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Abstract

We study the training dynamics of shallow neural networks, in a two-timescale
regime in which the stepsizes for the inner layer are much smaller than those for the
outer layer. In this regime, we prove convergence of the gradient flow to a global
optimum of the non-convex optimization problem in a simple univariate setting.
The number of neurons need not be asymptotically large for our result to hold,
distinguishing our result from popular recent approaches such as the neural tangent
kernel or mean-field regimes. Experimental illustration is provided, showing that
the stochastic gradient descent behaves according to our description of the gradient
flow and thus converges to a global optimum in the two-timescale regime, but can
fail outside of this regime.

1 Introduction

Artificial neural networks are among the most successful modern machine learning methods, in
particular because their non-linear parametrization provides a flexible way to implement feature
learning (see, e.g., Goodfellow et al., 2016, chapter 15). Following this empirical success, a large
body of work has been dedicated to understanding their theoretical properties, and in particular to
analyzing the optimization algorithm used to tune their parameters. It usually consists in minimizing
a loss function through stochastic gradient descent (SGD) or a variant (Bottou et al., 2018). However,
the non-linearity of the parametrization implies that the loss function is non-convex, breaking the
standard convexity assumption that ensures global convergence of gradient descent algorithms.

In this paper, we study the training dynamics of shallow neural networks, i.e., of the form

f(gc;a,u) = Qg +Za]g(x7uj)7

Jj=1

where m denotes the number of hidden neurons, a = (ag, ..., ay) and u = (uq, ..., Uy, ) denote
respectively the outer and inner layer parameters, and g(x; u) denotes a non-linear function of x
and u. The novelty of this work lies in the use of a so-called two-timescale regime (Borkar, 1997) to
train the neural network: we set stepsizes for the inner layer u to be an order of magnitude smaller
than the stepsizes of the outer layer a. This ratio is controlled by a parameter €. In the regime
€ < 1, the neural network can be thought of as a fitted linear regression with slowly evolving features
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g(z;uj;), j = 1,...,m: this reduction enables us to precisely describe the movement of the inner
layer parameters u.

Our approach proves convergence of the gradient flow to a global optimum of the non-convex
landscape with a fixed number m of neurons. The gradient flow can be seen as the simplifying yet
insightful limit of the SGD dynamics as the stepsize /h vanishes. Proving convergence with a fixed
number of neurons contrasts with two other popular approaches that require to take the limit m — oc:
the neural tangent kernel (Jacot et al., 2018; Allen-Zhu et al., 2019; Du et al., 2019; Zou et al., 2020)
and the mean-field approach (Chizat and Bach, 2018; Mei et al., 2018; Rotskoff and Vanden-Eijnden,
2018; Sirignano and Spiliopoulos, 2020). As a consequence, this paper is intended as a step towards
understanding feature learning with a moderate number of neurons.

While our approach through the two-timescale regime is general, our description of the solution of
the two-timescale dynamics and our convergence results are specific to a simple example showcasing
the approach. More precisely, we consider univariate data = € [0, 1] and non-linearities of the form
g(x;u;) = o(n~'(z — uy)), where u; is a variable translation parameter, 7 is a fixed dilatation
parameter, and o is a sigmoid-like non-linearity. Finally, we restrict ourselves to the approximation
of piecewise constant functions.

Organization of this paper. In Section 2, we detail our setting and state our main theorem on the
convergence of the gradient flow to a global optimum. Section 3 articulates this paper with related
work. Section 4 provides a self-contained introduction to the two-timescale limit € — 0. We explain
how it simplifies the analysis of neural networks, and provides heuristic predictions for the movement
of neurons in our setting. Section 5 gives a rigorous derivation of our result. We prove convergence
first in the two-timescale limit ¢ — 0, then in the two-timescale regime with € small but positive.
Section 6 presents numerical experiments showing that the SGD dynamics follow closely those of
the gradient flow in the two-timescale regime, and therefore exhibit convergence to a global optimum.
On the contrary, SGD can fail to reach a global optimum outside of the two-timescale regime.

2 Setting and main result

We present a setting in which a piecewise constant univariate function f* : [0, 1] — R is learned with
gradient flow on a shallow neural network. Our notations are summarized on Figure 1. We begin by
introducing our class of functions of interest.

4 — r frau)

Definition 1. Lern > 2, Av € (0,1), Af >0 fr-
and M > 1. We denote Fy, any,Af,Mm the class of
Sunctions f* : [0,1] — R satisfying the following Af
conditions: fi-

e f* is piecewise constant: there exists Av

O=vw< < <vyp1<v, =1 N7
and f5,..., fr_1 € Rsuch that
Vo € (vi,vit1), [ () = f] f(‘*—l x

e forallie {1,...,n},v; —vi—1 = Av, 0 u v uz vy 1

* Jor allz. €{,...,n—1}, |fi* —fial > AL Figure 1: Notations of the paper. The target

* foralli € {0,....n— 1} [ff] < M. f* isin blue and the neural network f(-; a, u)

in orange.

Let us now define our class of neural networks. Consider o : R — R an increasing, twice continuously
differentiable non-linearity such that o(z) = 0ifz < —1/2,0(x) =1lifx > 1/2,and 0 — 1/2 is
odd. Then, our class of shallow neural networks is defined by

m

flz;a,u) zao—&—Zajan(x—uj), on(x) za(n_lx),
j=1
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where 0 < 7 < 1 measure the sharpness of the non-linearity o,. Note that that inner layer
parameter u,; determines the translation of the non-linearity; no parameterized multiplicative operation
on z is performed in this layer. We refer to the parameter u as the “positions” of the neurons (or,
sometimes, simply as the “neurons”) and to the parameter a as the “weights” of the neurons. We
define the quadratic loss as

We use gradient flow on L to fit the parameters a and wu: they evolve according to the dynamics

) = ~VaL(a(t), u(t) V1) = ~eVuL(a(t), u(t) m

where € corresponds to the ratio of the stepsizes of the two iterations.

Main result. By leveraging the two-timescale regime where ¢ is small, our theorem shows that,
with high probability, a neural network trained with gradient flow is able to recover an arbitrary
piecewise constant function to an arbitrary precision. The proof is relegated to the Appendix.

Theorem 1. Let £, > 0, and f* a piecewise constant function from F,, av,Af,M- Assume that the
neural network has m neurons with

6 1
> 4+1 1 . 2
m Av( + logn + og(s) ()
Assume that, at initialization, the positions ui, . .., Uy, of the neurons are i.i.d. uniformly distributed
on [0, 1] and their weights aq, . . . , a,, are equal to zero.
Then there exists Q1 > 0 and Q3 > 0 depending on &£,5, m, Af, M such that, if
n< @, £<Q2, (3)

then, with probability at least 1 — 6, the solution to the gradient flow (1) is defined at least until
T = E(Aﬁf)Q, and

/0 (@) — f( a(T),u(T)) 2 dz < €.

B Ch . (2(Af)?
Further, Q1 = M2(m + 1) min ((m F1y

some universal constants C'y, Cy > 0.

Co?  in (PO

f) and Q2 = M4 (m +1)17/2 +1

£) for

For this result to hold, the inequality (2) requires the number of neurons in the neural network to be
large enough. Note that the minimum number of neurons required to approximate the n pieces of f*
is equal to n. If the length of all the intervals is of the same order of magnitude, then Av = O(1/n)
and thus the condition is m = Q(n(1 + logn + log1/6)). In this case, condition (2) only adds a
logarithmic factor in n and §. Moreover, the lower bound on 1 does not depend on the target precision
&. Thus we observe some non-linear feature learning phenomenon: with a fixed number m of neurons,
gradient flow on a neural network can approximate any element from the infinite-dimensional space
of piecewise constant functions to an arbitrary precision.

The recovery result of Theorem 1 is provided under two conditions (3). The first one should not
surprise the reader: the condition on 7 enables the non-linearity to be sharp enough in order to
approximate well the jumps of the piecewise constant function f*. The novelty of our work lies in the
condition on ¢, that we refer to as the two-timescale regime. This condition ensures that the stepsizes
taken in the positions u are much smaller than the stepsizes taken in the weights a. As a consequence,
the weights a are constantly close to the best linear fit given the current positions u. This property
decouples the dynamics of the two layers of the neural network; this enables a sharp description of
the gradient flow trajectories and thus the recovery result shown above. This intuition is detailed in
Section 4.
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3 Related work

Two-timescale regime. Systems with two timescales, or slow-fast systems, have a long history
in physics and mathematics, see Berglund and Gentz (2006, Chapter 2) for an introduction. In
particular, iterative algorithms with two timescales have been used in stochastic approximation and
optimization, see Borkar (1997) or Borkar (2009, Section 6). For instance, they are used in the
training of generative adversarial networks, to decouple the dynamics of the generator from those
of the discriminator (Heusel et al., 2017), in reinforcement learning, to decouple the value function
estimation from the temporal difference learning (Szepesvari, 2010), or more generally in bilevel
optimization, to decouple the outer problem dynamics from the inner problem dynamics (Hong et al.,
2023). However, to the best of our knowledge, the two-timescale regime has not been used to show
convergence results for neural networks.

Layer-wise learning rates. Practitioners are interested in choosing learning rates that depend on
the layer index to speed up training or improve performance. Using smaller learning rates for the first
layers and higher learning rates for the last layer(s) improves performance for fine-tuning (Howard
and Ruder, 2018; Ro and Choi, 2021) and is a common practice for transfer learning (see, e.g., Li
et al., 2022). Another line of work proposes to update layer-wise learning rates depending on the
norm of the gradients on each layer (Singh et al., 2015; You et al., 2017; Ko et al., 2022). However,
they aim to compensate the differences across gradient norms in order to learn all the parameters at
the same speed, while on the contrary we enjoy the theoretical benefits of learning different speeds.

Theory of neural networks. A key novelty of the analysis of this paper is that we show recovery
with a fixed number of neurons. We now detail the comparison with other analyses.

The neural tangent kernel regime (Jacot et al., 2018; Allen-Zhu et al., 2019; Du et al., 2019; Zou
et al., 2020) corresponds to small movements of the parameters of the neural network. In this case,
the neural network can be linearized around its initial point, and thus behaves like a linear regression.
However, in this regime, the neural network can approximate only a finite dimensional space of
functions, and thus it is necessary to take m — oo to be able to approximate the infinite-dimensional
space of piecewise constant functions to an arbitrary precision.

