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Abstract

While machine learning is making significant advances in recent years, the problem of its
theoretical understanding still remains an open challenge. One key aspect is the ability to
predict the generalization of learning algorithms’ predictions, which is crucial for assessing
their reliability in various domains such as medicine, biology, finance, and signal processing.
Previous studies in supervised learning have considered, in the vast majority of cases, Gaus-
sian distributed covariates. However, in practical applications of machine learning, the data
distribution may diverge from Gaussianity in many ways, such as fluctuations, heavy-tails or
structured patterns. This work aim to investigate, employing the heuristic replica method
from statistical physics, the supervised learning of generalized linear models when the co-
variates are distributed according to a superstatistical model, meaning that each covariate is
drawn from a Gaussian distribution with random covariance following a generic probability
distribution p. The regime of our interest is the one of finite sample complexity, which is the
ratio of sample size with respect to the covariates’ size, with both of them taken infinitely
large. The choice of p can affect drastically the resulting covariates’ distribution, which may
present heavy-tails or even infinite variance. In particular we derive equations to predict the
minimal estimation error that is achievable by any algorithm given the data, studying the
Bayes optimal setting for this problem. We compare these results to the ones of empirical
risk minimization. We then compute the leading order of the estimation error curves with
respect to the sample complexity, showing that it does not depend on the choice of p and
it is compatible with the Gaussian covariates’ case. Our findings align with the Gaussian
universality principle, which has been proven rigorously for several problems, stating that
non-Gaussian distributed data can be effectively described by Gaussian distributions with
matching first two moments.
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1 INTRODUCTION

1 Introduction

In recent years, machine learning and artificial intelligence have made significant advances,
leading to remarkable achievements in a wide range of applications. However, the theoretical
understanding of the performance of such algorithms remains an open challenge, especially
in high-dimensional contexts involving large datasets and a high number of parameters.
Establishing the reliability and improving the implementation of these methods requires a deep
understanding of their theoretical limits. Over the last few decades, many aspects of inference
and learning problems have been investigated, including regression, classification and matrix
factorization. While exact results exist for some inference and learning problems [43, 12|, part
of the research in this field rely on heuristic tools from statistical physics, such as the replica
method [32, 38]. Despite its non-rigorous nature, the replica method has demonstrated its
reliability whenever analogous exact results are available [6, 7, 18].

This work follows this research direction, with a particular focus on generalized linear models
(GLMs) [36, 30]. Introduced as extensions of linear models, GLMs offer a simple formulation
and high versatility, making them applicable in various fields such as statistics, communication,
signal processing and more [47, 13, 8, 44]. In GLMs, given data composed of predictive features,
referred to as covariates, and response variables, known as labels, each label is obtained as a
scalar activation function (which can be nonlinear) of a linear combination of the covariates.
Learning a GLM involves estimating the weights of this linear combination used to generate the
labels. GLM can be also seen as a single node of a neural network. An illustrative representation
of GLM can be found in fig. 1.

Figure 1: Illustration of a GLM. The covariates are x; = (X;1, ..., X;q) | and the labels y; i € [n],
the weights are 6;, | € [d] (drawn from py) and the activation function is oe.

A crucial assumption in many previous studies has been that the covariates are distributed
according to a Gaussian, or at least a mixture of Gaussians [33, 27, 4, 29|, with few exceptions
[1, 40]. However, in real-world data, we often observe structural patterns, outliers, non-Gaussian
fluctuations, heavy-tailed distributions and in general deviations from Gaussianity [2, 42].
Therefore, it is important to study GLMs under non-Gaussian assumptions.

In this work, we employ the replica method to provide asymptotic results for the estimation
error in learning GLMs with linear and probit activation functions, relaxing the assumption
of Gaussian covariates. The framework we develop may be useful to extend our results to
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different choices of activation functions. Specifically, we assume that the covariates follow a
superstatistical model [10, 9], inspired by the literature in statistical physics. In this model, the
features are drawn from a Gaussian distribution with a covariance matrix equal to Al;/d, where
A itself is a random variable. By appropriately choosing the distribution of A (e.g., an inverse
gamma distribution in our work), the covariates’ distribution can exhibit heavy-tailed behavior
or even infinite variance. We are interested in the regime of proportionality between the sample
size and the covariates dimension, when both of them are infinitely large.

1.1 Motivations and related works

Our work was inspired by a recent paper [1] studying the task of classificating superstatistical
features and, similarly to it, finds its motivation in the context of Gaussian universality.
This principle implies that in numerous problem, the asymptotic performance of learning
non-Gaussian data can be effectively described by Gaussian distributed data as long as the
first two moments match. A recent work by Montanari and Saed [35], extending a previous
study [20], proved such a principle in the context of GLMs, assuming pointwise normality of
the distribution of the features (see also [16, 14]). Moreover, this universality principle has been
proven rigorously in the context of compressed sensing [34] and lasso regression [39]. Other
related works can be found in [31, 19]. However these proofs require specific assumption and
if they are not satisfied the Gaussian universality principle may break. Therefore we aim to
explore the validity of this principle for GLMs under the assumption of a superstatistical model
for the covariates, which may include distributions with heavy-tails or even infinite covariance.

1.2 Overview and our contributions

We provide an overview of the present research work. We study for the first time the problem of
supervised learning (i.e. learning data with labels) given covariates that follow a superstatistical
distribution and labels generated by a GLM. This problem is tackled by employing the replica
method from statistical physics.We first compute the best achievable estimation error for a given
dataset through Bayes optimal estimation. At a later stage we compare this optimal performance
with usual estimation approaches like empirical risk minimization (ERM) methods, in particular
when the latters are optimized. At last, to validate our results, we show the agreement between
our predictions for the error and numerical exeriments on synthetic data. The main contibutions
of our work are the following ones:

e we study the task of learning a generalized linear model with features distributed according
the aforementioned superstatistical model, aiming to evaluate its asymptotic performance,
in a general framework;

e we focus on computing the theoretical limits of this task, i.e. the best performance any
algorithm can achieve given the data, by studying the problem in the Bayes optimal setting
(see [46], [24] as examples); in particular we find explicit results for the choices of linear
and probit activation function;

e we evaluate the performance of the estimation by empirical risk minimization (ERM) in
particular for ridge and lasso regression;

e we evaluate the decay rates! of all the learning curves for large sample complexity (number

1By decay rate we mean the leading order of the estimation error curves with respect to the sample complexity.
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of samples divided by number of features) and show they match the case with Gaussian
covariates;

e we optimize the regression parameter A in ridge regression and show that this achieve the
same performance as Bayes optimal evaluation even for non-Gaussian covariates.

This manuscript is organized as follows: in section 2 we define the setting of the problem, the
task to achieve and outline the main points of the methodology applied to obtain the results; in
section 3 we present the main results of this work, both the equations that allow to compute the
theoretical performance of the learning algorithms and the numerical solution of these equation,
presenting the plot of the learning curves; we then compare the results of Bayes optimal estima-
tion to the ones of optimized ERM; in section 4 we compare our results to numerical experiments,
using in particular the tool of Generalized Approximate Message Passing (GAMP) algorithms
as a way to perform Bayes optimal estimation. Finally in the appendices we present all the
detailed computations that are not included in the main sections, along with some technicalities
on replica symmetric matrix algebra, Bayes optimal setting and its implications and the choice
of the inverse gamma distribution for the superstatistical model.

2 Problem setting

The data

Consider the supervised learning problem with training data D = {(x;,v;) € R x Y :i € [n]}
and with covariates x; indipendently and identically drawn from a superstatistics model:

Po = [ (x s 1) od)as = Ea [ (x|, S0 0

where |4 is the identity matrix of size d, N (x | p, ) is the notation for the Gaussian distribution
with mean p and covariance matrix ¥ and p : Rt — R is a probability density function for A.
This type of model has been intensively studied by the statistical physics community [10, 9, 25, 45]
and, depending on the choice for p(A), the distribution P(x) can have significantly different
properties from those of a Gaussian distribution. While the derivation of our results will keep
p(A) generic, for the numerical simulations presented in this report, we will consider A following
the inverse Gamma distribution p(z | a,b) = b*(1/x)*"* exp(—b/z)/T(a), where T'(-) denotes the
Gamma function.? We include further details about the choice of the inverse Gamma distribution
for p(A) in appendix D, where we also show in (40) that it implies power-law tails for P(x)

P(x) x (2 + Vit - wF) 7

By varying the shape parameter a and the scale parameter b, we can consider different non-
Gaussian distribution P(x), with heavy-tails or even infinite covariance. In particular, as we
also explain in D, we will consider the case p~(A | a) == p(A | a > 1,b = a — 1) with finite
A = EA[A] = 1,Va > 1, and p-(A | a) := p(A | a € (0,1],b = 1) with the first moment
EA[A] = +o00 not defined for a € (0,1]. In fig. 2 we show some examples of P(z) for d = 1.

