
nonparametric regularity of the problem.

The field of scattered data approximation [33]] studies the estimation of a function from the observation
of its values at (possibly random) points, considered in Section Again, most of the work focuses
on the case where the observation of the values is noisy. We found two exceptions that consider
the noiseless case. In [5], a minimax rate of Q((logn/n)P/?) is shown for estimating a p-smooth
function on [0, 1]¢ in L°° norm using n independent uniformly distributed points; the minimax rate
is reached with a spline estimate. In [19], a minimax rate of £2(1/n?) in shown for the same problem,
but in the special case of d = 1 and estimation in L' norm; the minimax rate is reached with some
nearest neighbor polynomial interpolation. Our results are not rigorously comparable with these
as we consider the approximation in L? norm and a definition of smoothness different from theirs.
However, roughly speaking, our convergence rate in Section [3.1|of Q(1/ ni=d/ (2p+d)) when p > d/2
is much slower than theirs. Note that previous estimators could not be computed in an online fashion,
and thus have a significantly larger running time. But in general, this suggests that SGD might not
achieve the nonparametric minimax rates under the noiseless linear model.

2 Linear regression

2.1 Setting and main results

We consider the regression problem of learning the linear relationship between a random feature
variable X € ‘H and a random output variable Y € R. The feature space H is assumed to be a
Hilbert space with scalar product (.,.) and norm ||.||. We assume a noiseless linear model: there
exists 0, € H such that Y = (f,, X) almost surely (a.s.). In the online regression setting, we learn
0, from i.i.d. observations (X1,Y7), (X3,Y3),... of (X,Y). SGD proceeds as follows: it starts with
the non-informative initialization #y = 0 and at iteration n, with current estimate 6,,_1, it estimates
the risk function on the observation (X,,, Y,,), R (0) = ({6, X,,) — Y,,)? /2 and it performs one step
of gradient descent on R,

an == en—l - ’YVRn(an—l)
- 9n71 - (<0n717Xn> - Yn) Xn

:97171 _’7<9n71 _0*7Xn> Xn (l)
The risk R,,(6) is an unbiased estimate of the population risk, also called generalization error,
1 1
R(0) = JE (0. %)~ v)?] = SE [(6-0.,X)°] .

We assume the feature variable to be uniformly bounded, namely that there exists a constant Ry < oo
such that

|X[? <Ry  as. )
We can then define the covariance operator ¥ = E [X ® X]| of X, where if x € H, 2 ® x is the
bounded linear operator § € H — (6, z)x. Finally, note that,

1
R(O) = 3 (0—0,,%(60-06,) .
We do not assume that the linear operator X is inversible as this is incompatible in infinite di-
mension with the boundedness assumption in Eq. (Z). Throughout this paper, we use the fol-
lowing convenient notation: if « is a positive real and 6 a vector, E’O‘/29||2 = (0,27°09) =

inf {]|6]|2 | ' such that 6 = $*/26'}, with the convention that it is equal to co when 6 ¢ 3%/ ().
We have two theorems (upper and lower bounds) showing tight convergence rates for SGD.

Theorem 1 (upper bound). Assume that there exists a non-negative real number o such that

(a) (regularity of the optimum) 0, € ©¢/%(H), i.e., || £~2/%0,|| < oo, and
(b) (regularity of the feature vector) X € X%/ 2(H) a.s., and there exists a constant R, < oo
such that | £72/2X||? < R, a.s.



Assume further 0 < v < 1/Ry. The iterates 0,, of SGD with step-size ~y satisfy for all n > 1,

C
1. (reconstruction error) E [[6, — 6. HZ] < —,
n«
C/
2. lizati in E[R(0))] < —— |
(generalization error) k:rgl’l‘?’n [R(6k)] )

a2 R a2 R
_ o —a/2g 12 4 1la 2 I oo & —a/2g 12 4 1la 2
where C' = = <|Z 0. + o 104l ) and C" =2 po <|Z 0. + o 10]| )
Assumption [(a)]is classical in the non-parametric kernel literature [9]: it is often called complexity of
the optimum, or source condition. Assumption [(b)]is made in [25]]. It implies that

Tr(2'79) = E[Tr(XXTE™9)] =EXTS2X]| < R, .

This last condition, called capacity condition [235l], is sometimes stated under the form of a given
decay of the eigenvalues of 3; it is related to the effective dimension of the problem [9]].

Theorem 2 (lower bound). Assume that there exists a positive real number & such that one of the
two following conditions holds:

(a) (irregularity of the optimum) 0, ¢ X%/%2(H), i.e., |2~%/20,| = oo, or
(b) (irregularity of the feature vector) with positive probability, X ¢ Y%/*(1) and (X, 6.) # 0.

Assume further 0 < v < 1/Ry. The iterates 0,, of SGD with step-size ~y satisfy for all £ > 0,

1. (reconstruction error) E [||60,, — 0. ||?] is not asymptotically dominated by 1/n® ¢,

2. (generalization error) E [R(0,,)] is not asymptotically dominated by 1/n®+1+¢,

The take-home message of Theorems I} [2]is that the convergence rate of SGD is governed by two real
numbers: the regularity o of the optimum, that is the supremum of all ¢ such that 8, € £¢/2(H),
and the regularity o of the features, that is the supremum of all o such that X € ¥¢/2(#) almost
surely. The polynomial convergence rate of SGD is roughly of the order of n™ for the reconstruction
error and n~*~! for the generalization error with o = min(ay, az): one of the two regularities
is a bottleneck for fast convergence. See Section [3.1] for an application to the optimal choice of a
reproducing kernel Hilbert space. The exponent oy corresponds to the decay of the errors of the
gradient descent on the population risk R. However, due to the multiplicative noise, the convergence
of SGD is slowed down by the irregularity of the feature vectors if as < 1.

In the theorems, the constraint on the step-size 0 < v < 1/Ry is independent of the time horizon n
and of the regularities a1, aa. Thus fixed step-size SGD shows some adaptivity to the regularity of
the problem.

In Section we give extensive numerical evidence that the polynomial rates n~* and n~(®1) in the
bounds are indeed sharp in describing convergence rate of SGD.

We end this section with a few remarks on Theorems|[I} 2| They articulate the significance of the
results, but are non-essential to the rest of this paper.

Remark 1. Our upper bound and lower bound on the generalization errors do not match exactly.
Indeed, we prove an upper bound on the minimum risk of the past iterates, where we prove a lower
bound on a larger quantity, the risk of the last iterate. To the best of our knowledge, it is an open
question whether one can prove an upper bound for the last iterate under our assumptions: more
precisely, does E [R(0,,)] < C" /n2t hold for some constant C"'?

Remark 2 (related literature). In the case o = 0, where no regularity assumption is made on the
O(n~Y). A similar result was shown in [4]: the excess risk for averaged constant-step size SGD is
asymptotically dominated by n=1 on any least-squares problem—not necessarily a noiseless one. It is
remarkable that under the noiseless linear setting, no averaging or decay of the step-size is needed to
obtain the same convergence rate.