The mean-field regime (Chizat and Bach, 2018; Mei et al., 2018; Rotskoff and Vanden-Eijnden, 2018;
Sirignano and Spiliopoulos, 2020) describes the dynamics of two-layer neural networks in the regime
m > 1 through a partial differential equation on the density of neurons. This regime is able to
describe some non-linear feature learning phenomena, but does not explained the observed behavior
with a moderate number of neurons. In this paper, we show that in the two-timescale regime, only
a single neuron aligns with each of the discontinuities of the function f*. However, it should be
noted that the neural tangent kernel and mean-field regimes have been applied to show recovery in a
wide range of settings, while our work is restricted to the recovery of piecewise constant functions.
Extending the application of the two-timescale regime is left for future work.

Our work includes a detailed analysis of the alignment of the positions of the neurons with the
discontinuities of the target function f*. This is analogous to a line of work (see, e.g., Saad and
Solla (1995); Goldt et al. (2020); Veiga et al. (2022)) interested in the alignment of a “student” neural
network with the features of a “teacher” neural network that generated the data, for high-dimensional
Gaussian input. In general, the non-linear evolution equations describing this alignment are hard to
study theoretically. On the contrary, thanks to the two-timescale regime and to the simple setting of
this paper, we are able to give a precise description of the movement of the neurons.

Our study bears high-level similarities with the recent work of Safran et al. (2022). In a univariate
classification setting, they show that a two-layer neural network achieves recovery with a number
of neurons analogous to (2): inversely proportional to the length of the smallest constant interval of
the target, up to logarithmic terms in the number of constant intervals and in the failure probability.
However, the two papers have different settings: Safran et al. (2022) consider classification with
ReLU activations while we consider regression with sigmoid-like activations. More importantly, the
authors do not use the two-timescale regime. Instead, by a specific initialization scale, they ensure that
the neural network has a first lazy phase where the positions of the neurons do not move significantly.
For the second rich phase, they describe the implicit bias of the limiting point; this approach does not
lead to an estimate of the convergence time while the fine description of the two-timescale limit does.
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Finally, a related technique is the so-called layerwise training, which consists in first training the inner
layer with the outer layer fixed, and then doing the reverse. This setup has been used in theoretical
works to show convergence of (stochastic) gradient descent in a feature learning regime with a
moderate number of neurons (Abbe et al., 2023; Damian et al., 2022). The two-timescale regime can
be seen as a refinement of this technique since we allow both layers to move simultaneously instead
of sequentially, which is closer to practical setups.

4 A non-rigorous introduction to the two-timescale limit

This section introduces the core ideas of our analysis in a non-rigorous way. Section 4.1 introduces
the limit of the dynamics when € — 0, called the two-timescale limit. Section 4.2 applies the
two-timescale limit to predict the movement of the neurons.

4.1 Introduction to the two-timescale limit

Let us consider the gradient flow equations (1) and perform the change of variables 7 = et:

da du
dr dr

In the two-timescale regime ¢ < 1, the rate of the gradient flow in the weights a is much larger than
then the rate in the positions u. Note that L is marginally convex in a, and thus, for a fixed u, the
gradient flow in @ must converge to a global minimizer of a — L(a, u). More precisely, assume that
{oy(.—u1),...,00(. — up)} forms an independent set of functions in L?([0, 1]). Then the global
minimizer of a — L(a, u) is unique; we denote it as a*(u). In the limit e — 0, we expect that a
evolves sufficiently quickly with respect to u so that it converges instantaneously to a* (). In other
words, the gradient flow system (4) reduces to its so-called two-timescale limit when € — 0:

du
dr

The two-timescale limit considerably simplifies the study of the gradient flow system because it
substitutes the weights a, determined to be equal to a*(u). However, showing that (4) reduces to (5)
requires some mathematical care, including checking that a*(u) is well-defined.

= fiVaL(a, u), = —V.L(a,u). ()

a=a"(u), = —V.L(a"(u),u). Q)

Remark 1 (abuse of notation). Equation (5) contains an ambiguous notation: does ¥V, L(a*(u), u)
denote the gradient in u of the map L* : w — L(a*(u),u) or the gradient (V, L)(a,u) taken at
a = a*(u)? In fact, by definition of a*(u), both quantities coincide:

(VL) = (O

@) (VoL@ (), ) + (VuL)(a* (), 1) = (VuL)(a* (), 0)
da™

where <. denotes the differential of a* in u and we use that, by definition of a*(u),
(VoL)(a*(u),u) = 0. This is a special case of the envelope theorem (Border, 2015, Sec. 5.10).

The discussion in this section is not specific to the setting of Section 2. Using the two-timescale limit
to decouple the dynamics of the outer layer a and the inner layer w is a general tool that may be used
in the study of any two-layer neural network. We chose the specific setting of this paper so that the
two-timescale limit (5) can be easily studied, thereby showcasing the approach. The next section is
devoted to a sketch of this study.

4.2 Sketch of the dynamics of the two-timescale limit

In this section, in order to simplify the exposition of the behavior of the two-timescale limit (5), we
consider the limiting case  — 0. Note that this is coherent with Theorem 1 that requires 7 to be
small. This limit is a neural network with a non-linearity equal to the Heaviside function

oo(z) =0 ifz <0, oo(z) =1/2 ifx=0, oo(r) =1 ifz>0.

Note that oy would be a poor choice of non-linearity in practice: as its derivative is 0 almost
everywhere, the positions © would not move. However, it is a relevant tool to get an intuition about
the dynamics of our system for a small . Moreover, as we will see in Section 6, the dynamics
sketched here match closely those of the SGD (with n > 0).
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Figure 2: Sketch of the dynamics of the neurons in the two-timescale limit with a Heaviside non-
linearity. Only the neurons next to a discontinuity of the target move.

The set {1,00(. — u1),...,00(. — u,;,)} generates the space of functions that are piecewise constant
with respect to the subdivision {u1, ..., u,}. Furthermore, if u1, . .., u,, are distinct and in (0, 1),
then this set is an independent set of functions in L2([0, 1]). Thus a*(u) is well defined and represents
the coefficients of the best piecewise constant approximation of f* with subdivision {uy, ..., U }.

This quantity is straightforward to describe under the mild additional assumption that there are at
least two neurons u; in each interval (v;_1, v;) between two points of discontinuity of f*. For each
1 < i < n, let uk denote the largest position of neurons below v; and ul* denote the smallest position
above v; (with convention uf! = 0 and u%,; = 1). By assumption, 0 = uff < u} <uff <--- <
ul < uf < uk,, =1are distinct. A simple computation then shows the following identities:

L R
Vi — Uy f* +uz — U f*
" ;
R_ule R—uZL17

o foralli € {1,...,n}, forallx € (ul,ul), f(z;a*(u),u) =
i u;

u
e andforalli € {1,...,n+ 1}, forall x € (ul* |, ul), f(z;a* (u),u) = fr

where we recall that f; denotes the value of f* on the interval (v;,v;41). Figure 2 illustrates the
situation. Moreover, the loss L(a*(u),u), which is half of the square L?-error of this optimal
approximation, can be written

n—1 o R_ ..
O ORIE D LV ©
i=1 4

S S

The dynamics of the two-timescale limit (5) corresponds to the local optimization of the subdivision u
in order to minimize the loss (6). A remarkable property of this loss is that it decomposes as a sum of

local losses around the jump points v; for i € {1,...,n — 1}. Each element of the sum involves only
the two neurons located at u}* and ul. As a consequence, the dynamics of the two-timescale limit (5)
decompose as n independent systems of two neurons v} and ul': foralli € {1,...,n — 1},
du% dL * 1 (uf{ - ,Ui)Q * *
dr = _dUL (CL (u)vu) = +2 (’LLR . UL)2 (fz - fi—l)2 3
3 K3 3 (7)
duf{ dL * 1 (vi - u%)2 * *
dr ~  duR (a™(u),u) = 9 (W — )2 (ff = fi0)?.
All neurons other than u}, ut, ... uL_; ul | donot play a role in the expression (6), thus they do

not move in the two-timescale limit (5). The position u}* moves right and u® moves left, until one of

them hits the point v;. This shows that the positions of the neurons eventually align with the jumps of
the function f*, and thus that the function f* is recovered.
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5 Convergence of the gradient flow

In this section, we give precise mathematical statements leading to the convergence of the gradient
flow to a global optimum, first in the two-timescale limit € — 0, then in the two-timescale regime
with € small but positive. All proofs are relegated to the Appendix.

5.1 In the two-timescale limit
This section analyses rigorously the two-timescale limit (5), which we recall for convenience:

a*(u) = argmin L(a, u) , du

a dr

We start by giving a rigorous meaning to these equations. First, for L to be differentiable in u, we

require the parameter 7 of the non-linearity to be positive. Second, for a*(u) to be well-defined, we

need u — L(a,u) to have a unique minimum. Obviously, if the u; are not distinct, then the features

{oy(. —u1),...,0(. — uy,)} are not independent and thus the minimum can not be unique. We
restrict the state space of our dynamics to circumvent this issue. For u € [0, 1]™, we denote

Au) = min
0<j,k<m+1, j#k

= —V.L(a"(u),u). )

luj — ukl,

with the convention that ug = —n/2 and w41 = 1 + n/2. Further, we define U =
{u € 10,1]™| A(u) > 2n}. The proposition below shows that I/ gives a good candidate for a set
supporting solutions of (8).

Proposition 1. For u € U, the Hessian H(u) of the quadratic function L(.,u) is positive definite
and its smallest eigenvalue is greater than 2W)/s. In particular, L(.,w) has a unique minimum a*(u).

The bound on the Hessian is useful in the following, in particular in the proof of the following result.
Proposition 2. Let G(u) = V, L(a*(u),u) foru € U. Then G : U — R™ is Lipschitz-continuous.

Then, the Picard-Lindelof theorem (see, e.g., Luk, 2017 for a self-contained presentation and Arnold,
1992 for a textbook) guarantees, for any initialization u(0) € U, the existence and unicity of a
maximal solution of (8) taking values in /. This solution is defined on a maximal interval [0, Tynax)
where it could be that T7,,x < oo if u hits the boundary of /. However, the results below show that
the target function f* is recovered before this happens (with high probability over the initialization),
and thus that this notion of solution is sufficient for our purposes. To this aim, we first define some
sufficient conditions that the initialization should satify.

Definition 2. Let D be a positive real. We say that a vector of positions u € [0,1]™ is D-good if

(a) foralli € {0,...,n — 1}, there are at least 6 positions wu; in each interval [v;, v;11],
(b) A(u) = D, and

(c) foralli € {1,...,n — 1}, denoting u} the position closest to the left of v; and u} the
position closest to the right, we have [u} + ul — 2v;| > D.

