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sample sizes and feature dimensionalities. Us-
ing tools from Random Matrix Theory, we
investigate the performance of this classifier
that aggregates decision functions from mul-
tiple weak classifiers, each trained on differ-
ent subsets of the data. We provide insights
into the use of bootstrap methods in high-
dimensional settings, enhancing our under-
standing of their impact. Based on these
findings, we propose strategies to select the
number of subsets and the regularization pa-
rameter that maximize the performance of
the LSSVM. Empirical experiments on syn-
thetic and real-world datasets validate our
theoretical results.

1 INTRODUCTION

Bootstrap methods (Efron, 1979) are a cornerstone of
modern statistics and machine learning. By resampling
data and aggregating models, ensemble techniques such
as bagging (Breiman, 1996) reduce variance, improve
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Figure 1: From costly grid search to theory-guided tun-
ing. Heatmaps illustrate how hyperparameter choices
(regularization and ensemble size) affect the LSSVM
decision boundary. Our RMT-based analysis provides
closed-form approximations that guide near-optimal
settings without exhaustive search.

robustness, and enhance generalization (Efron and Tib-
shirani, 1994). Despite their empirical success, however,
their behavior in high-dimensional regimes remains only
partially understood.

Classical bootstrap analyses assume that the sample
size n grows while the dimension d is fixed (Freedman,
1981). These results break down when n and d grow
jointly—a regime that is now ubiquitous in modern
applications. Recent works have shown that boot-
strap procedures can become inconsistent or severely
biased in high dimensions (El Karoui and Purdom, 2018;
Clarté et al., 2024; Bellec and Koriyama, 2024), rais-
ing fundamental questions: When does bootstrapping
remain reliable? How should one choose the resampling
strategy and reqularization in high dimensions?

We address these questions in the context of high-
dimensional classification ensembles. In contrast to
prior works that primarily focus on regression or rely
on Gaussian assumptions, we study bootstrap Least
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Squares Support Vector Machines (LSSVMs) under a
general class of concentrated random wvectors, which
captures structured data distributions commonly en-
countered in modern learning pipelines. Leveraging
tools from Random Matriz Theory (RMT), we derive
an explicit and tractable characterization of the en-
semble decision score. In particular, we show that it
converges to a Gaussian distribution, for which we ob-
tain closed-form expressions of the mean and variance,
leading to an explicit approximation of the classifica-
tion error. These results enable principled tuning of
both the regularization parameter and the ensemble
size (see Figure 1).

Contributions.

1. Explicit asymptotic characterization. We
derive deterministic equivalents for the mean and
variance of the bootstrap ensemble decision score
in the proportional regime (n,d — o0), and show
that it converges to a Gaussian distribution.

2. Analysis of correlated bootstrap ensembles.
Our analysis accounts for dependencies induced
by subsampling (without replacement), leading to
new expressions that capture the effect of ensemble
size and sampling strategy on performance.

3. Closed-form classification error. We obtain
an explicit approximation of the misclassification
rate as a function of data statistics, regularization,
and ensemble size.

4. Theory-driven model selection. We propose a
principled method to select hyperparameters with-
out cross-validation, based on the derived asymp-
totic risk, leading to more stable and interpretable
tuning procedures.

Relation to prior work. Most high-dimensional
analyses of bootstrap methods focus on regression or
parameter estimation (Du et al., 2023; Koriyama, 2024;
Bellec and Koriyama, 2024), or rely on techniques from
statistical mechanics and replica methods, which of-
ten yield implicit characterizations. In contrast, we
consider classification ensembles under a broader class
of data models and derive explicit and interpretable
expressions for both the decision score and the classi-
fication error. This distinction is crucial for enabling
practical model selection.

Takeaway. Overall, our results show that bootstrap
ensembles in high dimensions can be understood as pre-
dictable systems with tractable behavior, rather than
purely heuristic tools. This perspective provides both
theoretical insight and practical benefits for designing
and tuning ensemble classifiers.

The remainder of the paper is structured as follows:

section 2 reviews related work, section 3 introduces
the bootstrap LSSVM framework and statistical model,
section 4 presents our theoretical results, section 5
discusses their implications, section 6 reports empirical
validation, and section 7 concludes.

Notation. Matrices are denoted by capital letters,
e.g., X € R™" and I;. Vectors are in bold lowercase
(e.g., v € R?), with 04 and 14 for all-zeros and all-ones.
For v € RY, D, is the diagonal matrix with v on its
diagonal, and Tr(A) denotes the trace of square matrix
A. Scalars appear in plain letters (a, A). Indices i, j
denote data samples; £ € {1,2} denotes class labels.

We use standard probability notation: E[X] for ex-
pectation, Var(X) for variance, and 3, = Cov(v) for
covariance, where v denotes the mean (or its deter-
ministic equivalent). For p > 1, | - ||, denotes the
£y-norm, and || - || the Frobenius norm. Concatena-
tion is denoted by [vi,vs]" € R2¢ (horizontal) and
[v1]va] € R4*2 (vertical).

2 RELATED WORK

Understanding bootstrap methods in high-dimensional
regimes requires connecting several lines of work span-
ning statistics, machine learning, random matrix theory,
and statistical mechanics. We organize the literature
into four main directions: (i) classical bootstrap and
ensemble methods, (ii) high-dimensional failures of
resampling, (iii) constructive asymptotic analyses of
bagging and subsampling, and (iv) model averaging
and risk estimation.

Classical bootstrap and ensemble methods.
The bootstrap, introduced by Efron (1979), was the-
oretically justified in low-dimensional settings (Freed-
man, 1981; Singh, 1981). Ensemble learning meth-
ods, including early work in neural networks (Hansen
and Salamon, 1990; Perrone and Cooper, 1993; Krogh
and Vedelsby, 1995), culminated in bagging (Breiman,
1996), which improves prediction by averaging models
trained on resampled datasets. These results rely on
fixed-dimensional asymptotics and do not extend to
modern high-dimensional regimes.

Failures of bootstrap in high dimension. When
both the sample size n and dimension d grow propor-
tionally, classical bootstrap procedures can break down.
El Karoui and Purdom (2018) show that residual and
pairs bootstrap can be inconsistent for variance es-
timation in regression, while El Karoui and Purdom
(2019) demonstrate failures in spectral statistics. These
works highlight that naive resampling is not reliable in
high-dimensional settings.
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Constructive high-dimensional analyses. Recent
work has focused on deriving precise asymptotic char-
acterizations of resampling methods. Using tools from
random matrix theory, Clarté et al. (2024) analyze
bootstrap and subsampling for regularized regression
and generalized linear models, establishing conditions
under which they remain valid. Bellec and Koriyama
(2024) derive fixed-point equations describing correla-
tions in subsampled estimators, while Koriyama (2024)
provide exact asymptotics for bagged M-estimators.
Related works also study subsampled ridge ensembles
and random-feature models (Du et al., 2023; Loureiro
et al., 2022).

In parallel, a complementary line of work based on
statistical mechanics and replica methods has provided
sharp asymptotic predictions for ensemble methods.
Early contributions (Sollich and Krogh, 1995; Krogh
and Sollich, 1997) established fundamental connec-
tions between ensemble learning, overfitting, and reg-
ularization effects. More recent works extend these
techniques to modern settings, analyzing subsampling,
under-bagging, and ensemble methods for classification
and variable selection (Takahashi, 2024, 2025). These
approaches typically yield implicit characterizations of
performance through fixed-point equations.

Model averaging and risk estimation. Ensem-
bling can be interpreted as a form of implicit regu-
larization. LeJeune et al. (2019) show that averaging
least-squares estimators over subsets induces a ridge-
like effect, while Ando and Komaki (2023) analyze
optimal weighting in high-dimensional model averag-
ing. For hyperparameter tuning, cross-validation is
widely used, but its validity is not guaranteed: Bellec
et al. (2023) show inconsistency of generalized cross-
validation in some ensemble settings, whereas Du et al.
(2023) establish consistency results under proportional
asymptotics.