The article [18)] also studies the performance of an algorithm, a variant of kernel regularized least-
squares, in the noiseless non-parametric setting. However, they do not exploit when the function
is more regular than being in the kernel space, i.e., when «c; > 0 with our notation, 8 > 1/2 with



theirs. In fact, they leave this case as an open problem in their Section 6. Thus, a fair comparison
can only be made when ov; = 0, 8 = 1/2. In this case, SGD and the algorithm of [I8] both achieve
the same rate O(n=1).

Remark 3. The theorems stated above stay true if one weakens the assumptions in the following way,
where < denotes the semi-definite order:

o assume E [| X|?X @ X] < RoY instead of | X || < Ry a.s., and
e assume E[(X,X72X) X ® X| < R,Y instead of (X,X72X) < R, a.s.

This weaker set of assumptions is useful in the case of non-bounded features, like the Gaussian
features of Appendix[3.3] We thus take special care in using only these weaker assumptions in the
proofs of Theorems|I| 2} [5|and[d| However we prefer stating results with the stronger assumptions for
the sake of clarity.

Remark 4 (Application of Theorem |l|in finite dimension). If H is finite-dimensional and ¥ is of
full rank, the assumptions of Theorem [I| hold for any o > 0. Thus SGD converges faster than
any polynomial; in fact one can check that an exponential upper bounds on the reconstruction and
generalization errors of the form C" exp(—Amin (X)t) hold, where iy (X) is the smallest eigenvalue
of X.. Although the latter bound is asymptotically better than polynomial rates, for moderate time
scales the polynomial rates may describe best the observed behavior; for an illustration of this fact
on the averaging process, see Section[3.2land in particular the discussion following Corollaryl[l]

Theorems [T]and 2] are extended in the next section and proved in Appendices [A]and [B]respectively.
The generalization of Theorem [T| beyond the noiseless linear model is exposed in Section[d] The
reader interested mostly by applications of Theorems[T]and [2]can jump directly to Section

2.2 Regularity functions and general results

The main difficulty in the proof of Theorems[T]and [2]is that deriving closed recurrence relations for
the expected reconstruction and generalization errors is not straightforward. In this paper, we propose
to study the norm of #,, — 6, associated to different powers of the covariance ¥. More precisely,
define

en(B) =E [(0, — 0., 577 (0, —0,))] €[0,00], BER. 3)
We call ¢,, the regularity function at iteration n. In particular,
on(0) = E[[|f — 0. ]°] and on(=1) = 2E[R(6n)] -

The sequence of regularity functions ¢,,, n > 1 satisfies a closed recurrence inequality (Property
[2Jin Appendix [A]) which is central to our proof strategy. Theorems [I]and [2] can be extended to the
following estimates on the regularity functions ¢,, () on the full interval 5 € [—1, @] (see proofs in
Appendices [A] and [B|respectively). .

Theorem 3 (upper bound). Under the assumptions of Theorem[I} we have for alln > 1,

C

1. forall B €[0,a], Pn(B) < — =5
C/

2. —1,0), i < )
forall B € [-1,0) ppm or(B) na—B

ae—B R o R
here C' = = 220,012 + 2260, ), ¢ =227 —— (|20, |12 + =2|6.]1 ).
where € = £ (7220, P + 2216 a5 (157207 + 2210

Theorem 4 (lower bound). Under the assumptions of Theorem[2} for all B € [—1,@, for all e > 0,
©n(B) is not asymptotically dominated by 1/n>=P+e,

3 Applications

3.1 Kernel methods and interpolation in Sobolev spaces

A main case of application of our results is the reproducing kernel Hilbert space (RKHS) setting [17]].
In this setting, the space H is typically large or infinite-dimensional, and we do not have a direct
access to the feature variable X € ‘H. Instead, we have access to some random input variable U € U



such that X = ®(U) for some fixed feature map @ : U — H. It is then natural to associate a vector
6 € H with the function fp € L?(U) defined by

fo(u) = (0, 2(u)) .

If the positive-definite kernel k(u, u') = (®(u), P(u')) can be computed efficiently, SGD can be
“kernelized” [34} 29, 26 [12]], i.e., the iteration can be written directly in terms of f,, := fp,:

fo = fn1 = (fa—1(Un) = Yo)k(Un, .)
- fn—l - '7(f7n—1 - f*)(Un)k(Una )

where X,, = ®(U,) and f.(u) := fp, (u) = (04, ®(u)). Note that in the kernel literature, the
mapping 6 — f is used to identify H with a subspace of L2(i); indeed, if ¥ = E [®(U) @ ®(U)]
has dense range, the mapping is injective. Using this identification, Theorems|[I]and 2]can be applied
to obtain bounds in the “attainable” case, meaning that the optimal predictor f, € L?(U) is in the
RKHS . This gives decay rates for the RKHS norm || f,, — fi|| := ||0n — 0. which is inherited
from H, but also for the population risk R(6,,) which is reinterpreted as the half squared L?-distance
between the associated f;, and the optimal predictor f,. Indeed,

R(0n) = 3E [(6 — 0., 2(0))%] = SE [(0) ~ £.0)] = S0~ T

Application: interpolation in Sobolev spaces. To illustrate our results, we consider the case
where U is the torus [0, 1], U is uniformly distributed on ¢/ and  is a translation-invariant kernel:
k(u,u’) = t(u — u') where t is a square-integrable 1-periodic function on [0, 1]¢. The kernel k is
positive-definite if and only if the Fourier transform of ¢ is positive [32]. This imposes, in particular,
that ¢ is maximal at 0. Thus the update rule

f’rL - fn—l - (fn—l(Un) - f*(Un)) t( - Un) (4)

corrects f,, so that the value f,,(U,,) is closer to the observed value f.(U,) than f,,_1(U,). Points
near U, are also updated in the same direction, thus the algorithm should converge rapidly if the
function f, is smooth. Our work derives the polynomial convergence rate as a function of the

smoothness of f. and ¢. The smoothness of functions is measured with the Sobolev spaces Hp,,. A

function f with Fourier serie f belongs to Hpy,, if

117, = D [FR)IP (14 [K?)" < 0.
kezd
Assume that the Fourier serie of ¢ satisfies a power-law decay: there exists ¢, C > 0 such that:

c(L+ k) <iy <o+ k)P kezd.
This condition does not cover C*° kernel, including the Gaussian kernel; it is relevant for less regular
kernel, that have a power decay in Fourier. This condition is satisfied, for instance, by the Wendland
functions [33, Theorem 10.35], or in dimension d = 1 by the kernels corresponding to splines of
order s, see [32]] or [25]. The latter can be computed using the polylogarithm or—for special values of
s—the Bernoulli polynomials.

We havet € H Sér if and only if s" < s, thus s measures the Sobolev smoothness of k. The operator &
is the convolution with ¢ and thus

1A = (27 = 30 IR (L B2 = A1 v (5)
kezd

where < denotes the equality up to positive multiplicative constants. To predict the convergence rate
of @), we check the assumptions of Theorems|T} [2] Computations similar to (§) give

(a) (regularity of the optimum)
(fe: X7 f) =< (fer Z_a_lf*>L2 = Hf*||§{]§:r/z+d/4><a+1>

Assume f, € H,

per*

We have (f., X7 f.) < ooif o < ;275 — 1.
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Figure 1: Interpolation of a function of smoothness » = 2 using SGD with kernels of smoothness
s = 1(left), s = 2 (middle) and s = 3 (right). Each plot represents one realization of the algorithm (@).
The blue crosses represent the square L? norms || f,, — f«||3.. as a function of the number of iterations
n and the orange lines represent the predicted polynomials rates C'/n®**+1, where C is chosen to
match best the empirical observations for each plot.