Condition (a) is related to the fact that the derivation in Section 4.2 is valid only if there are at least
two neurons per piece. This requirement that the neurons be distributed on every piece of the target
seems to be necessary for our result to hold, and we provide in Appendix D.1 a counter-example
where recovery fails otherwise. Condition (b) indicates that the neurons have to be sufficiently spaced
at initialization, which is not surprising since we have to guarantee that A(u(7)) > 27, that is,
u(r) € U, for all T until the recovery of f* happens. Finally, condition (c) also helps to control
the distance between neurons: although u} and u}* move towards each other, as shown by (7), their
distance can be controlled throughout the dynamics as a function of |ul* + ul — 2v;].

We can now state the Proposition showing the recovery in finite time. The proof resembles the sketch
of Section 4.2 with additional technical details since we need to control the distance between neurons,
and the fact that n > 0 makes the dynamics more delicate to describe.

Proposition 3. Let f* € Fp, av,Af,n. Assume that the initialization u(0) is D-good with D =
213/2(m + 1)Y2Mn*/2(Af)~ . Then the maximal solution of (8) taking values in U is defined at
least on [0, T| for T = 6/(af)?, and at the end of this time interval, there is a neuron at distance less
than n from each discontinuity of f*.
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This Proposition is the main building block to show recovery in the next Theorem, along with some
high-probability bounds to ensure that an i.i.d. uniform initialization is D-good.

Theorem 2. Let £,0 > 0, and f* a piecewise constant function from Fp av A f,0m- Assume that the
neural network has m neurons with

6 1
m = Av(él—&—logn—&—log 5).
Assume that, at initialization, the positions u1, . . . , U, of the neurons are i.i.d. uniformly distributed
on [0, 1]. Then there exists () depending on &, 6, m, Af, M such that, if

n<Q,

then, with probability at least 1 — §, the maximal solution to the two-timescale limit (8) is defined at
least until T = (Ae})z, and

1;uww—wawMﬂwam%x<a

C (Af)? €

Furthermore, we have () = g2 in ((m +1)% n

) for some universal constant C > 0.

5.2 From the two-timescale limit to the two-timescale regime

We now briefly explain how the proof for the two-timescale limit can be adapted for the gradient
flow problem in the two-timescale regime (1), that is with a small but non-vanishing ¢. First note
that the existence and uniqueness of the maximal solution to the dynamics (1) follow from the local
Lipschitz-continuity of V,L and V,, L with respect to both their variables.

The heuristics of Section 4.1 indicate that, for £ small enough, at any time ¢, the weights a(t) are
close to a*(u(t)), the global minimizer of L(-, u(t)). The next Proposition formalizes this intuition.

Proposition 4. Assume that a(0) = 0 and that, for all s € [0,1t], there at least 2 positions u;(s)
in each interval [v;,v; 1] and A(u(s)) > D/2 for some D > 327. Finally, assume that € <
2716 D2M =2 (m + 1)~5/2. Then

. b, 2VM3(m+1)3

Ja(®) — a*(u(e))]| < 30V + Lexp ot 2 M0

The crucial condition in the Proposition is A(u(s)) > D/2; it is useful to control the conditioning of
the quadratic form L(-,u(s)). The Proposition shows that ||a(t) — a*(u(t))|| is upper bounded by
the sum of two terms; the first term is a consequence to the initial gap between a(0) and a*(u(0))
and decays exponentially quickly. The second term is negligible in the regime ¢ < 1.

Armed with this Proposition, we show that the two-timescale regime has the same behavior as the
two-timescale limit and thereby prove Theorem 1.

6 Numerical experiments and discussion

Numerical illustration in the setting of Section 2. We first compare the dynamics of the gradient
flow in the two-timescale limit presented in Section 4.2 with the dynamics of SGD. To simulate
the SGD dynamics, we assume that we have access to noisy observations of the value of f* €
Fn,avaf e let (Xp, Y,)p>1 beiid. random variables such that X, is uniformly distributed on [0, 1],
and Y, = f*(X,) + N, where N, is additive noise. The (one-pass) SGD updates are then given by

apt1 = ap — WV l(Xpi1, Ypi15ap,up)

©))

Up1 = Up — NV (X i1, Ypr1;ap, up),

with £(X,Y;a,u) = }(Y — f(X;a,u))? The experimental settings, as well as additional results,
are given in the Appendix.

Remarkably, the dynamics of SGD in the two-timescale regime with 1 small match closely the
gradient flow in the two-timescale limit with 77 = 0, as illustrated in Figure 3. This validates the use
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of the gradient flow to understand the training dynamics with SGD. Both dynamics are close until the
two-timescale limit achieves perfect recovery of the target function, at which point the SGD stabilizes
to a small non-zero error. The fact that SGD does not achieve perfect recovery is not surprising, since
SGD is performed with 7 > 0 and f* is not in the span of {1, o, (z — w1), ..., 0y (z — u,, )} for any
U1, ..., Uy, and for n > 0. On the contrary, we simulated the dynamics of gradient flow for n = 0, as
presented in Section 4.2, enabling perfect recovery in that case.

(23

1
10 SGD —— Target
—*— Two-timescale limit SGD
" 4 —— TT limit

Ly error
—_
o
L

3
2 L
10 | - —‘

0.0 0.5 1.0 1.5
P x10® 0.0 0.2 0.4 0.6 0.8 1.0

(a) Loss L as a function of the number of steps p (b) Plot of the functions after p = 2.7 - 107 steps

Figure 3: Comparison between the SGD (9) with = 4 - 1072 in the two-timescale regime (¢ =
2-107°) and the gradient flow in the two-timescale limit (5) with 7 = 0. In the left-hand plot, to align
the SGD and the two-timescale limit, we take 7 = ehp. In the right-hand plot, the target function is
in blue, the gradient flow in the two-timescale limit is in green, and the SGD is in orange.

Next, we compare the SGD dynamics in the two-timescale regime (¢ < 1) and outside of this regime
(¢ = 1). In Figure 4, we see that the network trained by SGD (in orange) in the two-timescale regime
€ = 2-107°, achieves near-perfect recovery. If we change ¢ to 1, while keeping all other parameters
equal, the algorithm fails to recover the target function (Figure 5). This shows that, in our setting with
a moderate number of neurons m, recovery can fail away from the two-timescale regime. It could
seem that we are favouring the two-timescale regime by running it for more steps. In fact, it is not the
case since both regimes are run until convergence. We refer to Appendix C for details.

Note that the dynamics of the neurons in Figures 4 and 5 are different. In the two-timescale regime,
only the neurons closest to a discontinuity move significantly, while the others do not. These dynamics
correspond to the sketch of Section 4. Interestingly, it means that in this regime, the neural network
learns a sparse representation of the target function, meaning that only n out of the m neurons are
active after training. On the contrary, when ¢ = 1, all neurons move to align with discontinuities of
the target function, thus the learned representation is not sparse. Furthermore, since the number of
neurons is moderate, one of the discontinuities is left without any neuron.

5 5
—— Target
SGD
4 4

i 5

'S

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
(a) At initialization p = 0 (b) After p = 5.4 - 10° steps (c) After p = 1.8 - 10° steps

Figure 4: Simulation in the two-timescale regime (¢ = 2 - 10~°). The target function is in blue and
the SGD (9) is in orange with ) = 4 - 1073, h = 10~°. The positions u, . . ., 1, of the neurons are
indicated with vertical dotted lines. In a first short phase, only the weights a1, .. ., a,, of the neurons
evolve to match as best as possible the target function (second plot). Then, in a longer phase, the
neuron closest to each target discontinuity moves towards it (third plot). Recovery is achieved.
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0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
(a) At initialization p = 0 (b) After p = 10* steps (c) After p = 10° steps

Figure 5: Simulation outside of the two-timescale regime (¢ = 1). The target function is in blue and
the SGD (9) is in orange with 7 = 4 - 1073, h = 10~5. The positions uy, . . ., u,, of the neurons are
indicated with vertical dotted lines. The dynamics create a zone with no neuron, hindering recovery.

Discussion. The two-timescale regime decouples the dynamics of the two layers of the neural
network. As a consequence, it is a useful theoretical tool to simplify the evolution equations. In
this paper showcasing the approach, the two-timescale regime enables to show the alignment of the
neurons with the discontinuities of the target function in the piecewise constant 1D case, and thus to
prove recovery. A full general understanding of the impact of the two-timescale regime is an open
question, which is left for future work. We provide in the following some practical evidence of the
applicability of this regime to other settings (higher-dimensional problems, ReLLU networks, finite
sample size). Additional technical difficulties significantly complicate the proof in these settings, but
we believe that there is no fundamental reason that our mathematical approach should not apply.

Higher dimensions. We consider piecewise constant functions on R? with pieces that are cuboids
aligned with the axes of the space (see Figure 6). Neural networks are of the form f(z;a,u) =
ag + Z;"Zl Zzzl a0y (Zk — ujk), where the j-th neuron has d-dimensional position (u;x)1<k<d
and weight (a;x)1<k<a. The results are similar to the 1D case: convergence to a global minimum is
obtained in the two-timescale regime but not in the standard regime.

1.0
1.0 H
H
-
: 0.7
0.7 H
i
H B
—— Target 5 -E —— Target 0.5
---= Neurons R Neurons
i
03 H 03
i
H
H
H
H
H
0.0 . 0.0
0.0 03 05 07 1.0 0.0 03 05 07 1.0
(a) After training in the standard regime (b) After training in the two-timescale regime

Figure 6: 2D experiment with a piecewise-constant target (each shade of blue depicts a constant
piece). The orange lines show the positions of the neurons after training by SGD. In the standard
regime, a discontinuity of the target at z = 0.3 is not covered by a neuron. In the two-timescale
regime, all the target discontinuities are covered. See Appendix C for more results with d = 2, 10.

ReLU networks. Appendix C reports the case of using ReLU activations to approximate piecewise-
affine targets. A similar conclusion holds.

Finite sample size. We believe that it should be possible to generalize our results to finite sample
sizes (say, for single-pass SGD), following a perturbation analysis similar to the one of Section 5.2,
with additional terms due to random sampling. Numerically, Figure 3 shows that SGD indeed
closely follows the behavior of the two-timescale limit. Some ideas about the proof are provided in
Appendix D.2.
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Appendix

Organization of the Appendix In Section A, we introduce additional notations that will be used
throughout the Appendix, then proceed to prove useful technical lemmas. We proceed in Section B
to prove the results presented in the main text. Section C contains details about our experimental
settings as well as some additional simulations. Section D gives a couple of additional insights about
our results.

