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Abstract

We investigate the training dynamics of two-layer neural networks when learning multi-
index target functions. We focus on multi-pass gradient descent (GD) that reuses the batches
multiple times and show that it significantly changes the conclusion about which functions
are learnable compared to single-pass gradient descent. In particular, multi-pass GD with
finite stepsize is found to overcome the limitations of gradient flow and single-pass GD given
by the information exponent [ ] and leap exponent [ ] of the target function.
We show that upon re-using batches, the network achieves in just zwo time steps an overlap
with the target subspace even for functions not satisfying the staircase property [ ].
We characterize the (broad) class of functions efficiently learned in finite time. The proof
of our results is based on the analysis of the Dynamical Mean-Field Theory (DMFT). We
further provide a closed-form description of the dynamical process of the low-dimensional
projections of the weights, and numerical experiments illustrating the theory.

1 Introduction

Recent years have witnessed significant theoretical advancements in understanding the dynamics
of training neural networks using gradient descent, to unravel the learning mechanisms of these
networks, particularly how they adapt to data and identify pivotal features for predicting the tar-
get function. Significant progress has been made over the last few years in the case of two-layer
networks, in large part thanks to the so-called mean-field analysis [ ; ; ; 1).
Most of the theoretical efforts, in particular, focused either on one-pass optimization algorithms,
where each iteration involves a new fresh batch of data, or to the limit of gradient flow in the popu-
lation loss. For high-dimensional synthetic Gaussian data, and a low dimensional target function
(a multi-index model), the class of functions efficiently learned by these ore-pass methods has been
thoroughly analyzed in a series of recent works, and have been shown to be limited by the so-called
information exponent [ ] and leap exponent [ ; ] of the target. These anal-
yses have sparked many follow-up theoretical works over the last few months, see, e.g. | ;
; ; ; ; ; ; ]
However, a common practice in machine learning involves repeatedly traversing the same mini-
batch of data. This paper, therefore, aims to go beyond the constraints of single-pass algorithms
and to evaluate whether multiple-pass training overcomes these inherent flaws of single-pass meth-

ods. We focus on gradient descent, certainly the most straightforward procedure in this fam-
ily. The theoretical framework we use to prove our main results is based on Dynamical Mean



Field Theory (DMFT), which was developed in the statistical physics community [ ] toan-
alyze correlated systems, and recently made rigorous in the context of high dimensional machine-
learning problems in [ ; ].

Our findings significantly alter the prevailing narrative in the literature. We demonstrate that gra-
dient descent surpasses the limitations imposed by the information and leap exponents, achieving
a positive correlation with the target function for a much broader class than the staircase func-
tions [ ], even with minimal (that is, two) repetition of data batches. We characterize the
(broad) class of functions efhiciently learned in finite time. Among the exceptions are symmet-
ric functions that remain a challenge due to their extended symmetry-breaking times (a natural

feature of physical dynamics [ 1)

With independent Gaussian datapoints as inputs, both one-pass SGD and gradient flow on pop-
ulation loss result in pre-activations remaining distributed as Gaussian random variables. This
Gaussianity underlies the analysis of such settings, starting from the seminal work of [SS95]. In
contrast, upon re-using batches, the pre-activations develop non-Gaussian components correlated
with the targets. This non-Gaussianity is a crucial aspect of the stark contrast in the learning of
directions compared to the one-pass setting. While we establish our results for discrete steps with
extensive batches of size O(d) where d denotes the input dimension, we expect our conclusions
about the learning of new directions to also hold while performing gradient flow on the empirical
loss, since such a setup would lead to the development of similar non-Gaussian components in
the pre-activations, in contrast to gradient flow on the population loss where the pre-activations
remain Gaussian.

Our results demonstrate that contrary to the common wisdom “the more data the better”, gradi-
ent descent on the same batch can surpass one-pass SGD on different batches, even when one-pass
SGD utilizes a larger number of datapoints. More generally, we believe that our analysis pro-
vides insights into incremental learning of features in the presence of correlations between data-
points across batches, which is typical in most high dimensional datasets having a small number
of “latent” factors. Our conclusions follow from a rigorous mathematical proof rooted in DMFT,
which we also use to provide an analytic description of the dynamic processes of low-dimensional
weight projections. This analysis has interest on its own.

2 Setting and main contributions

Let Dbe thesetof data {z, € R%, 1, },c (n]- Theinputdata z, are taken asastandard i.i.d. Gaus-
sian, while the labels are generated by a teacher, or target, function y, = f*(2,). We consider
multi-index target function, dependent on a low-dimensional subspace of the input space:

W*z,
Vd
We assume for convenience that W* = {w; },¢[x) € R**? s normalized row-wise on the sphere

Sa—1(V/d), with orthogonal weights i.e (w}, w},) = 0 forl # m € [r].

v = F(z) = g < ) 2~ N0, 1), 1

The data are handled to a rwo-layer network (the student) f with firstlayer weights W' = {w; }i¢y) €



RP*4 (p is the number of neurons in the hidden layer) and second layer weights @ € RP with an

activation function o, that is:
Wz P <wj,z>>
— | = a;o 2
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Our main goal is to analyze the dynamics of gradient descent that minimizes the empirical Mean
Squared Error (MSE) loss £ at time ¢ € [T'):
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in the high-dimensional limit where n,d — oo withn/d = a = O(1). We use a common
assumption that is amenable to rigorous theoretical guarantees: we keep the second layer weights

= (= )) (3)

a fixed at initialization. For convenience, we further impose the constraint of symmetric initial-
ization common in such analyses [ s ]. Concretely, we assume that the number of
neurons p is even and the weights satisfy at initialization:

a; = —ap_iy1, wy=wp ;. foralli€ [p/2], (4)

which ensures that the output f (%) equals 0 at initialization. For 4, € [p/2], the weights

are initialized as a; ~ 7/\/' (0,1),w; ’ ~ N(0,14) Subsequently, with a fixed, the first layer
weights W = {w; }i¢| p] are learned usmg gradient descent, producing the following sequence of
iterates up to a final time 7":

n w®z,
w™ = (1= w” =3Vl L (=) (5)
v=1 ' \/a
where 7 € R is the learning rate and A € R is the explicit regularisation. We may refer to these
steps as the representation learning steps, in which the first layer weights learn how to adapt to the
low dimensional structure identified by the teacher subspace W*.

Our main contributions in this paper are the following:

* We characterize the class of multi-index targets that can be learned efficiently by two-layer
networks trained with a finite number of iterations of gradient descent in the high di-
mensional limit (d — o00) with large batch sizes (n = ad,a = O(1)). We establish
a strong separation between what can be learned with one-pass algorithms (that use new
fresh batches at every step) and multi-pass gradient approaches that can use the same batch
many times (see Figs. 1 and 2 for examples).



* We show that while both gradient flow [ ] and single-pass algorithms suffer from the
curse of the information exponent [ ], and are limited to staircase learning [ 1,
requiring a diverging number of iterations for non-staircase functions, some of these prob-
lems become #r7vial when allowing reusing samples multiple times, and features can be
learned in just ' = 2 iterations. This disproves, in particular, a recent conjecture by

[ .

* The simplest examples of directions that cannot be learned in a finite number of steps re-
late to symmetries in the target function. This includes phase retrieval [ ] or the
specialization transition in committees, as discussed in the Bayes optimal approaches of
single-index [ ] and multi-index [ ] models.

* The proof of our results is based on the concept of “hidden progress”, and crucially uses the
rigorous Dynamical Mean Field Theory (DMFT) [ ; ]. This has an interest
on its own as it provides a sharp example of how DMFT can help to understand batch
reusing to go beyond the current state-of-the-art results.

* Finally, we use DMFT to provide a closed-form description of the dynamics of gradient
descent for two-layer nets. Keeping track of the correlations induced by re-using the same
batch leads to a set of integro-differential equations. We provide rigorous theoretical guar-
antees in the correlated samples regime without assuming the resampling of a fresh new
batch for each iteration of the algorithm. We corroborate the theoretical claims with nu-
merical simulations (See https://github.com/IdePHICS/benefit-reusing-batch. ).

Other Related works — A major issue in machine learning theory is figuring out how well
two-layer neural networks adapt to low-dimensional structures in the data. Different results have
tightly characterized the limitations of networks in which the first layer of weights W is kept fixed,
i.e. equivalent to kernel approaches [ s s s ; ; ].
This class of learning algorithms, although amenable to theoretical analysis, is unable to learn
features in the data. Therefore, one central avenue of research in this context is to understand the
efficiency of the representation learning (or feature learning) when training with gradient-based
algorithms to overcome the limitations of the kernel regime. Sharp separation results between the
performance of neural networks at initialization (random features) and trained with only one step
of gradient descent (with a large learning rate) have been offered [ ; ; ].

The class of features efficiently learned with multiple steps of one-pass SGD with one sample per
batch is characterized by the information exponent (1E) [ ] of the target function. In the con-
text of single-index learning, denoting £ the TE of the target, the algorithm needs 7" = O(d*!)
steps to perform weak recovery of the teacher direction, i.e., obtaining an overlap between learned
weights and w™ better than random guessing [ ]. Recently, these results have been improved

up to the Correlational Statistical Query (CSQ) lower bound of dm(5:D) , by considering an ap-
propriate smoothing of the loss [ ]. A generalization to large batch one-pass SGD is in

[ l.