Contrast with our work. Most prior analyses fo-
cus on regression, spectral properties, or inference, and
often rely on Gaussian assumptions or yield implicit
characterizations through fixed-point equations. In
contrast, we study classification ensembles based on
LSSVMs under a general class of concentrated random
vectors. Our approach provides explicit and inter-
pretable expressions for the mean and variance of the
decision score, leading to a closed-form approximation
of the classification error. This explicit characteri-
zation enables practical and stable model selection,
distinguishing our contribution from prior work.

A structured comparison with representative works is
provided in Table 1 (Appendix 8).

3 PRELIMINARIES

3.1 Least Squares SVM (LSSVM)

We consider a binary classification problem with data
{(xi,y:)};, where x; € R? are the feature vectors,
and y; € {—1,+1} are the corresponding class labels.
The Least Squares Support Vector Machine (LSSVM)
estimator w* solves the following regularized least-
squares optimization problem:

n

1
min -3 (ui %] )" + Sl

e
where A > 0 is the regularization parameter that con-
trols the trade-off between fitting the data and avoiding
overfitting. The closed-form solution to this optimiza-
tion problem is given by:

-1
1 1
W= —yTXT (XxT + )\Id> , wreRY (1)
n n
where X = [x1,...,X,] € R" is the data matrix, and
y = (y1,...,yn) " is the vector of class labels. The
classification decision for a test point x is made based
on the sign of the decision score g(x) = x'w*, i.e.,

sign(g(x)).

Role of Regularization. The regularization param-
eter A plays a crucial role in controlling the complexity
of the model. A smaller value of A leads to a model
that is more flexible and can overfit the data, while a
larger value increases the penalty for large values of
w, thus leading to a simpler model that may underfit.
In high-dimensional settings where the number of fea-
tures d is comparable to or larger than the number of
samples n, proper tuning of A is essential to avoid both
overfitting and underfitting.

3.2 Bootstrap LSSVM Ensembles

To stabilize performance and reduce variance, we con-
struct an ensemble of m bootstrapped classifiers. From
the training set, m resampled subsets {(X;,y;)}, are
drawn, each of size n;. The i-th classifier is trained us-
ing the LSSVM formulation and yields a weight vector:

-1

1 1

w = —y!X] (XxT +Ai1d) :
n; n;

where ); is the regularization parameter for the i-th

bootstrap subset. The corresponding decision score is

gi(x) = x T w;.

The ensemble average is computed as:

96 = = > i)
i=1
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and the test point x is classified as Cy if g(x) > 0 and
as C; otherwise. This averaging process helps reduce
variance by mitigating the impact of fluctuations across
bootstrap replicates. In our theoretical analysis, the
decision score g(x) plays a central role, as its mean and
variance fully characterize the asymptotic classification
error.

3.3 High-Dimensional Regime and Data
Assumptions

We work in a proportional-growth setting, where both
the sample size n and feature dimension d grow simul-
taneously, but their ratio remains constant. This allows
the application of tools from Random Matrix Theory
(RMT) to derive asymptotic results for the bootstrap
ensemble classifiers. This setting is particularly rele-
vant in modern machine learning applications where
both n and d are large.

Assumption 3.1 (Large n, large d) As both n and
d tend to infinity, their ratio % converges to a constant
¢o € (0,00). Each subset size n; scales as n;/n —
¢; > 0, while the number of bootstrap replicates m =
O(1). Furthermore, the class proportions converge to
constants ¢ = (¢q, ¢2).

Assumption 3.2 (Concentrated random vectors)
Each column of X is an independent random vector
with mean p, and covariance ¥, conditional on its
class Cy. Furthermore, we assume that x satisfies an
exponential concentration inequality. Specifically, for
any 1-Lipschitz function ¢ : R? — R,

P (lp(x) — E[p(x)]] 2 t) < Ce™ /)",

for some constants C' > 0, ¢ > 0, and dimension-
independent o. We denote this property as x o< £;(o | ||

2)-

Interpretation. Exponential concentration implies
that high-dimensional data behaves almost determinis-
tically with respect to any Lipschitz-continuous func-
tion. In other words, fluctuations around the mean are
exponentially unlikely. This assumption is satisfied by
many natural distributions, such as (a) isotropic Gaus-
sian vectors (¢ = 2), (b) uniformly distributed vectors
on the sphere, and (c) any Lipschitz transformations
of these (e.g., features produced by deep generative
models (Seddik et al., 2020)).

Vit > 0,

This property allows for the concentration of sample
averages and quadratic forms, which is key for deriving
deterministic equivalents for the decision score g(x).

For later use, we define the class means p;, = E[x | x €
Cy], covariances Xy = Cov(x | x € Cy), the mean matrix
M = [u1|p2] € R¥2 and generalized covariances
Co =30+ pupy -

Data {Xi, ¥i }i—1
High-dimensional
features x; € R?

~—~
Bootstrap m subsets
{(Xif Yi)};(il
/
Train LSSVM
on each subset
w; = argmin(...)
\
Compute decision scores
gi(x) = x " w;

/
Average ensemble
9(x) = - 3, 9i(x)
—~~

Theoretical Analysis
Mean & Variance of g(x)
Classification error e(m, \)

Figure 2: Flowchart of the bootstrap LSSVM ensemble
framework. Data is bootstrapped, LSSVMs are trained
on each subset, decision scores are computed and av-
eraged, and theoretical analysis predicts classification
error.

4 ASYMPTOTIC DISTRIBUTION
OF THE DECISION SCORE

In this section, we characterize the behavior of the
ensemble decision score g(x) in the high-dimensional
regime n,d — oo with d/n — ¢o € (0,00). We prove
that g(x) converges in distribution to a Gaussian ran-
dom variable whose mean and variance can be expressed
in closed form. This result provides the foundation for
computing the asymptotic classification error in terms
of the regularization parameter A and ensemble size m.

4.1 Deterministic Equivalents: Key
Quantities

The central tool is a deterministic equivalent of the
resolvent matrix, which captures the effect of data
covariance and class proportions. We introduce the
following fixed-point system:

2 C -1
(S

(=1

1 _
5€ = E TI‘(C@Q), le {132}3 (3)
where C;, = X, + /,Lg;l,z are the generalized covariance
matrices.

Intuitively, Q plays the role of an “effective inverse
covariance” adjusted by both regularization (\) and
bootstrap resampling. The correction terms d; encode
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the high-dimensional shrinkage that vanishes in the
classical d < n regime but remains essential when
d ~n.

To describe fluctuations of g(x), we also define Ky, a
covariance proxy matrix:

2 )
— — ’I’Lel d@'
K, =QX,Q+ Z " m

=1

where the coefficients d%)

QCZ’ Qa
are obtained by solving

d® = (1, - VA) "¢,

Here,

£ = 1[1(2,Q3,Q), Te(2Q2Q)]
1<Tf(E1Q21Q) TT(ElezQ))
"\ Tr(ZQ%:Q) Tr(Z.Q%:Q))’

v =
A= %diag(i(lfgl)h 7(1;’;2)2) .

Finally, we define the correction vector
8" = (01, 05) = (5 Tr(Z1Ky), 5 Tr(Z2Ky)),

which will appear in the variance expression.

4.2 Main Result: Gaussian Limit

Theorem 4.1 (Asymptotic Distribution of the Deci-
sion Score) Under Assumptions 3.1 — 3.2, the ensem-
ble decision score of a test point x € Cy converges in
distribution to a Gaussian:

9(x) ——— N(my,07),
n,d— oo

where the class-specific mean m, and variance O'; are
given by deterministic equivalents.