(b) (regularity of the feature vector)

<k(u, .), Z—ak(u, )> = ||k(u, .)‘|§{p(;/2+d/4)(a+1) = ||ts‘|§{}§;/2+d/4)(a+l)
_ Z (1 + k2)(s/2+d/4)(a—l) )
kezd

Thus (k(u,.), 2" “k(u,.)) < coifand only if « < 1 — ﬁ.

The regularities of the optimum and of the feature vector are non-negative if the smoothness s of the
kernel ¢ satisfies d/2 < s < 2r — d/2, where r is the smoothness of f. In this case the polynomial
rate of decay of the algorithm is given by the exponent

2r d
c=min——— —1,1— ——— | .
= <s+d/2 s+d/2) ©

Note that, given a function f,, this rate is maximal when s = r, i.e., the smoothness of the kernel
coincides with the smoothness of the function, in which case a, = 1 — #. Theorems give

the convergence rates in terms of L? norm and RKHS norm, which happens to be a Sobolev norm.
The more general Theorems 3] and [] gives convergence rates in terms of a continuity of fractional
Sobolev norms, some weaker and some stronger than the RKHS norm.

In Figure (1} we show the decay of the L? norm in the interpolation of a function f, on [0, 1] of
smoothness 2 using kernels of smaller, matching and larger smoothness. In each case, the rate
predicted by (6) is sharp, and the convergence is indeed fastest when the smoothnesses match.

3.2 Decay rate of the averaging process

The averaging process is a stochastic process on a graph, mostly studied as a model for asynchronous
gossip algorithms on networks. Gossip algorithms are subroutines used to diffuse information
throughout networks in distributed algorithms [28], in particular in distributed optimization [24].

Let G be a finite undirected connected graph with vertex set V of cardinality N and edge set £ of
cardinality M. The averaging process is a discrete process on functions x : V — R defined as
follows. The initial configuration x¢ = e,, : V — R is the indicator function of some distinguished
vertex v, € V, i.e., zo(vy) = 1 and z9(v) = 0if v # v,. At each iteration, we choose a random
edge and replace the values at the ends of the edge by the average of the two current values. In
equations, at iterations n, given x,,_1, sample an edge e,, = {v,,, w,, } uniformly at random from &
and independently from the past, and define

Tn—1 (Un) + Tn—1 (wn)
2 )

As the graph is connected, all functions values x,,(v),v € V converge to 1/N as n — co. The study

of the averaging process aims at describing how the speed of convergence depends on the graph G.

Tn(vn) = zp(wy) = Tn(V) = Tp_1(v), v#vp,w,. (7)

The averaging process can be seen as a prototype interacting particle system, or finite markov
information-exchange process according to Aldous’s terminology [[1l]. However, the linear structure



of the updates of the averaging process makes the analysis simpler than in other interacting particle
systems; this property is key in applying the results of Section 2]

In this section, we introduce a quantitive version of the notion of spectral dimension of a graph
(see [3]] and references therein for other definitions). We use this quantity to build polynomial
convergence rates for the expected squared ¢2-distance to optimum E[>" _\, (z,(v) — 1/N )2]
and for the expected energy E[3 Y-, ,1ee (@ (v) — 2, (w))?]. The comparison with other known
convergence bounds is made. We add numerical experiments showing that our bounds describe the
observed behavior in some classical large graphs, for an intermediate number of iterations.

Let L =3 ¢, pyeeler — €w)(en — ew) ! be the Laplacian of the graph. It is a positive semi-definite
operator. The spectral measure of L at a vertex v € V is the unique measure o, such that for all
continuous real function f,

o (L)er) = [ douFN).
If0 = X < A1 < ... < Ay_1 are the eigenvalues of L and ug = 1,uq,...,uny—1 are the
corresponding normalized eigenvectors, then

N-1

au(dA) = ) (ui(0))%6x, (dN) .

i=0
We say that G is of spectral dimension d > 0 with constant V' > 0 if
YoeV, VEe(0,00), o,((0,E]) <V IEY2,
A typical example motivating this definition is the following.

Proposition 1. Let TS denote the d-dimensional torus of side length A, i.e., the graph with vertex
setV = (Z/AZ)? and edge set € = {{v,w} |v,w € E, ||v — w2 = 1}. The torus T is of spectral
dimension d with some constant V (d) that depends on the dimension d but not on the side length A.

This result is proved in Appendix [D} Similar results were proved for supercritical percolation bonds
in [22]] and for the random geometric graphs in [3]].

When the graph is large, the probability of sampling a given edge decays to 0. It is natural to define a
rescaled time ¢t = n/M so that the expected number of times a given edge is sampled during a unit
time interval does not depend on M (and is equal to 1).

Corollary 1 (of Theorem[I). Assume that G is of spectral dimension d with constant V, and denote
Omax the maximal degree of the nodes in the graph. Then, for allt = n/M > 2,

1)\? logt
1. E Z (th(U) — N) ] < D(dauémax)mv
vey
2 win B L an(0) - 2ar(@)’ | < DAV, Gine) il
. Orgslgt 9 Z TpMs\V) — Tps\W X ; V5 Omax (/241
{v,w}eé
2 9d/2+2
where D(d, V, 0max) = ——=d¥? V150 and D'(d, V, max) = ———d/* V1500
log 2 log 2

See Appendix [C]for the proof. Note that as G is a finite graph, G can be of any spectral dimension d
for some potentially large constant V. However, for many families of graphs of increasing size, such
as the toruses Tji\, A > 1, the spectral dimension constant V' corresponding to the dimension d and
the maximum degree d,,,,x remain bounded independently of the size of the graph. In that case, the
bounds of Corollary [1|are independent of the size of the graph.

These bounds should be compared to the known exponential convergence bounds of [2] or [28]:
they are of the form O(exp(—~t)) where ~ is the spectral gap of the Laplacian of the graph, the
distance between the two minimal eigenvalues of the Laplacian. Although asymptotically faster, these
bounds are only relevant on the typical scale ¢ = 1/~. In many graphs of interests, the spectral gap
vanishes as the size of the graph increases; for instance, when G = T¢, «y is of the order of 1/ A2,
As a consequence, for large graphs and moderate number of iterations, the spectral dimension based
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Figure 2: Convergence rates on the circle T3, (up) and on the two dimensional torus T%, (bottom).
The convergence is measured in terms of squared ¢2-distance to %1 (left) and sum of the squared
differences along the edges (right). In orange are the curves of the form C/ n%/2 and C’ / nd/2+1
where C' and C’ are constants chosen to match best the empirical observations for each plot.

bounds describe the observed behavior where spectral gap based bounds do not apply. Indeed, in
Figure simulations on a large circle T3, and on a large torus T7%, display polynomial decay rates,
with polynomial exponents coinciding with those of the corresponding bounds of Corollary [I] Note
that, if pushed on a longer time scale, the simulations would have shown the exponential convergence
due to finite graph effects. This incapacity of spectral gap to describe the transient behavior had
already motivated the authors of [6] to use the spectral dimension to describe the behavior and to
design accelerations of the gossip algorithm. However, the analyses of this paper control only the
expected process E[x,,]: the random sampling of the edges is averaged out.