Similarly, multi-index feature learning presents an unavoidable computational barrier for one-
pass algorithms. [ ] first characterizes a hierarchical picture of learning in the Boolean


https://github.com/IdePHICS/benefit-reusing-batch
https://github.com/IdePHICS/benefit-reusing-batch

data case: informally, the features efficiently learned at each step of the one-pass algorithm need
to be linearly connected with the previously learned features. This concept is formalized by the
definition of the staircase property [ ]. This hierarchical picture of learning is extended
to large batches in the SGD and non-Boolean data in [ ; ; ]. Moreover,
[ ] conjecture that re-using the batch can reduce the sample complexity of the target with

leap £ only up to O(dmax(g’l)), corresponding to the lower bound for Correlational Statistical
Query (CSQ) algorithms.

We disprove this conjecture and show that the sample complexity for a large class of functions can
be reduced to O(d) independently of the leap exponent £. More generally, our results show that
CSQ lower bounds and the notions of staircase property and information exponent are limited
to online-SGD on Gaussian/Boolean data, and do not describe the class of functions inherently
easy or hard to learn by gradient-based methods. We also show that learning non-even single-index
functions does not require techniques such as spectral warm-start [ ].

Dynamical Mean Field Theory has a long history in statistical physics. Early theories of dynamics
in complex systems were pioneered in soft spin glass models [ ] and toy models of random
feature deep networks [ ]. The DMFT approach used in this paper was first proposed as a
way to study “hard spins” in spin glass models [ ; ], and was later generalized to “soft
spins” [ ] and more realistic models in condensed matter [ ]. In the context of learn-
ing, DMFT was used for optimization problems [ ; ; s ] and for
analyzing the behavior and the noise of gradient-based algorithms [ s ; ].
From the mathematics point of view, these DMFT equations were first proven rigorously in the
seminal work of [ ] in the context of spin glasses. Important progress was achieved recently
with rigorous proofs of the DMFT equations for multi-index models [ ; ] that we
use to prove our main results.
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Figure 1: One-pass and multi-pass GD for single-index models — The overlap ‘w

be-
tween the learned weight and the target/teacher direction, is plotted as a function of the iteration
time of both single-pass (red) and multi-pass (blue) GD. Continuous lines are given theory, dots
are simulations. Left: Easy finite-T learnable single-index target g* = tanh: both one-pass
and multi-pass GD obtain positive correlation after a finite number of iterations as the informa-
tion exponent of the targetis £ = 1. Center: Multi-pass finite-T learnable single-index tar-
get: g* = Hes. Multi-pass GD achieves a non-zero correlation in just two steps, but the one-pass
algorithm learns nothing. Right: Finite-time nonlearnable single-index targets g* = Hey;
the target function is even and thus, as stated in Thm. 0.1, breaking this symmetry is hard in fi-
nite number of steps, resulting in a vanishing correlation with the teacher direction w* for both
algorithms in any finite time. (Simulation are averaged over 32 runs, d = 5000, with o = relu,

n=3d,p=1,n7=0.1).




fe=21+ 2122 f+ = tanh (Heq(z1) + Hes(z2)) f« = tanh z; + tanh 29

0.50 - 0.50 - 0.50 -
o 0.25 o 0.25 - 0.25
=
a 0.00 1 0.00 0.00 o
4
O —0.25 - 0.25 - 0.25
~0.50 o ~0.50 o ~0.50 o
=) °
= 0159 = Multi-pass SGD Theory 0.010 -
. 5

2 —— Single-pass SGD Theor 0.005

) . . 0.005 o

— 01094 ¢ Simulations

= X ) i i PP

o ¢ Simulations 0.000 0.000

S

& 0.05 |-0.005 -

E= |-0.005 -

b -0.010 o

S 0.00 A

Time sten Time sten Time sten

Figure 2: One-pass and multi-pass GD for multi-index models — The overlaps between the
student weights along the first direction learned, namely C[f*], and its orthogonal, is plotted ver-
sus the number of iterations for three different classes of functions. Left: Easy finite-T learnable
multi-index target both the algorithms learn all the relevant directions when an "easy” function
is used as a target (here (p = 8)). Center: Multi-pass finite-T learnable multi-index target
both the algorithms learn the first Hermite direction C[f*] but only multi-pass SGD achieve a
non-null correlation in the orthogonal. This illustrates how reusing samples allows us to surpass
the staircase limitation of single-pass approaches (p = 2). Right: Finite-time non-learnable
multi-index target neither of the two algorithm can learn C[f*]* with this target (p = 2).
(Simulation are averaged over 32 runs, d = 5000, with o = relu,n = 3d,n = 0.1).

3 Statement of the results

Here, we introduce the main results covering the theoretical learning guarantees with gradient
descent and contrast them with the known one-pass results. We exploit the rigorous DMFT con-
struction to prove the first key result: two-layer networks efficiently learn a large class of multi-
index targets in only I" = 2 iterations, breaking the curse of one-pass algorithms dictated by the
information and leap exponents.

3.1 Finite-T Learnable and Non-learnable directions

We first identify which target directions are hard to learn for multi-pass gradient descent. Define
U™ to be the subspace spanned by the rows of the target weights W*. The “hard” directions are
the ones where any transformation of the output f*(z) does not lead to a linear correlation along
the direction. We now define the subspace of such directions:

Definition 0.1. We define P* as the subspace of directions v* € U™ such that for any polynomial
F : R — R with coefficients in R, the following condition is satisfied:

E. [F(f*(2))(v",2)] =0, (6)

Similarly, we denote by A*, the subspace of directions where the above condition is satisfied for all
real-valued analytic functions F'.



One part of our main result shows that directions in A* cannot be learned even by re-using batches
of size O(d) in a finite number of gradient steps. Furthermore, under suitable conditions on o
and a (discussed in Theorem 0.1 and Appendix A.5), we show that after two gradient steps, the
first layer learns all directions in the complement P7. We are now ready to state our main result:

Theorem 0.1. Suppose that n/d = o > 0. Let v* € P7 denote an arbitrary direction in
the orthogonal complement of the subspace P* defined in definition 0.1 with norm \/d and a fixed
representation in the basis W*. Suppose further that the activation function o is analytic, with poly-
nomially bounded derivatives satisfying B nr(0,1) [U’ (Z)] # 0and o*(0) # 0Vk € N. Then,
for any g* with derivatives bounded by polynomials, there exist 1 > 0, \ > 0 such that almost
surely over the choice of a, we have:

(2),,%
HW Y = 04(1), %

d

with high probability asn, d — oc. Furthermore, for large enough p, W ?) asymptotically spans
Pr:
W@ p*

= 04(1), (8)

in
*
v*ePy

with bigh probability asn,d — oo. In other words, directions v* € P are learned inT' = 2
gradient steps.

Suppose, however that the teacher subspace U* = A*, then:

W O
d

sup =04(1), )

v*eU*

with bigh probability asn,d — oo, for any finite time t. Thus, none of the directions are learned
in any finite number of GD steps.

The proof is based on the analysis of the DMFT equations discussed in Sec. 4.2, is given in App. A,
and we provide an informal heuristic derivation in sec. 4.1. While the above negative result re-
quires all directions in U* to be in A* and thus in P*, in App A.6, we discuss the more general
setup where learning of certain directions in P} can affect the learning of directions in U™ in
subsequent timesteps.

When the expectation in Equation 6 is non-zero for F being the identity mapping, i.e. ' = id,
v* is in-fact learned in the first gradient step [ ; ] or through online SGD [ ;
]. We discuss this further in Section 3.3.

Our analysis reveals that the effect of re-using batches is to implicitly transform the output in the
subsequent steps, allowing a larger set of directions to be learned. However, for directions in A*,
such transformations are still insufficient.



3.2 Characterization of hard directions through symmetries

While Definition 0.1 characterizes the subspace of hard directions A*, it requires checking that
the equality in Equation 6 holds for any real analytic transformation F'. We now show that a
sufficient condition for v* € A* is for f* to possess certain symmetries along v*. This leads
us to identify subspaces of hard directions, contained in A*, linked to symmetries w.r.t certain
transformations. We characterize such subspaces below. The simplest such symmetry is defined
through reflection along v*:

Definition 0.2. For any direction v* # 0 € R, let Ry« denote the reflection operator along v*,

ie. Ryr =1 — 2\\1’*1\\2 vro*T, We say that a direction v* € U™ is even-symmetric w.r.t f* if for

any z € R4
[*(Ry=z) = f*(2) (10)
We denote by E* the subspace spanned by all even-symmetric directions in U™.

It is straightforward to see that any v* € E* leads to Equation 6 being satisfied for any transfor-
mation F, since v* remains even w.r.t the function I ( f*()) Therefore, E* C A* However,
the set of non-learnable directions can be larger due to the presence of additional symmetries. We
now define such a larger subspace of hard directions arising due to a symmetry w.r.t reflections
along v* coupled with orthogonal transformations along the orthogonal subspace:

Definition 0.3. Forany directionv* # 0in U, let Ry be as defined in Definition 0.2. Let O | be
a matrix in the orthogonal group on the d— 1 dimensional subspace {v* } | i.ethe orthogonal comple-
ment of the linear subspace spanned by v*. Wesaythat a direction v* is orthogonally-even-symmetric
w.rt f*, if there exists an O | € O({v*} 1), such that for any z € R%:

[ (OLRyz) = f*(2) (11)

We denote by O E* the subspace spanned by all orthogonally-even-symmetric directions in U*.

By setting O | as the identity mapping in the above definition, we recover the condition for v* €
E*. Therefore, we have that E* C OE*. While O E™ is the largest set of directions we’ve identi-
fied as being hard, the true set of hard directions may be larger still and is given by A* in Definition
0.1. We show in Appendix A.8 that the directions in O E* are indeed hard as per Definition 0.1:

Proposition 0.1. Lez the subspaces A* and OE™ be as defined in Defs. 0.1 and 0.3 respectively.
Then, OE™ C A* i.e. all directions in E*, OE™ are bard as per Thm. 0.1.