Mean. -
my =y DcDs M’ Q p,

where § = [-1,1]T, M = [u1 | p2], and D¢, Ds are
diagonal matrices of class proportions and fixed-point
terms.

Variance.
o7 =1y"Viy+ Ly D.DsMTV,MD.Dsy
- 23" D.DsyM"QMD;sD. .y
+ =15 TD.DsM' QE,QMD;sD.§.

The structure of o7 highlights the trade-off between
variance reduction due to averaging (1/m scaling) and
additional dependencies across bootstraps.

4.3 Theoretical Classification Error

Having obtained the asymptotic distribution of g(x),
the misclassification probability can be written in closed
form.

Remark 4.1 (Classification Error) Suppose that for
x € Cy, the score follows g(x) ~ N (mg, 7). Then the
overall error rate is

e(n) = clcb(";lml) e {1 —«b(”;;‘?)] ,

where ¢, are class proportions, ® is the standard Gaus-
sian CDF, and 7 is the decision threshold. The optimal
threshold n* lies between m; and ms and minimizes

e(n).

Interpretation. The above result formalizes how
bootstrap ensembles behave in high dimensions:

1. The means my; quantify separation between classes.

2. The variances al? reflect both intrinsic randomness
and ensemble averaging.

3. The classification error € depends explicitly on the
regularization A and ensemble size m, allowing
principled tuning without exhaustive grid search.

Generalization to Other Classifiers. While the
results are derived for the LSSVM model, they can be
generalized to other linear classifiers, such as logistic
regression, under similar assumptions. This extension
provides a more comprehensive understanding of en-
semble methods in high-dimensional classification.

Exponential Concentration. The assumption of
exponential concentration of the data (Assumption
3.2) ensures that high-dimensional data behaves deter-
ministically with respect to any Lipschitz-continuous
function, which is critical for deriving deterministic
equivalents for the decision score. This assumption is
satisfied by many common data distributions, including
isotropic Gaussian vectors and uniform distributions
on the sphere.

5 DISCUSSION

Our main result, Theorem 4.1, establishes that the en-
semble decision score g(x) is asymptotically Gaussian,
with explicit formulas for its mean and variance. These
two quantities determine the classification error and
allow us to understand, in a principled way, how the
parameters of the bootstrapped LSSVM interact.

5.1 Simplified Gaussian Example

To build intuition, let us specialize to the simplest
setting: two Gaussian classes with opposite means +p
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and identity covariance. In this case, the mean of the
decision score reduces to

el
T+ A+ A+ |pe]?’

my = (1)

5= VL + X —md/n)?+ 4 md/n — (1 —l—)\—md/n).

2
This expression highlights the key forces at play:

1. The numerator ||p||? represents the intrinsic class
separation (signal).

2. The denominator contains penalty terms due to
regularization (X), bootstrap sampling (m), and
dimensionality (d).

Hence, stronger class separation improves performance,
while higher regularization, more bootstraps, and
higher dimensionality all reduce the effective mean,
tightening the decision boundary. These penalties are
not purely detrimental: they are the mechanism that
prevents overfitting and ensures stability.

5.2 Variance Contributions

The variance of the decision score decomposes into four
interpretable terms (details in Appendix 11.2). While
the exact formulas are technical, the main insights can
be summarized as follows:

o Regularization—dimension term (term;): scales as
1/m, decreases with more classifiers, and stabilizes
fluctuations.

o Signal-driven terms (terms): polynomial in |2,
representing how stronger signal also introduces
variability. These are suppressed by A and d.

o Interaction term (termgs): mixes regularization and
signal, but decays with larger m and higher §.

o Cross-classifier interaction (termy): accounts for
dependencies across bootstrapped classifiers. For
large m it tends to a constant, but vanishes with
higher dimensionality.

The key qualitative message is:

1. Increasing the ensemble size m reduces variance
through 1/m averaging, but at the cost of weaker
per-classifier signal (since each sees fewer samples).

2. Regularization A and dimensionality d both act
to stabilize fluctuations, but they also shrink the
effective separation of the classes.

3. Stronger signal ||p]|? boosts both the mean (good)
and the variance (bad).

This antagonistic effect of mean versus variance is
nothing but the bias—variance tradeoff in a high-
dimensional, bootstrapped LSSVM setting.

5.3 Implications for Classification Error and
Model Selection

From the Gaussian approximation of Theorem 4.1, the
misclassification error depends directly on the ratio
m; —my
g1 + o 2 ’
which measures signal separation relative to uncertainty.
Increasing m initially helps by reducing variance, but
after a point the per-classifier weakness dominates,
and performance may deteriorate. This explains the
non-monotonic dependence of error on m observed in
practice.

Similarly, tuning A trades variance reduction for bias:
too small A leads to unstable classifiers, too large A
shrinks the margin excessively. The dimensionality d
has an unavoidable effect: as d/n grows, both mean
separation shrinks and variance grows, underscoring
the well-known curse of dimensionality.

Practical takeaway. Our analysis provides a princi-
pled way to tune (m, \) without resorting to exhaustive
cross-validation. By computing theoretical means and
variances of the decision score, one can estimate classi-
fication error in closed form and select parameters that
balance the bias—variance tradeoff optimally. For exam-
ple, one can choose m to maximize variance reduction
without excessively weakening the per-classifier signal,
and A to prevent overfitting while maintaining a large
margin between classes.

5.4 Summary

1. The mean of the decision score grows with signal
strength ||p]|? but decreases with regularization \,
number of bootstraps m, and dimension d.

2. The variance shrinks with m and A, but grows
with ||p]|? and unfavorable d/n ratios.

3. The classification error reflects this competition,
leading to an optimal regime where moderate m
and carefully tuned A outperform extremes.

Overall, the theory unifies classical insights on
bias—variance tradeoff with modern high-dimensional
random matrix effects, giving a clear roadmap for ro-
bust model selection in bootstrapped LSSV Ms.

6 EXPERIMENTS

We validate our theoretical results on both synthetic
and real datasets. Our objectives are twofold: first,
to show that the asymptotic error predictions closely
match the observed performance; second, to demon-
strate that these predictions can effectively guide hy-
perparameter selection in practice. All experiments
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were implemented in Python and run on 30 Intel Xeon
@ 3.20,GHz CPUs, with a total runtime of approxi-
mately one hour. All code is open source and pub-
licly available at https://github.com/hcherkaoui/
optimal_bootstrap

6.1 Synthetic Illustration

We begin with controlled synthetic experiments, where
all parameters are explicitly defined. This allows us to
isolate the effects of the number of classifiers m and
the regularization parameter .

Setup. We consider a binary classification task with
500 samples per class and feature dimension d = 100.
The two classes, encoded as {—1,+1}, are drawn from
Gaussian distributions with covariance matrices X
and 3. The class means are symmetric and sparse:

p1 = —p2 = 0.9eq,

where e; = [1,0,...,0]T € R? is the first standard

basis vector.

We build an ensemble of m classifiers {g};*, (see sec-
tion 3) and measure performance via the empirical
classification error:

E(m,\) = %ZH {Zgb(xz) # yz} ;
b=1

i=1

with m € {1,...,50} and XA € [1072,107}]. We then
compare £(m, \) with the theoretical error e(m, \) de-
rived in section 4. Each configuration was repeated
10 times and the results were averaged; uncertainty is
indicated by transparency.

6.1.1 Hyperparameter Map Illustration

First, we set 31 = 3y = I;, i.e., we consider an
isotropic covariance.

As shown in Figure 3, the empirical and theoretical
error maps align almost perfectly. Both capture the
same low-error and high-error regions, including a clear
error peak around m = 10 when A = 0.0002. The
one-dimensional slices (right panels) confirm this agree-
ment: theoretical curves lie exactly on top of empirical
averages, demonstrating the accuracy of our predic-
tions.