While the polynomial exponents are sharp, we expect the logarithmic factors to be an artifact of the
method of proof.

In the case d = 0 and V' = 1, where no assumption on the structure of the graph is made, the fact that
the minimal past energy is O(n~!) (neglecting the logarithmic factor) has been noticed by Aldous in
[2, Proposition 4]. Aldous leaves as an open problem whether one can prove a bound without taking
a minimum,; this is a special case of our Remarkm

3.3 Linear regression with Gaussian features

In the setting of Section 2.1} we assume X to be centered Gaussian process of covariance ¥ where
is a bounded symmetric semidefinite operator. As X is not bounded a.s., we need to use the weaker set
of assumptions given in Remark We thus need to compute Ry such that E [|| X ||*X ® X| 5 RoX

and o, R, such that E [(X,X7°X) X ® X| < R,X. We show here that these conditions are in fact
simple trace conditions on X, sometimes called capacity conditions [235]].

Lemma 1. If X ~ N(0,X) and A is a bounded symmetric operator such that Tr(X A) < oo,
E[(X,AX) X ® X] = 25AY + Tr(ZA)Y < (2\\21/21421/2”?[%% + Tr(EA)) .

Proof. Diagonalize ¥ = i>1 Aie; @ e;. Then there exists independent standard Gaussian random
variables X;,7 > O such that X =}, )\;/2)(1-62'.



Leti,j > 1.
(e, E[(X,AX) X ® X] ;) = E[(X, AX) (e;, X ® Xe;)] = E | (X, AX) /\2/2Xi)\;/2XJ}

= A2 AN PE XX XX
k,l

As X;,i > 1 are centered independent random variables, the quantity E [X; X; X}, X;] is 0 in many
cases. More precisely,

* if ¢ £ j, the general term of the sum in non-zero only when &k =i and [ = j or k = j and
[ = 4. This gives
<€i, E [<X, AX> X ® X] 6j> = 2Ai7j)\i/\j .

* if 4 = 7, the general term of the sum is non-zero only when k£ = [. This gives
(e, E[(X, AX) X @ X]e;) = \; ZAk RME [XPXP] =N Ap e + 307 Ay
k#i
=\ Z A e + 207 A; ;.
k

In both cases,
<61‘,E [<X, AX> X ® X] 6j> = 2)\i>\in,j + <Z Ak,k>\k> /\i]-i:j .
k

Note that

Tr(AL) = > (ex, SAex) Z ArAp g -
k

Thus we get
(e, E{X,AX) X ® X] ;) =20 A + Tr(AX)\i1,—;
= 2(e;, LAYe;) + Tr(AX) (e;, Xej)
= (€;,[22AX + Tr(XA)X] e) .

From this lemma with A = Id, we compute Ry = 2||Z||x—n + Tr(X), and with A = ¥, we
compute R, = 2||3||3,-%3,+Tr(X1~). Thus in the Gaussian case, the condition of (weak) regularity
of the features is given by Tr(X1~%) < oc.

Simulations. We present simulations in finite but large dimension d = 10°, and we check that
dimension-independent bounds describe the observed behavior. We artificially generate regression
problems with different regularities by varying the decay of the eigenvalues of the covariance X and
varying the decay of the coefficients of 6.

Choose an orthonormal basis e, ..., eq of H. We define 3 = Z i Be; @ e; for some B >1and

0, = Z i %, for some § > 1 / 2. We now check the condition on « such that the assumptions
and [(b)] are satisfied.

@ (0.,57%0,) = >0 (0., €;)2iP> = ¢ i~20+28 which is bounded independently of

the dimension d if and only if 372, i72 7% < 00 & —20 + aff < —1 & a < 2L,

(b) Tr(Li=2) = Z?:l i~#(1=) which is bounded independently of the dimension d if and
onlyif > 00, i P1-% <o s —B(l-a)< —1ea<1-1/8
Thus the corollary gives dimension-independent convergence rates for all o < a«a, =
min ( -1 —2571)
B B )
In Figure[3] we show the evolution of ||0,, — 6.]|? and R(6,,) for two realizations of SGD. We chose

the stepsize v = 1/Ro = 1/(2||Z||n—n + Tr(X)). The two realizations represent two possible
different regimes:

10
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Figure 3: In blue +, evolution of ||0,, — 6.]|? (left) and R(6,,) (right) as functions of n, for the
problems with parameters § = 1.4,6 = 1.2 (up) and 5 = 3.5, = 1.5. The orange lines represent
the curves D /n®* (left) and D’ /n®+1 (right).

* In the two upper plots, 3 = 1.4, = 1.2. The irregularity of the feature vectors is the

bottleneck for fast convergence. We have o, = min( -1 M) ~ min(0.29,1) =

B B
0.29.
* In the two lower plots, 8 = 3.5,0 = 1.5. The irregularity of the optimum is the bottleneck

for fast convergence. We have o, = min ( — %, 25‘%1) ~ min(0.71,0.57) = 0.57.
We compare with the curves D/n%* and D’/n®**! with hand-tuned constants D and D’ to fit
best the data for each plot. In both regimes, our theory is sharp in predicting the exponents in the
polynomial rates of convergence of ||6,, — 6. ||* and R(6.,).

4 Robustness to model mispecification

In this section, we describe how the results of Section [2] are perturbed in the case where a linear
relation Y = (f,, X) a.s. does not hold. Following the statistical learning framework, we assume a
joint law on (X, Y"). We further assume that there exists a minimizer 6, € # of the population risk
R(6):

0. € argmin {R(a) - %IE [(Y - <9,X>)2]} .

This general framework encapsulates two types of perturbations of the noiseless linear model:

e (variance) The output Y can be uncertain given X. For instance, under the noisy linear
model, Y = (0,,X) + Z, where Z is centered and independent of X. In this case,
R(0,) = E[Z?] = E[var (Y |X)].

* (bias) Even if Y is deterministic given X, this dependence can be non-linear: Y = ¢(X)
for some non-linear function ¢). Then R(f,) is the squared L? distance of the best linear

approximation to ¢: R(6,) = iE [(w(X) - <9*,X>)2]

2

11



In the general framework, the optimal population risk is a combination of both sources

R(0.) = 5B [var (Y|X)] + 5E [BIVIX] - (0., X))*]

2
Given i.i.d. realizations (X1, Y1), (X2,Y2),... of (X,Y), the SGD iterates are defined as
00 :07 Hn :07171 _7(<9n717Xn> _Yn) Xn (8)

Apart from the new definition of 6., we repeat the same assumptions as in SectionE} let Ry < oo be
such that | X[|? < Ry a.s., denote & = E[X ® X] and ¢,,(8) = E [(6,, — 6., 577 (6,, — 6,))].