A Additional notations and technical lemmas

For a vector a, we denote ||a|| its #2-norm, ||al|; its #!-norm and ||a| its £°°-norm. For matrices H,
|| H || denotes the operator norm associated to the 2 norm and || H ||r denotes the Frobenius norm. For
real-valued functions f, || f||o denotes the supremum norm.

In all of the Appendix, we denote ug = —1/2 and w,,+1 = 1+ 7/2. Note that o, (x — uo) = 1 for
all z € [0, 1], meaning that o, (- — ug) corresponds to the bias term. This notation allows to treat
the bias term in a unified fashion with respect to the other terms of f(x;a,w). Since u; € (0,1) for
i €{1,...,m}, we assume in the following w.l.0.g. that the (u;)o<i<m+1 are ordered in increasing
order. Note that we prove in the following that the (u;)1<i<m do not cross during the dynamics, so
they remain ordered throughout the dynamics.

The proofs involve comparisons of some quantities when 17 > 0 and when 1 = 0. To avoid confusion,
we make explicit the dependency of L onn > 0, i.e., we let L, (a, u) in place of L(a,u) of the main
paper, and similarly, when the arg min is well-defined and unique,

ay(u) = argmin Ly (a,u) .
acRmt1

in place of a*(u). Similarly, we now make explicit the dependence of f on 7 > 0, i.e., we denote

Fol@a,u) = ag + ) ajoy(e —uj) =Y ajoy(z —uy).
i=0

j=1

The Hessian of the quadratic function L, (-, u) is denoted H, (u) € R(m+1)x(m+1) (in place of
H(u)), and satisties that, for 7,5 € {0,...,m},

1
H,5(u) = /0 on(z —u;)oy(x — uj)de.
Also let, forn > 0 and w € R™, b, (u) € R™*+1 such that, for j € {0,...,m},
1
bos() = [ @oa =)

Finally, we let U4, in place of I/ in the paper.

With these notations, we have, for n > 0 and a,u € R™,

385 (@)= [ s "(;Zf’“) (folwsa,u) — £ (2)) do
= —q, /01 a;(x—uj)(éakan(x—uk) —f*(x))dx. (10)
and
o= | 1 P (fy i) = 1 (@) da
_ /01 oz uj)(léakaﬁ(x )~ [*(2))da
— Hy () Ta— by (). (1

We now move on to a series to lemmas that will be helpful in the proofs of Appendix B.
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Lemma 1. Forn > 0and u € R™, we have

b (w) = bo(w) | < Myv/m +1 and [[b, ()]l < Mvim +1.

Proof. Forany j € {0,...,m},
1
o) = b0y = | [ 7 @)oo =) = ao(o = )

1
< ||f*||oo/0 j0(@ — uz) — o0(z — uy)| da
< Mn,

where in the last step we use that || f*||oc < M and that o, (z) = 0 for x < —n/2, o, (x) € [0, 1] for
—n/2 <z <n/2and o, (z) = 1foraz > n/2.

Similarly,

1
sl =| [ £ @ = up)da] < 171 < M-

Lemma 2. Forn > 0and u € Uy, H,(u) = Ho(u) + D,,, where D, is a diagonal matrix whose
elements are independent of u and bounded in absolute value by /2.

Proof. Leti,j € {0,...,m}, and denote ¢ = max(u;, u;,0). Then

1
H()yij(u) = / U(](LC — UZ')O'()(IIJ — u])dx =1-—c.
0

If s :] =0, max(ui,uj) = —77/2, and Hn’ij(u) =1= H()’ij(’u). If s :j 75 0,
1
Hyij(w) = [ oo = cPda
0

n c+n/2
:1—c—2+/ o,z — ¢)?dz
c—n/2

" 1/2
:HO,ij(U)—2+77/ o?.
—1/2
Note that the last integral is non-negative and less than 1, hence |H,, ;;(u) — Ho ;;(w)| < 1/2. Finally,
if i # j, since |u; — u;| > 7,

H,ij(u) = /01 on(x —ui)oy(r — uj)de = /01 on(x — max(u;, uj))dx .

Furthermore, 0 < max(u;, u;) < 1 — 3, thus
1 n c+n/2
Hm-j(u):/ op(z —c)dr=1—c— —|—/ op(x —c)de =1-c,
l 0 2 c—n/2
where the last equality comes from the oddness of o — 1/2.
Lemma 3. Forn >0, letay : u € Uy — a;(u). Then ay, is differentiable and for any u € Uy,

H 5@2 (u) 8

o |l < Au)

(20m + 1) laj ()| + 7).

Proof. By Proposition 1 (whose proof does not rely on this lemma), for v € U,, L,(-,u) has a
unique minimizer a;(u), which is equal to H,(u)~'b,(u) by (11). Furthermore, H,, and b, are

differentiable with ré]spect to u, hence a,, is also differentiable with respect to u, and we have
dal(u) OH 0b
n _ -1YHy * -1 90y
o= —Hy ()N ()a () + Hy ()™ (w)

https://doi.org/10.52202/075280-2836 65009



Denote wy(u) = 277 (u)a »(u) and W (u) the (m + 1) x (m + 1) matrix formed by stacking

E)uk
column-wise the vectors (wy () )ogk<m- Then
)

day(u
ou

We now estimate the Frobenius norm of the matrix W (u). By Lemma 2, for v € U,, H,(u) =
Hy(u) + D,,. Take i, j € {0, ..., m}, then

10by

= — () W)+ Hy ()™ ().

1
Hm-j(u) = Ho’ij(u)+Dn’ij = / Uo(xfui)00($7Uj)d$+Dn’ij = 17max(ui,uj,0)+Dn1ij .
0
Hence 77 = 0if i, j # k. Further, if i = k and j # k.

H, ij
‘6 "t (1 — max(u;,uj))| < 1.

Ouy, v ‘ - ‘aui
Of course, the bound | Hoig " (u)| < 1also holds when j = k and ¢ # j. Finally, a similar bound

shows that \BH” ”( )| < 2Wheni =j=k.
As a consequence, for k,i € {0,...,m},
0H,, i ’ la¥ . (uw)] ifi £k
Wi al (u)]| < " . o ’
‘ k Z’ 8U]€ ) { 7]1]( )| |an7k(u)|+||an(u)||1 le:k.
Thus

NE

o= (S o)< (£ o))
<

With a reasoning similar to the above, note that ( ) is a diagonal matrix with diagonal entries
in [-M, M]. Finally, putting these elements together using Proposition 1 and that ||W(u)|] <
[IW (u)]|r, we obtain

-

Il
o

Clayl)?)" = 2vim + e @)

K2

|28 < iy e+ 1, 1| 4 a )l + ).

H Aé(gu) (

The following lemma gives exact formulae for the derivative of the loss L, with respect to the
positions of the neurons, evaluated for a = af(u), that is the best piecewise constant approximation
of f* with subdivision {u1, ..., u,,}. Note that the formulae are the same as in Section 4.2, but the
derivation is slightly more intricate since we consider here the loss L,, and not Lg.

Lemma 4. Tuke 1 > 0 and u € U,, such that there are at least two neurons on each piece [v;, V;41]
of f*. Then, if u; does not flank a discontinuity of f*,

oL, , .
o, (@5(0),) = 0.
Furthermore, for a discontinuity v;, denote ul is the closest neuron to its left and ul* the closest
neuron to its right. If v; — u{“ > 1 and qu —v; = 3, then
oL, , . 1 (ult — ;)2
au%(aO(U),U):72(UR u ) (f 7f’L 1) 9
oL, , . 1 (v; —uk)?
au?(ao(u)vu) = 9 (u? _ uz%) (f - fz 1) :
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Proof. In this proof, let us denote for simplicity a = aj(u). At the condition that there is at least two
neurons on each piece of f*, Section 4.2 gives the optimal approximation fo(x;a,u) of f* that is
piecewise constant with respect to the subdivision {u1, ..., u,, }. As a consequence, we easily get
the value of a. Namely, if u; does not flank a discontinuity of f*, the value of fy(z;a,u) is locally
constant around u;, thus a; = 0. Plugging into (10), we obtain

oL,
ou (a,u) =0.

Further, for a discontinuity v;, denote respectively a}* and a* the coefﬁcients associated to u}* and
ull. At ul, the value of fo(z;a,u) jumps from £ | to “1; “Lfl* L+ u T f* thus

L R _ R
U — Uy U ;" — Vg
L _ i (3 7 * *
a4 = R _ L i1t uR — Lf —fii= R L(fi_fifl)‘
i Uy W;w — Uy
Similarly, we have
R U 7UL

a; = 1;{_ ZL(fz fz 1)

Uy — u;

We now compute, using (10),

1
ot (00 = ot [ (o= ) (a0, - 1 0) e

u;+n/2
——ab [ e = ) (yfmia,) - £ (a) de

L—n/2

Using that A(u) > 2n and that there are at least two neurons on each piece of f*, we have
that uj’ — v;_; > 2n. Since, in addition, by assumption, v; — uj’ > 9, we get that for z €
[ul — 2 ul + 7], f*(x) = ff_. Moreover, using again A(u) > 27 that o, is equal to o on

(=00, —n/2] and [/2, 00), we have for z € [ul' — 7, ul + 7],

m

n
(z;a,u) Zakon x —ug) = fo (u{“ — 2;a,u) —i—a%an(x—u%) =fr, +a%0n(x—u%).

Thus we obtain

oL, B ui'+n/2
ouk (a,u) = —a; /u e (z —ui)agoy(z —u;)dz
(a%)Q URY 752
T (U”<2) 0”(_2))
_ (a)?
2
1 (uft -

= ; L) (fz* _fi*71)2~

C2(uft -

The computation of gﬁg (a,u) is similar.

Lemma 5. Consider n > 0 and w € U,, such that there are at least two neurons on each piece
[vi, vix1] Of f*. Then, for all x € [0, 1], | f(x; af(uw),v)| < M.

Proof. In the case where 7 = 0, the result easily follows from the expressions for fo(z; af(u),w)
provided in Section 4.2. We now assume 1 > 0.
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Denote A} (u) = Z?:o ag ;(u) (with the convention A (u) = 0). Recall the convention ug =
—n/2. We compute

Fale; ag(u),w) =) ag (o (@ — ux)

k=0

D CHOEF N O)EACEET
k=0

=" A (w) (0 (@ — up) — 0y (z — upy1)) + AL (W) (2 — )
k=0

Note that AZ(u) = limg sy, 4 folx; af‘)(u),.u)', and thus, from the case 1) = 0, we have |[Af (u)| < M.
Moreover, o, is increasing and the uy, are in increasing order. We thus get

m—1

falasai(w). )] < M( Y (0@ = ur) = 0@ = upen)) + oy =) )
k=0
=Mop(z—ug) < M.