The labels y; are generated from a generalized linear model (GLM)

Y; = 0¢ (01X1)7 iG[TLL

() = [;7t*"Le tdt, Re[z] >0
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Figure 2: P(z) for d = 1. The left plot is obtained considering ps (A | a), while the right plot
corresponds to the choice p< (A | a). Labels in the legend indicate the value of a, in particular
the label @ = inf (meaning a — 0o) correspond to a Gaussian P(z) = N (z | 0,1).

where the activation function o¢ : R — R may contain randomness, here parametrized by the noise
E~pe(§), pe : De CR =R, and 0, € RY is a vector of indipendent and identically distributed
weights 0. ; ~ pj(0) ("prior" distribution), I € [d]. The labels vector y = (y1,...,y,)" is hence
drawn from the conditioned probability distribution (called output channel or likelihood)

Py x(y | X6.) Hpm yi | 0] x:) H/ pe(€) 8(yi — 0¢(6.x,)) d¢

with X € R"*? the matrix with the covariate x; as i'"* row (i € [n]) and 6(-) the Dirac’s delta
distribution.

The task

The aim is to learn the model by reconstructing the weights vector through an estimator 6 in
the limit d,n — oo, with fixed sample complezity n/d = o € R, assuming that the weights 6;
(I € [d]) and the labels y; (i € [n]) are respectively generated from some distributions py(6;) and
Pout (Vi | 0Txi). This scenario is often referred to as teacher-student setting, where a teacher
generates the labeled data D, drawing the weights from a target distribution pj, called (teacher)
prior in this manuscript, and producing the label through an output channel p},, (these two are
referred to as teacher distributions), while a student tries to learn the teacher model using the
data and assuming the prior to be py and the output channel p,,; (which are also called strudent
distributions).

Our choice for the estimation error is the mean square error with respect to the true weights
Eest (0) := d~1||@ — 0,||2, which is the way we are going to evaluate the performance of differents
methods for estimating the weights 8. The main results shown in this work specifically concern
the Bayes optimal setting, in which the (student) prior distribution py and the output channel
Pout used in the reconstruction coincide with the (teacher) ones that actually generated the true
weights and the labels, respectively p; and p},,. In this setting, the optimal estimator for the
weights in the MSE sense, i.e. the one that minimize the square error, is the Minimal Mean
Square Error (MMSE) estimator

~

6(D) = arg min o, 00 — 0.| = Eo.jp [6.], 2)
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where the latter is the expected value with respect to the posterior distribution

p(0| D) H po(00) ] powr (i ] 07 ). (3)

i€[n]

In general cases with incomplete information (which means absence of correspondence between
teacher and student distrubutions), the estimator defined in the last equality of (2) is called mean
posterior estimator (MP), but it is not optimal unless teacher and student distributions coincide
(see appendix C.1). The study of the Bayes optimal setting allows us to compute the theoretical
limits of the learning task for a fixed teacher. In comparison, any other estimator would achieve
either worse or, at best, the same performance.

The posterior distribution (3) mantains its relevance also when an estimator different from
the MPE is used, since other estimators are linked to it. Some examples are the mazimum
a posteriori estimator Orrap = argmaxg p(@ | D) and the minimal mean absolute estimator
0]\/[MA = Mediangm (9 ‘ D)

Another common procedure to reconstruct the weights vector is the empirical risk minimization
(ERM), whose estimator is

6(D) = argngn Z (i, 07%;) + Z Ar(0)). (4)
i€[n] le[d]

The functions ¢ : R2 — R and r : R — R are respectively called loss and regularization and their

expression can be chosen depending on the specific problem considered. The argument of the

minimization in (4) is also called empirical risk, hence the name of this procedure.

We introduce the following Gibbs measure over the weights 6:

(0 | D)dO = H exp(—BAr(0,) [ exp (=8¢ (4,07 x:)) d8, (5)

o (61) 10T X))

where we have also defined the (unnormalised) functions py and p,,: that respectively play an
analogous role to the prior and the likelihood in (3). It is easy to see that in the limit § — oo the
Gibbs measure concentrates around the configurations defined in (4). Hence, the ERM estimator
can be seen as a MP estimator 3 in the following sense:

6= lim (6), = lim ——— / d65(6 | D)6 (6)

B—o0

The method

It is straightforward to estabilish a connection between this learning problem and the statistical
physics of a disordered system. Consider a system with energy for the configuration 6, at fixed
disorder D, given by the following (rescaled*) Hamiltonian:

—BHp(0) = > logpy(6) Y logpous (vi | 07x;) |

leld] i€[n]

31t is clear that, following this approach, the Gibbs measure g defined in (5) plays for ERM the same role of the
(student) posterior distribution (3) in MP estimation. Hence we will often refer to both of them as "posterior" for
simplicity. Moreover we will also use the common notation Z(D), droppping the subscript 3, when the estimation
method is not specified.

4The factor §, proportional to the inverse of the temperature in statistical physics, has no particular meaning
in general (in particular for the evaluation of the MP estimator). Nevertheless, we choose to write it in order
to estabilish a direct connection to physics’ notation. On the contrary, for ERM we already have introduced a
parameter S and we require S — oo for the Gibbs measure to concentrate around the estimator. In physical
language this correspond to say that the ERM estimator is the ground state of the system we have defined.



2 PROBLEM SETTING

the customary way for a physicist to examine the properties of such systems is to evaluate the free
energy density fp = —B~'d"'log Z(D), where the partition function Z(D) := [ d@e P is
precisely the normalization of the posterior defined in (3) and in (5). In fact, the derivatives of
the free energy can give access to the average of the observables of the system, for instance the
energy, the heat capacity or the entropy.

Different specific realizations of the disorder (in our case the data D) result in statistical fluc-
tuations of the free energy density, thus it is assumed that, in the thermodynamical limit
d — oo, n/d = a € R, the self averaging property holds, i.e. the value of the free energy
density for any D concentrate around its typical value Ep fp, which would simplify the study of
the asymptotic performance of the estimators.

Hence, the quantity we are interested in is °

1. 1
f= fgdhjgo &ED log Zs(D), (7)

often called quenched free energy density, where Ep represent the average with respect to the
teacher distributions. Note that we should take the limit 8 — oo for ERM (see (6)), while we
don’t need it for Bayes optimal estimation, hence in that case we will consider g = 1.

The logarithm in the expressions in (7) can make the computation of the average hard or un-
feasible. A heuristic tool used in statistical physics to avoid this issue is the replica trick, which
shift the focus of the study from Eplog Z(D) to the more tractable EpZ(D)", » € N. This
corresponds to study r replicas of the system, with configurations @',...,0", each drawn from
the posterior distribution (3) or (5).

The details of the replica method and the explicit computation of the free energy can be found
in appendix A.

The usual procedure during the replica computations is to write (7) as a saddle point problem
(see (14)) in the dimension d with respect to the following overlap parameters:

¢ =d7'e*70, a,b=0,...,r

where we use the notation 6° for the true weights 0,.

The standard procedure at this point is to assume that the self averaging property holds also for
the overlaps, which concentrate around their typical as d — oo, assuming therefore the replica
symmetric ansatz for solution of the saddle point problem:

¢ =0 — & 'Ep6T 6., " = m=d 'Ep <930<1>>1 ,1<a<r

¢ =r=d 'Ep <0(1)T0(1)> :

1<a<r, q“b:q:dflED<0(1)T0(2)> , 1<a<b<r,
1

2
where we use the notation (-), , k € N, for the expectation operator with respect to the conditional
posterior distribution p(8*) | D)...p(@%) | D) for MP estimation or 15(0™) | D) ... us(0%) | D)
for ERM.

The self averaging assumption allows us to evaluate (in the thermodynamical limit) the estimation
eITor E45¢ as a function of the concentrated overlaps independently from the data D:

(@) = £p =00 i [(0076)Y) 2 (6Te) 460,

=g—2m+r° "0 g, ®)

5We write the limit limg_, o, as a shorthand for limg ,, oo, n/d=a
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The last equality is true only for Bayes optimal setting, since ¢ = m due to the Nishimori identity.
A brief proof can be found in appendix C.2.

In conclusion, the main advantage of the replica approach is that it bypasses the unfeasible
high-dimensional problem of sampling from the posterior distribution, giving direct access to the
overlap parameters, estimated through numerically solvable self-consistent equations.

3 Main results

In this section are reported the self consistent equations obtained through the replica approach
(detailed derivation in appendix A.1l) for Bayes optimal estimation and empirical risk minimiza-
tion, for different choices of output channels and risk functions.
For simplicity we have chosen g = 0 in (1) to derive our results.
The result for the parameter r° found in (16) is generic and it applies to all cases studied, as
py(0) =N(6.0,1):

7’0 = E(;* [0*] =1.

For each case we also show some plots for the mean square error et (computed solving nu-
merically the self consistent equations) at varying sample complexity, for different value of a in
p>(A]a)or p<(A]a), as defined in section 2. All results are compared to the case of Gaussian
covariates, which in the plots is indicated by the label a = inf. In fact, as discussed in appendix
D, the Gaussian case correspond to ps (A | a) in the limit a — oo.