App.A.7 gives several examples where P} = E} = U, such as single-index targets with odd
Hermite activations, staircase functions, etc. Interestingly, we show that there exist functions f*
where the set OE* is strictly larger than E*. Consequently, for such functions, E* is strictly
contained in A*, P*. We discuss such target functions in Appendix A.9. For example, we show
in Appendix A.9, that for the target function f*(2) = 212223, the direction v* = e + e+ e3
does not lie in E* but lies in OE* and thus in A*, P*.



3.3 Comparison between one-pass and multi-pass GD

Our results are particularly interesting in the context of a recent line of work on the limitations

of one-pass algorithms. [ ; ; s s s s ]. We can
demonstrate, in particular, a sharp separation performance between one-pass and multiple-pass
protocols.

Learning single-index targets — First, we consider single index targets. Targets that are hard

to learn for one-pass algorithms starting from uninformed initialization in high dimension are
characterized by the Information Exponent (1E). Informally, the IE is equivalent to the first non-
zero coefficient in the Hermite expansion of the target activation.

Definition 0.4 (Information Exponent). /. | Let Hej be the j—th Hermite polynomial. Us-
ing the definition for the target of eq. (1), reading in the single-index case as f* = g*((w*, z)), the
IE 75 defined as:

IE = min{j € N: Eg.o.) [9(€)He; (€)] # 0} (12)

Higher IEs are associated to harder problems for one-pass training protocols. Indeed, [ ]
provably show that one-pass SGD, with one sample per batch, weakly recovers the teacher direc-
tion w* only upon iterating the training schedule for T'(IE) time iterations:

O(d* 1) ifIE > 2
T(IE) = O(dlogd)  ifIE=2 (13)
O(d) ifIE=1

Recently, the time complexity has been improved up to the Correlational Statistical Query (CSQ)

lower bound of dmax(%’l), by considering an appropriate smoothing of the loss [ ]. Def-
inition 0.4 has been extended to larger batch sizes in [ ; ], without changing the
overall picture; more precisely, even with n = o(d'F) fresh samples per batch, one-pass training
procedures are still not able to weakly recover the signal in finite iteration time. The case IE = 1
corresponds to the expectation in Equation 6 being non-zero for F' = id. However, since Defi-
nition 0.1 allows for general transformations F' to the output f*, w* may not be in P*, A* even
whenIE > 1. The presence of general transformations F'in definition 0.1 allows our algorithm to
bypass CSQ bounds, which are restricted to F' = id. Such general transformations are however
permitted under the framework of Statistical Query (SQ) algorithms [ ]. We thus expect
gradient descent with O(d) sample complexity to inherit the hardness results established for the
class of SQ algorithms [ s s ; ]. We emphasize however that unlike
explicit SQ algorithms, our analysis shows that gradient descent performs such transformations
implicitly, allowing it to reach the optimal complexity of SQ algorithms for certain class of target
functions.

We illustrate the sharp contrast between one-pass and multiple-pass protocols with the examples
depicted in Figure 1, which shows the scalar product (called overlap) between the learned weights
and the teacher direction as a function of the time steps and compares simulation (dots) with
theoretical predictions (continuous lines). There are 3 cases:
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* Easy finite-7" learnable single-index targets (IE = 1): The left panel of Fig. 1 show the
learning curve for a problem with IE = 1. Both single-pass and multiple-pass GD correlates

with the target in finite time. The non-symmetric subspace coincides with the teacher one
E} = U (Def. 0.2).

* Multi-pass finite-T" learnable single-index targets (IE > 1,non — evenf*): Fig. 1
(center) depicts the learning curve for a non-even target function, with IE = 3. Here,
one-pass GD is not able to achieve any significant correlation with the teacher w* (and it
would require a number of iterations 7" = O(d) to achieve weak recovery - see eq. (13)).
However, multiple-pass GD performs weak recovery in only 7" = 2 steps. As before, the
non-symmetric subspace corresponds to the teacher one £} = U™ (Def. 0.2).

* Finite-T' non-learnable single-index targets (IE > 1,evenf*): Fig. 1 (right) considers
an even problem, with IE = 4. Neither of the training procedures achieve weak recovery
in finite time. The computational hardness of this problem is associated with the presence
of symmetry in the teacher function that requires time to break. Indeed, following Defini-
tion 0.2, the even-symmetric subspace E* is equivalent to the teacher subspace U*. These
results agree with the emergence of computational barriers in symmetric single-index prob-
lems like the phase retrieval one [ ]. In fact, for such problems, regardless of the
number of iterations, learnability requires o to be larger than critical values even for the
most efficient known algorithms (see [ ], Sec. 3.1).

Learning multi-index targets —  The hardness of multi-index targets learning has been the
subject of numerous recent studies for single-pass algorithms [ ; ; ; ;

; ]. The class of multi-index targets efficiently learned by one-pass algorithms has
been provably associated with the Leap Complexity (LC) of the target to be learned, which gener-
alizes the information exponent:

Remark 0.1. 70 enhance the clarity of the presentation, we limit the definition of the LC to an
informal one. We refer to Section B.2 (isoLeap) in [. | and Definition 3 in [ [ (leap
index) for details.

Informally, the learning dynamics of one-pass routines follow this behavior: initially, the network
learns in the first step the first Hermite coefficient of the target f*. For every time ¢ € [T of
the one-pass schedule, the network is bound to learn in finite time only features that are linearly
connected to the previously learned directions; functions possessing only such linearly connected
features are leap 1 functions (LC = 1), e.g. f*(2) = 21 + 2122. Similarly, functions that are
quadratically connected to the learned features are leap 2 (LC = 2),e.g. f*(2) = 21 + 212223.
Higher LC target functions correspond to harder learning problems for one-pass algorithms: one-
pass SGD, with one sample per batch, weakly recovers the teacher subspace U™ by iterating the
training protocol for T'(LC) time steps, where the LC substitutes the IE in eq. (13) [ ].

We illustrate the behavior of one-pass and multiple-pass algorithms when learning multi-index
functions in Fig. 2. Using different two-index teachers (k = 2), it shows the scalar product be-
tween the learned weights and two reference vectors: a) the first Hermite coefficient of the target

[*, called in the following C'; [ f*]; b) the vector in the teacher subspace U* orthogonal to C [ f*],

11



referred as C1 [ f*]1. The figure exemplifies the correlations metrics as a function of time, labeled
as overlap (resp. orthogonal overlap) in the upper (resp. lower) section. There are, again, 3 cases:

* Finite-T" learnable multi-index targets: Fig. 2 (left) depicts a target with LC = 1. The
teacher subspace U* spanned by the standard basis vectors { €1, €3 } is learned by both one-
pass and multi-pass GD in finite time. At T' = 1, ey = C[f*] is learned; this enables the
recovery of the direction ez at T' = 2 as the target is linear in 22 once e1 has been learned.
This hierarchical picture of learning is called szaircase mechanism. Using Def. 0.2 nota-
tions, the non-symmetric teacher subspace E7 is equivalent to the full teacher subspace

U~.

* Multi-pass finite-7" learnable multi-index targets: The central panel in Fig. 2 illustrates
a teacher with LC = 3. Both algorithms are successful in weakly recovering the direction
C[f*] in the first step. However, as the training continues, one-pass GD never recovers
the full teacher subspace in finite time (exemplified by the zero orthogonal overlap in the
lower panel). Conversely, multi-pass GD is able to perform weak recovery of the full teacher
subspace U* by achieving a non-vanishing correlation with C4 [ f*]* (non-zero orthogonal
overlap in the lower section) in just 7' = 2 steps. Again, the non-symmetric subspace
B’ = U™ is equivalent to the full teacher subspace U™ (Def. 0.2).

* Finite-7" non-learnable multi-index targets: The right panel of Fig. 2 considers a com-
mittee machine teacher with symmetric activation, ie. f*(z) = >.°_, o* ((z,e)),
here LC = 2. Both protocols, in this case, are only able to learn a single-index approx-
imation of the target function in finite time, achieving non-zero correlation only with
C1[f*] x e1+ey throughout the dynamics. The computational hardness of this problem
is associated with the presence of a neuron exchange symmetry. Indeed, using Def. 0.2 nota-
tions, we observe that the even-symmetric subspace £* = {\% (e2 — e1)}isanon-empty
subspace of the teacher one U*. Therefore, as for one-pass routines, multiple-pass ones are
bound to learn only v* = (e1 + e2) /v/2 in finite time steps. Such difficulties have been
described in the analysis of the speczalization transition in the information-theoretic/Bayes
optimal case of symmetric committees [ ]. As for single index models, breaking the
symmetry requires ¢ to be large enough and, even in this case, the best-known algorithms
require a diverging number of iterations (see [ ], Sec. 3).

3.4 From weak recovery to generalization

While Th. 0.1 provides conditions for the weak recovery (a finite overlap with directions in U™),
once this is done, it becomes straightforward to learn the function up to any desired accuracy with
only O(d) additional samples. Indeed, strong generalization guarantees can be proven by utilizing
existing results either for subsequent training with online SGD [ ] (to use their terminology,
once you escape mediocrity, the ballistic phase is easy) or training of the second layer using an in-
dependent batch of O(d) samples asin [ ; ]. See App.A.10 for such generalization
sample-complexity results.
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4 Main proof ideas

4.1 Learning by hidden progress: heuristic argument

While we give a rigorous proof of Thm. 0.1 in App. A, we provide now an informal description
of the hidden progress in the first step of gradient descent that allows subsequent development
of overlaps in the second step, that is at the root of the difference between single and multi-pass
algorithms. For simplicity, we focus on the case of a single hidden neuron (p = 1). We denote

h,(f) = (w", 2,) /V/d the pre-activation for the vy, training point along the neuron with p1 €
[n], and v* a vector in the span of W* with||v*|| = V/d.