6.1.2 Effect of Covariance Structure

We next test robustness under different covariance ma-
trices. Alongside the identity covariance, we use a
Toeplitz covariance with exponentially decaying entries
in its first row.

5
i)
s
B

1
—_— 2 LSnw-w
i€Dgn

UGy g

0.20 E[15rm=11]

1074 1073 1072 107! 10° 10t

<
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J.LLy — 5 2 LShm-m

— 0.30 €D T

by .
M E[l(meoo:v)]
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]
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Figure 3: (top-left) Empirical classification error and

(bottom-left) theoretical classification error as a func-

tion of m and A. Darker blue indicates lower error.

(top-right) Error as a function of A (for fixed m = 13).

(bottom-right) Error as a function of m (for fixed

A = 0.0002). Empirical errors are in blue, theory in
. Shaded regions indicate standard deviation.

In Figure 4, the theory tracks correctly the empirical
error across both covariance settings. Interestingly,
qualitative behavior differs: under identity covariance,
the error decreases steadily with m, whereas under
Toeplitz covariance, the lowest error occurs already at
m = 1, and adding classifiers worsens the performance.
This highlights how the covariance structure directly
influences the optimal ensemble size.

6.2 Real Data Benchmarks

We now turn to real-world datasets. Our approach
selects hyperparameters by minimizing the theoretical
error of Theorem 4.1:

(m*, \*) = argmin g(m, A).
m,A

We compare our theory-guided hyperoptimization (m*)
against standard hyperparameter selection approaches:
grid search (Grid), random search (Rand), a hyperop-
timization method (HPO (Bergstra et al., 2011, 2022))
for different values of A.

6.2.1 Practical Estimation of Moments

Our framework requires estimates of means and covari-
ance matrices:

Means. We estimate class means via bootstrap aver-
aging: i = E*[X¢,], fiz = E*[X¢,], which reduces
bias and stabilizes estimates in finite samples.

Covariances. For the estimation of covariances, we
use the Ledoit—Wolf shrinkage estimator (Ledoit and
Wolf, 2004): 33, = IW(Xe,), 32 = LW(X¢,), which
is particularly robust in high dimensions.
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Figure 4: Classification error vs. m for A = 0.01 (top)
and A = 0.1 (bottom), under identity (left) and
Toeplitz (right) covariance. Empirical errors ( )
with standard deviation shading vs. theoretical errors
(blue).

Remark on Computational Cost. An important
advantage of our approach is its negligible additional
cost. The theoretical classification error depends only
on low-dimensional quantities. These quantities are
already required for training the base classifiers and
can be estimated efficiently (e.g., via bootstrap means
and Ledoit—Wolf covariance estimators). As a result,
computing the theoretical error does not add asymp-
totic complexity beyond that of training the initial
ensemble, making the method computationally efficient
and scalable.

6.2.2 Model Selection on Real Datasets

We evaluate our method on three representative
datasets, chosen to reflect distinct learning contexts
where theory and practice may align differently:

1. Pima Indians Diabetes (Smith et al., 1988): n =
768, d = 8 clinical features, binary label. Prepro-
cessing: shuffle and encode targets in —1,1. This
small-dimensional dataset serves as a stress test
in a regime where concentration may be weak.

2. Spambase (Hopkins et al., 1999): n = 4601, d = 57
email features, binary spam label. Preprocessing:
shuffle and encode targets in {—1,1}. This dataset
provides an intermediate-dimensional benchmark
on real tabular data.

3. Amazon Reviews (Books) (Blitzer et al., 2007):
n = 2000, d = 100 sentiment embeddings features
obtained by applying PCA to the neural network
weights, binary polarity task. Preprocessing: shuf-

fle, select a balanced subset, PCA, and encode
targets in {—1,1}. This dataset is especially rele-
vant since its deep embeddings align well with our
theoretical assumptions.

4. OpenL8 Audio (4Q) (Cramer et al., 2019): n =
3167, d = 100 audio embeddings features obtained
by applying PCA to the neural network weights,
binary task obtained by collapsing the original 4
classes. Preprocessing: shuffle, PCA and encode
targets in {—1,1}. This dataset is also especially
relevant since its deep embeddings align well with
our theoretical assumptions.
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Figure 5: Performance comparison: test error versus
wall-clock runtime across methods and regularization
levels .

Discussion. Figure 5 shows that our method is con-
sistently competitive in terms of both accuracy and
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runtime:

1. Diabetes: Our method is slightly weaker in this
case, which is expected since the dataset has only
d = 8 features. In such a low-dimensional regime,
concentration effects are limited, which reduces the
validity of our theoretical assumptions. Including
this example is nevertheless important, as it clearly
illustrates the limitations of our approach.

2. Spams: This dataset shows that d = 57 is al-
ready sufficient to place the problem in a regime
where our approach is effective: the approxima-
tion remains accurate and successfully identifies
the hyperparameters yielding the lowest error.

3. Amazon Reviews: The performance is com-
parable to that of the best competing methods
while requiring less computation time. Since these
results are obtained on high-dimensional embed-
dings, they highlight the practical efficiency gains
of our approach in realistic settings.

4. OpenL3: Our approach again performs similarly
to the more costly alternative. It achieves strong
predictive performance at a substantially lower
computational cost, further confirming the practi-
cal relevance of the theory in this setting.

Summary. Overall, our approach is fast and robust
compared to widely used alternatives. It performs well
particularly in the neural embedding regime, which is
precisely the class of problems motivating our theo-
retical framework. On purely low-dimensional tabular
data (Diabetes), performance is slightly worse but well-
understood, showing that our method is not a universal
solution but is most relevant for modern machine learn-
ing.

6.2.3 Limitations: Mixed Feature Types

Our framework assumes concentrated data vectors,
which holds for continuous embeddings but may fail
with categorical or mixed features. To test this,
we use the Wisconsin Breast Cancer (Diagnostic)
dataset (Street et al., 1993) (569 samples, 30 features).

As shown in Figure 6, the empirical error remains essen-
tially flat, whereas the theoretical prediction exhibits
a marked increase around m = 17. This discrepancy is
caused by the lack of concentration in the mixed fea-
tures, which leads to an overestimation of the variance
term.

7 CONCLUSION

We analyzed bootstrap-based ensemble methods for
LSSVM using Random Matrix Theory, deriving the

1
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Figure 6: Breast Cancer dataset: empirical error (
) vs. theory (blue).

asymptotic distribution of the decision score and the-
oretical classification error. Our results highlight the
trade-offs between classifier count, regularization, and
data structure. Empirical results confirm the accuracy
of our predictions and demonstrate the advantages of a
closed-form approach. Future work includes (i) extend-
ing to non-linear models (e.g., kernelized variants), (ii)
multiclass extensions with calibrated outputs.

Acknowledgement

This work was supported by the German Research
Foundation (DFG) as research unit DeSBi [KI-FOR
5363] (459422098), by the Research Council of Finland
(Decision #363624) as A Mathematical Theory of Trust-
worthy Federated Learning (MATHFUL), by the Jane
and Aatos Erkko Foundation (Decision #A835) as A
Mathematical Theory of Federated Learning (TRUST-
FELT), by the French National Research Agency (ANR)
under grant ANR-24-CE40-3341 (project DECATT-
LON) and by Business Finland as Forward-Looking AI
Governance in Banking & Insurance (FLAIG). This
work was granted access to the HPC resources of IDRIS
under the allocation 2025-AD011016818, provided by
GENCIL.