In particular we are interested in the dependance of €. from «a at large sample complexity
a > 1: considering the leading term of ee5p = =€+ O(a™ 1), ¢ € RT, we find that in all the
studied cases the decay rate ¢ = 1, as in the Gaussian covariates case, indipendently from the
choice of p(A). We also perform a linear regression of the curves in a log-log plot and measure
the decay rate c as the slope of the fitted lines ©, in order to compare it with our prediction. The
results are reported in Table 1. 7

At a later stage we compare the theoretical performance of the MMSE estimator (i.e. Bayes
optimal eastimation) and ridge regression, after optimizing the rgression parameter \.

3.1 Bayes optimal setting
3.1.1 Linear channel

The linear output channel corresponds to y; = 0. x; +0¢, where the noise ¢ ~ A (£ ] 0,1). In this
case pout(y | 2) = N(y | z,0?). The saddle point equations coming from the replica computations

are the following:
q - A
= —7, =« e
=143 1= A0 —g) 1 02

Their detailed derivation can be found in A.2.

By solving them numerically it is possible to compute the means square error as €5t = 1 — ¢ (see
(8)). In fig.3, 4, we show some results obtained for noise variance 02 = 0.1. In particular the
plots on the right of both figures (in log-log scale) shows the behaviour of €. at large sample
complexity.

6In fact ost ~ a° = logeest ~ —clog a + const.

"Note that the linear fit results strongly depends on the range of values of a and most importantly on the
precision threshold chosen for solving the self consistent equations iteratively. Hence, the value of the slopes are
presented here just as a reference and to compare them with our predictions, but they serve no other purpose.
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a BO linear BO probit ERM ridge ERM lasso

0.3  -1.0031(6) - -1.0016(3) -

05  -1.012(2) - -1.0041(7) -

0.8  -1.049(6) - -1.013(2) -
1.005  -1.088(2) - -1.087(2)  -1.089(2)

11 -1.050(2)  -1.002(3)  -1.050(2)  -1.050(2)

3 -1.00019(4) -0.9995(2) -1.00016(3) -1.00023(4)
10 -1.00010(2) - -1.00007(1)  -1.00015(3)
0o -1.00009(2) -0.9994(2) -1.00006(1) -1.00014(2)

Table 1: Decay rates (with error) of . at large «, i.e. the slopes from the linear regression of
the learning curves in the log-log scale (right plots of figs. 3, 4, 5, 6, 7, 8). The distribution p(A)
is p<(A | a) when a < 1 and to p~ (A | a) when a > 1.

Considering the leading order in o5y = 1—¢q = qoa*‘:—i—O(a’(cH), c € RT and ¢y € R a constant,
we find that

— 2
@ Agoa™€ o 1 o _
¢§= SEa|A(1- 5 +O0( ™ H)| = 1—q= = —+40(a?) = c=1
o o 1+¢ aA
=01 > =01
10 . . 1005 - 3 inf
102 I . 11 1M === slope-1
08 :
10-¢
06 Tl
ua“ﬁ & 10 ‘n\‘_‘ .
0.4 Tl
10-° Tt
02 L
o 10-7 "“w..‘\
00 L .
0 1 2 3 3 5 10° 10 10° 100
a a

Figure 3: Estimation error in Bayes optimal setting with linear output channel at varying sample
complexity. The noise variance is 02 = 0.1. Different colors correspond to different values for
the parameter a in ps (A | a), as stated in the legend.

3.1.2 Probit channel

The probit output channel corresponds to y; = sign (GIXZ‘ + 05), where the noise £ ~ N (£1]0,1).
This is a common way to generate dicotomized labels in classification problems. In this case

pia(ylz) = erfe (\7/%;) /2, y € {—1,1}. 8 The saddle point equations coming from the replica

8erfe(x) = % e dte=t* is the complementary error function.
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Figure 4: Estimation error in Bayes optimal setting with linear output channel at varying sample
complexity. The noise variance is 02 = 0.1. Different colors correspond to different values for
the parameter a in p-(A | a), as stated in the legend.

computations are the following:

_q .« 2y ka2 kq(A)
STy 1T Fq(A) (14 kqg(A)%) € nlog erfc (n\/ﬁ :

where n ~ N(n | 0,1) and k,(A) := /Aq/+\/0? + A(1 — q). Their detailed derivation can be
found in A.2.

Again we can solve these equation numerically and in fig. 5 we show some results for noise
variance o2 = 0.1. In particular the plot on the left (in log-log scale) shows the behaviour of eq
at large sample complexity. Considering the leading order in eq5¢ = 1 — ¢ = gga™ ¢ + O(a_(c“))7
¢ € RT and ¢g € R a constant, we find that

VA (1 - $goa™) A 1 A
A) = 2 —c—1 _ 1-Z= —c 1— —c —c—1
kq(A) ST Aga + O(« ) = ( 500 ) ( 552 10 ) + O(« ) =
«

+0(1) =

A A A2 A
- - 5527 R
\/; (1 + 02> e 1 log erfc (m/ 202)

-1
V2 A A 2 A
l—qz—w Ean A/ 51+ ¢ 302" nlogerfc | 1/ — +0(a™?) = c=1,
@ ’ o2 o2 202

3.2 Empirical risk minimization

In this section we show the results for the performance evaluation of the estimator (4) in solving
our task, when the teacher distributions are pj and pj,,;.

3.2.1 Ridge regression

Ridge regression is a method that considers the risk function composed of quadratic loss £(y, z) =
(y — 2)?/2 and Ly regularization () = 62/2.° In this section we consider a teacher model with
the usual Gaussuan prior for the weights and labels generated by a linear output channel (as

9The regularization term in (4) can be seen as the Ly norm acting on 6: Y, 62/2 = ||6]|2/2.
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Figure 5: Estimation error in Bayes optimal setting with probit output channel at varying sample
complexity. The noise variance is 02 = 0.1. Different colors correspond to different values for
the parameter a in ps (A | a), as stated in the legend.

defined in section 3.1.1). The saddle points equations coming from the replica computations are
the following:

M M2+ % 1
m=—-—, = X=—=",

R+ (R+\)? R+ A
- A . A(e? + A(1 —2m +71))
M = aE =aE X = aE

(07 A1+AX7 R « A1+AX7 X acA <1+AX)2 ’

where we have defined x = B(r — ¢). A detailed derivation can be found in appendix A.3.
These equation can be solved numerically, allowing to compute the mean square error of the
estimator as a function of the overlap parameters o = 1 — 2m + 7, as seen in (29). We show in
fig. 6, 7 some results for 4 at varying sample complexity for noise variance 02 = 0.1 and A = 0.3.
In particular the plot on the left of both figures (in log-log scale) shows the behaviour of eq at
large sample complexity. Considering the leading order in e,y = 1—2m+1r = 50a’c+0(a*(c+1))
and x = xoa ¢ + O(a~(“tD) ¢ € R* and gy € R a constant, we find that

m =2 1—% +O0(a™?)

M=R=a@ +0(a"°) A 2
— = =M e —22 -2
{)A(:a(JQA—i—O(a_C)) r=%(1+% (1 QQA)+O(04 )

X = a A O(a™2?)
{sest =1-2m+r= a1o?A " +0(a™?)

. — c=1
x=a A s O(a™?)

3.2.2 Lasso regression

Lasso regression is a method that considers the risk function composed of the quadratic loss
function £(y, z) = (y — 2)?/2 and the L; regularization 7() = |#].}° As we did for the ridge
regression, we consider a teacher model with the usual Gaussian prior for the weights and labels

10The regularization term in (4) can be seen as the L1 norm acting on 8: >_,(6;|=||0]|1.
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Figure 6: Estimation error for ridge regression at varying sample complexity. The noise variance
is 02 = 0.1. Different colors correspond to different values for the parameter a in p~ (A | a), as
stated in the legend.
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Figure 7: Estimation error for ridge regression at varying sample complexity. The noise variance
is 02 = 0.1. Different colors correspond to different values for the parameter a in p-(A | a), as
stated in the legend.

generated by a linear output channel (as defined in section 3.1.1). The saddle points equations
coming from the replica computations are the following:

M 1 1
m= E(berfcv r= ﬁqsﬁa X = E(berfcv
- A - A A(e? + A(1 —2m +71))
M = aoE =aE x = aE

where we have defined

T S
2(M? + X)

Qerte 1= erfc

» 00 = (V2 4 X+ 02) e — A

A detailed derivation can be found in appendix A.3.
As in all the other cases, these equations can be solved numerically, and we show in fig. 8

11
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Figure 8: Estimation error for lasso regression at varying sample complexity. The noise variance
is 02 = 0.1. Different colors correspond to different values for the parameter a in p~ (A | a), as
stated in the legend.
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4 APPLICATION TO SYNTHETIC DATA

3.3 Comparison and optimization of )\

In this section we consider the same teacher model defined in 3.1.1, 3.2.1 and 3.2.2, with Gaussian
prior pp(#) = N(0 | 0,1) and linear output channel / likelihood pou(y | 2) = N(y | 2,02%). We
distinguish the possible estimators of the true weights that have been studied in the previous
sections by tintroducing the notation 689 for the mean posterior estimator in Bayes optimal
setting (i.e. the minimal mean square error estimator), éfQ the estimator obtained through the
ridge regression and éfl the one obtained through the lasso regression. By definition of the

MMSE estimator, we expect €est (930) < Eost (éf\"’) , st (éfl) , VA. One advantage of having

equations able to predict the performance of ERM is that it is possible to optimize the algorithm
by selecting the parameter \ that minimizes the mean square error:'2

" . AL
Ay = argm)}nsest (0/\”) , v=12.