From the gradient update in Eq. (5), the update lies in the span of the training inputs {2, }}/_;,
with the gradient of the 14, training example given by g, = aL’ (h,(,t) f *(zl,)> o’ (h(yt) )z, /Vd.

For squared loss, assuming that f (%) ~ 0, the gradient reads:

9y ~ —af*(z,)0'(h}))z,/Vd. (14)
At initialization h\)) = (w2, /+/d and the projections along the teacher subspace (which

we denote h}, = %W*zy € R¥)are approximately independent since w0 is approximately

orthogonal to the teacher subspace as well as to the inputs { z,, }1/_ ;. The projection of the gradi-
ent along the teacher subspace is given by:

n () n *

* gv * /(3 (t) hV
W ~—>Y af(z,)o'(h,’)—=. 15
>0 | = a0 (15

We do expect that, due to concentration, the component of the full-batch gradient update along
the teacher subspace lies along the direction given by:

E[f* ()0 (h)hs] ~ E |o (h)| E [f*(z)B5) (16)

o

where we used the approximate independence of h;,” and h}; to factorize the expectation. Thus,

the neuron parameters w) at the first step are correlated with the teacher subspace only along

the direction E [ f* (2, )l ].

IfE [ f*(z,,)hlf] = 0, the parameters remain orthogonal to the teacher subspace. This is true
whenever the LC of the target function is larger than 1. To make progress, it is thus necessary for

N t . I
the pre-activations p) = (w®, 2,) /v/d to become correlated with the teacher pre-activation
hj. This can happen in two different ways:

(i) By w® directly gaining components along the teacher subspace W*. Under online SGD, the
data is used only once for the gradient updates, so only this mechanism is possible. It allows the
directions learned by w(® at any step to depend on the directions already learned by w®). This
underlies the “staircase” phenomenon in online SGD [ ; ; ] as well as the
notion of information exponent when applied to a single direction [ ].

13



(ii) By w® gaining components along 2,,. Recall that the target is defined as v, = f*(2.),
and thus w®) can correlate with h%. This is what happens when using gradient descent with
multi-pass in our setting. This implies that even when w(!) does not learn a direction v, the pre-
activation h,(,t) can develop a dependence on b}, through the component of the gradient update
along z,,.

Let us see how this phenomenon, which we call hidden progress, happens in practice. From (5),

(1)

the update in the pre-activation h; ’ due to the first gradient step reads:

R — (1 — -5 Z £'BD, 2 (z))0' BD) (2, 2). (17)

In this sum there is one term of magnitude O <||zl,|]2 / d) = O(1) corresponding to v/ = v,

and d — 1 random terms of order O ((z”, 2")/d) = O (1/\/&) This second group of terms
contributes to an effective “noise” of order O(1). The first term however, since |2, (|3 ~ d,
depends on f*(z,) (and thus on all components of h})):

L', f*(z))0" (h). (18)

v

Due to this dependence between h,(jl) and f*(z,), in the subsequent steps i.e. T' = 2, the term

o’ (h,(,l)) in the update (14) can now influence the direction of the gradient along the teacher
subspace, leading to w(?) gaining correlations with new directions in TW*. It can be seen as follow:

let ms,t*) = (w®, v*)/V/d, it follows from the GD updates that
my? = (1= A JZU ni, £ ()0 (D) (19

Now, suppose that v* is not learned in the first step. However, due to the hidden progress, nH
is now dependent on h?" = (v*, z,,)/V/d, thus allowing the new expectation of the projection

of the update along v* given by E [ f*(z)0’ (hl(,l) )h,ﬂ’*} to be non-zero. This explains how the

o t . S
dependence of the pre-activations hl(, Jon f*(2") can allow learning of new directions even when
the weights have not gained components along the teacher subspace.

This learning mechanism, however, fails when the target function is symmetric along v*. Indeed,

(1)

for such a direction, hy,  retains an even dependence on h;’* , which implies that the expectation
of the term E {f*(z,,)a’(h(yt))hg*] remains 0 for all time steps ¢ € [T'], with T' = O(1). Such

directions are therefore not learned with a finite number of time-steps and batch-size n = O(d)
even upon re-using the batches.The rigorous control of all these quantities is a difficult task a pri-
ori. One cannot, in particular, express the above sum as an expectation w.r.t independent samples
2z, since the weights WO now depend on all the samples. Fortunately, this is precisely the diffi-
culty solved by the DMFT equations through an effective stochastic process on the pre-activations
that are decoupled across training examples. The rigorous analysis is detailed in App. A. The main
lines of the DMFT equations are in Sec. 4.2.

14



Finally, note that while our proof uses the Gaussian data assumption, the heuristic argument
hints that this is not crucial. Additionally, in any rea/ dataset samples are very correlated, and
thus a given sample (or a very similar one) may appear many times. In this case, even single-pass
algorithms will behave as predicted by our approach. We thus believe it describes a more realistic
scenario than the pure single pass theories with fresh 7.z.d. data.

4.2 Characterization of the dynamics

Re-using batches at each gradient step requires keeping track of the pre-activations of the param-
eters. Since the number of pre-activations and the dimensions of the parameters grows with d,
we need a low-dimensional effective dynamics characterizing the quantities of interests such as
the overlaps between the student and target parameters. DMFT provides such an effective dy-
namics through a set of coupled stochastic processes 8 € RP and h(Y) € RP representing
the joint-distributions of the student, teacher parameters W) TW*. and the student, teacher
pre-activations respectively.

We derive the equations and prove their applicability to our setting using existing results in [
]. Asymptotically, for d — oo with n = ad, the joint distribution of the student and

teacher pre-activations (for each sample), RY = wtz, /Vd € RPand b}, = W*z,/V/d €
RF converge in distribution to samples from the stochastic process h® and the standard nor-
mal variable h*. Similarly, the joint distribution of each component of the student and teacher

weights Wi(t) € RP, W € RFwithi € [d] converge in distribution to samples from the stochas-
tic process 6 and the standard normal variable 6*.

t—1 -1
P+ — (1 A — nA(t)) o) 1 UZR(Z,T)O(T) —ng®e* + UZR(Z,T)O* +nu®
7=0 7=0
(20)

t—1
h® = 3" RYDVLL(D, h*) + w® (21)
=0

Notice that the formula above is the high dimensional equivalent of the gradient descent update

(5). Here u® and (w(*), 0*) are zero mean Gaussian Process with covariances CS’T) and Q(t7)

respectively, with

C7) = 6By g [ VLB, R VAL(RT), BT

o\ (o)
:Eﬂ(t),O* 0* o*

the matrix A® can be viewed as an “effective regularization” on the parameters. A® and the

C(gt’T) M®

(t,r)
Q Y iG] 1

15

b



projected gradient g(*) converge in probability to:
AD = aBy g . [vic (h(t), h)} : (22)
g = aBpo e [vhﬁ (h(t), h*) h*T] (23)

The memory kernels R Lt ’T), Rg’T), Rét’T) are defined as:

t,T (t)
Ré = Eg) g+ [789 } )

oul(m)
t OVRL(R® h*
RY™) = aBy e !8&)) : (24)
~ (L VRL(h®) h*
R,(C T) = aEh(t>,h* [8(9(*)(7—)) s (25)

and Rg’t) = Rg’t) =0, Rét’t) = 1. Finally, the low dimensional projections of the weights
M® will obey
MO = (1 — pA) MO — pg®, (26)

Notice that these definitions are well-posed because of the causal structure of the gradient descent
upgrades, and by extension of (20): the distribution of (81 A(:+1)) is completely determined
by {(8, h(") }repy) and the auxiliary quantities in eqs. (22, 24). Iterating backwards we reach
the initial condition (0), which is a simple function of the data distribution and the initial con-
ditions of the weights. For additional details we refer to App. A. Notice that it is also possible to
write this set of equations as a function of a single stochastic process on h, as in App. C.

Sketch of proof of the hidden progress — Finally, we explain how the DMFT equations
relate to the phenomenon in Sec. 4.1 and allow us to prove Th. 0.1. The term V1)L (h(1)>

in (21) precisely corresponds to the contribution to pre-activation of a point 2” (App. A.4) from
the gradient at the same point z”. As we discussed in Section 4.1, this term induces a dependence

(1)

between h,,1 and h}; even when the overlaps M ®) are 0. Attime T = 1, the response term simpli-

fies to R(gl’o) = I4 and the pre-activations can be expressed as the random variable V) £ (h(t)>

with added Gaussian noise. Analogous to section 4.1, we denote by M, ,()? the limiting value of the
overlaps %W(t)’v* for some v* = (u*) " W* with u* € RP. Propagating the equations over the

(2)

. . 2 .
first two steps, and using Equation (26), we show that M>” can be expressed as an expectation

w.r.t the pre-activations h* of a function dependent on the target g*, the second layer a, and the
activation function o

M2 =1 =) MY + nakps [Fa,a(g*(h*))h”} u*. (27)

v*
The function Fy 4 is described in App.A.S, Eq.(90). Finally, we show an equivalence between the
condition Ep« [Fg7a(g*(h*))h*—r] u* = 0 to the condition E, [F(f*(2))(v*, z)] = 0 for
general F in definition 0.1.
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General multi-pass schemes — While Theorem 0.1 considers finite number of updates with
the same batch of data for each step, it can be naturally generalized to other setups involving
multiple-passes over a finite-number of mini-batches of size O(d). For instance, one can cycle over
distinct minibatches with each cycle constituting one epoch or pass through the dataset. Theo-
rem 0.1 remains valid under such a setup with the onset of weak-recovery shifting to the start of
the second epoch instead of the second gradient step. We provide a sketch of this extension in Ap-
pendix B. On the other hand, if the minibatches are sampled with replacement from the dataset,
the weak recovery still starts at the second gradient step. We illustrate this in Fig.4 (in appendix).
Furthermore, we empirically observe that the phenomenon holds even when considering the limit
of mini-batch size 1 (Figure S Appendix). Proving this, however, remains out of the reach of the
present technique.

