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RESUMO

CORREIA, A. P. Modelos Skew-Normal Matriciais e Skew-Normal Matriciais Censurados:
Teoria, Inferéncia e Estimac¢ao via ECM. 2026. 135 p. Tese (Doutorado em Estatistica — Pro-
grama Interinstitucional de Pés-Graduacdo em Estatistica) — Instituto de Ciéncias Matematicas e
de Computacao, Universidade de Sdo Paulo, Sdo Carlos — SP, 2026.

Esta tese desenvolve um arcabouco abrangente para modelar estruturas de dependéncia assimétri-
cas em dados matriciais utilizando a distribui¢do Skew-Normal Matricial (MVSN) e sua extensdo
censurada. Estabelecemos propriedades tedricas fundamentais desses modelos, incluindo suas
representacgdes estocdsticas, momentos e condi¢des de identificabilidade. Com base nesses
fundamentos, derivamos procedimentos de inferéncia baseados em verossimilhanca e propomos
algoritmos de Maximizacao por Etapas Condicionais (ECM) capazes de lidar com observagdes
matriciais totalmente observadas, intervalarmente censuradas ou parcialmente faltantes. Estudos
de simulagdo sdo conduzidos para avaliar a recuperacdo dos parametros, o comportamento de
convergéncia e a robustez dos métodos de estimagdo propostos em diversos cendrios. Por fim,
demonstramos a utilidade pratica dos modelos por meio de aplicacdes a conjuntos de dados reais
com estruturas complexas de censura. Os resultados mostram que os modelos MVSN e MVSN
censurado oferecem ferramentas flexiveis e interpretdveis para analisar dados multivariados e

matriciais que apresentam assimetria, caudas leves e informacdes incompletas.

Palavras-chave: Distribuicao Skew-Normal Matricial, MVSN censurado, Modelos matriciais

assimétricos, Algoritmo ECM, Dados censurados.






ABSTRACT

CORREIA, A. P. Matrix-Variate Skew-Normal and Censored Skew-Normal Models: The-
ory, Inference, and ECM Estimation. 2026. 135 p. Tese (Doutorado em Estatistica — Programa
Interinstitucional de P6s-Graduacdao em Estatistica) — Instituto de Ciéncias Matematicas e de
Computagdo, Universidade de Sao Paulo, Sao Carlos — SP, 2026.

This thesis develops a comprehensive framework for modeling asymmetric dependence struc-
tures in matrix-valued data using the Matrix-Variate Skew-Normal (MVSN) distribution and
its censored extension. We establish key theoretical properties of these models, including their
stochastic representations, moments, and identifiability conditions. Building on these founda-
tions, we derive likelihood-based inference procedures and propose Expectation—Conditional
Maximization (ECM) algorithms capable of handling both fully observed and interval-censored
or partially missing matrix-valued observations. Simulation studies are conducted to assess
parameter recovery, convergence behavior, and robustness of the proposed estimation methods
under diverse scenarios. Finally, we demonstrate the practical usefulness of the models through
applications to real datasets with complex censoring structures. The results show that the MVSN
and censored MVSN models offer flexible and interpretable tools for analyzing multivariate and

matrix-structured data exhibiting asymmetry, moderate tails, and incomplete information.

Keywords: Matrix Variate Skew-Normal Distribution, Censored MVSN, Asymmetric matrix

models, ECM algorithm, Censored/Missing data.
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CHAPTER

INTRODUCTION

The normal distribution has long served as one of the foundational tools in statistics,
largely due to its mathematical simplicity and strong theoretical underpinnings. Its analytical
convenience makes it a natural choice for modeling data and performing estimation, which
explains its central role in both applied and theoretical research. However, despite its importance,
the normal distribution often fails to capture the complexity of real-world data. Many empirical
datasets exhibit visible deviations from normality, such as skewness or light tails that allow
for more extreme values than the Gaussian framework would predict. These limitations have
motivated extensive research into more flexible families of distributions capable of modeling
asymmetry and tail behavior while retaining the appealing properties that make the normal

distribution so useful.