Theorem 5. Under the assumptions of Theorem([l)
/

Jmin E[R(B) ~ R(0.)] < 2

+2RovR(0s)

where C' is the same constant as in Theorem|I]

The take-home message is that if we consider the excess risk R () — R (6. ), we get the upper bound
of the form 2C"n—(a+1), analog to Theorem but with an additional constant term 2RyyR (6.).
This term can be small if R(6..) is small, that is if the problem is close to the noiseless linear model,
or if the step-size y is small. In the finite horizon setting setting, one can optimize -~y as a function of
the scheduled number of steps 7 in order to balance both terms in the upper bound. As C” oc ~(@+1),
the optimal choice is v o n~(@+1)/(a+2) which gives a rate ming—o__, E[R(0x) — R(0.)] =
O (n—(a+D/(a+2)),

.....

In the theorem below, we study the SGD iterates #,, in terms of the power norms <pn(,6’), B €

[~1,a — 1], in particular in term of the reconstruction error ¢,,(0) = E[||#,, — 0.]|?] if « > 1. Note
that the population risk R(#) is a quadratic with Hessian X, minimized at 6, thus
1 1
E[R(00) ~ R(6.)] = 5E (0 — 02,56 — 6.))] = 5n(~1).

Thus the theorem below extends Theorem [3]
Theorem 6. Under the assumptions of Theorem
1 forallB >0, 8<a—1,

on(B) < 2T ARy R RE R ).

2. forall g € [-1,0), < a—1,

. c’ - a o
min op(B) < 2% 4Ry HVaREHL/aaR (),

)

where C, C' are the same constants as in Theorem 3]

This theorem is proved in Appendix [E] We expect the condition 3 < a — 1 to be necessary. More
precisely, when R (6,,) is positive, we expect the error ,, — 6, to diverge under the norm ||X~7/2 ||
if 8 > o — 1. In particular, this would imply that the reconstruction error diverges when o < 1.

In Figure[d] we show how the simulations of Section[3.3are perturbed in the presence of additive noise.
We consider the noisy linear model Y = (6., X ) + 02Z, where X ~ N(0, E) and Z ~ N(0,1)

are independent. As in the previous simulations, we consider the case ¥ = Zi:l i~Pe; ® e; and

0, = Zl 17 %; with here d = 10°, 3 = 1.4, § = 1.2. In the noiseless case 02 = 0, we have shown

that the rate of convergence was given by the polynomial exponent o, = min ( — %, M) These
predicted rates are represented by the orange lines in the plots. In blue, we show the results of our
simulations with some additive noise with variance 02 = 2 x 10~%. The exponent «, still describes
the behavior of SGD in the initial phase, but in the large n asymptotic the population risk R(6,,

stagnates around the order of o2. Both of these qualitative behaviors are predicted by Theorem

Moreover, the reconstruction error ||8,, — 6. || diverges for large n.

12
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5 Conclusion and research directions

In this paper, we give a sharp description of the convergence of SGD under the noiseless linear
model and made connexions with the interpolation of a real function and the averaging process. The
behavior of SGD is surprisingly different in the absence of additive noise: it converges without any
averaging or decay of the step-sizes. To some extent, SGD adapts to the regularity of the problem
thanks to the implicit regularization ensured by the initialization at zero and the single pass on the
data. However, by comparing with some known estimators for the interpolation of functions [5[19]
(see the end of Section|[I]), we conjecture that the convergence rate of SGD is suboptimal. What are
the minimax rates under the noiseless linear model? Can they be reached with some accelerated
online algorithm?
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A Proof of Theorems [ and

We recall here the definition of the regularity functions
on(B) =E[(6n — 0., 577 (6, — 0.))] € [0,00],  BER.
A.1 Properties of the regularity functions

We derive here two properties of the sequence of regularity functions ¢,,,n > 1 that are useful for
the proof of Theorem[3] The first one is a simple consequence of the above definition of the regularity
function. The second property is the closed recurrence relation of the regularity functions ¢,,, n > 0
associated to the iterates of SGD.

Property 1. For all n, the function @, is log-convex, i.e., for all 51, B2 € R, for all A € [0, 1],
@n (1= N)B1+ AB2) < 0nl(B1)' Pen(B2) .

Proof. The proof is based on the following lemma, that we state clearly for another use below.

Lemma 2. Let 6 € H. Then forall 81,82 € R, A € [0, 1],

<9, Z—[(l—)\)[31+>\52]9> < <9, 2—519>1_>‘ <97 2—629>)‘

This lemma follows from Holder’s inequality with p = (1 — A\)~! and ¢ = A~!. Indeed, diagonalize
Y =), uie; ®e;. Then

<972—[(1—A)Bl+wg > Z/f[(l NBEABR] (g 12

= Z (ul 0, e;) )1_/\ (u;ﬁQ <9,61‘>2)>\

< (Zm—_m(@,e#) (Zu"ﬁ (0,e:) )

=(0,57%0) " (9,5 P20)"
We now apply this lemma to prove Property [T}
(1= NB1 +AB2) = E (6 — 0., 57005021 (9, —g,))]
<E (= 00,77 (00— 0.))" " (00— 0,577 (0, - 0.))"] .
Using again Holder’s inequality, we get

onl(1 = N)B1+ AB2) SE [(8, — 0.,577 (6, —6.))]
= ¢n(B)' " pu(B2)

R [0, - 0,,57 (0, — 0.))]

O

Property 2. Under the assumptions of Theorem Sor all n, the function ,, is finite on (—oo, a,
andif 0 < B < q,

Pn(B) < en-1(8) = 2¥¢n-1(8 — 1) + 2Ry " R/, 1(-1).
Proof. By assumption [(a)} ¢o(a) = ||£72/26,|? is finite, i.e., there exists & € H such that 0, =
$2/2¢. Then for any 8 < a, 6. = $%/2 (£(2=5)/20) thus o (B) = ||S~7/20.* is finite.

Further, assume that for some n, the function ¢,,_1 is finite on (0o, a. Then we can rewrite the
stochastic gradient iteration (I as

0, — 0, = (Id —vX, @ X) (01 — 6.).
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Substituting this expression in the definition of ¢,, and expanding the formula, we get

on(B) =E [(8, — 0.,577 (6, — 6.))]

=E[(Op-1 — 0., (01 — 0.))] 9)
- 2'7E [<9n—1 - 0*7 EiﬁXn 0y Xn(an—l - 9*)>] (10)
+9°E [(Op—1 — 04, X5 @ X8 P X, @ X, (01 — 0.))] - (11)

Note that the first term of this sum is ¢,_1(3). Further, 6,_; is computed using only
(X1,Y1),...,(Xn—1,Yn_1), thus it is independent of X,. It follows that

E [<9n—1 — 0., ZiﬁXn & Xn(an—l - 0*)>] =K [<0n—1 — b, PR [X" ® X"] (on_l o 9*)>]
=E [(6n-1— 0., 57" (051 - 6.))]