S Conclusions

Our study analyzes the training dynamics of two-layer neural networks for learning multi-index
target functions, distinctively focusing on multi-pass gradient descent which involves reusing batches
multiple times. We find that this enables gradient descent to exceed the constraints imposed by
information and leap exponents.

Gradient descent is found to achieve a positive correlation with the target function across abroader
class than previously anticipated, with only two data batch repetitions. Our analysis further
demonstrates that the limitations associated with information and leap exponents, staircase learn-
ing, and CSQ lower bounds are restricted to online/single pass SGD and do not describe the class
of functions inherently easy or hard to learn by gradient-based methods for neural networks.

Our conclusions follow from rigorous mathematical proofs derived from Dynamical Mean Field
Theory, through which we also offer an analytical description of the dynamic processes of low-
dimensional weight projections—a noteworthy insight. Additionally, we provide a closed-form
depiction of these dynamical processes and illustrate our theoretical findings with numerical ex-
periments.
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A Mathematical Proofs

A.1 Notations

We use the asymptotic notation f1(d) = ©4(f1(d)) to denote c| f1(d)| <|f2(d)| < C|f1(d)|
for some constants ¢, C' > 0 and large enough d. Similarly, f1(d) = 04(f1(d)) denotes f1(d) <

d, d,n—
c(fi(d)) for any constant ¢ > 0 and large enough d. We use n:oo , nD = to denote con-

vergence in probability and convergence in distribution respectively as d,n — oo with n/d =
a > 0. We denote subspaces and linear operators, matrices on R? through uppercase letters
A,B,C,---. For any subspace A € R?, we denote by A |, its orthogonal complement, i.e the
subspace of vectors orthogonal to all v € A.

A.2 DMFT and iterative conditioning

Unlike online SGD, the preactivations after multiple steps no longer remain Gaussian since the
weights become dependent on the data. This prevents marginalizing over the orthogonal compo-
nents over the preactivations and relating the learning of new directions to the Hermite decom-
position of the target function. Our proof circumvents these issues by utilizing a simpler effective
process that decouples the pre-activations for different samples. The effective process is obtained
using a rigorous version of the Dynamical Mean Field Theory derived in [ ]and [ ].

The derivation of Dynamical Mean Field Theory in the above works has the following essential
elements:

1. Tterative conditioning: The proofiin [ ; ] for obtaining the DMFT equations
relies on the observation that the gradient descent algorithm in Equation (28) for a finite-
number of iterations can be described completely through projections of the inputs design
matrix Z € R4 along a finite number of vectors in R", R?. The iterative conditioning
technique [ ; ] then involves replacing the components of Z' € R7xd along di-
rections orthogonal to these projections by independent Gaussian random variables. This
leads to a non-Markovian structure in the effective processes for the activations, parameters.

2. The concentration of finite-dimensional order parameters such as overlaps of the neuron
parameters with the teacher neurons/subspace as well as expectations w.r.t the empirical
measure of the pre-activations and parameters.

Using the above elements, DMFT provides a low-dimensional effective dynamics characterizing
the limiting joint empirical measure of the student parameters, as well as the pre-activations. We
illustrate the proof for the activations after the first gradient step, illustrating the relationship with
the “hidden progress” described in section 4.1

Let H = %Z (W®)T denote the n x p matrix of pre-activations at time . Similarly,

let H* € R™* denote the matrix of input activations in the target function. We denote by
Vul(H"H (t)) € R™P, the matrix derivative of £ w.r.t the corresponding entries of the
pre-activations matrix ()., After each gradient update, W ®) and the preactivations H (*) gain
a dependence on Z. The Iterative conditioning technique works around this dependence by
conditioning on the sigma algebra generated by H ®), H* and W® instead of on Z. Since Z
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interacts with W®) and H®) only through projections (along right with W(®) and left with
VuLl(H* HY) respectively), the conditioning allows the components of Z orthogonal to
VeL(HY, H®)and W to be replaced by independent Gaussian entries.

For the first-gradient step, we only require conditioning on H O, ;H* WO,

From ((5)), we obtain the following update for H ),

HO = HO 4 gZ(Z)TVHE(H*, Hq", (28)
_ (0)
Let WO = v“;/, ., | €ERP +kxd By the equivalence of projection and conditioning for Gaus-

sian random variables, we have that the following inequality holds in distribution:
d ~
Z|go e wor = ZPy + Z(Py)7, (29)

where Z is independent of Z and P,, denote the projection operator along VV(O), W*, defined

as:

Substituting in Equation ((28)), we obtain:

15 ~ 1 - -
HO L H(O)+ngZ(Pj)TPj(Z)TVH£(H*, H<°>)aT+n8H0(W<°>(W<0>)T)—1(HO)TVH£(H*, HM)a"
(30)
Since the projection, P, is along a low-dimensional subspace of dimension at most p, we have

P ~ 1. One can therefore show that ﬁZ (PH)TPL(Z) u converges in probability to

ZZ " u. for any deterministic u € R? with|ju| = O(v/d). Applying it to the vector u =
L(H*, HOY), conditioned on H*, H®), we obtain that:

P PHZ) VaL(H H) ~ L 2(2) Yt (H HO)

n,d— 00
e

0.

(31)
Now, the diagonal entries of £ Z(Z) T convergence in probability to 1 due to the concentration of

v

F

norms of Gaussian random vectors. This results in the term £(H*, H®)). This term is precisely
the one responsible for the “hidden progress” explained in section 4.1, corresponding to the term
in Equation 18. Since Z is independent of W% and H(®)| H*, by central limit-theorem for
sub-Gaussian random variables, the remaining off-diagonal terms can be shown to converge to

2
Gaussian noise independent of H® H* with varianceHVhE(h*, h(o)) H )

Lastly, the third term in Equation (30) can be shown to converge to Gaussian noise correlated with
corresponding entries of Ho, H™*. Specifically, by removing the conditioning on Hy, we have
through law of large numbers and Stein’s Lemma, we have that the term 4 (Ho) ' Vi L(H*, H©)
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converges in probability to (W (O(W O E | V2 £(h*, h(o))] . Therefore, we obtain:

n,d—o0

\;EH;HO(W(O)(W(O))T)1(H0)TVH£(H*, )T — HoE [V3L(h',h™)|)a” 0

(32)

Proceeding similarly, one obtains low-dimensional effective processes for w® H® for any time
t € N. In the following section, we derive the resulting DMFT dynamics for the setup considered
in Section 1 through a reduction to the result in [ ]. We refer to [ ; ] for
detailed proofs based on the above technique.

A.3 Derivation of the exact asymptotics

We start by stating a general consequence of the main result in [ ].
Theorem 0.2 (Corollary of Theorem 3.21in [ D). Let WO € RI*4 be 4 sequence of matrices
such that the overlap matrix satifies:
1
WO 2 QO (33)
a.s

where Q) € S;' denotes a fixed matrix. Consider a dynamics of the form.:

w®z,
ﬂz ) 2 (34)

where F' = RY — RY is pseudo-Lipshitz of finite-order and {z,}],_, are i.i.d vectors distributed

as zy ~ N(0,1y), such that n,d — oo withn/d = o > 0. Then the empirical measure of
(t) (t)

% %

1 n
WD —w® —paw® —p—N"F
Vi

the weightsw,” converges in distribution to the weight process 0, and the empirical measure of the
(t)

preactivations hy,’ converges in distribution to that of the preactivation process h\Y), defined as

t—1
oUt) 9t = _y ()\ + A<t>) 00 + 1> RO + pu® (39)
T7=0
t—1
h® =S RITVF(RD) +w® (36)
=0
were we have
A® — oF [th(h“))} (37)
) o9
R0 - 3'7'(7) (38)
, OF (h®)

20



) . . . . . t
Finally, u® and w® are zero-mean Gaussian processes respectively with covariances given by C é ™)

and C§'™):
.
)~ oF [ua) (u) ] = o [F(r) F(r™)T] (40)

ot g [w(t) (wm)T] _E [gm <9<T)>T} (41)

The convergence in distribution of the empirical measures bolds in the following sense: Foranyt € N,

and any pseudo-Lipschitz functions ) : RP (t+1) & Rand ¢ : Rt — R:

1 (0) (H)yy _whp: ) g
d;wmcwﬂ%»mwwEww,meﬂ, (42)
L™ (b0, . p(-Dy) b O, . pt-D
=3 (O, ... hD)) E[o(R), ..., (43)
n =) n,d—o0

where Wi(t) denotes the iy, column of w®

The above result follows directly by substituting ﬁZ as X in Theorem 3.2 of 1.