Responding to these limitations, the skew-normal family of distributions has emerged
as a widely studied and powerful generalization of the normal model. The univariate skew-
normal distribution was introduced by Azzalini (1985) and further developed in Azzalini (1986),
providing a principled way to accommodate controlled skewness. This framework was later
extended to the multivariate case by Azzalini and Valle (1996) and Azzalini and Capitanio (1999),
yielding a richer class of models that preserve many of the desirable features of the multivariate

normal distribution while enhancing flexibility in the presence of asymmetric data.

The multivariate skew-normal distribution is particularly appealing because it introduces
a skewness mechanism that generalizes the symmetric multivariate normal, offering a more
faithful representation of datasets where asymmetry is inherent—for example, in income mea-
surements, financial returns, or biological processes. By maintaining mathematical tractability
while allowing for asymmetric behavior, this distribution has found applications across statistics,
econometrics, machine learning, and Bayesian inference. Numerous works, such as Sahu, Dey
and Branco (2003), Lin, McLachlan and Lee (2016), and Queiroz, Loschi and Silva (2016), have
further expanded its theoretical and methodological scope, illustrating the growing interest in

models capable of handling non-Gaussian structure.



18 Chapter 1. Introduction

Motivated by these advancements, recent efforts have extended the skew-normal frame-
work to the matrix-variate setting, which is essential for modern applications involving structured
or high-dimensional data. Contributions by Gupta, Gonzdlez-Farias and Dominguez-Molina
(2004), Chen and Gupta (2005), and Ning and Gupta (2012) introduced several formulations
of the matrix-variate skew-normal (MVSN) distribution, broadening its applicability to settings
where preserving matrix structure is crucial. These extensions allow for more realistic modeling
of dependencies across both rows and columns, expanding the utility of skew-normal models in

increasingly complex statistical environments.

Despite this progress, key challenges persist regarding the theoretical properties and
estimation procedures for MVSN models. The matrix structure introduces additional dependency
layers that complicate inference, and classical techniques often require careful adaptation.
Maximum likelihood estimation, in particular, becomes challenging due to latent variables
and non-convex likelihood surfaces. EM-type algorithms provide a natural solution, with the
Expectation—Conditional Maximization (ECM) variant offering computational advantages by

decomposing complex optimization tasks into manageable components.

This work contributes to the ongoing development of matrix-variate skew-normal method-
ology by establishing essential distributional properties, clarifying identifiability conditions,
and introducing a robust ECM algorithm specifically tailored to the MVSN model. A thorough
examination of the model’s theoretical structure is combined with extensive simulation studies,
demonstrating the stability and accuracy of the proposed estimation technique. Real data applica-
tions further highlight the model’s ability to capture intricate asymmetric patterns in multivariate
and longitudinal datasets. Together, these developments form a rigorous and unified framework
for inference under the MVSN distribution, positioning it as a powerful alternative for modeling

non-Gaussian matrix-valued data.

By laying this theoretical and computational groundwork, the first part of this thesis
establishes a solid foundation for the study and application of matrix-variate skew-normal models
Azzalini and Capitanio (2014), Alencar, Gongalves et al. (2022). The broader motivation for
these tools becomes even more apparent when considering the growing complexity of real-world
datasets. Modern applications frequently involve observations that deviate from Gaussian assump-
tions — not only through asymmetry or moderate tails but also through patterns of censoring
and missingness. Such challenges arise in environmental monitoring, where measurements often
fall below detection limits or quantification thresholds Helsel (2012), Huynh et al. (2014); in
biomedical imaging, where MRI magnitude data exhibit intrinsically non-Gaussian Rician noise
Gudbjartsson and Patz (1995), Coupé ef al. (2010); in signal processing, where asymmetric
and heavy-tailed noise distributions provide more realistic models than the classical Gaussian
assumption Middleton (1986), Xu, Zhou and Li (2022); and in longitudinal studies, where
incomplete observations and censoring require principled likelihood-based methods Little and
Rubin (2002), Bandyopadhyay and Rao (2012). These data characteristics demand probabilistic
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frameworks capable of jointly handling non-Gaussian behavior and incomplete-data mechanisms
in a coherent and computationally tractable way (see Dempster, Laird and Rubin (1977), Dagne,

Rousson et al. (2013), for instance).