Checklist

1. For all models and algorithms presented, check if
you include:

(a) A clear description of the mathematical set-
ting, assumptions, algorithm, and/or model.
[Yes]

(b) An analysis of the properties and complexity
(time, space, sample size) of any algorithm.
[Yes]

(¢) (Optional) Anonymized source code, with



High-Dimensional Analysis of Bootstrap Ensemble Classifiers

specification of all dependencies, including
external libraries. [Yes]

2. For any theoretical claim, check if you include:

(a) Statements of the full set of assumptions of
all theoretical results. [Yes]

(b) Complete proofs of all theoretical results.
[Yes]

(c) Clear explanations of any assumptions. [Yes]

3. For all figures and tables that present empirical
results, check if you include:

(a) The code, data, and instructions needed to re-
produce the main experimental results (either
in the supplemental material or as a URL).
[Yes]

(b) All the training details (e.g., data splits, hy-
perparameters, how they were chosen). [Yes]

(¢) A clear definition of the specific measure or
statistics and error bars (e.g., with respect to
the random seed after running experiments
multiple times). [Yes]

(d) A description of the computing infrastructure
used. (e.g., type of GPUs, internal cluster, or
cloud provider). [Yes]

4. If you are using existing assets (e.g., code, data,
models) or curating/releasing new assets, check if
you include:

(a) Citations of the creator If your work uses
existing assets. [Not Applicable]

(b) The license information of the assets, if appli-
cable. [Not Applicable]

(¢) New assets either in the supplemental mate-
rial or as a URL, if applicable. [Not Applica-
ble]

(d) Information about consent from data
providers/curators. [Not Applicable]

(e) Discussion of sensible content if applicable,
e.g., personally identifiable information or of-
fensive content. [Not Applicable]

5. If you used crowdsourcing or conducted research
with human subjects, check if you include:

(a) The full text of instructions given to partici-
pants and screenshots. [Not Applicable]

(b) Descriptions of potential participant risks,
with links to Institutional Review Board (IRB)
approvals if applicable. [Not Applicable]

(¢) The estimated hourly wage paid to partici-
pants and the total amount spent on partici-
pant compensation. [Not Applicable]

References

Ando, Y. and Komaki, F. (2023). On high dimen-
sional asymptotics of model averaging.
arXiv:2308.09476.

Preprint

Bellec, P. C. et al. (2023). Corrected generalized cross-
validation for finite ensembles of penalized estimators.
Preprint arXiv:2310.01374.

Bellec, P. C. and Koriyama, T. (2024). Asymptotics of
resampling without replacement in robust and logistic
regression. Preprint arXiv:2404.02070. Submitted /
preprint.

Bergstra, J., Bardenet, R., Bengio, Y., and Kégl, B.
(2011). Algorithms for hyper-parameter optimization.

Advances in neural information processing systems,
24.

Bergstra, J., Yamins, D., and Cox, D. (2022). Hy-
peropt: Distributed asynchronous hyper-parameter
optimization. Astrophysics Source Code Library.

Blitzer, J., Dredze, M., and Pereira, F. (2007). Biogra-
phies, bollywood, boom-boxes and blenders: Domain
adaptation for sentiment classification. In Proceed-
ings of the 45th Annual Meeting of the Association
for Computational Linguistics (ACL), Prague, Czech
Republic.

Breiman, L. (1996). Bagging predictors. Machine
Learning, 24(2).

Clarté, L., Vandenbroucque, A., Dalle, G., Loureiro,
B., Krzakala, F., and Zdeborovd, L. (2024). Analysis
of bootstrap and subsampling in high-dimensional reg-
ularized regression. arXiv preprint arXiv:2402.13622.

Cramer, A., Wu, H., Salamon, J., and Bello, J. P.
(2019). Look, listen and learn more: Design choices for
deep audio embeddings. In Proc. IEEE International

Conference on Acoustics, Speech and Signal Processing
(ICASSP), Brighton, UK.

Dezeure, R., Bithlmann, P., and Zhang, C. (2016).
High dimensional simultaneous inference with the
bootstrap. Preprint arXiv:1606.03940.

Du, J., Patil, P., and Kuchibhotla, H. (2023). Sub-
sample ridge ensembles: Equivalences and generalized
cross-validation. Preprint arXiv:2304.13016.

Efron, B. (1979). Bootstrap methods: Another look
at the jackknife. The Annals of Statistics, 7(1).

Efron, B. and Tibshirani, R. J. (1994). An Introduc-
tion to the Bootstrap. CRC press.



Tiomoko, Cherkaoui, Seddik, Louart, Schnoor, Kégl

El Karoui, N. and Purdom, E. (2018). Can we trust
the bootstrap in high-dimensions? the case of linear
models. Journal of Machine Learning Research, 19.
Preprint arXiv:1608.00696.

El Karoui, N. and Purdom, E. (2019). The non-
parametric bootstrap and spectral analysis in moder-
ate and high-dimension. In Proceedings of the Twenty-

Second International Conference on Artificial Intelli-
gence and Statistics (AISTATS), volume 89. PMLR.

Fleury, B., Guédon, O., and Paouris, G. (2007). A
stability result for mean width of Ip-centroid bodies.
Advances in Mathematics, 214(2).

Freedman, D. A. (1981). Bootstrapping regression
models. The Annals of Statistics, 9(6).

Hansen, L. K. and Salamon, P. (1990). Neural network
ensembles. IEEE Transactions on Pattern Analysis
and Machine Intelligence, 12(10).

Hopkins, M., Reeber, E., Forman, G., and Suermondt,
J. (1999). Spambase. UCI Machine Learning Reposi-
tory.

Klartag, B. (2007). A central limit theorem for convex
sets. The Annals of Probability, 35(4).

Koriyama, T. (2024). Precise asymptotics of bagging
regularized m-estimators. Preprint arXiv:2409.15252.

Krogh, A. and Sollich, P. (1997). Statistical mechanics
of ensemble learning. Physical Review E, 55(1).

Krogh, A. and Vedelsby, J. (1995). Neural net-
work ensembles, cross validation, and active learning.
Advances in Neural Information Processing Systems
(NeurIPS), 7.

Ledoit, O. and Wolf, M. (2004). A well-conditioned
estimator for large-dimensional covariance matrices.
Journal of Multivariate Analysis, 88(2).

LeJeune, M., Javadi, S., and Baraniuk, R. (2019).
Implicit regularization of ordinary least squares en-
sembles. Preprint arXiv:1910.04743.

Louart, C. and Couillet, R. (2018). Concentration of
measure and large random matrices with an applica-
tion to sample covariance matrices. arXiv preprint
arXiv:1805.08295.

Loureiro, B., Gerbelot, C., Refinetti, M., Sicuro, G.,
and Krzakala, F. (2022). Fluctuations, bias, variance
& ensemble of learners: Exact asymptotics for convex

losses in high-dimension. In International Conference
on Machine Learning. PMLR.

Perrone, M. P. and Cooper, L. N. (1993). Improving
regression estimates: Averaging methods for variance
reduction with extensions to general convex measure
optimization. In Proceedings of the Workshop on
Computational Learning Theory and Natural Learning
Systems.

Seddik, M. E. A., Louart, C., Tamaazousti, M., and
Couillet, R. (2020). Random matrix theory proves
that deep learning representations of gan-data behave

as gaussian mixtures. In International Conference on
Machine Learning. PMLR.

Singh, K. (1981). On the asymptotic accuracy of
efron’s bootstrap. The Annals of Statistics.

Smith, J. W., Everhart, J. E., Dickson, W. C.,
Knowler, W. C., and Johannes, R. S. (1988). Us-
ing the adap learning algorithm to forecast the onset
of diabetes mellitus. Proceedings of the Annual Sym-
posium on Computer Application in Medical Care.

Sollich, P. and Krogh, A. (1995). Learning with en-
sembles: How overfitting can be useful. In Advances
in Neural Information Processing Systems (NeurIPS

8).

Street, W. N., Wolberg, W. H., and Mangasarian,
O. L. (1993). Nuclear feature extraction for breast
tumor diagnosis. Biomedical Image Processing and
Biomedical Visualization, 1905.