=¢pn-1(B-1). (12)

Finally,
E[{0p—1 — 0., X0 ® X, 27X, @ X (0—1 — 0.))] (13)
—E [<9n_1 — 0, X)) (X, E*5Xn>] (14)

We now assume that 0 < 5 < «. We apply Lemmawith B1=0,B=a,\=B/a
<Xn,E*ﬂXn> < ||Xn||2(175/g) <Xn, E—an>ﬁ/g

Let E'x, denote the expectation with respect to X, only, while keeping Xy, ..., X,,—1 random.
Applying Holder’s inequality, we get

Ex, [<X", SX,) (01 — 0, Xn>2]

<Ex, [1Xa20772) (X, 572X, )% (8,1 — 6., X,)?]

1-B/a 2}6/&

<Ex, [|Xal? o = 00, X)?| T E [(Xa, Z70X0) (Bt — 00, Xo)

= (B — 00, B [|| X0 ]2X @ X ] (0 — 0.)) 7
X (01— 0., B [(X,, 279X, ) X, @ X,u] (6,1 — 0.))7¢
<Ry PRV (0,1 — 0., 5001 —0.))

where in this last step, we use the assumptions that the features X are bounded and regular, in their
weak formulation of Remark 3] Returning to the computation of (I3)-(T4), we get

E [(fn-1 — 01 X © X3 B X, ® X (61 — 6))]

=B [Ex, [(6a1 — 0., X0 (X, 577X, (15

< Ry PARYCE (0,1 — 0., 2(0ro1 — 0.))]

= Ry "Ry, 1 (-1). (16)
The result is obtained by putting together Equations (O)-(TT), (12) and (T6). ]

A.2 Proof of Theorem [Tl

A remarkable feature of the proof that follows is that only Properties[T|and[2]of the regularity functions
are used to derive the theorem. In particular, we do not use the definition of the regularity functions
(p, in this section.

We start with a few preliminary remarks. Using the recurrence Property [2]and that vRy < 1,
©r(0) < pr-1(0) =7 (2 = vRo) pr-1(—1)
< pr-1(0) — ypr-1(=1).

17



Thus the sequence @ (0), & > 0 decreases, and

Yor-1(—1) < @r—1(0) — ¢ (0).
By summing this inequality over k > 1, we get

¥y er(=1) < @o(0).
k=0

Using again the recurrence Property 2]
or(a) < pr-1(a) — 2y@-1(2 — 1) + ¥ Rar-1(—1)
< r-1(@) + 7 Ratpr-1(—1).
By summing for k = 1, ..., n and using the bound (T8),

n—1

on(@) < po(@) +7°Ra Y ¢r(—1)
k=0

< wo(a) +yRawo(0)

R
< pola) + T;%(O) :
0

a7

(18)

19)

(20)

In words, the sequence ¢, (a), n > 0 is bounded by D := ¢g(a) + %@0(0). As a side note, this

proves Theorem 3| for 3 = a.

We can now give a closed recurrence relation ¢ (0), k > 0. Using the log-convexity Property

0e-1(0) < <,0k71(—1)g/(g+1)90k71(Q)l/(gﬂ) < @k,l(—l)g/@*l)Dl/(gH) )

Substituting in (T7), we obtain
r-1(0) = &(0) = vpr-1(=1)
> D~V (0)H e

This gives the wanted closed recurrence relation for ¢ (0), k& > 0. It implies a decay of ¢ (0) as
follows: consider the real function f(p) = ﬁ. It is a convex function on the positive reals, with

derivative f'(p) = —iw%/g. Using that a convex function is above its tangents, we obtain
£ (er(0)) = £ (pr-1(0)) = £ (¢r-1(0)) (1 (0) — 1—1(0))
1 1
e (1(0) — s (0
Q(,Dkfl(())l—i_l/g (ka( ) Pk 1( ))
1
> 7,YD—1/2.
[0
By summing this inequality for £ = 1, ..., n, we obtain

1

TR B
72 = 1 (n(0)) 2 £ (po(0)) + SAD™Vem > —aD™ Ve,

ea(0)1/2
This implies conclusion [I] of Theorem [T}
a% 1
E[||16,, — 0.]]*] = pn(0) < —D—. 21
Il Pl =en(0) < 5 Dg @1)
Further,

w el < min_ al-D<2 Y alD< 2l Y (@0 - pna)
min —1)< min 1)< = -2 _ ’
0<k<n Pk [n/2]<k<n P n Pk ny Pk PE+1

k=[n/2] k=[n/2]
where in the last step we used (T7). Telescoping the sum, we obtain
21
' )< mi 1) < = =m0 22
oin k(-1 < min  on(=1) < O @rmy2 (0) (22)
21a%, 1 at1 @ o 1
Snyye [n/2]% yatl ™ patl

Using that ¢,,(—1) = 2E[R(6,,)], this gives conclusion [2]of Theorem|[T]
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A.3  Proof of Theorem

We continue the proof of Theorem|[I]to prove Theorem 3] By the log-convexity Property [I] for all
Bel0,al,
on(B) < n(0)' 20 (a)2.
Using Equations (2T)) and (20), we obtain
gg—ﬁ 1
en(B) < @ B

This proves conclusionof the theorem. We now consider the case 5 € [—1, 0). By the log-convexity
Property [T}

i < i < i —1)" P, (0)1 18
Oglklgn%(ﬁ) < W%ﬂg}qgn%( ) < (n/%ugr}cgn%( )P or(0)

Using that ¢ (0), k > 0 is decreasing and the inequality (22), we obtain

-B
; —1) 4 0)1+8 < Qrn 0)1+8 ; -1
i <nwk( )" r(0) ®rn/21(0) /i <ns%( )

g (21 -
< @fny2(0) o P2 (0)

27F 1
< Wﬁwfn/ﬂ (0).
Using finally (2T), we obtain conclusion 2] of the theorem
277 1 o 1 ol 1
i  —=—= <20 =—D .
02’}@1271 Pk (ﬁ) n*ﬁ 7*5 '}’g "n/Q‘lg WQ*B ngfﬁ

B Proof of Theorems 2] and 4

We start in the casewhere the optimum is irregular: 6, ¢ %~/ i(?—l) In that case, we give a lower
bound in the convergence rate by studying the expected process 6,, := E[6,,]. Indeed, by Jensen’s
inequality,

@n(ﬁ) = E [<9n - 9*7 Z_/B (en - 9*)” 2 <§n - 8*7 2_6 (gn - 9*)> . (23)

The expectation ,, can be interpreted as the (non-stochastic) gradient descent on the population risk
R(6). Indeed, by taking the expectation in (), we obtain

0, — 0, = Id —7%)(On_y — 0,) = —(Id —y%)"0, . (24)

Note that as v < 1/Rg, I — vX is a positive definite matrix. Indeed, by the weak definition of Ry in
Remark[3]

R -E[IX|PX 2 X] =E[(X® X)(X® X)] = E[X ® X]* = %2,
thus Ry is larger than the operator norm of Y. Thus v¥ < R%JE < Id.