Lemma 6. Consider n > 0 and u € U, such that there are at least two neurons on each piece
[vi,vixe1] of f*. Then, for j € {0,...,m},
|ag,;(w)] < 2M
and, for any a € R™+1,
oL oL
! (CL, u) - !

* % ok 2
ou, ou; (ag(u),u) SQM(\/m—&-l—Fl)Ha ao(u)||—|—\/m+1||a ag(u)||” .

Proof. The first statement of the Lemma comes from the explicit formulae for af(u) given in the
proof of Lemma 4, namely each a; ; (u) is either zero or less in magnitude than the gap between two
pieces of f* that is less than 2.

By (10), we have
oL,
Guj

oL,
Guj

1
aj/o J;I(I—uj)(f,,(m;a,u)—f*(z))dx

(aa u) -

(a(w), )|

— i) [ o - u5) (s a0 - () do

1
< laj — a,;(w)| / o! (& — ) | o (s @y (us), w) — ()] da

1
+lasl [ ohta =) fylaiaw)  fy(aiajla). vl de.
‘We bound the two terms separately. For the first term, we use Lemma 5.
1 1
| e =)t = @)1 < [ =) (e + 17 @)
1
< 2M/0 a;](x —u;)dz < 2M.
‘We now continue with the second term.

(s a,u) = fo (25 ag(w), u)| = ‘ > (ar = af p(w)oy (@ — u)| < lla = ag(u)lls,
k=0
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and thus
1 1
/0 0! (1 — ug) | o5 0, 1) — Fo(s a(10), w)| dz < lla — ()]s / o! (& — ug)dz

< la = ag(u)lfs -

Returning to our initial upper bound, we obtain, using the first statement of the Lemma,
oL oL, , . X . % *
o @) = 5,7 @), )| < 2Mlla = (@) + (i ()] +lag — ai ()l — ()l

<2Mlla — ag(w)| + (2M + [la — ag(w)[)v'm + La — a5 (u)]|

=2M(Vm +1+ Dla—ag(u)| + vVm+1la - ag(w)*.

Lemma 7. Forn > 0 andu € U,

16M+/m + 1n

llay(w) = ag(u)]| < Au)

Proof. By (11),

and by (11) and by Lemma 2,
H, (u)ag(u) = Ho(u)as(w) + Dyag(u) = bo(u) + Dyag(w).

According to Proposition 1 (whose proof does not rely on this lemma), H, (u) is invertible with
| Hy(u) | < 8/A(u). We thus have

lay (u) = ag ()| = | Hy(u) ™" (Hy(u)as, (u) — Hy(u)ag(w)) ]

< (1) = Bo(20) = Dy )]
<y (1210 = b0} + 1501

< g (190 = (@) + Z (@)

The result then unfolds from Lemmas 1 and 6.
Lemma8. Letn > 0, u € R™ and a,a’ € R™T1. Then
IVuLy(a,w)|| < vVm+1]|al? + M|lal|,

IVaLy(a,w)]l < Vom -+ 1(]lallv/m + 1+ M).
As a consequence of the second inequality, by the fundamental theorem of calculus for line integrals,
Ly (a,u) = Ly(d'sw)| < Vim + 1 (max({a, @[}V + 1+ M) fla — ]

Proof. Recall that, forall j € {1,...,m}, and for all a,u € R™,

gﬁ: (a,u) = —a; /01 oz — Uﬂ(iak“n(x — ug) = f*(x))dx’

k=0

gﬁ;’ (a,u) = /01 oz — uj)(éakan(m —up) — f*(x))dx

From the first equality, we have

’227 (a.w)] < oy /01 o (@ = uj)(,é Jalory (2 = up) + |f* (@) ) do

1
< \aj\(llaH1+M)/0 0! (& — )| de

< lag|(lally + M) .
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As a consequence,
IVuLy(a, w)ll < lall(lally + M) < Vm + 1a|® + M]|a] .

Similarly, from the second equality, we have
0L,
8aj

(a,u)| < lafly + M.

As a consequence,
IVaLy(a,w)|| < Vm+1([lalli + M) = Vm + 1([|al|v'm + 1 + M).

Lemma 9. Consider n > 0 and u € U, such that there is a neuron at distance less than 1) from each
discontinuity of f* and 3n < Av. Then

1
[ i(asaz).0) = £ (@) Pde < 6120,
0
Proof. By definition of a; (u),
1 1
[ i@y - 5@ = min [ 1,000 - £ @)Pd.
0 acRm+1 Jq

Thus it is enough to exhibit some a for which the latter integral is smaller than 6 ?nn to conclude.

We construct such an a as follows: set ag = f*(0), and for each discontinuity v;, set the coefficient
*

of a neuron at distance less than 7 to the value f;* — f* ; and set all other neurons to zero. Note that
the active neurons are distinct since 37 < Awv.

Then the neural network is equal to the target function everywhere except on an interval of size 37)/2
around each discontinuity, where they disagree (in infinite norm) by at most 2.

Lemma 10. Let m be a positive integer and uy, . . . , Uy, be L.i.d. uniform random variables in [0, 1].
Assume that

= 6 (4 +1 +1 1)
e ogn+lo .
Av & & 1)
Then, with probability at least 1 — 0, the vector u is D-good with D = G(mil)Q.
Proof. We define the following events:
(a) Ais the event “there are at least 6 positions u; in each interval [v;, v;41] fori € {0,...,n—
1}”’
(b) B is the event “A(u) > D”,
(c) foralli e {1,...,n — 1}, F; is the event “there are at least one neuron on the left and on

the right of v;” and C; is the event “E; holds and |ul* + u} — 2v;| > D”.

Note that by Definition 2, u is D-good if and only if the event A N B N ([, C;) holds. To show that
this holds with high probability, we bound the probability of the complement

(AmBm(mCi))C:AcuBcu(UCf) :AcuBcu(U(CfﬂA)>
CACUBCU(U(CfﬁEi)) (as AC E).

K3

Thus
n—1
P(u is not D-good) < P(A%) + P(B%) + > P(C{ N E;).
i=1

Below, we bound separately the three terms of the right hand side.
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(a) Denote m’ = |m/6]. Forany i € {0,...,n— 1}, theset A; = {j € {1,...,m'}|u; €
[vi, vi41]} is empty with probability (1 — (v;41 — v:))™ < (1 — Av)™ . Thus by the
union bound, the probability that at least one of A4, ..., A, is empty is upper bounded by
n(l— Av)’”/.

We now check that n(1 — Av)™ < §/18. Indeed,

1 18 18
o — VnJ S m_ > 3 +logn +log § > logn +log 5 > _logn+log 5 |
6 6 Av Av log(1 — Awv)
where we use Av < 1, 3 > log(18), and log(1 — Av) < —Aw < 0. This gives the desired

inequality.

In other words, the probability that at least one of the intervals [v;, v;41] contains none of
the w1, ..., Uy is bounded by §/18. As a consequence, by the union bound, the probability
that at least one of the intervals [v;, v;41] contains strictly less than 6 of the wuy, . . ., U, is
bounded by §/3, i.e., P(A°) < /3.

(b) Recall that by convention, ug = —2 and w,,41 = 14 . Foralli € {0,...,m+ 1}, denote
I; = (u; — D,u; + D). Denote F); the event “u; € I; forsome ¢ € {0,...,m+ 1}, 1 # j”.
Note that B = UL, F.

Fix j = 1,...,m. By conditioning on u; for all ¢ € {0,...,m + 1}, i # j, we see that
P(F;) < 2(m+ 1)D. By the union bound,

P(B¢) < 2m(m+1)D < ’

3"
(c) Takei € {1,...,n — 1}. For convenience, we define the random variable uf (resp. uzI-{) on
the full probability space by setting ul = 0 (resp. ul = 1) when there is no neuron on the

left (resp. the right) of v;. We compute the joint cumulative distribution function of (ul, ul)

77 T
(with a convenient change of inequality): forall 0 <y < v; < 2 < 1,

Pl <yoult > 2) =B € {L...om}ou; ¢ [y, ) = (1— (= — )" .

We observe that the joint cumulative distribution function of (u, u}) is a smooth function

() 2

of (y, z) when (y, z) € (0,v;) x (v;, 1). Note that the events E; and {(ul, ul) € (0,v;) x

(2 K2
(vi, 1)} are equal up to a null set. Therefore, on this event, (ul, ult) is an absolutely
continuous random variable with density g : (0,v;) X (v;,1) = R,

9(02) == o Bk <yl > 2) = m(m = 1) (1= (:=9))" .

We compute
P(CE N E;) = P({|ul +u} — 2v;| < D} N E;)

— / m(m — 1) (1 (z = )™ 2 L1420, <0y dydz
{O0<y<v;<z<1}

We make the change of variables § = z — y, v = z 4+ y.

Pcen B = ™MD / (1= 0)™"21),_p,, < pdfdv
2 (0<75% <oi< V10 <1} 1S
<m(m—1)( 1(1_0)m—2d9)< 001 d )
S 0 I

=Dm.
Using m > 24/Av > 24n, we have

4] 4]

n—1
P(CSNE;) < (n—1)Dm < <.
S RCINE) S (- DDm <y, o <y

This concludes the proof.
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B Proofs of the results of the main text

B.1 Proof of Proposition 1
Let us lower-bound the smallest eigenvalue of H,(u) which is equal to

min a' H
[lall=1 n(ule

Now for a € R™*! such that ||a| = 1,

u)a = Zalaj/ on(x —u;)o,(r — dxf/ (Zalan i>2dx.