Takahashi, T. (2024). A replica analysis of under-
bagging. Transactions on Machine Learning Research
(TMLR).

Takahashi, T. (2025). Replica analysis for ensem-
ble techniques in variable selection. Journal of the
Physical Society of Japan, 94(3).

Tiomoko, M., Couillet, R., and Tiomoko, H. (2020).
Large dimensional analysis and improvement of multi
task learning. arXiv preprint arXiv:2009.01591.



High-Dimensional Analysis of Bootstrap Ensemble Classifiers

Supplementary Materials for
High-Dimensional Analysis of Bootstrap Ensemble Classifiers

Abstract

This supplementary material complements the main paper by providing (i) additional theoretical details on the
bootstrap Least Squares Support Vector Machine (LSSVM) classifier, and (ii) an extensive review of related work.

On the theoretical side, we revisit in Section 9 the bootstrap formulation, where resampled subsets are used to
train independent LSSVM classifiers. Section 10 develops the Random Matrix Theory (RMT) analysis in detail:
we study the distribution of the decision score (10.2), compute its mean and variance (10.3, 10.4), and derive
the asymptotic classification error (10.5). Additional interpretations and intuitive explanations are provided in
Section 11.

On the literature side, Section 8 expands the related work discussion from the main paper. We provide a
comparative table summarizing key contributions across high-dimensional bootstrap, bagging, and ensemble
theory, and explicitly contrast them with our work on bootstrap classification ensembles.

8 Extensive Related Works

For completeness, we provide here a structured comparison of representative works on bootstrap and ensemble
methods in high-dimensional regimes. This complements the discussion in the main paper by offering a compact
reference table that situates our contribution relative to prior results in regression, spectral analysis, and inference.

9 Problem formulation

9.1 The LSSVM Classifier

We consider a binary classification problem where each observation x € R? is described by d features, and the
output space consists of two classes: C; and Cy. The training set consists of n labeled examples (X,y) = (xi, ¥i) 1,
where x; € R represents the features of the i-th sample, and y; € {—1,+1} denotes the corresponding class label.

The objective within the Least Squares Support Vector Machine (LSSVM) framework is to find the optimal
separating hyperplane that best divides the two classes. This is achieved by solving the following optimization
problem:

n

1 To2 A 2
min — i —w X)) + —||w 4
i D =)+ el (4)
where A > 0 is the regularization parameter that controls the trade-off between the goodness of fit to the training
data and the smoothness of the solution. The optimization problem in Equation (4) is convex and admits a
unique closed-form solution for w* € R?, which is given by (for convenience we provide its transpose, as we will

consider w* " x)

1 XX T -
W=y X7 ( + )\Id> , (5)
n n

where X € R?*" is the data matrix of training samples, and y € R” is the vector of class labels for these samples.
Once the optimal hyperplane is determined, for a new test sample x € R%, the classification decision is made
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Work (ref) Dim. Target Object / result Contrast to our work

regime

El Karoui and Purdom (2018, Proportional =~ Regression / Bootstrap and jack- Diagnostic negatives; we

2019) Spectral knife inconsistency; provide constructive de-
failures for spectral terministic equivalents for
statistics classification scores.

Clarté et al. (2024) Proportional ~ Reg./GLM Validity conditions for Regression focus; we de-
bootstrap, subsam- rive classification error
pling, and jackknife maps.

Bellec and Koriyama (2024)  Proportional — Robust/Logit Fixed-point correlation = Regression models; we an-
equations for subsam- alyze bootstrap LSSVM
pling ensembles.

Koriyama (2024) Proportional =~ M-estimation Risk  formulas for Prediction-risk focus; we
bagged M-estimators target classification error.

Bellec et al. (2023) Proportional ~ Penalized LS Corrected GCV restor- Risk-estimation focus; we

ensembles ing consistency construct analytic error
maps.

Du et al. (2023) Proportional ~ Ridge ensem- Ridge-subsampling Ridge ensembles; we treat

bles equivalences; uniform LSSVMs with general co-
GCV consistency variance.

LeJeune et al. (2019) High-dim OLS ensembles  Implicit ridge via sub- Implicit reg. in OLS; we
sample averaging quantify ensemble effects

on LSSVM scores.

Ando and Komaki (2023) Proportional ~ Model averag- Optimal weights;  Model averaging; we de-

ing double-descent  phe- rive closed-form classifica-
nomena tion error maps.

Dezeure et al. (2016) High-dim Sparse regres- Bootstrap-based simul- Sparse inference; our fo-

sparse sion inference taneous inference cus is non-sparse classifi-

cation ensembles.

This work
general co-
variance

Proportional, Classification

(LSSVM)

Deterministic
equivalents for
score mean/var;
closed-form error
map

Constructive tuning of A
and m for classification en-
sembles.

Table 1: Representative related works organized by regime, target, and results, contrasted with our contribution.
“Proportional” denotes n,d — oo with d/n — v € (0, 00).

based on the sign of the decision function x
test point falls into. Specifically,

Class(x) = {

9.2 Bootstrapping in LSSVM

T

C1
Co

if w*'x <0,
if w*'x > 0.

w*, geometrically corresponding to which side of the hyperplane the

Having defined the general framework for Least Squares Support Vector Machines (LSSVM), we now consider the
scenario where bootstrapping is applied to improve the robustness of the model. Bootstrapping in the context
of LSSVM involves partitioning the entire dataset X into m subsets. Each subset is then used to train an
independent LSSVM classifier. The final decision function is obtained by averaging the decision functions of all
individual classifiers, thus combining their predictions for a more stable and accurate outcome.

Let {X;}", represent the subsets m, where each subset X; € R%*": contains n; samples. Each subset X; is
associated with a label vector y; € {—1,+1}". For simplicity, we assume that all subsets contain the same
number of elements, denoted n,,,. Each bootstrapped classifier w; is trained on a subset X; using the LSSVM
optimization problem. The decision function for each classifier is given by:

1 X, X7 -t
of =y IXT (P )

n; 7
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where X; € R™™ and y; € R™ represent the data and label vectors for the i-th subset, respectively.

Once individual classifiers are trained, the final classifier is obtained by averaging the decision functions of all
bootstrapped classifiers. This ensemble approach helps reduce variance and improve the generalization of the
model. At the heart of this procedure lies the ability to evaluate the performance of the bootstrapped classifier.
Specifically, we define the classification accuracy as the proportion of correctly classified test samples, and it is
given by:

1 Ntest

I(y: #yi)»

i=1

Accuracy =
Ntest

where I(+) is the indicator function, x; is the i-th test sample, y; is the true label, and §; is the predicted label of
the bootstrapped classifier.

Our aim in this section is to understand the theoretical behavior of the classification accuracy as a function of
the number of bootstrapped classifiers m, the regularization parameter )\;, and other parameters in the model.
Specifically, we seek to derive insights into how the number of bootstrapped classifiers impacts the accuracy, and
how the averaging of decision functions can help reduce overfitting and improve predictive performance.

10 Theoretical analysis of bootstrapping in LSSVM

In order to predict the theoretical classification error of the bootstrapped LSSVM model, we must first gain
a deeper understanding of the statistical behavior of the decision score g(x). The decision score is the key
quantity that determines the classification decision for any given test sample. To analyze its effect on classification
performance, it is crucial to examine its statistical distribution. This involves computing the first- and second-order
moments of g(x), as these will provide the foundation for deriving the theoretical classification error.

To do this, we will use the following assumptions on the data distribution

10.1 Data assumptions and growth rate assumption

To perform a theoretical analysis of bootstrapping in LSSVM, we make a few key assumptions about the data.
These assumptions will help us derive statistical properties of the decision score and estimate the classification
error.

First, we assume a double asymptotic regime in which both the number of samples n and the dimension d grow
large. This is a common approach in high-dimensional statistics and random matrix theory.