Note that the optimized A} is a function of the parameters used to generate the data (in our case
the noise variance o2 in the output channel and the parameter a in p(A | a)) and the sample
complexity a. In fig. 9 we show the results of this optimization procedure for ridge regression,
with a comparison to the MMSE

1
o- =01 o =01

10

0.8

06 o~

Eest
Egst

0.4

102
0.2

0.0

Figure 9: Estimation error for optimized ridge regression (points) compared to Bayes optimal
estimation (lines) at varying sample complexity. The noise variance is o2 = 0.1. Different colors
correspond to different values for the parameter a in p< (A | a) (left) or p<(A | a) (right), as
stated in the legend.

4 Application to synthetic data

In this section we compare numerical experiments to the performance predictions obtained
through the replica approach for all the cases shown in 3. All experiments are done consid-
ering d = 1000 and generating 20 instances of the problem.

121n practical applications of ERM, when precise asymptotics are not known, the choice of A can be made
through the procedure of cross-validation: the data are divided in k subsets of the same size, training the model
on k — 1 of them and testing the predictions on the remaining one. The procedure can be repeated using each of
the subsets for testing. Eventually one chooses te value of A minimizing the test error.
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4 APPLICATION TO SYNTHETIC DATA

4.1 Bayes optimal setting

Following previous literature, Bayes optimal estimation for GLM can be efficiently performed
using a Generalized Approximate Message Passing (GAMP) algorithm. This polynomial (with
respect to d) procedure allows to avoid the sampling from the posterior (3), which is computa-
tionally costly in high-dimensions, performing optimal estimation in this specific setting [6]. The
algorithm and further details are shown in C.3, while its derivation and state evolution can be
found in [23, 41].

Fig. 10, 11 show the comparison of these numerical experiments obtained from GAMP and the
estimation error curves shown in 3.1.1.

2 _
o =01 o =01

10 — 1005 3 inf 100
— 11
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1t
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0.4

0.2 103

0.0

Figure 10: Estimation error in Bayes optimal setting with linear output channel at varying
sample complexity: theoretical prediction (lines) and average from numerical GAMP experiments
(points) with error. The noise variance is 02 = 0.1. Different colors correspond to different values
for the parameter a in ps (A | a) (left) or p<(A | a) (right), as stated in the legend.
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— 11

0.8
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02 ee—

Figure 11: Estimation error in Bayes optimal setting with probit output channel at varying
sample complexity: theoretical prediction (lines) and average from numerical GAMP experiments
(points) with error. The noise variance is 2 = 0.1. Different colors correspond to different values
for the parameter a in p< (A | a), as stated in the legend.

4.2 Empirical risk minimization

In fig. 12, 13 we show the comparison between numerical experiments of ERM and the estimation
error curves obtained from replica computations.
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4 APPLICATION TO SYNTHETIC DATA
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Figure 12: Estimation error from ridge regression at varying sample complexity: theoretical
prediction (lines) and average from numerical experiments (points) with error. The noise variance
is 02 = 0.3. Different colors correspond to different values for the parameter a in p~ (A | a) (left)
or p<(A | a) (right), as stated in the legend.
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Figure 13: Estimation error from lasso regression at varying sample complexity: theoretical
prediction (lines) and average from numerical experiments (points) with error. The noise variance
is 02 = 0.3. Different colors correspond to different values for the parameter a in p (A | a), as
stated in the legend.
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5 CONCLUSIONS

5 Conclusions

In this research work we have studied the problem of learning generalized linear models in
high-dimensions when the covariates are drawn from the superstatistical distribution P(x) in
(1). This choice allows to consider very different non-Gaussian covariates’ distributions (heavy-
tails, infinite variance) with the advantage of having a Gaussian conditioned probability density
function P(x | A) = N(x | p,d"tAly), which simplifies the computations. We reached our
goal of evaluating the best performance (given the data) any algorithm can achieve in case of
linear and probit labels, considering the Bayes optimal setting. We verified, in the linear case,
that optimized ridge regression and lasso regression performance are comparable to the Bayes
optimal ones. We were also able to show that our predictions obtained through the heuristic
replica method agree with numerical experiments performed on synthetic data. One of the most
important results we have obtained is the computation of the decay rates of the learning curves,
which are the same indipendently of the distribution for A and equal to the known Gaussian
covariates case (where P(x) = N(x | p,d~*Al,)) with matching Ex[A] = A. This implies that
even though the covariates’ superstatistical distribution may have heavy-tails or infinite variance,
ultimately this does not affect the performance of the estimation, in particular when the sample
size n is much larger (but still proportional to) the covariates’ dimension d, i.e. the regime of
large sample complexity. This results finds its place in the context of the Gassian universality
principle and represent a further steps towards understanding how learning algorithms perform
on realistic datasets and how much the latters can be described by the first two moments of they
distribution.

The natural progression of this work would be to perform numerical experiments on realistic
data whose features are supposed to follow a superstatistical model and validate the results here
presented. Moreover one could use the results of A.1 and consider different choice for the output
channel or the risk function (e.g., studying ERM for classification). The results presented in this
manuscript can be straightforwardly applied to the case of covariates distributed according to
Huber’s contamination model [21, 22], considering the case where each covariate can be drawn
from a Gaussian or a superstatistical model with probabilities respectively equal to 1 — € and e,
for some € € [0, 1]. Further steps can be the introduction of structure in the noise of the output
channel, for instance drawn from a superstatistical distribution (or a contamination model)
likewise. Another development could be a rigorous proof of our results, exploiting previous exact
results on GLMs.
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A REPLICA TRICK AND FREE ENERGY COMPUTATION

A Replica trick and free energy computation

The aim of this section is to compute the quenched free energy density, which is the average
with respect to the training data D of the logarithm of the partition function Z(D), i.e. the
normalization of the posterior distribution p(@ | D):

Bf =— lim Eplog Z(D).
d—oo

As stated in section 2, the computation of this quantity can be carried out using the replica
method, commonly employed in statistical physics when dealing with systems that exhibits
quenched disorder. Following this approach one can get rid of the logarithm considering that

75 =e*18Z = 1 4 slog Z + O(s?),

hence £z 1

Elog Z = Slg& . 9)
The main semplification of this method comes from the fact that the average of Z° is performed
assuming s to be an integer: the quantity corresponds physically to the partition function of s
replicas of the original system. This is easier than computing the average of log Z. Nonetheless
one should keep in mind that once obtained the result of this average, the limit in (9) is done
sending continuously s — 0%. This non-rigorousness at the core of the replica method has still
never been formally resolved, but this approach mantain his popularity since in every case where

its results can be compared with exact ones, they are in perfect agreement.

A.1 Generalized linear model with superstatistical covariates

The problem is now reduced to computing the averaged of the replicated partition function. Here
we show the derivation of the replica results in the more general case of "incomplete information",
i.e. without the assumption that the probability distributions used to generate the weights and
the labels coincide with the ones used in the reconstruction. The results for Bayes optimal
estimation and empirical risk minimization will be shown in A.2 and A.3. We start with:'3

EpZ°®=Ep H/ H o} pe(01') H Pout (yi | 0°7x;)
a=1 ] ie[n)

leld
— [ TL 0w [ TT T] aotwaterx (10)
le[d] lg[d] a=1
X / H dy; Ex [p:ut (yz | e;rxi) Hpout (yi | eaTXz‘)]
i€[n] a=1

Where we explicited Ep as ExEy = ExEg, Eyx+,. We then manage to decouple the dependence
on the labels and the weights in the previous expression introducing local fields {h%}, i € [n], a =
0,...,s. This is done considering that

1=1]] l/dh?é(h? -0/x;) H/dhga (he —oﬂxi)]
a=1

1€[n]

13Every integral presented in this work is a definite integral, the notation J has to be intended as a convention
for the integration over (—oc,+00), e.g. [dsdtf(s,t) = [z dsdtf(s,t)
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and rewriting the expected value in (10) as