1,j=0

Since Au > 27 (because u € U) and ug = —"/2, U1 = 1+7/2, the intervals [u; +7/2, w11 —1/2)
fori € {0, ..., m} are disjoint and included in [0, 1]. Thus

m o puip1—n/2 [ M 2
a' Hy(u)a > Z/ <Z a;op(z — uz)> dz.
w i=0

i—0 Juitn/2

Since o(z) = 0if x < —1/2 and o(z) = 1 if > 1/2, we have that o, (z) = 0 if 2 < —1/2 and
on(xz) = 1if > n/2. Further recall that the u; are ordered in increasing order. As a consequence,

m o puip-n/2 [ 2 ?
a' Hy(u)a > Z/ Zak dz
i=0 /v k=0

itn/2

= (g1 —u; — 1) <Z ak)
=0 k=0
m A 2
> Ay <Z ak> , (12)
k=0

where in the last step, we used that A(u) > 27 and thus Uipr — U — 1 = Au) —n = Au) —
A(u)/2 = A(u)/2. Now, denote ¢ = 0 and ¢; = Zk o ak- Then ||a|| = 1 writes

m
E 2
(Ci+1 — Ci) =1.
1=0
Furthermore,
m m m m m—+1
2 2 2 2
E (CiJrl_Ci) :E Ci+1+2 ci—QE ci+1ci<4g c; .
=0 =0 =0 =0 =0
Hence
m+1 ) 1
E iz o,
1=0

which shows in conjunction with (12) that the smallest eigenvalue of H, () is lower-bounded by A8“.

B.2 Proof of Proposition 2

To show that G(u) = (V. Ly)(ay (u),u) is Lipschitz-continuous on U,), we show that it is differen-
tiable on U4, and that its derivatives are uniformly bounded. The chain rule gives

- day a2L,, . 9*L, ,
=2 g gy S g, (500,10
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From (10), using that o is twice continuously differentiable, it can be checked that aﬁfi is differ-

entiable in both its arguments and its derivatives are uniformly upper-bounded when a is bounded.
Furthermore, for u € U,

X _1 SM+v/m +1
llag ()| < [[Hy (w) =[] [og (w) || < Aw)

by Lemma 1 and Proposition 1. Finally, according to Lemma 3, a;, is differentiable with derivatives
uniformly upper-bounded on 4,,. This concludes the proof.

B.3 Proof of Proposition 3

In this proof, we denote ul*(7) (resp. ult(7)) the position at time 7 of the neuron that is at initialization
closest to v; to the left (resp. the right). Note that because of the movement of the neurons, it could
be that ul (resp. ul') does not remain the neuron closest to the left (resp. the right) throughout the
dynamics. Our proof discusses when this phenomenon occurs. Similarly, denote u>l (resp. ul*®t) the
neuron second closest to the left (resp. the right) of v;. Since the initialization is D-good, note that all
these neurons are distinct.

Denote 7 the minimal time 7 € [0, Tmax) such that A(u(7)) < D/2 or there are less than two neurons
in some piece [v;, v;41] of f*. Note that by assumption, A(u(0)) > D > D/2 and there are at least
6 neurons in each interval at initialization, thus 7 > 0. Furthermore, using the trivial inequalities

11/2 m
M > Af/2,m+1>1and n'/? > 7, we have 123 =2 MA\/f v > 8n > 2n. Recall that
2n is the quantity defining the set U4, supporting the maximal solution of the equation (8). As a

consequence, we do have 7 < Tpax. At the end of the proof, we check that 7 < T, by controlling
carefully the movement of each neuron.

Let us first bound the difference between the dynamics of w and the dynamics that we would have if
at each time 7, the weights a were given by aj(u(7)), the best approximation of f* by a piecewise
constant function with subdivision u(7). Forany 7 < 7 and j € {1,...,m}, by Lemma 6, we have

de 8L,, %
ar (1) F g () ()

oL, , . Ly, , .,
= Ou, (ap(u(7)), u(7)) — du, (ag(u(7)), u(7))

<2M(Vim + 1+ 1)|lay (u(r) = ag(u(r)]| + vVm + 1la; (u(7)) — ag(u(m)[*.  (13)

We are therefore led to bounding ||ay (u(7)) — ag(u(7))], as follows:

4
(7)) — ag(u(m)] < Aiﬁ;;; K (by Lemma 7)
5
< 2 M\/gl +1n (since A(u(T)) > P/2)
_ D(Af)? .
= oS Mm 4 1 (by definition of D).

Then the first term in (13) is less than
(Vm+ 1+ )D(Af)? _ D(Af)

27v/m + 1 =96 7

and the second term in (13) is less than

D*(Af)* D(Af)? ,

216M2\/m+1< o1d using D < A(u(0)) < L,Af <2Mandm+1>1

Hence we obtain, forany 7 < 7 and j € {1,...,m},

de 6[/77

20+ o sty < PG -

tA 14
60 g (14
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Now, let us examine how the neurons move, by leveraging Lemma 4 that gives exact formulae for
gﬁ;’ (af(u(T)), u(r)). First, if u; is not next to a discontinuity, gﬁ;’ (af(u(T)),u(r)) = 0, hence

|1 (1) = u; (0)] < (Ag)T .

Let us now study what happens next to a discontinuity v;. Denote (6f); = fF — f*,. W.Lo.g.,
assume that

uf(0) — v; > v; — ul(0).

K2

In the reverse case, the proof is the same by swapping the roles of u} and u%, and of u}* and uRR.
We are going to show that the dynamics of u} are divided into two phases. Define 7; as the minimal
7 € [0, 7] such that uf*(7) = v; — 1/2. In the first phase [0, 7;], we have u}(7) < v; — J and u}’
moves towards v;. In the second phase [T;, T, we show below that u¥(7) € [v; — 1, v; + n]. Note
that we can have 7; = 0 if u{“(O) >v; — ’27 It is also possible that 7; = oo a priori; this means that
the second phase does not exist. We show below that this case does not happen. Figure 7 depicts the
two phases.

A —_— o 4 —F fou

Ii- — 5i-

Jia-

fi-

T
[y
-

\E

‘ ‘ . T . T
u wtt owkou ufuft ug ug ur oyt vl uf uft ug ur

(a) Phase 1 (b) Phase 2

Figure 7: Dynamics of the neurons next to a discontinuity v;. In the first phase, u} and u}* move
towards v;, until the closest neuron (in this case u}) reaches the interval of size 7 centered in v;.
In the second phase, u} remains in an interval of size 27 around v;, and none of the neurons move
significantly.

Beginning by the first phase, we have, while u}(7) < v; —  and uf*(7) > v; + 1, according to
Lemma 4,

oL, , . 1y
8uf‘ (ao(U(T))aU(T)) - 9 (u? pa 7u%(7_))2 .

(
For ease of computation, let d>*(7) = v; — uk(7) and d? (7
the neurons and v;. Then, by (14),

A dd () )6
ar D ar OS5 @ arp T
_ AP, DRR (A
4 60 )

since D < A(u(0)) < 1. Thus, in some time less than 7 = (A‘af)z, d® (1) + d¥ (1) < n, that is,
R

[

either ul reaches v; — ! oru

5 reaches v; + 1. Let us check that the second event cannot actually
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happen: while u}'(7) < v; — 1 and u}*(7) > v; + 1, we also have

(dR(r))? — (d(r)2)(61)2
(@dh(r) +dR(r)2 2D
(@R (r) — d-() (52

= v —2Ag.
dL(7) + dR(r) g

dd?
dr

ddV

(7) dr

(1) >

By condition (c) of Definition 2 and by (14), we have d*(0) — d*(0) > D = (62?)92 > ?gﬁg ,and

furthermore d¥(7) + d*(7) < 1. An easy reasoning then shows that d* — d¥ is increasing. Therefore
u® must remain further away from v; than u¥.

In summary, we showed that there exists some time 7; < 7 when uX(7;) = v; — 7, which marks the
end of the first phase, and we also have

A} (T;) — d¥(T;) = di(0) — dF(0) > D.

Moving on to the study of the second phase, let us show that uX(7) stays in the interval [v; —n, v; +1)]
for 7 € [T;,T). Consider any 7 < T such that u*(7) = v; — n. Then we have by (14) and Lemma 4

duy’ (u*(r) —vi)*(6f)F _
dr () > (uR (1) —v; +n)? A

K2

g=Ag, 15)

R

where the second upper bound comes from the fact that we have u;*(7) — v; > 127 — n since

2 . . .
A(u(T)) = DP/2, and furthermore, = — («-1n)2 18 increasing, hence

D

R \2(5F)2 D _ .2 2
(qu UZ) (6f)21 2 ( 2 77) Af2 2 (Af) 2 2Ag .
(u;* —vi +m) 5 (D/2>2n)

Equation (15) implies that ul*(7) > v; —n for all 7 € [T;, T). Similarly, consider any 7 < 7 such
that u(7) = v; + 1. Note that, for such a 7, ul*(7) is now on the right of v;, and the neurons flanking
v; are ut and u}'. Thus we have by (14) and Lemma 4
duj’ (vi — uit(7))(0)7
K2 < o K3 K2 + A g 7A ,
R )
where the second lower bound unfolds similarly as previously. This shows that ul*(7) < v; + 7 for

all 7 € [T7, 7).

We now check that 7 < 7T, that is, for all 7 < T, A(u(7)) > D/2 and there are at least two neurons
in each interval [v;, v;41]. Starting with the first condition, we say that neurons u,; and uy, collide if
|uj (1) — ug(7)| = D/2 for some 7 < 7. Let us show that no pair of neurons collide.

We start by showing that there is no collision between u" and u!. In the first phase [0, 7;], we have

LL L
d;‘; (7) < Ag. Recall that we also have d;;' (1) > —Ag and thus for 7 < 75,
L LL L LL 4D
u (1) —u; (1) = u;(0) —u;~(0) — 2T Ag > 5

since uX(0) — u}t(0) > D and TAg = D/10 by definition of 7 and Ag. As a consequence, ul"

and u}* do not collide during the first phase, and we have
4D n 4D
LLmy < ul(T7) = = — . — . 16
aH(T) < k() = =vi— (16)
In the second phase, we can have ul* € [v;, v; + 7] in which case u}" becomes the neuron flanking
v; to the left and v} the neuron flanking to the right. Then (14) and Lemma 4 give

dul™ - (up (1) —0i)?(6f)F

dr = (up(r) = up™(r))?

1612 M?

tAg<

+ Ag.
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Of course, this bound also holds when u{f € [v; — n,v;], because then dg? < Ag. Thus, in the

: L
second phase 7 € [7;, T], by the previous upperbound and the fact that u;' (1) > v; — 1,

1672 M?
ub(r) —uf (1) 20— ) = (T +(r=T)( 7, +4g))
4D 162 M?
2 - A ) ’
5 7 p: 59
by (16). Let us now upper-bound each of the last two terms by P/10 to conclude. By definition of D,
_ (Af)PD?
T= 9130 4+ 1)M2
Thus
16n>M>T  3(Af)?D? D
D2 22(m 4+ 1)2M2 T 10

using the definition of 7, D < A(u(0)) < 1, Af < 2M and m + 1 > 1. Finally, TAg = P/1o0.
Thus u>" and uL do not collide.