Assumption 10.1 (Large n, large d) We assume that n > d, and as both n and d increase, the ratio d/n
approaches a constant ¢y € (0, 1). Furthermore, the fraction of samples in each bootstrap subset, ng/n, tends to a
constant ¢, > 0 for each subset £ = 1,2. We further assume that the number of subsets does not grow with n,
i.e., we assume m = O(1).

Next, we assume that the data matrix X and its columns x (corresponding to individual samples) exhibit a
strong concentration, a realistic and mathematically convenient assumption. Intuively, this means that any
Lipschitz-continuous observations are tightly clustered around their means with high probability, which also helps
to control the behavior of the decision scores based on inner products like x T w.

Assumption 10.2 (Data Concentration) We assume that the data matrix X € R¥™ and its columns x € R?
follow a g-exponential concentration property. Specifically, we assume:

x x E(1RL [ 2),  Xoc &R -]|F),

where & denotes 2-exponential concentration with respect to the Euclidean and Frobenius norms; see Definition
10.1.

As a major example, consider x ~ A(0,I) for which x oc &(1|R? || - ||2), 4.e., the observable diameter is
independent of the dimension. Notably, let us also recall that concentration is preserved under Lipschitz-
continuous transformations.
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Definition 10.1 (g-exponential concentration; observable diameter) Let (X, | - ||x) be a normed vector space
and ¢ > 0. A random vector x € X is said to be g-exponentially concentrated, if for any 1-Lipschitz continuous
(with respect to || - ||x) real-valued function ¢ : X — R there exists C' > 0 independent of dim(X’) and o > 0
such that

P (|p(x) — Ep(x)| > t) < Ce™ /)" vt >0.

This is denoted as x « E;(o | X, || - ||x), where o is called the observable diameter. If o does not depend on
dim(X), we write x o< Eg(1 ] X, || - ||x)-

These assumptions on concentration and growth rates allow us to model the behavior of the decision score and
ultimately estimate the classification error of the bootstrapped LSSVM. We also impose the condition that the
columns of X are independent. These assumptions ensure the existence of both the mean and covariance for the
columns of X. For ¢ € {1,2}, we define the following

e =E[x; | x; €C), Xp=Cov(x;|x; €Cp)

Additionally, we collect the means of the class distributions into the matrix M = [p;|u2] € R9*? and we define
the generalized covariance as Cy = X, + uguz.

10.2 Distribution of the decision score

To demonstrate that the decision score g(x) = w ' x follows a Gaussian distribution, we rely on the Central Limit
Theorem (CLT) for concentrated random vectors. This result, presented in (Klartag, 2007) and (Fleury et al.,
2007), shows that the inner product w ' x, where x is a random vector satisfying g-exponential concentration,
approaches a Gaussian distribution.

The key conditions for the result are:

« x is a random vector with zero mean E[x] = 0 and identity covariance E[xx ] = L,.

e X satisfies g-exponential concentration, meaning that the distribution of x is tightly concentrated around its
mean, following the concentration property from Definition 10.1.

e The weight vector w is randomly chosen and independent of x.

Central Limit Theorem: Under these conditions, for sufficiently large p, the distribution of the inner product
w ' x (which is g(x)) is approximately Gaussian. Specifically, it converges to a standard normal distribution N(0, 1),
with a small deviation bound for the cumulative distribution function F(t), ensuring that the approximation is

accurate up to an error of p_1/4.

This result justifies the assumption that g(x) behaves like a Gaussian random variable, which allows us to compute
the theoretical classification error more precisely using numerical methods such as integration.

Furthermore, we define the notion of deterministic equivalent as

Definition 10.2 (Deterministic equivalents) A deterministic equivalent, say F € R™*?, of a given random matrix
F € R"*¢ denoted F « F, is defined by the fact that, for any deterministic linear functional f : R"*¢ — R,
f(F —F) — 0 almost surely (for instance, for u,v € R? of unit norm, u’ (F — F)v — 0 and, for A € R¥*"
deterministic of bounded operator norm, % tr A(F — F) — 0).

Deterministic equivalents are thus particularly suitable to handle bilinear forms involving the random matrix F.

10.3 Mean of the Decision Score

For a test data point x € R? from class Cp, where £ = 1,2, and assuming x is independent from the training data
X € R™"_ the mean classification score g(x) = w'x can be computed as follows:
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ZExt x) | x € ] (6)

-1
1 1 1
=—Z—Ext [Ex ly? X (XtXI +A1d) xH (7)
m<n n

t=1
11 1 !
=— Y —Ex, |y/ X/ (XtXtT + /\Id> Hee (8)
m =1 n n
S g X7 Qu )
m e n t t A3t Xt
1
=Y [ IM; Quy (10)

Where Q = Q()) is the deterministic equivalent of Q = ( XXT + /\Id) , the resolvent of the random matrix
LXXT. The matrices J € R"*? and Ms € R¥? are defined as:

1 0
J= ny ni RnXZ Ms = ‘ Rdx2
<0n2 ]1n2> < ’ s |:1+51 1469 B2 €

where 8 = (61,d5). The matrix Q is computed iteratively using the fixed-point equation:

2 —1
_ n, C 1
Q= <§ ;‘3 : Jf& + /\Id> , 0= -Tr(CQ)

n
=1
The iterations begin with d; = do = 0 and continue until convergence.

Derivation Details - From (6) to (7): We apply the definition of the decision score g(x) =
-1

y X (XX 4+ L) x.

- From (7) to (8): We use the independence assumption between the training samples X; and the test sample x.

Therefore, the expectation is taken only with respect to the test sample, yielding E[x|x € C/] = p,.

- From (8) to (9): This is a rewriting step where we define the resolvent matrix Q, = (1 X, X/ + )\Id)_l.

- From (9) to (10): This step involves some technical matrix algebra and tools from Random Matrix Theory,
which is explained as follows.

Let X _; represent the matrix X with the i-th column replaced by 0, such that XX T = X _ X—r + x;x; . Using
the Sherman-Morrison matriz inversion lemma, we can express Q as:

1

XXT - 1 Quixix; Q_;
= AI = —i— _—
Q- ( + d) Qg

Next, we can calculate the interaction between Q and x;:

Q_ix;

Qxi = — 5 -~
O+ I Quixg

Now, we compute the expectation of the decision score for a given test sample x;:

n

ton 11 X Quipe
E [yex; Que] = n ZE {y” 1+ 1x1Q_ix;



Tiomoko, Cherkaoui, Seddik, Louart, Schnoor, Kégl

This simplifies to:

1 { QM}
n ] 1 -l— 5@(2)

where Q is the deterministic equivalent of Q (recall Definition 10.2 above) and provided in (Louart and Couillet,
2018) as

This completes the derivation for the mean of the decision score.

10.4 Variance of the decision score

Next, we compute the variance o7 of the classification score g(x) = x"w for a test dataset x € C:

o7 =Var(g(x))
=E [9(x)*] - (E[g(x)])*
=E [y X" Qxx"QXy] — (E[g(x)))*
=y IM{KMsJ 'y +y' Viy — 2y IMJQM;J Ty (11)

where K, V,, and other necessary terms are given as follows:

< ,l (2 1Q21@) Tr(ElQEQQ)> 2%2
V= n( TH(35Q51Q) Tr(%Q%,Q)) % (12)
A-lfmay O € R¥?, (13)
n gETAE
0 = % [Tr(EZQEIQ),Tr(ngng)}T € R?, (14)
a® = [a”, d“)] = (I, - VA) 't e R, (15)
d0
QEeQ+Z w15 —£—=QC.Q, (16)
=1 o)’
V,=D,, € R"", (17)

= |:TI' (ElKg) Tr (22Kg) c Rn (18)

(1461)2 7™ (14 d7)2 Ln,

The derivation of the variance follows the same structure as that of the mean, but now the goal is to find the
deterministic equivalent of the matrices QAQ, where A is an arbitrary matrix independent of Q and has bounded

norms. The necessary calculations can be carried out in a similar manner to those in (Tiomoko et al., 2020)
(Section A.2).