Within this context, the matrix variate skew-normal censored (MVSNC) model provides a
coherent extension of the MVSN framework by integrating three key elements: (i) matrix-variate
dependence, (ii) a skewness mechanism, and (iii) a censoring structure. This unified formulation
captures the essential features of matrix-valued data while accommodating asymmetry and partial
observation. Unlike ad hoc approaches, the MVSNC model incorporates censored entries directly

in the likelihood, ensuring that the information they contain is properly used during inference.

The model is built on a latent-variable representation in which skewness and censoring
arise from hidden components that enrich the matrix-normal kernel. This hierarchical structure
naturally yields truncated conditional distributions for censored entries, providing a principled
treatment of incomplete data. By operating directly on matrices rather than vectorized forms, the
MVSNC model preserves dependence patterns along both dimensions, resulting in more realistic

representations of complex data arrays.

Inference under the MVSNC model is nontrivial due to interactions between latent skew-
ness variables, censoring indicators, and nonlinear parameter relationships. As direct likelihood
maximization is generally infeasible, EM-type procedures become essential. The ECM algorithm
offers an efficient solution by decomposing the estimation problem into manageable conditional

updates, relying on conditional expectations that arise naturally from the censoring mechanism.

The study of the MVSNC model advances both theory and methodology for censored
matrix-valued data. It establishes core distributional properties, clarifies identifiability conditions,
and develops a full likelihood-based estimation framework. Simulation studies and real-data
applications illustrate substantial gains in flexibility and accuracy when modeling asymmetric
and partially observed matrices. By jointly addressing skewness, structured dependence, and

censoring, the MVSNC model emerges as a powerful tool for non-Gaussian incomplete data.

The second part of the thesis consolidates these developments by formally construct-
ing the MVSNC model, deriving its latent-variable representation, and obtaining a tractable
likelihood that incorporates censoring. A central contribution is the ECM algorithm, which
leverages expectations from truncated distributions to deliver stable and efficient inference.
Through theoretical results, simulations, and applications, this part demonstrates the model’s
ability to simultaneously capture skewness, preserve matrix structure, and handle censoring,

offering a comprehensive framework for analyzing non-Gaussian censored matrix-valued data.
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Organization of the Thesis

This thesis is organized to provide a coherent progression from foundational concepts to
methodological developments, simulation studies, and real-data applications involving matrix-

variate skew-normal models and their censored extensions.

Chapter 2 establishes the theoretical groundwork for the thesis. It reviews the matrix
variate normal distribution and its main properties, introduces skewed matrix-variate extensions
that motivate subsequent developments, and concludes with maximum likelihood estimation for

the MVN model, providing a baseline for later methodological comparisons.

Chapter 3 presents the core theoretical contributions related to the matrix variate skew-
normal (MVSN) distribution. It revisits the multivariate skew-normal model and extends the
discussion to the matrix-variate setting, including the Matrix Variate Extended Skew-Normal
(MVESN) distribution. This chapter develops key distributional properties and introduces a
likelihood-based estimation strategy for the MVSN model, forming the basis for empirical

assessments.

Chapter 4 evaluates the performance and practical utility of the MVSN model through
a comprehensive set of simulation studies and a real-data application. It examines parameter
recovery, compares the MVSN and MVN frameworks, and highlights the advantages of explicitly
modeling skewness in matrix-valued contexts. The chapter concludes with an applied example
that illustrates the interpretability and flexibility of the MVSN model in capturing asymmetric

dependence structures.

Chapter S extends the modeling framework to handle incomplete observations through
the Matrix Variate Skew-Normal Censored (MVSNC) model. It begins by formalizing the
use of the MVSN distribution for interval-censored and missing data and develops an ECM
algorithm specifically tailored for censored matrix-valued observations. This chapter focuses on
the theoretical and methodological aspects of the MVSNC model, including its properties and
the details of the ECM estimation procedure.