We now show that u¥ and u}* do not collide. In the first phase 7 € [0, T;], we have

ult(r) = ub(r) > ul(r) = v = A7) > df(r) = di(r) > D

K3 ?

As a consequence, ur and ult do not collide during the first phase, and we have
wl(T) 2 D+l (T) = Dtvi - . a7

In the second phase, u} plays a role symmetric to ul'*: it can be, or not, the neuron closest to the
right of v;, depending on whether u} € [v; — n,v;] or ul* € [v;,v; + n]. As for url, we can show
that in any case, for 7 € [T;, T],

7
dr = D?
Thus one concludes as before: for 7 € [7;, 7], by the previous lowerbound and the fact that
L 4
ui (T) < U’L + 2°

dul 1612 M2
i 5 2 —Ag.

16n>M?
W) — k() 2wl T — e =T) (7, +Ag) = (vt )
Then, by (17),
1602 M?> D
) —ub(r) 2 D—n=T(" " +Ag)> .

where the last lower-bound unfolds similarly as for u>" and u}". Thus there is no collision between
uk and ult.

The reader can check that all other pairs of neurons do not collide, including those involving
ug = —n/2 and Uy, 11 = 1 + n/2. In fact, the proof is easier than for ul*, ul and u}, ul because
the discontinuity at v; attracts these neurons together.

Furthermore, we proved that before time 7 at most one neuron can escape on each side of a piece
[vi, vi41] of f. Since we start with at least four (and even six) neurons per piece, there is always
before 7 at least two neurons per piece.

This shows that 7~ < 7, and we also proved that at time 7, all discontinuities have finished their first
phase, hence there is a neuron at distance less than 7 from each discontinuity of the target function.

B.4 Proof of Theorem 2

Take C' = 2719, Then by assumption of Theorem 2,
3*(Af)?
TS 919 02 (4 1)5

65020 https://doi.org/10.52202/075280-2836



Moreover, by the definition of D from Proposition 3,

_ (Af)PD?
T gt p2(m 1)

This implies that

2 &2
D* < )
26(m +1)4
and in consequence
)

D < .
6(m + 1)2

Then Lemma 10 shows that the initialization is D-good with probability at least 1 — § (since the
D-good property is monotonous in D).

Hence, with probability at least 1 —4, according to Proposition 3, the maximal solution to (8) is defined
at least until 7~ and at that time, there is a neuron at distance less than 7 from each discontinuity of
the target function. Furthermore, 37 < mlﬂ < 711 < Aw, hence Lemma 9 applies. This implies that

/O (@) — et (u(T)), u(T) Pz < 602

The assumption on 7 allow to conclude that the upper-bound is less than &.

Remark 2. We did not try to optimize the value of C since our goal was to show convergence to a
global optimum and the dependency of the dynamics on the parameters (for instance, it is remarkable
that T does not depend on ).

B.5 Proof of Proposition 4

For s < t, Proposition 1 holds since for A(u(s)) > 161 > 2n. Thus a; (u(s)) is well-defined and
verifies

VaLn(af,(u(s)),u(s)) =0.
Let, for s <t, V(s) = |la(s) — aj(u(s))]|. Recall that, by (11),

VaLy(a,u) = Hy(u)a — by (u).

Hence, for s < ¢,

where the first lower bound is a consequence of Proposition 1. Then we have, for any s < ¢,

S (V) = ats) — ay(uls), (1)~ L apuls))
- <a(5) —apy(u(s)), —=VaLy(a(s),u(s)) — d - (u(s))>

< V7 | Lantutsn|[ves).

Let us now upper bound the norm appearing in the second term. We first have by the chain rule

d , day, du
S agtue) = 2 (w(s) 1 0.
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By Lemma 3 (which holds since for A(u(s)) > 161 > 2n),

[ ] < Ausy) 2+ Dl )]+ 1)

Besides,
du
< .
| @) < elIVaLa(ats), uls))
By Lemma 8§,
IVuLy(als), u(s)]| < Vm +1l|a(s)[|* + Mla(s)] - (18)
Furthermore,

la(o)[l < llay (w(s)Il + llals) — ap(u(s)I = lla; (w(s))] + V(s)-

By Lemmas 6 and 7, which apply since A(u(s)) > 27 and since there are at least two positions u ()
in each interval [v;, v;y1] for s < ¢,

l|an (u(s)|| < llag(u(s))|| + llag(u(s)) — ag (u(s))|l
16M+v/m + 1n
A(u(s))
32M+/m + 1
D

<2MvVm+1+

<2MvVm 41+
<3MVm+1,

where the last upper bound is implied by the assumption D > 32n.

Now define Tyax = inf {s > 0,V (s) > 3M+y/m+ 1} and assume s < min(t, Tyax) so that

V(s) < 3M+/m + 1. Then we proved that ||a(s)|| < 6M+/m + 1. Going back to (18), we deduce
that

[VuLy(a(s),u(s))|| < 36M3(m+1)*2 + 6M>*Vm +1<25M*(m +1)%2.  (19)

Putting everything together, we obtain

d 29M?(m +1)3/2 : 218 M3 (m +1)3
: < 6M 1)%2 + M)e < :
| @) Au(s))  OMOm+ D75+ M)e D c
All in all,
d /1 9 D o  2BM3(m+1)3
< — .
ds (QV(S) ) < 16V(s) + D eV (s)
Hence
d 1 d, 1 D 218013 (m + 1)3
V(s)) = V(s)))< -V .
as ) = v as V) <=V + D c
By Gronwall’s inequality, for all s < min(¢, Tiax)s
e 217 N3 (m + 1)3 b,
V(s) <exp 165 V(0) + 1()2 ) (1 — exp™ 16%) (20)
B 217M3 m+1 3
<ep Brv()+ 0 MY @1

Finally note that V'(0) = [[aZ(0)]| < 2M+/m +1 and 2’ {2+D% < 901 \/m + 1 by the as-
sumption of the Proposition on . Hence (20) implies that for all s < min(¢, Tiax), V(s) is a
(weighted) average of two terms less than 2V y/m + 1 hence it is less than 2My/m + 1. This shows
that T1,.x > t, which concludes the proof since (21) is then valid for s = ¢.
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B.6 Proof of Theorem 1

In the proof, we take C; = 272! and Cy = 2736, Denote
B 0
C 6(m+1)27

Lemma 10 shows that the initialization is D-good with probability at least 1 — §. In the following,
we study the case where this event happens.

Denote 7' the minimal time ¢ > 0 such that A(u(t)) < D/2 or there are less than two neurons in some
piece [v;, v;41] of f* or |Ja(t)|| > 7TM+/m + 1. Note that T’ > 0 since the initialization is D-good.
By Lemma 8, V, L, and V,L,, are Lipschitz-continuous on compacts, hence the solution of the
gradient flow is well defined for ¢ < T since T" defines a compact set of parameters.

Then all the assumptions of Proposition 4 are satisfied on the time interval [0, ] for any ¢ < T". More

precisely, the assumptions that do not come directly from the definition of 7" are the lower bound for
D and the upper bound for €. The lower bound for D come from

)
D= > 32 22
6(m +1)2 = °“7 @2)
by (3) and the simple bounds § < 1, Af < 2M, m + 1 > 1. The upper bound for € comes from (3)
since
53(Af)2 52 D2

s 236 M4 (m + 1)19/2 = 36 - 216 M2 (m + 1)13/2 B 216 N2 (m + 1)5/2 7

where the second upper bound uses m > 0, § < 1 and Af < 2M. Therefore, according to
Proposition 4,

QTN (m + 1)3

* _ D
la(t) — a3 (u(®)] < 3Mv/m +Lexpmiet £ 0 )0 e, (23)
Furthermore, the proof of Proposition 4 actually implies that
llay (u(t))| <3Mvm+1 and |a(t)|| < 6Mvm + 1. (24)

The second bound implies that the condition ||a(t)|| > 7M+/m + 1 in the definition of T is actually
never active. Let us distinguish between two phases: letting

16 21602 (m +1)3 796(m+1)21 21602 (m +1)3
D ( S(Af)2 )* 5 ( S(Af)? )

then the first phase corresponds to ¢ < T{ and the second phase for ¢ > Tj.

Ty =

Analysis of the first phase. In the first phase, each neuron moves at most by

oL
€Ty max K

x| 7 @), ut)| < T VL (als), u(s))] < 2°<TM(m+ 1),

where the second upper bound comes from (19) in the proof of Proposition 4. This quantity is less
than 183 if
6144(m + 1)7/2M2 216012 (m +1)3 < §
5 ( S(Af)2 )5 S 48(m+1)2
Let us check this condition: we have

6144(m + 1)7/2 M2 o (216M2(m + 1)3)

0 5(Af)?
16 6144(m +1)7/2 M2 QM8 (m +1)3/16
B ) ( S1/16(Af)1/8 )
16 - 6144 1)7/2M? 4M 1
< 16-6144(m + 1) log( (m + ))8’
) SAf
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sincem 41> 1,0 < 1,and 2M/Af > 1, hence (2M/Af)'/® < 2M/Af. Next, upper-bounding
log(x) by x, we have, by (3),

768(m +1)7/2 M2 (216M2(m+1)3> - 64 - 6144(m + 1)%/2 M3
§ S(Af)? = S2Af
61440(Af)
2290 (m + 1)3
_ 5
= 48(m +1)2

using Af < 2M and m > 0. Note that the upper bound 26Ty M?(m + 1)3/2 < D/s also implies
that

D 1 T

Ty < < _
0= 29:M2(m+1)3/2 T 2e(Af)2 12

(25)

sincem >0, D < 1and Af < 2M. Since each neuron moves by at most D /8 in the time interval
[0, Tp] and since A(u(0)) > D, we deduce that

A(u(Ty) > D, (26)

Similarly, by condition (c) of the definition of a D-good vector, for all discontinuities v;,
[;*(0) + ;' (0) — 2v;| > D,

thus
3
[ul(Tp) + uk (Ty) — 204 > 4D. (27)

Furthermore, there at least four neurons on each piece of f at Tj, because at most one neuron can
move out of each piece by either side between 0 and 7j.

Analysis of the second phase. Let

DAf? _ 3(Af)?