S

/M%@A%m%/HWWM@Awwx6w%ﬂ&oﬂ6w7m&a. (1)

a=1 a=1

The expected value in (11) defines the joint density over the local fields {h?}, ¢ € [n],a =0,...,s.
Considering for simpicity g = 0 in (1), it is easy to verify that - at fixed A - these are Gaussian
variables with zero mean and covariance given by the matrix ga, whose elements qzb, which we
will also call (rescaled) overlap parameters, are defined as follows:

Ex‘Ah?h? = EX|A [HaTxiGbij] = G“TEXM [XiX;r] 0’7
A A
_ 70a—|—| Bb — 79a—|—0b = ab'
d d d an

It is possible to see why the structure for the distribtion of the covariates x; was chosen as in (1):
conditioning on the value of A, it is possible to exploit the fact that P(x | A) is a Gaussian density
function to simplify the computations by following a procedure similar to the case with Gaussian
covariates. The only price to pay will be the (numerical) average over p(A) that remains explicit.
At this point, using the notation h; = (h?,h},...,h{) and the shorthand dq = [, <p<, dg®°
for any matrix q € R®**, we can rewrite (11) as -

/ dhidpl,. (vi | hy) / 1T dpipout (yi | )N (b [ 0,q)
a=1
= / ARdp%.. (vi | h?) / 1T a7 pour (vi | B3 x (12)
a=1
ab A aT
X/qu H 5(qA—d0 0>N(h10an)a

0<a<b<s

treating now the overlap parameters as variables and expliciting their connection to the weights
through the Dirac’s deltas. Using their Fourier representation

b A T Ab foo ~ab Aub(gaTgb_l ab) ioo ab — 4 gabgaby cabgaT gb
o QZ —EQ‘I 0 :/ dqa el Alda :/ dqae Ad 4da T4 (13)

—ico —ico

Putting together (12) and (13), (10) now becomes:

d
EpZ° = Ea / dqdg exp < trqad’ +log I,”(q) + log I§”>(q))

A
t AT
= EA/dqd(iexp (d (—rqﬁq + log [9((’\1) + alogly(q))> (14)
=:Ea / dqdg e?® @D,

where we have used @ = n/d and defined

ﬁ@:/Hmem/HmewW>zq%Wb

leld] le[d] a=1 0<a<b<s

141n order to simplify the notation in the following expessions, we will consider 8° as equivalent to 6.
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=H/&wwm/nwm%m>zqwﬂw:wwd
a=1

le(d] 0<a<b<s

@”mwz/Ilmg/mwmm@Aw)/IIHAWmm@nmmMmﬁaqm
i€[n] i€[n] a=1

:H/m/WMMMW/HMmmmwN®M%FﬂMW
i€[n] a=1

7

In eq. (14) we managed to write EpZ® as a saddle point problem in the dimension d, which
allow us to easily evaluate the integral. In fact, assuming

i . EpZs -1 . . Epzf-1
lim lim ——— = lim lim ——,
d—00 s—0+ sd 50+ d—00 sd

we have that, as d — oo the integral in (14) is dominated by the configurations (q, §) that
extremize the function ®.

Replica symmetric ansatz

In order to find these extremizing configurations , the usual procedure is to restrict the search
to the subset of replica symmetric solutions, i.e.

qOAO:,rOA qAOO:,FO

qOA“:mA i =m for1<a<s
1

qA" =ra "t =57 for1<a<s

qu:qA Aab:(j forl<a<b<s.

The factor —1/2 for the parametrization of §** is chosen for convenience, but it will not change
the result, since we will extremize over 7.

This parametrization correspond to the assumption of invariance of the solution with respect to
the permutation of repica indices. Moreover, in Bayes optimal setting we are sure it holds. In
subsection B is shown that if qa is replica symmetryc, the same holds for qgl. We will refer to
its elements as:

(z1)" =7

(qgl)oa:m forl1<a<s
(q£1>aa:f forl<a<s
()" =3 forl<a<b<s.

On this ansatz, the trace term in ®(q, q) becomes:
N N . 1 . s(s—1 ~
Y q" = ki + smari = Ssrar + : 5 N
0<a<b<s
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Similarly we have that the exponent in Iy becomes:

> qabeaob:foaf+m9*iaa— Z(aa +q Y, 0%

0<a<b<ls a=1 a=1 1<a<b<s
S
_ 20p2 ~ a __ = - anb
= 0*+m9*z:10 7’+qz:1 2q zb:léﬂ.
a= a,b=

As customary, we decouple different replica indices introducing an Hubbard-Stratonovich field
e~ N(e|0,1), namely:
6% Ez,b:1 06" = Ese\/gﬁ 2o=10°

Putting together, we have that

I@ = /de*p;(a*)/H dl‘ape(ea)eZOSagbgs qabeaeb
/de*pg e’ Q*E /de p 9“ MO, 0% — L (7+§)(0%)>+1/Ged”

=E / d0.py(0.)e" ( / dz pe()e™P-0—5(+0)(6) +fee) ’

where we were able to remove the dependence of our expression on replica indices and explicit
the dependance on s.
We can repeat a similar procedure for the term in I,. Recalling that

—1\ab, p
6_%Eoga§b§s ha(CIA) h

Vdet 2wqa

N(h]0,qa) =

it is easy to see that

—%Zogagbgsha(qgl)“"hb:—%fo(ho)%mh()z;ha— Zh“ G Y hn

1<a<b<s
:—; thZh“—ff—qZh" —quh“hb
a,b=1

Introducing another Hubbard-Stratonovich field  ~ A(n | 0,1) in order to decouple replica
indices in the last expression,

I, = / dy / ar%dpt,, (y | 1) / TT a7 pone (5 | H) A (| 0, )
a=1
= As (’I"O,m,’l“, q) /dhodp:;ut (y | ho) e_%io(ho)zEn / H dhapout (y | hG) e_mhoha_%(F_(j)(ha)z-i_\/jqnha
1

A0, mrg)E, / AROdpt,, (y | h0) =370’ (/ dhpous (y | 1) emh””(”)(h”mh)

In the previous we have defined A,(r°,m,r,q) = (det 27rqA)_1/2 computed on the replica sym-
metric ansatz. His explicit definition can be found in B.

In order to lighten the notation, the subscript A in qa and its element will not be written in the
remaining part of this appendix. The dependence on A will be reminded and made explicit in
the final result.
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Taking the s — 07 limit

At this point, to proceed with the replica approach, one needs to take the limit s — 07 in (9).
Before doing it, we should check that the function ® in (14) does not contain any term O(1)
with respect to s, otherwise our quantity of interest will diverge.

We start considering

. L s+1 s—1 1 0 0 9
il—rf%)bgAs_}ngb —T10g27r— log(r—q)—ilog(rr + (s = 1)rPq — sm?)
1
= ——log 27’
5 log 2777,
which implies

1 =4 o —
lir%logly = —alog 2mrY + log/dy/Dn/dhOpf;ut (y | h%) e~ 370 (s=0)(h")"
S—r

1
= _510g 2mrY —&—log/dhoe_#@o)2 (15)

1 1
—3 log 27rY + 3 log 27rY = 0,

where in the first equality we used the normalization E,[1] = 1 and [ dyp},, (y|h°) =1 and on
the second equality that #° = 1/r% at s = 0 (see appendix B). Likewise,

lim log Iy = log / déb.pp (6.) ™ (0:)7
s—0

Therefore
hm<1>———|—log/d0*p9 ( °)*

s—0
which is only zero if we set #° = 0. It is easy to check that this implies in particular that on the
saddle-point we must have '°

70

A
Once fixed these consistency conditions, we can study the O(s) terms. We could start by sym-

metrizing the integrals Iy and I,,.
We let &€ — € 4+ ¢~ /?ma?, so that

Iy = Eg/de*p; (9* 7;(1 03+ % vaths (/d@pa e 2(T+‘1)92+\f£9) ,

Ea— = Eg, (6,)%. (16)

therefore 16

771 92

1 g, s -
]im+ — log Iy = Eﬁ/de*p; (9*) 2g \/55 log/d9p9(9)€_%(r+®92+\/;£9
s—=0*T S

= Ec [117(©)1og 1" (6)]

15Making explicit the dependence of 70 on A we notice that the first part of this equality does not depend on
A

16Tn the following we are using lims_olog Efg® = lims—ologE(f + fslogg), then we expand the external
logarithm.
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A similar but longer procedure can be applied to I,. We perform the change of variable n —
n — (=q)~*?mh°, so that

log Iy = log As + log En/dygés)(y,n) ) (y,m)?,

()

where we have defined
s « _1(0_@m2(p0)2_ :Lﬁ 1o
gé)(y,n)Z/dhopout (y|Rn)e () ()

g§5) (y’n) = /dhpout (y | h)e_%(F—@)h2+¢?§nh

We remind that one needs to be careful in taking the limit s — 07 since (7:0

on s.