Chapter 6 presents simulation studies and real-data applications to evaluate the per-
formance of the MVSNC model. The simulations assess estimation accuracy and compare the
MVSNC and MVSN models, highlighting the advantages of explicitly modeling censoring. The
chapter concludes with the application of the MVSNC model to a real dataset, demonstrating its
ability to jointly accommodate skewness, structured dependence, and censoring while providing

interpretable parameter estimates.

Chapter 7 introduces the computational framework of the MVCens package, presenting
estimation and simulation tools for the MVN and MVSN models with complete or incomplete
data. The chapter outlines the unified ECM-based inference approach, the treatment of censoring
and missingness, and the generation of synthetic matrix-variate data, emphasizing the package’s

role in supporting simulation studies and applied matrix-variate analyses.
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Overall, these chapters collectively provide a unified treatment of matrix-variate skew-
normal models, encompassing theoretical foundations, methodological extensions, and practical
applications. The thesis culminates in a comprehensive framework for modeling non-Gaussian

matrix-valued data with or without censoring.
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CHAPTER

THEORETICAL BACKGROUND

In the first place, we introduce the notation that will remain consistent throughout this
chapter. To clarify, a random matrix with dimension p x ¢ is referred to as X, such that its
realization is denoted as X'. Furthermore, a random vector of size pgq is identified as X, while its
realization is labeled as x. Moreover, | - | represents the determinant of a square matrix, tr(-) is

the trace of a square matrix, vec(-) vectorizes a matrix and ® denotes the kronecker product.

2.1 Matrix Variate Normal Distribution

In Nguyen (1997), the authors extend earlier results from Ahsanullah (1985), which
focused on characterizing the bivariate normal distribution, to a multidimensional setting. They
then use these extended results to explore the Matrix Variate Normal Distribution, specifically in
cases where the row vectors are identically distributed. Their approach builds on the same ideas
used by Ahsanullah (1985) for the bivariate case, but adapts them using familiar concepts from

matrix theory and linear transformations in real Euclidean space R”".

In the more general setting where the random matrices do not necessarily have identically
distributed row vectors, the authors from the reference Gupta and Nagar (2018) describe the
expression of the corresponding joint probability density function of the random matrices with

Matrix Variate Normal Distributions (MVN distribution from now on).

A practical motivation for studying these distributions is outlined next. In many biomedi-
cal studies, each patient provides several correlated outcomes (e.g., blood pressure, cholesterol,
weight), collected across multiple patients receiving the same treatment. Representing the data
for each treatment as an p X ¢ matrix reveals two dependence sources: correlations among the p
measurements within each patient (rows) and among the ¢ patients within the same treatment
(columns). Standard multivariate models cannot properly accommodate this bidirectional struc-

ture and require estimating an impractically large covariance matrix. Matrix—variate models
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address this by preserving the matrix form and separating the covariance into row and column
components, yielding a more parsimonious and coherent framework for modeling treatment

effects. More precisely, for each treatment group j, the data can be arranged as an p X ¢ matrix.

[ () () ()]
R I
J Do U
x= | 2T e cpexa
V)0)) (/)
_X pl Xp2 7 Xpg ]
This matrix layout makes the structure clear: for each treatment group j € {1,...,n}, where each

group corresponds to a distinct treatment, the rows represent the p measured variables and the
columns correspond to the g patients within that treatment. This representation highlights the
dependence structure in both directions, thereby motivating the use of matrix—variate rather than

standard multivariate models.

The matrix—variate normal (MVN) distribution plays a central role in modeling multidi-
mensional data that naturally arise in matrix form. Before developing more general models, it is
essential to recall the basic structure of the MVN and the key properties that make it particularly
suitable for matrix-structured observations. In this framework, the distribution is characterized by
a mean matrix together with two covariance matrices that separately govern dependence across
rows and across columns. This separable covariance formulation preserves the intrinsic layout
of the data and provides a substantial reduction in the number of parameters compared to an
unstructured multivariate normal model. These definitions and properties form the foundation
upon which several extensions, including skewed, moderate-tailed, and mixture formulations,

are constructed.