10.5 Derivation of the theoretical error

After determining the class-specific means and variances of the classification score g(x) = w ' x using Section 10.3

and 10.4, we can now compute the theoretical classification error, summarized in the following remark.
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Remark 10.1 (Classification Accuracy) For a linear binary classifier w € R, where the classification score
g(x) = wx follows normal distributions for each class, that is, N'(my,0?) for x € C; and N (mq, 03) for x € Co,
the classification error is given by

5261'P(X—>CQ|X€C1)+CQ']P)(X—>C1|XECQ),

where ¢y denotes the probabilities of the class and ¢; = ¢ = % for balanced classes. The probabilities of
misclassification for each class can be expressed as:

e=c - P(Wwx>n|x€C ~N(m,o})+e-P(w'x<n|x€C~N(ma,o3)),

where 7 is the decision threshold. These misclassification probabilities are determined by the cumulative
distribution functions (CDF) of the normal distributions:

e=c1 P(X>n|X~N(my,o}))+c-P(Y <n|Y ~N(ma,o03)).

For practical computation, these probabilities can be approximated using numerical integration of the normal
distribution densities, given the class-specific means m;, ms and variances o7, 03, and the threshold 7.

The optimal threshold n minimizes the classification error and is typically found between the two means, that is,
my1 <1 < msg, where the densities of the two classes intersect.

11 Intuitions from the theoretical analysis

In this section, we aim to derive several intuitions into the bootstrap LSSVM approach. First we analyze the
influence of the mean of the decision score

11.1 Analysis of the mean of the decision score

We recall that the mean of the decision score given that the test data is coming from the class C; can be written
as

1 _
m; = 7YTJTM;I—QH1

m

Furthermore we will consider first the simple case of mixture of two Gaussian of opposite mean +p and identity
covariance matrix 3 = I;. By rewriting the labels y = Jy, the mean can be rewritten as

my =cip' Qu

Furthermore the deterministic equivalent Q can be rewritten as

= pp’

P P S
Q=rld ") fruTa

where ¢ is given by the closed form solution

VI +X—cp)2+4hco — (1+A—cp)

0= 2\

Finally the mean of the decision score can be rewritten as

p'u
(14+A+X)+uTp

my =

As the number of classifiers increases, the ratio ¢g = p/n increases and therefore ¢ increases, making the mean to
decrease. The mean only depends on the increasing number of classifier through cy.
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b
(T+AHX) +p T
ratio. Here, "y represents the squared magnitude of the mean vector p, which measures the separation between
the classes. A larger ' p implies stronger discrimination between the two classes, leading to a larger m;, while
' — 0 results in m — 0, indicating no class separation. The term 1+ \ serves as a baseline regularization
factor that prevents m; from growing excessively large, even for high pu' . The regularization parameter A
controls the trade-off between fitting the data and penalizing model complexity: smaller A emphasizes data
fidelity, whereas larger A prioritizes simplicity and robustness. The term Ad, where § increases with d/n, penalizes
my to account for the challenges of high-dimensional noise. This highlights the curse of dimensionality, as a
larger d/n reduces my, reflecting the difficulty of distinguishing classes in high dimensions. Overall, m can be
expressed as Sig;;f%, where the signal is gt g (the class separation), and the noise is 1+ A+ \§ (accounting for
regularization and dimensionality effects). When the signal dominates the noise, m; increaseses, signifying strong
class discrimination, while noise dominance results in m; — 0, indicating poor discrimination. This framework
captures the interplay between signal strength, regularization, and dimensionality effects.

The parameter m, given by m = can be interpreted as a normalized measure of the signal-to-noise

11.2 Analysis of the variance of the decision score

As performed previously, we will experiment also the variation of the variance of the decision score. The variance
term can be splitted into four terms.

The first term of the variance is rigorously defined as

I S
Vi=——y'Vy
n<m

where V is defined as the diagonal matrix containing on its diagonal the vector v =
[2 Tr(C;QC1Q)1,,, = Tr(C2QC2Q)1,,]. The term can be rewritten in the more convenient manner
as

Vi =3 De¥Dey

Using the covariance matrix identity assumption, one can further get

€o
(IT+AX+X0)2—¢o

V) =

The variance of g(z) is composed of four terms:

Var(g(z)) = term; + terms + terms + termy,

where:
term; = <0
P ((THAF A —c)m

1

termy = — (Aip g+ Ap(p p)” + Ag(p ") + Aa(p " )")
20 (kp = A(p p)?)
termg = —— ,
m (1+0)3

m(m —1) &> p’p = 296(p" p)* + 73 (p" p)?

termy = 5 5 .
m (1+9)

We will simplify each term step by step, and then derive the intuition.

Step 1: Simplify Each Term

Term 1:
Co
(L+X+X)2—co)m’

This term reflects the impact of regularization (\) and the effective dimensionality (§). For large m, this term
diminishes due to the 1/m factor.

term; =
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Term 2:
1
termy = — (Aip " g+ Ap(p" p)” + Ag(p ") + Aa(p " p)")
where:
Kk2S 2vkS K2 dyest
A= A= :
(1+46)? (14+6)?2 (1+40)*
A _ 728 _ 2"ir}/dtest _ ’YZdtest
T4 (146 YT (140t
Here. S — 1 4 diest_ and do.., — Cor’(46)* p _ d~v=— % Fach in A As As A
ere, + 1s)z and Gest (143)2—cor? Where K = +/\ and ¥ = qigy4rpT R DAC term in Ay, Ag, Az, Ay

decays with increasing § or A, reducing the influence of hlgh—order terms in p ' p.

Term 3:
2 Ao (kp"p—(n"p)?)
(1+6)3

This term is dominated by Ag and decreases inversely with m. For large §, this term becomes negligible due to
the (1 + )3 scaling.

termg = —

Term 4:

m(m—1) K2pu" p = 2ys(p" pw)® + 72 (p" p)?
termy = .
m2 (140)2
As m — oo, the factor M — 1. This term captures the interaction between subsets, primarily governed by

and ~. For large ¢, it decays due to (1+4)72

Step 2: Combine Terms and Simplify
Combining all terms yields:
1 4

_l T N\k
Var(g(®) = 1O TR T 0T e +I;Ak(u 1)

m (1+40)3 m (1+6)2

2 Ao (k" —~(p" p)?) LmolRtptp = 2R T2 0 )

For large m, terms proportional to 1/m dominate initially, while for small m, the interaction term (termy)
becomes significant.

Step 3: Derive Intuition

» Dependence on m: The variance decreases with m due to the 1/m scaling of terms like term;, terms, terms.
However, the interaction term (termy) introduces diminishing returns for large m.

» Role of Regularization (A): Higher X stabilizes the variance by increasing the denominator of term; and
reducing the magnitudes of Ay, Ay, A3, A4. This effect is particularly strong for weak signals (u" u — 0).

« Dimensionality Effect (§): As § — oo, terms like (1 + &)~ suppress the variance, reflecting the curse of
dimensionality. However, this decay can also mask the signal for large " .

« Signal Strength (u'p): Strong signal (' p — o0o) amplifies higher-order terms in terms and termy,
emphasizing the model’s ability to discriminate between classes. Weak signals are dominated by regularization
and noise.
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The variance Var(g(z)) depends intricately on the interplay between m, A, §, and ' p. Increasing m reduces
variance initially but exhibits diminishing returns due to the interaction term. Strong regularization (\) and high
dimensionality (§) stabilize the variance, though they may suppress meaningful signal (u' ).