, M, T, (j) all depend

(x) = log En/dy[ O (y,m) + ‘sangés)(y,n)’ + 595 (y, ) 10g ¢t (y,m) + O (n2)}

= log [v 2770 + S/dyEn 3ngé") (v, 77)‘ T 9y, m) log ¢\ (y, 77)) +0 (82)}

1
:—510g27r7"0+ +9(())( )logg()( 777)}"‘0(32)’

dyEy 995" (. 1m)|
m Y gO(yn)S:

where we have used the zeroth order result from (15). The first of the integrals is easy to evaluate.

Using that [Dn [ dygés)(y, n) = /25 we can exchange derivative and integral arriving to
1 / (s) (s) 1 2r
—— dy/E 9590 (Y, = UdyEg Yy, n = ——=0s\| ¢
\/W n 0 ( )s:O 777“0 nJ0 ( ) o \/W 70 o
1 r0q — m?
2 r0(r —q)
Putting all together we arrive to
lim 2 log I 12()1q+1/d/D()1()
im ~lo =——log2n(r—q)— = 1 n)lo
v T gly = g q 2r—q ' /a0 Y 190\Y, 1) 108 g1\Y, N

(0) (0)

where we have relabelled gy = g5’ and g1 = g7 ', given by

q 0\2 m?2 0
90(ym) :/dhopout (y | h%) e ~ gt (W) oty

,lri h2+ rOg—m?2 nh
g1(ym) = / dhpous (y | R)e T TV =

Note in particular that gy = ¢; in the Bayes-optimal case, when r = r* and m = ¢. We can
still make some cosmetic changes in order to rewrite the above in a compact form. First, we can
make
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0, 2
R e R

such that, introducing the notation [ Dh = (27)~1/2 fdh(féh2

170g—m?2 2 'I"Oq _ m2
g1(y,m) = /27 (r — q)e* P " /thcmt (9 [ Vr—gh+4/ ro”)

Therefore,

qu

2 : / / e / /
D lo =—log2n(r — D )+ =
/ U / S losgr =5 loe2r(r—a) [ Dn [ —===590(y,m) + 57505 | D \/790 y,1)

d r9q —m?
#1og D0 [ 215 [ s (l’”‘qh‘ vqw>

1 1
=3 log2m(r —q) + = a

2r—q
+/ dy /D (y,m) 1o /Dh g — e
\/W ngo\y,n g Pout ) q 70 n

where we have used that

dy [r0g —m2 -4( r0q- m2)772 r0q
D = d 2 70 —
/ 77/ 270! go(y:m) Comrlg / m'e ! r9q —m?

putting together and further making a rescaling of the noise,

— ar’
. _ 9
! 70q — m277

leads to

1 0 2 0
_1_g4 qr
li ,1 Iy =,/ 202! _ Dhpou Vr —gh+
9—)1%1 8 Toq m? / \/TW \/TT( 9o (y’ r0g —m? n) / Pout (y | r—q \/&77)

Focusing now on gy,

1 q 0)2 m2gq
/ 0 —3 0,5 (h0) o ey
90 <y7 ,r.Oq m2 T)) /dh pout Yy | h)e ! (0 )

we can make a final change of variables to bring the measure over h° to a Gaussian form,
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A REPLICA TRICK AND FREE ENERGY COMPUTATION

r9q — m2 m
RO = ———— p0y —
\/ q \/?177

leading to

for n ~ N(0,1) and

r0q — m?2 m
1 (y,n) = /Dhopout (y | \/Tho + \/an>

1) = [ Db (0 | V7= a0+ van)

Summary

As a final step we make the dependence of the overlap parameters on A explicit. Recalling that
q® := Ad=10°T 6® and that we have not written the subscript A in the previous section of this
appendix, with a little abuse of notation we define (r°,m,r,q) as

rd = Ar? ma := Am
ra = Ar qn = Aq

We can finally write the free energy density as the following extremization problem:

Bf= extr ¢(m,r,q,m, 7, 4q) (17)

m,r,q,m,r,q

N SIPU St
¢ =—mm + 577 + 514 + E. [Iéo)(e) loglgl)(e)] +aEa [/ dy IZSO)(y7 A,n)log Izgl)(y, An)

with
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m2 92

100 = [ a0l %

I§§)(e) = /dﬂp‘g(e)e*%(ﬂé)@zﬂ/&ee

(18)
r0qg — m?2 VAm
f@(y,n)=/Dh0pgm (yIUA qq R + 7a n)

I (y,n) = /thout (y\ VA —q)h + mn)

and
TO = Eg. [03]

A.2 Bayes optimal setting

In this section we simplify the results of A.1 and compute the saddle point equations for the
overlap parameters by considering the Bayes optimal setting, meaning p,.:(y|z) = p%,.(y|2z) and
po(0) = pj(6). This implies in particular r* = r, m = ¢, 7* = # = 0 and 1 = ¢; as a consequence
1V =1V and 1y = 15V,

All cases considered in this works assume Gaussian prior pj(0) = N(6 | 0,1), which means

ge’

e (o i)
I, 7 =—— [ dfexp | —=(1+q)0° + el | = ex —.
o = p(—5(1+)6°+/q = P30 1 3)

Therefore
1 C1(1_ )2 Ge? 1 . G —log(1+4§)
E. | I (e) log I'? (e :7/dee 3 (1-ig)e [ ~ — —~log(1+ ]:
o 1,7(6)] =~ s 3+ d) :
Hence, the function ¢ in (17) becomes
) 1 . §—log(l+4§g
6(a,4) = — 544 + w +aEa, U dy 187 (y, m) logféo)(y,n)} 7 (19)

and the extremization with respect to ¢ is given by the following saddle point equation

0 1 1 !
b= _= -1 =0 = = . 20
aqu 2<q +1+q) 1= 1 (20)

This form for the prior also implies

In order to perform the extremization with respect to ¢, we need to specify p%,.,(y|z).
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Linear channel

The linear output channel corresponds to
inBIXi+U£7 £NN(£|01|TL)

In this case p,;(y | 2) = N(y | z,02). Plugging it into (18) we have

= /dhexp (—h2 S (y ~VAQ—qh— \/an)z)

—(y — VAqn)?
2(02+A(1—q))

T V(o A(l —

Therefore, using E, [k] = k,Vk € R and the following

_ _ 2
/dy Iy, ) log IS (y,n) = /dyN (y | VAgn,o® + A1 - q)) 2(U(Zy+ X?q_ni])) - %log(a2 +A(1-q)

1+ log(o? + A(1 —q))
2 )

we can write (19) as

g—log(l+q) «a

. 1 o
¢(q,4) = —594 + -5~ 5Ea log(o? + A(1 — q))

2 2

Then the second saddle point equation for the linear channel case is given by:

0 1 A | A
—¢6=—Z|d—aBr——mM | = j=aEx——"—— 22
dq 2(" O‘A02+A(1q)) 0 =4 FAZTAQ g (22)

Probit channel

The probit channel corresponds to

y; =sign (0, x; +0€), &€~N(£]0,1,).

In this case p%,;(y|z) = erfc ( ) /2, y € {—1,1}. 17 Notice that in this classification case the
integral [ dy in (17) should be replaced with Zy:ﬂ. Plugging this into (18) we have that

— 1 3/ eric \/ih—l—\[’ﬂ —lerc - Aq
150)_2\/%/%6 f ( VAy NG )_2 f ( yn\/2(02+A(1q))>

where we have used y?> = 1 and the following:

132 A B 132 2
v / dhe™ 2" erfc ht \f/ dh dte~ 2"t
o \/i Ah+B

/ (B+)?
— ,/ dh/ dte —1(R*—(AR+B+1t)%) _ 1+A2 / dte 20+A%) (23)

erfe(x) = % f;o dte=t* is the complementary error function.
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e B
f/ erfc( 2(1+A2)>

2(1+A2

(in the second line we performed the change of variable t — (Ah -+ B +t)/+/2, while in the third
line t — /2(1 + A2)t — B).
Therefore, after considering that, since I;O)(y, A, n) is a function of the product yn,

1 1.2
B 11”81 = = / dne= 47 10y, A, )

e 2 /dne 30 IO)(y,A -n)=E [ ( ¥, A, )],

we have that
E?7 Z IgSO) (y’ Aa 77) = QEWIZ(/O)(_:L A7 77)
y==+1

and, defining k,(A) := v/Aq/\/0? + A(1 — q), (19) becomes &

AR R L ORI W ) PR ALTC )

It is possible now to derive the saddle point equation from the extremization with respect to ¢

19, 20,
q= —QQ%EA’U [erfc (nkq(\/g)) log erfc (77 kq(\/g))}

[ o () i (12 )
= ﬁaEAm [e—W*n%g(f) <10gerfc (nkqm)> + }

_ Vi {kq A) (14 ky(A)*)e™ ka0 nlog\:rifc ( k(A))]
VT 2 ! V2
<A>2

q
a _ kq(A)
=——E ko (A)(1 4 kqe(A)? 2 lo erfc()}
O [0+ k(A7) gt (542
The previous equation appears more complicated than the corresponding one for the linear
channel (22), nonetheless we were able to reduce our high-dimensional problem to a numerically
tractable one.