Definition 1. We say the random vector X € R” has a Multivariate Normal distribution (MN
distribution from now on) with mean vector 4 € R” and symmetric positive definite covariance

matrix |X| > 0 if, and only if, its joint probability density function is given by:

X p2) = Wexp{—gx—uﬂz%x—m},

Definition 2. A random vector X € R” with mean vector y and covariance matrix X is said to
have a MN distribution if, and only if, the distribution of ¢ "X ~ A (¢ " t,¢ " Z¢) fore” € R"\{0}.

In both cases, this relationship is denoted by the notation X ~ N, (1, X). As demonstrated
in Tong (1990), these two definitions are equivalent. In what follows, we present two important

results, which are likewise provided in Tong (1990).

Proposition 1 (Affine transformation of the Multivariate Normal Distribution). Let Y = CX+b
where C is an p x p matrix and b is a real vector (of size p). If X ~ N, (1,X), || >0, and C
satisfies |C| # 0, then Y ~ N, (1Ly,Zy), [Ey| > 0, where

py =Cu-+b, Zy=CIC'.
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Remark. To present the next result, we shall need the following conventions. Let 1 <k < p
be fixed, with p € N, p > 2, and define p; := k and p, := p — k. On this basis, we adopt the
convention that X; € R”', X, € R”2, u; € RP1, u, € RP2 and ¥;; = Cov(X;, X ;). More precisely,

x - (X p= (" y_ [ In
X,)’ [y o1 X

Proposition 2 (Marginal density from the Multivariate Normal Distribution). If X ~ A/,(u,X),
then for every fixed 1 < k < p the marginal distributions of X; and X, are Ny (u,X1;) and
Np—k(ly,X02), respectively.

In line with the results presented in Gupta and Nagar (2018), the next considerations apply:

Definition 3. We claim that a random matrix X € R”*? follows a Matrix Variate Normal
Distribution (MVN distribution from now on) with location matrix M € RP*4 and positive
definite covariance matrix ¥ @ £, where X € R?*? and ¥ € R7*1 are positive-definite symmetric
matrices, iff vec(X) ~ N,q(vec(M),¥ ® X), which we are going to denote by the notation
X ~ Npyy(MLE, W),

Proposition 3. If X ~ N,.,(M, X, ¥), then the PDF of X’ is given by:

_ 1 l -1 . —1 . T
fMVN(X|M,2,lP)_(M)pqﬂ’z'qﬂ'w'pﬂexp{—ztr[2 (X —M)¥ (X - M) ]}

Still in accordance with the reference Gupta and Nagar (2018), it can be proved that an
analogous result to Proposition 1 also holds for matrix variate distributions. Precisely speaking,

we may state it as follows.

Proposition 4 (Affine transformation of the Matrix Variate Normal Distribution). If the random
matrix X ~ Njyxq(M,Z,¥), the matrix C € R"*? has rank r < p and the matrix D € R?** has
rank s < g, then it can be concluded that:

CXD = N,;(CMD,CZC' ,D"¥D).

It is worth noting the presence of an identifiability issue concerning the two covariance matrices.
Specifically, ¥ @ L = ¥* @ L* if £* = aX and W* = o~ '¥. Therefore the two covariance matrices
are identifiable up to a multiplicative constant as discussed in Dutilleul (1999). In the matrix-
variate literature, various methods have been suggested to tackle this issue. One possible solution
consists in following the approach employed in Melnykov and Zhu (2018)), Sarkar et al. (2020)
and Tomarchio, Punzo and Bagnato (2021), which involves imposing the constraint |¥/| = 1.