The definitions of Ry and Ry in Theorem 0.2 require differentiating through the non-markovian
processes defined by Equations 36, 35. Fortunately, Ry, I?¢ can be equivalently described through
an explicit set of recursive updates, which we state below for convenience:

t—1
Rff“’ﬂ B Rét,’r) - </\ n A(t)) Rét,’r) + UZR?’S)R((;T’S) (44)

with boundary conditions

RYY =1, (45)
RYTM) — 1 A ®, (46)

while
R = oF [V PR 1] (47)

where Tf( 7) is a collection of stochastic processes with distribution

t—1
7,7 = RYVVRF(RD) + Y RYITST (48)
s=7+1

and boundary conditions

T =0, (49)
T =1 - A, (50)
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To obtain the limiting equations under the setting of gradient descent with teacher weights 1W*
in section 1, we utilize the generality of the update F' in theorem 0.2, which allows for a portion
of the parameters (W) to remain unaffected. We obtain the following result, which generalize
the former theorem to the setting of our paper:

Theorem 0.3. Consider the distribution over data defined in section 2 and an update rule on the
weights of the form (5), i.e:

" Wz, W*z,
w§t+1) — wz(t) _ 77)\’w§t) — T’Z vw<-t)£ ( \/&Z s \/5 ) ) (51)

Then under the assumptions of Theorem 0.1, as d — oo withn/d = o > 0, the joint empirical
()

measure of the coordinates of the student weights w; " and the teacher weights W™ converges in dis-
tribution to the stochastic process 0V) and the standard normal variable 0%, in the sense of Theorem
(®) *

L. .. .. . . w, "zZy wW;zy

0.2. Similarly, the joint empirical measure of the student and teacher preactivations T va

converge in distribution to the stochastic process b and the standard normal variable h*. ) and
h") are defined recursively through the following equations:

v=1

t—1 t
ety —gt) = _p ()\ + A(t)> o) 4y Z REt’T)O(T) —ng®e* +n Z Réﬁ)g* T u®
7=0 7=0

(52)
t—1

h® = 3" RITVVRIRT, BF) + w® (53)
7=0

. ) . t
Here u® 0% and (w®, h*) are zero mean Gaussian Process with covariances C, é ™) and Q)

respectively, given by:

.
Ct) = oF [uw (u™) ] = B e | VAL, R VRLRT, R)T] (54)

-
. w® w®
Q&7 — | ( " ;" —

where Ce(t’T) , MO are defined as:

T
o) ) ot o)
]\Z(t) 1 = ]Ee(t),e* o* 0* (56)

The effective regularisation AV and the projected gradient g concentrate to

Ce(t’T) M®
MO 1|

AD — By o) ps [V%ﬁ (h,(t)7h*)} 7 (57)

9" = aEpw pe [vhc (h(t), h*) h*T] (58)
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The memory kernels R;’T), Rét"r), Rét’T) fort > T are defined through the partial derivatives

with respect to the noise:

) _ 26()
Re —Ee(t),g* or() |

- OVRL(R®) h*
Rét7 ) = aEh(t),h* [hag’@.))] 5 (59)
~(tr OVRL(R® h*
Ré ) = aEh(t>,h* [8(5*)(7))] 5 (60)
and Rét’t) = Rét’t) =0, R((f’t) = 1. Finally, M ) satisfies the update equation
MU = (1= pA)MO — g™, (61)
where g0 is defined as:
oF [Vhé(h(t)) (h*)T} (62)
Proof. Analogous to the embedding of planted vectors in [ ], we start by considering an a

lifted dynamics defined by concating W and W*. First, define the extended parameters w® e
R@PHF)*d (wich update rule:

WD) w® ATV () i
we | = e |70 |

v=1

Vil (W\(;)Ez>] , (63)
0

The above form of updates can be seen to be a special case of Theorem 0.2 with ¢ = p + k and

F : RPtk s Rptk given by:
[ h VrL(h,h*)
F: (h*) — < o (64)

The assumptions on ¢g*, o imply that F' is pseudo-Lipschitz of finite-order while standard con-
centration results for sub-exponential random variables when applied to WO W imply that the
overlap matrices at initialization converge almost surely. Therefore, Theorem 0.2 applies, with the
effective process for the weights and the pre-activations being described by:

o+ | g A+ A® AO| [9®) L[ ptn pen] [em) u®
— [ (4 (4
0" ] [0* 0 0|6 +”§] o o |le|T] o
h(t) -1 R(tﬂ') R(tﬂ') Vhﬁ(h(T) h,*) w(t)
= — 0 0 ’
[ h*] n;) A 0 + | e (66)
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Notice the redundancy in the above equations due to W* not being updated in (63). This allows
us to further simplify (66) and (65), obtaining:

t
g+ _ g(t) — (MLA ) +nZR(” TIA(t)o*‘F??ZREt’T)O*‘l‘??u(t)
7=0
(67)
t—1
h® = 3" RYTVVRL(D, h*) + 0 (68)
7=0

where we noticed that A* ~ w*. These equations are the same as in 0.2, with just two extra terms

in (67), A® and Rét’T). An application of the Stein’s Lemma further simplifies the term A® o
g™ in the Theorem as follows:

A0 _ R [Vh*vhé(h(t),h*)} — aF [Vhﬁ(h(t),h*) (h*)q =4, (69)

O]

The above effective process characterizes the limits of several quantities determined by the weights
and pre-activations. In particular, it provides the limits of the student-teacher overlaps:

Corollary 0.1. Under the assumptions of Theorem 0.1,

n,d—00
—_—

wOw)T/d MO, (70)

where M0 4s defined as in Theorem 0.3.

Proof. Observe that <w§t) , w*) /d can be expressed as an expectation of a pseudo-lipschitz func-
(t)

tion w.r.t the joint empirical measure over the coordinates of w, ’, w* with the value at the j, co-
ordinate given by {wl@ }j{w*};. Therefore 0.1 implies that W) (1W*) T /d converges in proba-

bility to the expected overlaps of the effective process 0), 6* which equal M ® by definition. [J

We also include a useful corollary, describing the evolution of the overlaps of the weights.

Lemma 0.1. Under the assumptions of A.2 the covariance C, ét’T)

T—1
CgtJrl,T) . Cét,ﬂ-) ()\ +A t)) tT) + Z R (t,9) s ,T) ZRS’S)CCSS’T)*
s=0
(71)
t
-l Z_g 7y ( )T
(72)
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This is a consequence of linearity of expectation on (52). Concretely, viewing ¢ (t) a5 a function of

t

the Gaussian random variables {u(7)} we apply the multi-variate Stein’s Lemma to obtain:

T=1>
t—1
E[6u] - > R, (73)

In particular, we obtain the following expression for the covariances upto the first time-steps:

Lemma 0.2. The covariances C é0,1)7 C 9(0’0

) satisfy:

clo _ 00 _ _, (A n A<0>) o0 _y, <g<o> —A@ M<o>> (M(o>>T (74)

CiY — ™ = (A4 AO) €0V 00D — g (40 — A1) ( M(l))T

(75)
A.4 Pre-activations at the end of the first gradient update
ForT' = 1, Equation (53) simplifies to:
Y = —pVpt(h ), h*) + w® (76)

We now show that the first term exactly correspond to the contributions considered in section
4.1.

Lemma 0.3. Under the notation in section 4.1 and assumptions of Theorem 0.1:

20 (P13 ) o' (W) (2 2) B Vl(RO, B 77)

where h® € RP, h* € R* are independent Gaussian random variables distributed as in Theorem
0.3.

Proof. We simply apply the conditioning by projection technique described in Section A.2 to z,,

by expressing itas: z,, = hY + d%dlz{,, where 2], isindependent of h{”). The result then follows
from convergence in probability of 3 (z/,, z],) to 1. O

Next, we characterize w1, We consider two cases:

e M) = 0: In this case, Corollary 0.1 implies that the first-layer does not develop any
overlap with directions in U*. Equation (55) then implies that w is uncorrelated with

w*.
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« M =£ 0: In this case the first-layer develops an overlap along U*. By initialization, we
have that M(®) = 0. Equation (62) implies that M M js given by:

M® = ok [vhf(h@)) (h*)T} (78)

Due to the choice of symmetric initialization (Equation 4), we have f (h(o)) = 0. There-
fore, VoL, L(h(Y) = —ag*(h*)o’ (h(?)). We thus obtain

MO = paak g*(h*)h@)(h*ﬂ —naa ®E [h(‘))] E [g*(h*)(h*ﬂ . (79)

where © denotes element-wise multiplication and we used the independence of h*, h(©),
Therefore, the rows of M (1) gains a rank-one spike along E [g*(R*)(h*)]. This matches
the corresponding results for single O(d) batch gradient steps under the online-setting

[ 5 1
By Equation (55), w® can be expressed as:

w) = wS}) + MDp*, (80)

where w | is independent of A*.

A.5 Proof of Theorem 0.1

To illustrate the learning of directions solely due to the hidden progress explained in section 4.1,
we first focus on the case where M(1) = 0 i.e when the parameters develop no overlap along the
target subspace in the first step.

From Corollary 0.1, and Slutsky’s theorem, we have that:

l 2 *Til 1 *
SWEWT - W)

T n,d—00
E—

—nak |V (hW, Y (h*)T} . (8))

where from Equation (76), h(!) can be expressed as a combination of V5, £(h(")| h*) and a Gaus-
sian random variable w() independent of h*. Furthermore, Lemma 0.1 implies that the regular-
ization strength \ and step-size 1) can be set such that the entries of w® have unit-variance. Now,
suppose v* = (W*) Tu* for some fixed vector u* € RP. First, consider the case when v* lies in
the subspace P} as defined in definition 0.1.

By projecting Equation (81) along u*, we obtain that:

1I/szu* — lWlfv* ndros

; ; —nak [vhﬁ(hm, h) ()" u*} , (82)

For squared loss, we have —thﬁ(h(t), h*) =a;(g*(h*) — f(h(t)))a’(hg-t)).