1 (25)

A.3 Empirical risk minimization

In this section we simplify the results of A.1 and compute the saddle point equation for the
overlap parameters in the case of empirical risk minimization. As we have seen in (5), we can
define distributions p,,: and py that play the role of likelihood and prior in the computations
performed in A.1. Given their association with the selection of loss and regularization functions,
we will address the cases separately, considering various forms that can be employed for these
functions. One difference here is the presence of the parameter S and the additional limit 3 to
infinity.

18We have used the identity found in (23) to say that E, erfc(n ‘A\FA) ) log 1 5 = —log2
194 erfe(z) = —2exp(—x2/2)/f

20 6 1
agka = ( + (a2+A<1 q>>2>

_k 2
2kg 2+A(1 q) - 73(1 + kq)

30



A REPLICA TRICK AND FREE ENERGY COMPUTATION

Ansatz for the overlaps

In all the cases we are going to consider we are going to assume the following ansatz, that defines
the quantities (x, M, R, ¥) independent of 3:

x=B8(r—q i =M = pBR - B} i=p0x (20
The necessity of these decision will be clear in the next subsections. 2!
With this ansatz the trace term becomes
1 1 1 N 1 .
ﬂli_}n(; 3 (—mm + 57‘72 + 2qq> = ﬂli_)rr; (—mM + §TR - gfg(r - q)) (27)
~ 1 ~ 1
=—mM + irR - 5)()2, (28)

and, remembering also that r% = 1 (see (21)), the expression for the MSE in (8) can be written

as
Eest:r0—2m+q:1—2m+r—%ﬁzm1—2m—|—r. (29)

L, regularization

A popular choice for the regularization term is 7(6) = 62 /2 22, that corresponds to

po(0) = exp (—62)\92) ,

as defined in (5). Plugging it into the expression for Iél) in (18) we obtain

A r4q ~ 2 qu2
I(l) _ /dg _5792 _ 1y 0) =
6 P\ 50+ Ve Vitarm ®\srrarm)) OV
and
1 1 m2 m q m2e?
I(O) = 7/d9* —=9 — 6% + — 0.) =4/ ———— —) | . 1
6 \/ﬂ €xXp 9 2qA * + \/66 7'7’7/2 _'_quXp 2(m2 +qA) (3 )

As a consequence, using the ansatz defined in (26)

(0) w_ | a YA ) Ge2
Ecly ' logl,”’ = 2Tl_(?7A124_q)/dee><p< 2(1 m24_qA)6)2(724_(}'_&)\)—1—0(6)

_ € € m2+q) i 0 *w
/dN( 0= ) s raam T e W)

Finally
M? +x

2B N (32)

B ) (1) _
ﬁhan;o,BEJa logl,” =

210ne should note that the extremization in (17) should be now performed with respect to (m,r, X, M, R, X)
22The factor 1/2 is conventional and does not affect the result of the estimation through ERM.
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The extremization of ¢ in (17) with respect to (M, R, ¥), considering also (27), results in the

following self consistent equations:

.1 0 M M
hm 77A¢:*m+ = :0 = m = —<
B—oo B OM R+ R+
1 M2+ % M2+ %
10, M HX ty o, o 20HX (33)
pooo BOR 2 2(R+ N2 (R+ \)?
10 X 1 | 1
lim ——¢p=—-= 4+ — =0 = = =
Bﬁooﬁaxd) 2 2R+ TR

L, regularization
Another frequent choice for the regularization is r(6) = |#]. This choice corresponds to

pe(0) = exp (=BAI0]) ,

as defined in (5). Plugging it into the expression for I 9(1) in (18) and using the ansatz defined in
(26) we obtain:

) = /de exp (—mw—’"‘;qe? + \/Zjee> - /de exp (—6)\|9|—ﬂf92 + B&ee>

As  — oo, we can perform a saddle-point (S.P.) evaluation of the last integral:
(1) B>1 R o (55(VRE= V), e> 5
Iy "~ exp | —fmin /\\0\+§02—\/§69 = Joxp (S(VRe+N2), e<—X

0
0, otherwise

23

The expression for I(go) is again (31). Therefore, the term we shall compute is

1 ) o0
ﬁler;o BEejéo) log ]gl) — A\/{?/ _deexp (m;(Ae?) (V/xe — \)?
Ry/2m (N2 + %) TMVR (M? +X)

LM 442 A M/Mzﬂzexp( A2 )
X TRTERe)

= erfc ~ =
2R 2(M2 _|_>A<) R\27 M? +X)

In order to simplify the notation in the following expressions, we define:

M2+)Z> 22

e 2(M2+%) ,

A .
Pere = erfe | ———==|, ¢o:= (M2 +Xx+ AQ) Perfc — A
2(M? + X)

where we kept implicit the dependance of the two functions on the overlap parameters and .
The extremization of ¢ in (17) with respect to (M, R, x), considering also (27), results in the

23The following computations can be easiy done using trivial changes of variable and using integrations by

parts.
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following self consistent equations:

1 0 M | M
Im ———¢=-mM+ —¢orfc =0 =—> M= —0Dertc
P Py vad 2 ert 7 e
10 r 1 | 1
- = - — —— =0 - r= = (34)
i BaR’ T2 o™ 2
. 10 X 1 ! 1
1 — = :_7+7A erCZO — = =< Qerfec
Jm 5a5¢ T g T gp et X = et

Quadratic loss

One of the most common choices for the loss function, when the labels are y; € R, @ € [n] and
not dicotomized, is the quadratic loss (y, z) = (y — 2)?/2 ?*, that corresponds to

Pout(y | 2) = exp (—g(y - Z)Z) ,

as defined in (5). Plugging it into the expression for Iél) in (18) we obtain

10 = —— [ave (-LF - B4 - VAT g0 - VA

V2 2
_ 1 exp <_6 (y — VAqn)* )
VI+BA(r—q) 21+ BA(r—q)) "

In order to compare the results of ERM with the Bayes optimal setting, we consider the linear
case with noise variance o2 for the teacher likelihood (the same used in A.2), as it is the only
likelihood for real non-dicotomized labels that we have presented in this work.

Hence, recalling that 79 =1,

2
1 h? 1 q —m?2 Am
I(O)——/dh SRCRR N R N h—
VT ono FPN Ty T2 \Y q N

2
1 1 ( vV AmMm )
= exp | — Y- n

\/27r (02 N A%> 2 (02 + A%)

2
:N(y\/jamn,ﬁ—i-Aq qm )

Introducing the notation E,[(-)] = [ dyN (y | \/\%m?], 0%+ Aq%!mz) (+) and the ansatz defined in
(26) 25 this leads to 26

1 1
im = 0100 7D = _Ex— {2 2 _9\/Ar }
Blgr;oﬁEA,n/dy[y log I, EA2(1+ %) E,y |y° + Arn® — 2V Aryn

r—m? Am?
_|_

1
—Ep—"— [+ A
2(1+ Ax) r
24The factor 1/2 is conventional and does not affect the result of the estimation through ERM.
25We recall that one of the implications of this ansatz is limg_y00 g = 7.

2
26We are using E,[n?] = 1, Ey[y] = %n and Ey[y?] = o2 + Aqfqm + (Ey[y])?.

+ Ar — QAm)
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o2+ Al —2m+r)

- _E
A 2(1+ Ay)

In this ansatz, the extremization of ¢ in (17) with respect to (m,r, x) results in the following self
consistent equations:

10 « .
19, R a A A
BT 2 AT Ay ! = EeRay
.10 X a_ A+ A1 —=2m+7r)) . A(o? + A1 —2m +71))
amEec?T Ty Taka 1+ Ax)? 0 = X=oka (1+ Ax)?
(35)

B Inverse and determinant of a replica symmetrix matrix

Inverse of replica symmetric matrix

Here we aim to compute the elements of q~!. It is easy to see that they can be parametrized
exactly in the same way as q,

()" =7

(q_l)aozﬁl forl1<a<s
(qil)aa:f forl1<a<s
()" =g forl<a<b<s

We know that this satisfy q~'q = I, which in components read

S

S
Z (q,l)ac qcb _ (q,l)ao qOb + Z (q,l)ac qcb _ 5ab,
c=1

c=0

where 07 is the Kronecker delta.?”Separating in components,

70r0 + smm =1 (a=b=0)
Pom +mr + (s — 1)mg =0 (a=0,b>0)
mr® +7m+ (s —1)gm =0 (a>1,b=0)
mm+1ri+(s—1)gd =1 (a=b>0)
mm+7qg+gr+(s—2)gg=0 (1<a<b<ys)