In the following, if « € Rand k € N, (z) denotes the generalized binomial coefficient: (Z‘) =
%,(a_k“) Fix now o« > 0. We have the (formal) power series

k=0
(1-z) =§(‘f)(—1)%k :kf;(a“;—l) A



This last equality holds in [0, co] for y € [0, 1]. In that case, all terms of the serie are positive, thus
the meaning of the sum is unambiguous.

Note that 0 < v3 < Id, thus we have, formally,
fa+k-1
TN = Id —yX)~.
3 > ("
k=0
The rigorous meaning of this equality is that for all § € H,

IRCERUES N G TR

k=0
Both terms of the equality can be infinite: here we are using the convention stated in Section [2.1|that
implies that (§, 2=%0) = co < 0 ¢ L*/2(H). In particular, take « = @ — S and § = ©=7/20,

00 =1777(0.,57%,) = i (a - Z o 1) (6., 277 (1d —y2)*6.)

k=0

i Ka .y 2+n2n - 1> (0., %73 (1d —y%)2"0, )

n=0

a—pf+2n =BT _~s\2n+1
+( ot 1 )<9*,2 (Id —Z)2"+10,) | .

Using that (“ Ui 1) < (TR0 and (6,377 (1d —2)20.) > (0., S7P(ld —y%)2rH.)

2n+1
and then (24]
co<2Y <O‘ —h 2”) (0.,577(1d —7%)2"0, )

= 2n+1
= (a—B+2n\ - —
—9 0, — 0., 2750, — 0,
;O( ST @ —0)
a—(B+2n
<2 L(B).

Z ( o +1 )‘p (8)
From [[14] Equation 5.8.1], we have the formula I'(z) = limy_ oo Wl&(zm where I" denotes the
Gamma function. Thus as n — oo

a-f+2m\_(@-p@a-pg+1)---@-p+2n) (2n)78
m+1 ) (2n +1)(2n)! 2n+1)'(@—-p)°

As a consequence, the serie ) n® P~y (B) diverges. The criteria for the convergence of Riemann
series implies that ¢,,(3) can not be asymptotically dominated by 1/n%~#+¢ for ¢ > 0.

We now turn to the case [(b)] where the features are irregular: with positive probability p > 0,
X ¢ Y%/2(H) and (X,0,) # 0. With probability p, the second iterate §; = —v(X1,6,)X, is
irregular, i.e., ; ¢ X%/2(H). By a simple shift of the iterates, we show that the effect of the
irregularity of the initial condition for this iteration started from 6, has an effect equivalent to the
irregularity of the optimum, thus we can apply the result above to lower bound the convergence rate.

More pre(nsely, consider the iterates 0n =0py1 — 01 and 9* = 0, — 0;. The iteration (I)) can be
rewritten as 0,, = 6,,_1 — <9 -0, X n) Xy, and 0y = 0, thus the new sequence 0,, satisfies our
framework. We can assume thatls satisfied, i.e., 0, € 2%/ 2(7—[). In that case, with probability p,
0, =0, —0, ¢ Y.%/2(H). Thus by the case above,

on(B) = E [(0n = 0., 277 (6 = 0.))]

=FE [ On-1—0,,577° (én—l - é*)ﬂ

is not asymptotically dominated by 1/n*~5+¢_for e > 0.
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C Proof of Corollary 1|

We apply Theoremin the following way. Denote 6,, = x,, — zq, 0+ = T4« — xg, Where x, = ﬁl is
the function identically equal to % These vectors belong to the Hilbert space H = ¢2()). Denote
(.,.) and |.|| the £3(V) scalar product and norm. Denote also X,, = €,, — €, € H and y = 1/2.
Note that ¥ = E[X,, X, | = ﬁL. The graph is connected thus Ao = 0 is the unique zero eigenvalue
of L [L1, Lemma 1.7]. The corresponding eigenspace is the space of constant functions. The

vectors 8, X, 0, are orthogonal to the null space of X, thus the quantities of the form (6,,, X~0,,),
<XYL7 EiaXn>s<0*7 Zia0*> are ﬁnite.

We have 6y = 0 and the averaging update step (7) can be written as
9n = Qn_l - <9n—1 — 9*,Xn> Xn .

The last form makes explicit the parallel with Equation (I). To apply Theorem[I] we check that its
assumptions are satisfied. First, || X,,||? = 2 a.s. thus can take Ry = 2 and then v = 1/Ry. Second,
we seek o > 0 such that [|[S7%/26, || < oo and Ro = supy, uyee (€0 — €w, X% (ey — €4)) < 0.
In the following, we bound these constants for all o < d/2, thus giving decay rates for the expected
squared distance to optimum of the form n~ for all « < d/2. However, our bounds of the constants

|2/26,| and R,, diverge as & — d/2. Nevertheless, by estimating how fast the bounds diverge as
o — d/2, we obtain a decay rate of n~ %2 by paying an additional logarithmic factor.

Fix 0 < o < d/2. We check assumptions|(a)|and[(b)}
(a)

N-1
=20, = M (s — 0, L™ (x40 — wg)) = M* Z A — 20, ui)?
i=1
First, as x, is a constant vector, (x., u;) is zero for all ¢ > 1. Second, z¢ = e,, . Thus

N-1
IZ7020,)7 = M* Y A ui(v.)?
i=1

oo
:Ma/(ooo)do'v*()\)/(; dsl{sg)\fa}

:Ma/ dS/ dO’v*(}\) l{Ags—l/a}
0 (0,00)

~ Mo / ds o, ((0,5-1/°]).
0

The graph G is of spectral dimension d with constant V, thus o, ((0,s~/*]) < V~ls za.

However, if s < §_&, it is better to use a more naive bound. As all eigenvalues of L are

max?

smaller or equal than Spax, 0o, ((0,57/2]) < 4, ((0, 6max]) < V1642 Then

[ oo
/ ds V_léﬁl/fx —I—/ ds V_ls_fil
0 5

—a
max

Hz—a/Qe*”Q < M

d
_ Mozv—lé‘d/?—ai )
max g oo

(b) Let {v,w} € E. As |£~%/2,|| is a norm, by the triangle inequality,
=72 (e0 = ew)l® = 172 [(2x — €w) = (22 — ea)] |I”

2
< (152w = el + 5/, — )

<2 (I=/2 (. — el P+ |52 (o, — e)?)
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We bound the two quantities as above. We obtain

d
Ra — E*&/Q v — €w 2 g 2Ma 15d/2 a .
s 1272, — )] o

Theorem|I] gives
* R 1
E n — Lx 2 =E an_e* 2 < i E—a/29* 2 = 6* ) —
o 2] = 16 = 0.17] < 2 (15720, + 22001 =
(d/2)* 1sd/2—a 4 15d d 1
< MoV /2—« MeV—Ls /2—a 9* 2\ -
(1/2)(1 max d 20 + max g9 H || ne

Note that |6, ]|3 < 1 and recall the scaling t = n/M:

1 1
E I 2 <dd/2+1V 16d/2 @ .
[z — . ] T
This bound is valid for all & < %. Choose o = % — 1122?
logt 2

e S R

log 2/ logt
2, O 18

As we assume ¢t > < dmax. Thus we obtain conclusion

The proof of 2]is similar. Theorem|T] gives

. 1 9 ) 1
Og}jgnﬂ*] 3 Z (zk(v) —zp(w))" | = Og}jgnE [2 (g — @, Lz, — $*)>]
{v,w}e€
1
=M min E |= (0, —0,,2(0, — 0,
02332” [2< k (O )>}
e
1
<22 (U=l + 2160 ) o
,Yoz+1 «
d 1
< 2a+1do< 1511/2 « ]
max o q/2 — ottt
Taking again a = g — zlégt andt > 2
- 1 2 d/241 jd/27,—1 dlogt 2
Og}clgnl[ﬂ 3 Z (zp(v) —zp(w))"| <2 d**V (5max710g2 prypasy

{v,w}e€

This gives conclusion 2] of the corollary.