Therefore, the overlap for the j¢, neuron can be expressed as :

1 1 n,d—00 * T T
g<w§2),v*>—g<w§1),v*> %) nal [ajg (h*)a'(hy)) (h*) u*] —nalE [ajf(h(l))a'(h§1)) (h*) u*} .

(83)
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We focus on the first term in the RHS. By assumption, %(w(o), v*), Lw

) ,U*) converge in

probability to 0. Therefore, using Equation (76), we obtain:

1 n,d—00
7<w(2), v*) % nalE [ajg*(h*)a'(hg-l)) (h*)T u*} (84)

7

= nak [ajg*(h*)al(—vh[,(h(o)) +w) (h*)T u*} . (85)

Recall that by the choice of initialization, Céo,o) are diagonal with entries 1 except for the oft-
diagonal entries corresponding to pairing of neurons through the symmetric initialization. Fur-
thermore, by initialization, M 0) = 0and by assumption M @ =o.

From Lemma 0.1, and the definitions of we have that by setting 77y = 1, the covariance C’éo’l) , C'él’l)
simplify to:
c = —pA@ o0 (86)
oshl = AO O 40 (87)

By definition, A, Céo’l) have diagonal entries proportional to a;, a? respectively. Therefore,
we can further set 7 > 0 such that the jy, diagonal entry of C'e1 1 equals 1 + a?. By case 1 in
section A.4, we further have that w(®) is independent of h*.

Substituting Vi £(h(Y)) = —ag*(h*)o’(h(")), we obtain the precise condition on o for the
Jtn, neuron to learn direction v* the second timestep. The condition is given by:

6a;) = E |g* ()0 (nazg* (h*)o' (h9) + a;€) (h* )| #0, (83)

where h* and ¢ are independent Gaussian random variables. Since h* matches in distribution
%W*z, the above condition can equivalently be expressed as the following condition on f*:

P(aj) = E, [Fa,a(f*(z))@*? z)] # 0, (89)

where:
Foa(z) =FE¢ g [:Ea’(naja'(u):n + ajg)] , (90)
)

lytic function of a;. To show that it is identically non-zero, we consider the derivative w.r.t a; at

. . . 0 . .
where u is a standard normal variable, corresponding to hg- . The above expectation ¢ is an ana-

a; = 0. We have, using the dominated-convergence theorem:
¢'(0) = 7 [ (u)g" (h*) %" (0)(h*, )|
= 7 [g"(h*)2(h*, u")| B [0/ (w)] 0" (0)

= 1 [g* ()2 (", w)] 1 (0)0"(0),
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where 1 (o) denotes the 1, Hermite-coefficients of 0. Similarly, iterating k-times, we have:

DE é(a) = " 'E | (" (B*)) (B*, ) | v (0)0" 1 (0), (1)
where 0¥ () denotes the kyy, derivative of . Note that for ¢p(a) to not be identically zero, it is
sufficient that D’;j_l is non-zero for some k € N. Since by assumption, v* € P7, and since the

monomials 1, 2,22, - - - span the space of polynomials, we have that there exists a k¥ € N such
that: E [(g*(h*))k<h*, u*>} # 0. The conditions on o further imply that v (o)a*+1(0) #
0, Vk € N. Therefore ¢(a;) is a not identically 0.

Since ¢(a;) is an analytic function non-identically zero, and the law of a(®) ~ A/(0, %]lp) is
absolutely continuous w.r.t the Lebesgue measure, we have that ¢(a;) is non-zero almost surely
over the initialization. Now, the second term in Equation 82 is again an analytic function in a,
distinct from ¢(a;), and can therefore be almost surely absorbed into the non-zero overlap. This
proves the first part of Theorem 0.1 for developing an overlap along a fixed direction in P} when
MW = 0. We now proceed to show that the weights W2 span P7.

Let 7 denote the dimension of the subspace P}. Suppose that vi = (W*)Tuf, v, =
(W*)Tug, - vr = (W*)Tu form an orthonormal basis of Pf. Let V* € R¥*" matrix
M € RF*" denote matrices with columnsvy, -+ ,vrand uj, - - - , ) respectively.

Analogous to Equation (83), we obtain:

1 1 n,d—00
gWQV* _ gWW* d%) —nak |VaL(hM, h*) (h*)' M;j] , (92)

Following the derivation of Equation (89), we obtain that the rows of the matrix E {Vhﬁ(h(l) h*) (h*)T U~

are independent for neurons 7, j for j # p—i-+1 (due to the symmetric initialization in Equation
(4). Furthermore each row of the matrix is absolutely continuous w.r.t the Lebesgue measure on

R”. This implies that 2W2V* — L1 1V* has full row-rank almost surely for large enough p.

Now, suppose that v* instead lies in the even-symmetric subspace A*. By induction and closure
properties of analytic functions, we have that h(*) can be expressed as:

h(t) = ft(h(*)vwla w(l)a to 7w(t))7 (93)
for an analytic mapping ;. Now, similar to Equation (83), we have that:

%th* - %WHU* % —naE [vhﬁ(h@), h) ()" u*] : (94)

Using Fubini’s theorem, we may take expectation w.r.t to express each entry of E {Vhﬁ (R0, h*) (h*) " u*
as:

E. [Fra(f*(2))(v", 2)], (95)

for some analytic I} o This ensures that the expectation in (82) remains 0 for all time ¢. This
proves the second part of Theorem 0.1.
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A.6 Effect of previously learned directions

We now consider the case when M () = 0, i.e when the first-layer develops an overlap along
U*. As shown in 4.1, the rows of M (1) lie along the same direction given by E [g*(h*)(h7)].
Without loss of generality, we assume that the direction E [¢* (h*)(h*)] corresponds to ey in the
input space R? and that W* has rows along the standard basis e, - - - , ;. Note that e; itself lies
in P} by setting F'(x) = x in definition 0.1.

From Equation (80), we obtain:

wih = wy Y+ nCajh; (96)

where C' denotes a constant dependent on g*. Since wW is now correlated with h*, the condition
in Equation (88) is modified to:

¢(a;) = E [g"(h*)o’ (najo’ (u)g*(h*) + & + a;é + nCazhi)(h* u*)] #0,  (97)

Again, differentiating w.r.t a;, we obtain:
¢'(0) = B [g"(h*)2(h*, w)| v1(0)ua(o) + 1B [g" (R (R* w)]  (98)

Similar to section A.5, we have that v* € P is sufficient for the first term to be non-zero almost
surely over a;. If the second-term is non-zero, we have that «* is learned through the staircase
mechanism, since it implies that g*(h*) contains terms dependent on ] and linearly coupled
with (R*, u*). In cither case, we obtain that W (2)
This concludes the proof of the first part of Theorem 0.1.

almost surely obtains an overlap along v*.

More, generally, suppose that e, - - - €, denote a basis of the directions in U™ learned up to time
t. Then, the modified condition for learned a new direction v* at time ¢ + 1 is:

E. [F(f*(2), 21, 2m) (v", 2)] #0, (99)
for a polynomial F' : R™*! — R. Therefore, new directions can be learned through a combina-
tion of the staircase and hidden-progress mechanism.

A.7 Typical examples where £ = P} = U*

For several target functions of interest, the class P} can be shown to cover the entire target space
U*. We list some of them below:

¢ Single-index odd polynomials with all non-negative/non-positive coefficients. This follows

since E, {( [ (2)F (v, z>} decomposes into sums of non-negative/non-positive terms.

* Single-index odd Hermite polynomials. We prove this below in Lemma 0.4

* Staircase function f*(z) = 21 + 2122 + z12223. This follows directly by evaluating
E. [(f*(2))%z] fori =2,3.
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In general, for polynomial f*, the condition:
E. |(f*(2))"(v",2)| =0,k €N, (100)

specifies an overdetermined system of infinite homogenous polynomial equations on the coeffi-
cients of f*. Therefore we expect the condition to fail almost surely for typical choices of f*. We
leave an investigation of this using algebraic tools to future investigation.

Lemma 0.4. For any odd Hermite-polynomial Hopr 41 for k' € N;:

E. [(How1(2))2] ,# 0 (101)

where z ~ N(0,1)

Proof. Using Stein’s Lemma, we have:

24

B [(Haw (9)°] = 3. |(Haona ()5

H2k’+1(z)} (102)

Next, we recall the following relation between Hermite polynomials and their derivatives:

d
£Hn(z) =nH,_1(z),¥n € N. (103)
Substituting in Equation (102), we obtain:
E. [(Haws1(2)*2] = 32K + DE. |(Hop1(2) o (2)(2)] . (104)

The above expectation can be obtained analytically using the linearization formulas for Hermite

polynomials [ ] to show that B, [(Hop41(2))? How (2)(2)] # O forall &’ € N. O

A.8 Proof of Proposition 0.1

Suppose that v* € OE* i.e v* is orthogonally even-symmetric w.r.t f* for some transformation
O, € O({v*}L). Let 2/ = O Ry z. Then, by the invariance of the Gaussian measure under
orthogonal transformations, we have:

E: [f*(2)(v",2)] = Ex [/7(z) (0", 2] (105)
However, the expectation on the right can equivalently be expressed as:

By [f*(2')(v*,2)] = —Ez [f*(OLRv:2))(v", )]
= —E. [f*(2)(v", 2)]

where in the second equality we used (v*, z’) = —(v*, z) and in the third the definition 0.3.
Therefore, for any v* € OE*, we have:
E. [f*(2)(v",2)] =0 (106)

Furthermore, it is straightforward to see that v* remains orthogonally even-symmetric w.r.t the
composition F'(f*(-)). Therefore, we have that E* C OE* C A* C P*.
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Figure 3: Anillustration of ahard, non-even target f*(2) = 212223+Hes(24) beinglearned by a
student withp = 4 hidden units. We can see that, even when reusing the batch, the teacher can only
learn the direction associated with zy, while keeping a zero overlap otherwise. The continuous
lines are from the DMFT numerical integration, the dots are simulations with d = 10000. In the
legend the overlap with the n-th direction is the projection of the student weights in the subspace
associated with z,. For this figure we have 0 = relu, n = 5d,n = 0.2.