The solution for this system is given by

27§ab — 1 iif @ = b, otherwise §%° = 0.
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-1)00 _ o _ +(s—1) —1y2@ _ ~ _ rOr4(s=2)r—(s—1)m?
() 0 r= W (@) - r= (rrfg)(rsc’r+§gfl)r%qfsn;12)7
—1 a o~ -1 a o~ —
()" =M= g @) =0 = oot
In the s — 0T limit of the above,
1 2 —2q)r°
lim 7° = — lim 7 = w (36)
50+ r0 50+ rO(r — q)2
2 _ .0
. m .. m*—=rl
lim m=———— lim 6= —— 37
s—0+ rO(r —q) oot rO(r — q)2 (37)
In particular, note that this satisfy
1
lim (7 — q) = .
s—>0+( q) r—q

Determinant of a replica symmetric matrix

The replica symmetric overlap matrix is given by

™ m m m
m r q q

q=| ™ ¢ q e R+ x(s+1)
m q q ... T

In order to compute its determinant, we will attempt to guess its eigenvector. We first try with:

™ m m ... m x rOzsm T
m r g q 1 mz 41+ (s—1)q 1
m q T q L[| met+r+(s—1)g | L] 1
m q q ... T 1 mz+r+(s—1)g 1

giving two linear equations for the two unknowns (z, \),

Az =10z + sm
A=mz+r+(s—1)q

Inserting the second equation into the first give a quadratic equation for x,

ma® + [(r—r) + (s — 1)g] & — sm = 0.
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The solutions of the system are therefore,

2= — g [(r =) + (s — )] = oy /Asm? £ [(r = 19) + (s — 1))
Ao = 5 [(r 70+ (5 = 1)g)] £ J/Asm? + [(r —10) + (s — 1)g]”

Note that the product of eigenvalues simplifies to

AA_ =1+ (s — 1)r% — sm?

The other s — 1 eigenvalues can be easily found by checking that the vector v(? € R**! whose
elements are defined as ’Uj(-l) = §% — §"*1J is an eigenvector. In fact:

™ m m m 0 0
m r q q 1 1
m r q -1 | _ (r—q) -1
m q q r 0 0

There are s — 1 such independent eigenvectors. Therefore the determinant, which is the products
of eigenvalues, is given by

detq=(r—q)* ' (r® + (s — 1)r% — sm?)

In particular, we have the following useful asymptotic:

logdet g = (s — 1) log(r — q) + log (rr® + (s — 1)r% — sm?)
r0q — m?

— 82 .
r0(r—q) +o()

=logr® + s |log(r — q) +

C Bayes optimal setting: some technicalities

The Bayes optimal setting, as defined in 2, is the supervised learning setting in which the teacher
and the student distributions coincide. Given our choice of using the mean square error (MSE)
as the estimation error, this setting is optimal in the sense that it allows to achieve the minimal
error, meaning that the (minimal mean square error) estimator is

0(D) = argmin g, p||6 0.|%, (38)

where in general the expectation Eg |p refers to the teacher posterior distribution

2" (0.10) = 7o T ri0) T e (1 07%).

le[d] i€[n]

The latter coincides with (3) only in Bayes optimal setting.
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C.1 Optimality of the mean posterior estimator

The mean posterior (MP) estimator is defined as Egp [6], where the expectation is done with
respect to the (student) posterior (3).

In this section we show that the MP and the MMSE estimators coincides in Bayes optimal
setting. The minimization of the (averaged) MSE in (38) implies

! *
0L Voo pll6 6.7 = Vo [ 46.5°(6. | D)II6 - .|

=2 (0 - /dO*p*(O* | D)0*>

Therefore, é(D) = Eg,|p [0+, which is the MP estimator only considering the Bayes optimal
setting.
C.2 Nishimori identity

Proposition (Nishimori identity): given a couple of random variable (X,Y") drawn from the joint
distribution P(X,Y) and conditional distribution P(X | Y). Let k > 1 and M, ... ") (the
replicas) be i.i.d. samples from the conditional P(X = -|Y). Let us denote (-), the expectation
with respect to the conditional distribution P(z(M) | Y)... P(z®) | Y) and E the expectation with
respect to the joint distribution P(X |Y). Then, for any continuous bounded function g,

E <g (Y7 w(l), .. .,CE(k)>>k =E <g (Y, Xm:(l)7 ... ,m(k_1)>>k71

Nishimori identity is a direct consequence of Bayes’ formula. In fact, sampling (X,Y) from
P(X,Y) is equivalent to sampling Y from its marginal distribution P(Y) = [dzP(z,Y) and
then sampling X from P(X |Y'). Therefore

E<g (y’ X,z ... ’“T(k_l))>k71 = EY/dXP(X \ Y)/]:];[Idxip(xi |Y)g <y7 X7x(1),...,x(k_1))

k
= EY/deiP(xi |Y)g (Y,x(l), . ,x(k))
i1

= E<g (Y,x(l),...,:c(k))>k,

where the second equality is just a change of the name of the integration variable X to z(*).
An useful consequence of this identity concerns the overlaps in Bayes optimal setting, more
accurately their typical value.

In fact 8
q=d 'Ep <0(1)T0(2)>2 —d'Ep <030(1)>1 —m

and similarly 7% = r, § = / and #° = 7. Exploiting the Nishimori identity it is also possible to
prove that the overlap matrix is replica symmetric in Bayes optimal setting |7, 5.

28 The notation (-)1» consistently to the one used in the Proposition, refers to the expectation with respect to

P (0(1) \ 'D) ] (0(’“) | D). Since Ep is an expectation with respect to the teacher distributions, it is easy to see
that Nishimori identity can be applied only in Bayes optimal setting.
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C.3 Generalized Aprroximate Message Passing algorithm

Bayes optimal estimation could be performed by sampling from the posterior (3), which is costly
in high-dimensions in general and finding an algorithm that achieves the MMSE in polynomial
time is a hard problem. For this specific setting, an algorithm inspired by statistical physics called
(generalized) Approximate Message Passing can be used to compute marginals of the posterior
and achieve the optimal estimation in polynomial time (with respect to d) [6]. Therefore, we use
it to perform the numerical experiments of section 4. This formulation of the algorithm is the
one presented in [12]. Note that this algorithm assume Bayes optimal setting, hence the output

channel and the prior distributions are the same for the teacher and the student.

Algorithm 1 GAMP

Input: Data X € R"*4, y € )"
Define X2 «+ X o X
Initialize = = 0 € R?, é=0 = 1 € R?, g'=0 = 0 € R"
while t < t,,x do:
Vt — XZét; wt — X’uA]t71 _ Vt ®gt71;
9" = four(y,w",V"); 09" = Oy four(y, w", V?);
At = —X2T9g; bt = At W' + X T gt;
ﬁ]t+1 = fQ(btaAt)7 ét = 8bf9(bt7At)
end while
Return: w!mex, ¢lmax

where the auxiliary functions fou:(y,w, V) = 9, 10g Zout(y,w, V) and fo(b, A) = Iy log Zp(b, A)
are scalar functions acting component-wise that depend on the output channel and priors:

dz _G-w?

e T pour(yl2), Zo(b, A) = [ d e~ 29 +Y0p,(0
e Pout (]2) o (b, 4) / po(9)

Note that !~ is an estimator of 8,.
Our choice of gaussian prior implies

Zout (yv W, V) =

b

f@(bv A) = m

2

For the linear channel defined in 3.1.1, with noise variance o~, we have that

fout(y7w7v) = V+O'2'

2

For the probit channel defined in 3.1.2, with noise variance o<, we have that

—1
2 w2 yw
Y, ’V = _— 2(V+o2) f _—_ .
Fout0r 0V = v v o2y [HC< zw+ﬁ%ﬂ
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D Superstatistical model with inverse Gamma distribution

Consider the inverse Gamma distribution with shape parameter a > 0 and scale parameter b > 0,
namely p(A | a,b) = b*(1/A)* L exp(—b/A)/T(a), then (1) becomes

Pix) = [ (s ia) oA 0.0 d

b [ 1 sdx—p)T(x—p) +b
= exp | — dA
[(a) Jo Aatl,/det(2md—1Aly) A

pediz e 3dlx = pl*) +b
T @@ o aef P\ A aa (40)
beT(A)d¥/? [ d 1 )

=1

(20 IV —wl) "

_(2b)°T(a + §)d¥/?
~ 712D(a)

Different choices of the parameters a and b allows to explore various regimes for the covariates
distribution. In fact, for a > 1 and considering that the average (rescaled) covariance matrix
dEA[(x—p) T (x—p)] = EA[A] = b/(a—1) =: A, by keeping A fixed and sending a — oo we have
that P(x) — N(x | , %Id7 the known Gaussian case, while by approaching the limit a — 17T,
the distribution P(x) get heavier tails. In our simulations we consider the scaling b = a — 1 so
that A = 1 indipendently of a. Instead, for a € (0,1] the quantity Ea[(x — p) T (x — )] is not
finite, hence the covariates’ distribution has infinite covariance.

Moreover, the choice of this distribution finds another motivation in previous works that adopted
it to describe non-Gaussian data in quantitative finance [15], [26] and econometrics [37].
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