Aa = - .
T 9Mm A1 6-20M(m+ 1)5/2

In the second phase t > Ty, we are able to control by Aa the distance between a(t) and the
weights af(u(t)) that are the best approximation of f* by a piecewise affine function with subdivi-

sion u(t). To show this, first note that the first term in (23) is smaller than Af when

A
3M+v/m + lexp~ 16t < 4“ .

which is equivalent to

12M+/m + 1) 16

t}log( Aa D’

which is implied by ¢ > Tj. Furthermore, the second term in (23) is smaller than L\;l“ because, by
definition of D and by (3),

21T M3 (m + 1)36 36+ 217M3(m + 1)76 < 625(Af)? _ 63Aa < Aa
D2 B 52 = 219 M (m + 1)5/2 ) (U
Hence, forall Ty <t < T,
. Aa
la(t) — ay(w®)l < -
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Furthermore, note that the assumption of Lemma 7 applies for ¢ < T since A(u(t)) > 5 > 27

by (22). Therefore, by Lemma 7 and by (3),

. . 24M/m + 1
() = a )l < = 5
25M+/m+1
D
25 . 6M (m + 1)%/?
0
6a(Af)?
= 2160 (m + 1)5/2
62Aa _ Aa
= < .
27 2
By the triangular inequality, we deduce the upper bound that we were after, that is
la(t) = aj(u(®)]] < Aa
As in the proof of Proposition 3, we can now control the distance between the true dynamics and

the one that we would have if the weights were equal to afj(u). Namely, for any Ty < ¢ < T and
j€{l,...,m}, by Lemma 6 (which applies since A(u(t)) > 27 by (22)), we have

N

1)+ gi: (ai (u(t)), u(t))
=[G @(0).u(0) = 7 a3 (ute), ute)

<2M(Vm+ 1+ 1)la(t) — ag(u(®)|| + Vm + 1at) — ag(u(t))]?.
The first term is less than

_(Jm+ 14+ DDA _ D(Af)?

1+1)Aa < :
M(Vm+1+1) 2 /m 41 o7

and the second term is less than

\/m—|—1(Aa)2 DZ(Af)4 < D(Af)Q

T oM /m41 S 216
using D < A(u(0)) < 1, Af < 2M and m + 1 > 1. Hence we obtain, for any Tp < ¢t < T and

jefl,....m}, d OL by
gt O+ ! @), u(®)] < (123;)

We are therefore in a situation very similar to the proof of Proposition 3, starting from (14). One
can check that all the arguments used in the proof also apply here. On top of the estimate above that
resembles (14), the crucial facts that make the argument of Proposition 3 work here are the bounds
(26) and (27) as well as the fact that there are at least four neurons on each piece f at Ty, which
together are very similar to the conditions ensuring that u(0) is D-good in the proof of Proposition 3.
Another key point is (25), ensuring that a time at least equal to 117"/12 remains after the first phase
of this proof, which is enough time for the dynamics described in the proof of Proposition 3 to unfold.

This yields that T < T, and that at time T, there is a neuron at distance less than 7 from each

discontinuity of f*. Furthermore, 31 < m}H < 711 < Aw, hence Lemma 9 applies. Thus

1
* * 5
| Gatasa @) u(r) = £ (@) < 6MPn <
where the second upper bound comes from n < m + 1 and from (3). Furthermore, by (24) and by

Lemma 8,
| Ly (a(T), u(T)) = Ly(ay(u(T)),u(T))| < Vm +1(6M(m + 1) + M)||a(T) — a; (u(T))||

<
< 16M(m + 1)*?/|a(T) — a}(u(T))] .
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Let us show that this term is less than ¢/4. Recall that, by (23),

217M3(m + 1)3
D2

By definition of D and T, by using exp(—x) < /= for z > 1 and by (3),

[a(T) = ay, (u(T))] < 3Mvm + 1exp_1[éT-|-

. )
16M(m +1)%2 - 3M lexp™ 16T = 4802 1)? -
6 (m+ ) 3 \/m+ exp 6 8 (m+ ) eXp( 16(m+1)2(Af)25)

P 48 - 16 M2 (m + 1)*(Af)
= 6
48(Af)%6
= 231 M2 (m + 1)9/25
< 3
8
using Af < 2M, 6 < 1,and m + 1 > 1. Furthermore, by (3), we get that

2
3

g0 2M3(m+1)% 3622 M (m+ 1)1 ¢
. = e .
D2 e 8

We therefore obtain the sought &/4 upper-bound and can conclude that

16M(m + 1)

1 1
/0 (folasa(T), u(T)) — f*(x))*dx < / (fyls a2 (u(T)), w(T)) — f*(2))?de
+ 2| L(a(T), u(T)) — Ly(al,(u(T)), u(T))|

<€

C Experimental details and additional experiments
Our code is available at https://github.com/PierreMarion23/two-timescale-nn.

Numerical illustration in the setting of Section 2. To obtain Figures 3 and 4, we use the parameters
of Table 1. For Figure 5, we use the parameters of Table 2.

Name Value Name Value
m 20 m 20
€ 2-107° € 1
n 4.1073 n 4-1073
P 1.8-10% P 108
h 10-° h 10-°
Additive noise  Uniform on [—1, 1] Additive noise  Uniform on [—1, 1]
Table 1: Parameters of Figures 3 and 4. Table 2: Parameters of Figure 5.

Our target function is defined by f* = 1 on [0.,0.2], [0.35,0.5],[0.65,0.8], f* = 2 on [0.5, 0.65]
and f* = 4 elsewhere. The activation function is a piecewise cubic polynomial defined by = —
min(max(4(z + 0.5)3,0), 0.5) + min(max(0.5 — 4(0.5 — x)3,0),0.5).

We re-run the same SGD experiment as above twenty times, and plot in Figure 8 the average L2
distance to the target as a function of ¢, averaging over the initialization randomness and SGD
randomness. This confirms that, in our setting, the SGD is able to recover the target function in the
two-timescale regime (¢ < 1), but fails outside of the two-timescale regime (¢ = 1). The transition
between the two regimes seems to occur for € ~ 0.1.

The number of iterations in Table 1 is much larger than the one in Table 2. There are two levels of
analysis to explain this difference. The most straightforward reason is that the positions u evolve
at a speed €h, which is much smaller in Table 1. However, one may note that it is not larger by a
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Figure 8: L, distance with the target as a function of ¢ in the 1D experiment, with 20 repeats

factor 1/ = 50,000 but “only” by a factor ~ 200. To understand why, we have to get more into the
details of the dynamics, to understand the order of magnitude of the number of steps required before
convergence. In the two-timescale regime, the limiting factor for convergence is the movement of
the positions u. At each step, they move by an order of eh ~ 10710, The positions need to move
on a scale of 5 - 1072 to align with the discontinuities of the target. Hence the required number of
steps is 0.05/(2 - 1071%) ~ 2. 108, In the standard regime, on the contrary, the limiting factor for
convergence is the movement of the weights a. They move by an order of A ~ 1075 at each step, and
they need to move by a distance of ~ 5, necessitating ~ 5 - 10° steps to achieve convergence.

Finally, note that it is possible to increase h in Table 1 while keeping the same behavior (in our
experiment, h is kept to the same value as in Table 2 in order to facilitate the comparison). More
precisely, taking h = 1072 in Table 1 yields similar results while dividing the computational cost
by 100.

Higher dimensions. In 2D, we use the parameters of Table 3 and 4. The positions are initialized
uniformly over [0, 1] and the weights uniformly over [0, 3]. The target is

f(x,y) =103+ 1az05 + 1oz07 + Lyz03 + 1yz05 + Lyzo.7.

The activation function is the same as in the one-dimensional case. We use SGD with batch size 10°.

Name Value Name Value
m 10 m 10
€ 1 € 102
n 1072 n 1072
P 300 P 5-103
h 1.0 h 1.0
Additive noise  None Additive noise ~ None
Table 3: Parameters of Figure 6a. Table 4: Parameters of Figure 6b.

As in the one-dimensional case, we re-run the experiment twenty times and report the results in
Figure 9a.

We perform a similar experiment in 10D, using the same setup. The target is

10

[ (1,...,210) = E 1,503+ 1,305 + 1,207
i1

We use SGD with batch size 10*. The results in terms of L, distance are reported in Figure 9b.
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Figure 9: L distance with the target as a function of ¢ in the higher-dimensional experiment, with 20
repeats.

ReLU networks. The goal of this experiment is to use ReLU activations to approximate piecewise-
affine targets in 1D. The target is a ReLU network with positions v = [0.3,0.5,0.7] and weights
a = [1.0,—2.0, 3.0]. We use the same setup as for the 2D experiment described above. The results
are reported in Figure 10.

0.0020
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- Sl / : SGD /
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0.4 / 0.4
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Ly error
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0.3
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&

(a) After training in the standard (b) After training in the two- (c) L2 distance with the target as a
regime timescale regime function of €, 20 repeats

Figure 10: Experiment with ReLU activation and piecewise-affine targets. In the standard regime,
some kinks of the target are not covered by neurons. This is not the case in the two-timescale regime.

D Additional remarks

D.1 Counter-example in the case of non-uniform initialization

It is easy to craft an example where gradient flow in the two-timescale limit does not converge to the
global minimum if the positions of the neurons are not drawn uniformly at random at initialization.
Take for instance the case where there are three pieces in the target, the leftmost piece at level 1, the
second one at level —1 and the third one at level 0. Consider the case where all neurons are in the
third piece at initialization. Then (in the two-timescale limit) the bias and the weights are all instantly
equal to zero, which is the solution of the optimization problem in a. Looking at (10), this shows that
the positions do not move, and thus that the neurons remain in this local minimum.

This example may seem artificial, but in fact, more generally, the case where two consecutive pieces
are not covered by any neuron often corresponds to a local minimum of the two-timescale dynamics.
This is why we require neurons on every piece at initialization to avoid falling in this local minimum.

D.2 Ideas of proof for SGD

The proof of Theorem 1 consists in bounding the difference between the actual dynamics and the
dynamics that we would have if the weights were given by af(u(t)), that is, by the weights in the
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two-timescale limit with 17 = 0. This requires to bound two errors terms, one coming from the fact
that > 0, and one coming from the fact that € > 0. By making 7 and € small enough, we ensure
that both terms are small, which in turn allows to describe the trajectories of the weights and of the
positions throughout the dynamics.

Moving from gradient flow to stochastic gradient descent induces two additional error terms: a
discretization error, and a noise error. However, taking small enough step size allows to bound both
error terms and thus ensures that (with high probability) the SGD dynamics are close to the gradient
flow dynamics. For this reason, we believe that our proof structure (namely, bounding the difference
with the two-timescale limit as in Proposition 4, then showing that this bound allows to describe the
trajectories of the weights and of the positions as in Theorem 1) should adapt to the SGD case, at the
condition that the step size is small enough.
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