A.9 Illustration of non-even symmetric hard directions

We now show the existence of target functions where £* # O E™*. Without loss of generality, we
assume that the rows of W* lie along the standard Euclidean basis eq, €2, - - - , e,

Lemma 0.5. Suppose that f*(z) = z12223. Let v* = e + eg + e3. Then v* ¢ E* bur
OFE* = U™

Proof. v* ¢ E* follows directly by noting that f*(2) is even-symmetric along e; — ez and e —
e3. We further have that a target f* satisfying E* = U* mustsatisfy f*(—z) = f*(z)Vz € R%
Therefore, since f*(—z) = —f*(2z), f* cannot be even-symmetric along e; + e2 + e3. Next,
we show that OE™ = U™. Since e1, €2, e3 span U™, and f* is symmetric w.r.t permutations of
212223, it suffices to show that condition in definition 0.3 holds for v* = e;. The orthogonal
complement {v*} | is given by span(es, e3). Therefore the transformation O3 defined by 2z —
— 29 is a valid orthogonal transformation O | as per definition 0.3. We have:

[ (O2Ry+2z) = (—21)(—22)23

= 212923 = f*(2).
This shows that e lies in O E*. Similarly, we have by symmetry e; € OE*

We present a numerical illustration of another such example in figure 3. O
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One can in-fact construct a family of functions with a direction v*, for instance v* = ey lying
in OE™ but in general not in £*. To see this, let f1 be a function R? - R, depending only on
projections of z along {e1 } | and let O | by an involutory orthogonal transformation on {e1} |
i.e an orthogonal transformation satisfying Of_ = T or equivalentdy O; = (O 1) 7. Now, let
f2 : R — Rbean odd function. Then, consider the function:

() = (1(0L2) — f(z)) f2(21). (107)

We observe that:

where we used that Oi = Iand fa(—21) = — fa(21). Therefore, for any such function f*(z),
e € OF*.

A.10 Implications for generalization

Since the specific guarantees of such results depend on the choice of activation and target func-
tions, we illustrate this for the case of single-index target functions with matching activations:

Corollary 0.2. Consider the setting of a single-index target and student network with matching
activations i.e. 0 = g*, such that o is a polynomial with finite degree, satisfying the following
assumption, 3k € N such that:

E {Uk(z)z] E [Dka(z)} # 0, (108)

, where DF denotes the kyy, derivative. Let W be the parameters obtained after two steps of gradient
descent with batch size O(d) using 1 as in Theorem 0.1. Then, almost surely over the initialization
a ~ N(0,1), forany € > 0, there exists a step size ) such that online SGD on squared loss reaches
generalization error < epsilon in time O(d).

We verify numerically that the above assumption holds in particular for all odd Hermite polyno-
mials upto order 50. The corollary implies that such target functions can be learned with O(d)
sample complexity using gradient descent alone, without resorting to specialized algorithms and
techniques such as spectral initialization.

Proof. Let w* denote the single-direction in the teacher subspace with || w*|| = v/d. We note
that Equation (108) is proportional to the k — 14, derivative of ¢(a;) defined in Equation (89).
Therefore, the condition is sufficient to ensure that ¢(a;) is not identically zero and the student
neuron almost surely develops an overlap along w*. The result then follows from Proposition
2.1in [ ], which proves that upon weak recovery i.e a non-zero overlap the target direction
v*, online SGD on a differentiable activation with polynomially bounded derivatives converges
to strong recovery Concretely, for any starting non-zero overlap § > 0, for any € > 0, there
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exists Cer g and small-enough step-size such that online SGD with time C¢s gd achieves overlap
1 — ¢ along w* Due to the matching activations, this suffices to obtain arbitrary generalization
error. ]

B General Multi-Pass Schemes

B.1 Sketch of Proof for Extending Theorem 0.1 to Cycling over Epochs

Let Z',- -, Z! denote n. independent minibatches of size n, such that 22 = O(1) with n
being finite. The effective dynamics for a finite number of epochs can be obtained by noting that
Theorem 3.2 in [ ] allows generalizing Theorem 0.2 to dynamics of the form:

Ne 1 np W(t)zl .
WD — w® _ n)\W(t) _ Zni ZFit ( ”) (z)T. (109)
i=1 \/& v=1 \/g

The above form of the dynamics allows a difterent update to be utilized for data corresponding
to different blocks Z1, - - - | Z™. In particular, setting F to 0 whenever¢ mod i # 0and VL
otherwise, results in a cycling schedule over the mini-batches Z L.z Subsequently, one
can show that the update from Z* in the first-epoch leads to the hidden-progress effect on M
when the model re-uses Z* in the second epoch.

We believe a similar result would hold for n, = O(1) samples in the minibatch, as displayed in
Figure 5
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Figure 4: Comparison of theory and experiments for Gradient Descent on the target 212223 +
Hes(24). Each gradient step uses a mini-batche of 1/5 samples. On the left we use the data se-
quentially, on the right we sample the batch from the dataset with replacement. The continuous
lines are from the DMFT numerical integration, the dots are simulations with d = 10000 aver-
aged over 32 realisations. In the legend the overlap with the n-th direction is the projection of the
student weights in the subspace associated with z,,. For this figure we have o = relu, n = 5d,
n=0.2.
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Figure S: Experiments for Gradient Descent on the target 21 2223 +Heg (24). We use minibatches
with 1 sample each. On the left we use the data sequentially, on the right we sample the data
point from the dataset with replacement. The dots are simulations with d = 10000 averaged
over 32 realisations. In the legend the overlap with the n-th direction denotes the projection of
the student weights in the subspace associated with z,,. For this figure we have o = relu, n = 5d,
n=0.2.
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C Details on the numerics

C.1 DMFT equations with a single stochastic process

In this section, we present a set of exact equations equivalent to the ones in the main text, but that
depend on asingle stochastic process. Itis possible to show that asymptotically in the proportional
limit, i.e. ford — oo and n = ad, the pre-activations of the student are distributed as h() =
r® 4 M (t)h*, with the constraint:

t—1
Pt — O _ ( A+ A(t)) r® 4V, 00 (hm) = REDr® 4 ¢
=0

Here ¢(®) is a zero mean Gaussian Process with covariance
.
E. [dt)c(f”] = oE, - [thf (h(t)> Y (h(T)) ]

and the effective regularisation A® concentrates to
A® = oy, [vi@e (h(t)” . (110)

The memory kernel Rgt’T) is identically zero for t < 7 while for ¢ > 7 it concentrates to

OV 0 (h@))

R = oF, R (111)
Finally, the low dimensionaly projections of the weights M) will obey the relation

MO Z 10— oy, b [vh@)z (1) h*j (112)
The procedure is explained in detail in appendix D of [ ], and can be equivalently derived

using non-rigorous field theory techniques [ ].

C.2 Remark on the numerical integration of the DMFT equations

DMEFT is an invaluable tool in itself to probe the behaviour of gradient based algorithms. It trades
the update equation over heavily coupled weights in (5) with the ones over completely decoupled
preactivations (110) which implies that a Monte Carlo estimation based on (110) is going to be
vastly more efficient and it’s a trivially parallelisable computation. Furthermore, equation (110) is
exact in limit of large d, which removes completely all finite size effects. In practice, an implemen-
tation of the DMFT equations is extracting n times using from the initial condition distribution
of the practivations and iterating forward. The Gaussian process is sampled by rotating white
Gaussian noise by the LU factor of the covariance. Sampling the gaussian process is by far the
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costlier operation, as each time step 7" has a complexity O(T?), for a total O(T*) complexity
considering all the steps up to 7. Notice that this is a much more direct implementation than
what is done in the literature [ ; ], which usually starts with a guess for all the
quantities and proceedes with a damped fixed point iteration until convergence, with an overall
complexity O(mT?), where m is the number of fixed point iterations. While it could appear that
simply iterating forward is suboptimal, it is a much more stable and reliable procedure: if you are
using n processes and you iterate forward, you are sure that at at each time step you have the best
possible Monte Carlo estimate of your samples.

C.3 Details on the numerical simulations

In all the figures the continuous lines are from the numerical integration of the DMFT equa-
tions while the dots are from a direct simulation of the gradient descent dynamics. The specific
hyperparameters for each setting are near each figure.

For both we fixed the second layer weights to 4-1 /. /p, as for the cases under consideration thisis an
equivalent choice to of Gaussian second layer weights A/(0, %]l p)- For the DMFT integration we
used a2 minimum of 10% Monte Carlo samples in order to have accurate lined. The error bars are
too small to be visualised. The direct simulation of the gradient descent dynamics was performed
either using PyTorch or a direct implementation in Numpy. In all plots we used a minimum size
d = 5000 for the input dimension, and averaged over at least 32 independent instances of the
dynamics.

In Figure 2 we plot the overlap matrix M () projected on two different directions: the parallel to
the subspace that is learned in the first step and one direction in the orthogonal of this space. The
projection operator is computed by performing explicitly the integrals in (78)

The codeis made available through the following Github repository: https://github.com/IdePHICS/benefit-

reusing-batch.
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