D Proof of Proposition I

The graph T4 is invariant by translation, thus the spectral measure o, is the same for all vertices
v € V. Thus

N—-1 N—-1 N—-1
WVIow(dA) =Y ow(dd) =D Y ui(w => (Z ui(w)2> x = > Ox-
wey weV =0 1=0 wey 1=0

Thus
1
(0, E)) = 17 {0 <i SN =1\ < B}

We need to bound the number of eigenvalues of the Laplacian of T4 below some fixed value E.
The eigenvalues of the Laplacian of the circle T} are 1 — cos (2%£),i € Z, —A/2 < i < A/2 [11L
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Example 1.5]. As T4 is the Cartesian product T} x - -- x T} (with d terms), the eigenvalues of the
Laplacian of the torus T4 are the

2mi 2mi A A
1cos( 7X1>+-~-+1cos( ?d) , i1,...1q € 2, 75<i1,...,id<§.

Fory € [-m, 7], 1 — cos(y) > 2y Thus

27Ti1 27Tid 2
1—cos(A)—i—-~-—i—1—cos(A)gE:W2
9 EA?

it i5 < —
We need to count the number of integer points in the Euclidean ball centered at 0 and of radius
\/E/8A in R, This problem is famously known as Gauss circle problem. For our purposes, a crude
estimate suffices: there exists a constant C'(d), depending only on the dimension d, such that for all

radius R, the number of integer points in the ball of radius R is smaller than 1 + C(d)R%. This leads
to the final estimate

(. , A AT\
UU((O,E]) = F {(’Ll,...,ld) € (Zﬂ (_2,2:|) \{O} such that
1 — cos (27;\Zl> +~~-+1—cos<27[r\ld) <E}’
1 EA?
<F {(il,...,id)GZd\{O} i?+"'+i3<8}‘

ENN\? c(a)
< — — /2_
\Ma@<8> E

Tgd/2
This proves the proposition with V (d) = 84/2/C(d).

E Proof of Theorems 5 and

Note that in this proof, we use the strong assumptions of regularity of the feature vector X. We do
not know whether it is possible to prove the same result under the weak assumptions of Remark [3]

Our proof stategy is the following: we decompose the SGD iterates sequence ,, as a sum of sequences

0, = v, + Zzn:1 ng), where each of the auxiliary sequences is interpreted as the iterates of some
SGD iteration under a noiseless linear model. We thus apply the results of Section[2]to control these
auxiliary sequences and obtain the presented bound.

Define &, = Y, — (6., X,,), the error of the best linear estimator. Then Equation (8] can be rewritten
as

00 :0, 911 = Gn_l *'_Y<6n—1 79*,Xn>Xn+’}/€an
We see this iteration as an additively perturbed version of the iteration
o :07 Vp = Vnp—-1 _’Y<Vn71 _9*7Xn>Xn7

studied in Section[2] To understand the effect of the additive noise, define for all [ > 1,

l ! !
O = e, W0 =l Al X)X, >l
Then
=1
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Indeed, this last equation is checked by induction: 6§, = 0 = vy, and if the equation is satisfied for
some n > 0,

9n+1 - an - ’7<9n - 9*7Xn+1>Xn+1 + 'YEnJranJrl

= v, + Znﬁ) - <V + ZUU) — 0. Xn+1> Xnt1+ 7753:51)
=1

= [Vn - 7<Vn — 0O, Xn+1 n+1 + Z [ 77n aXn+1>Xn+1 =+ 777(11—’11)
=1

(n+1
=Vpt1 + E 77n+1 Myt -

We use the decomp051t10n (23) to study ¢,,(3). Using the triangle inequality,

_ »-h/2 <1/ +Zn(“>
>2

en(B) =E

=1

5-5/2 Z"(l)

<E (HE 2y, | +

2
2 n
<2E [Hzﬂ/%nH } +2E || 2823 g (26)
1=1
The first term is studied in Section[2] We detail the analysis of the second term. Note that
) = (=X @ X)Ly = = (1 =7 X0 ® X0) - (I = 7 X1 © X))
= (I =7 X0 @ Xp) - (I =y X1 @ Xipa )y Xo 27

Thus if I < ',

E [<nﬁ)’z—ﬁnﬁ/>>} =E KE [Wy(f)‘Xm, . 7Xn:| ,E—Bng’)>]
=E [<(I =X @ Xp) - (I = X111 ® Xip1)VE[e1 X, E_ﬁnfj')ﬂ

Note that by definition of 6., 0 = VR(0.) = —E [(V; — (0., X1))Xi] = —E [;X] thus we obtain

that the cross products E Km(f ), »-h 777(1[ ) >] are zero. This gives

n 2 n
zor S| | =3k o]
=1 =1

Note that from Equation (27), n\" and n'"), . | are equal in law. Thus

n—I+1
n 2
58723 0
=1

n 2
=S [fr il =SS fe ]
=1

This last quantity is the sum of the expected squared power norms

i)=& [z

of the SGD iterates nl(l), [ > 1 on a noiseless linear model, with initialization 77§1) = v€1X1. When

B = —1, this control is given by (I8): with our notation here, this gives

" / > ! 1 /
D (=1 <D ei(—1) < ¢4 (0). (29)
=1 =1 v
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When 3 = a — 1, a similar control can be obtained from (T9) which gives:

27011 (a—1) < ¢j_1(@) — ¢i(@) + ¥’ Raw)_1(—1).

By summing these inequalities for [ = 2,3, ..., we obtain,
27> pila—1) <¢i(@) +7°Ra Y ¢i(-1)
=1 =1
/ Ra /
<yi(a) + f@l(o) (30)
0
Note that using the strong assumption of regularity of the feature vectors,
#1(0) = E [|he1 Xa|I°| < 7°RoE [£3] = 292 RoR(0.),
2
Al = [[eermeix|[] < PRaE[E] - 27 RaR00.).

We use these expressions to simply further (29) and (30):

n

> wi(=1) < 2yRoR(6.),

~
=

> dila—1) <29R R(6.) .-
=1

If B € [-1,a — 1], we use the log-convexity Property [l| and Holder’s inequality: decompose
=1-N-1)+XMa-1)withA=(B+1)/a,

R(6.). 31)

Putting back together Equations (26)), (28) and (31), we obtain

2
on(B) < 2B [Hz—ﬂ/%n } + R RIR(.)

The theorem follows the application of Theorem [3to the sequence v, in order to control the first
term.
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