Here is also worth to discuss the draws and backs of vectorization of random matrices.
From a theoretical standpoint, consider the relationship described between the matrix variate

distribution and its vectorial counterpart:

X ~ Ny MLE W) <= vec(X) ~ Ny (1t =vec(M),A=¥RX),
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Such relation is often useful for establishing and computing quantities of interest when dealing
with MVN-based models, as demonstrated in works by Viroli (2011), Viroli (2012). However, in
scenarios other than those explicitly mentioned, the matrix-variate formulation is preferred over
its multivariate counterpart when the data is presented in a matrix form. One potential approach
involves transforming the matrix-variate data into a vector format and then applying multivariate
models. Nonetheless, this rearrangement of data presents several practical challenges, extensively
discussed and illustrated in the literature on matrix-variate analysis (e.g., Allen and Tibshirani
(2010); Anderlucci et al. (2014); Gallaugher and McNicholas (2018); Sarkar et al. (2020); and
Tomarchio, McNicholas and Punzo (2021)).

Hereafter, we offer a summary of the issues associated with such a method.

1. Interpretability would be compromised if the two sources of variability, governed by X
and W, were put together into a single ¥ ® £ matrix. Such extract would result in a loss of

interpretability of the data.

2. Parsimony is compromised by the increase in the number of free covariance parameters
in the matrix-variate setting, which is given by the formula p(p+1)/2+¢(qg+1)/2—1.
When vectorized, this count escalates to pg(pq + 1) /2, potentially leading to an overpa-

rameterization of the multivariate models.

3. Model selection becomes intricately linked to the preceding issue, as the proliferation of
parameters in the multivariate context can pose challenges in selecting the appropriate
model. This is a consequence of the increased weight assigned to the penalty term of

widely used information criteria.

2.2 Matrix Differentiation Calculus

We shall start this section with some considerations involving the definitions of the

Fréchet derivative and Gateaux derivative in the context of random matrices.

Let f: RP*? — R be a scalar-valued function whose argument is a matrix. The space
RP*4 is a finite-dimensional vector space, and it is equipped with the Frobenius inner product
(A,B)g = tr(ATB) and the associated norm ||A||Z = tr(ATA). These structures allow us to

define derivatives and gradients with respect to the Frobenius geometry.

Definition 4. Given X € RP*? and an arbitrary direction H € RP*9, the Gateaux derivative of
f at X in the direction H is defined by

D20 )= iy TS ()

where € € R, provided the limit exists. This definition mirrors the usual directional derivative in

R": we restrict the function to the line € — X + €H and differentiate with respect to € at € = 0.
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Thus, Df (X )[H] represents the first-order variation of f when the matrix X is perturbed
in the direction H. In general, the mapping H — D f(X)H. In general, the Gateaux derivative

need not define a linear mapping in H. When linearity holds, it defines a linear functional.

Definition 5. Let f : R?*7 — R and let X € RP*9. Then the function f is said to be Fréchet
differentiable at X if there exists a linear mapping £ : R?*9 — R such that

- |f(X+H) - f(X) - L)

lim =0
1] =0 H| ’
where || - || denotes any matrix norm on R”*%, and the mapping L is called the Fréchet derivative

of f at X and is denoted by
Df(X):RP* — R, H— Df(X)[H].

In this case, L(H) = Df(X’)[H] provides the best linear approximation of f near X’. Moreover,

this linear mapping captures the first-order behavior of f in a neighborhood of X.

Theorem 1 (Riesz Representation Theorem). Let V be a finite-dimensional inner product space
over the field I, and let g : V — [ be a linear functional. Then there exists a unique vector y € V
such that g(x) = (y,x), forall x € V.

Proof. A proof can be found in Friedberg, Insel and Spence (2013). [

Proposition 5. Let us suppose that f : R?*? — R is a function whose Gateaux derivative exists
in a neighborhood of X and such that, for each Y in this neighborhood, the mapping H —
Df(Y)[H] is linear. If the gradient mapping Y — Vy f (where Vy, f is the Riesz representative
matrix of Df(Y)) is continuous at X (with respect to the Frobenius norm), then the mapping
Y — Df(Y) is continuous at X with respect to the operator norm.

Proof. Since the Gateaux derivative of f exists in a neighborhood of X and, for each Y in this
neighborhood, the mapping H — Df(Y)[H] is linear, it follows that Df()) defines a linear
functional on RP*4, As RP*14 is a finite-dimensional inner-product space endowed with the
Frobenius inner product, Theorem 1 ensures the existence of a unique matrix Vy, f € R”*4 such
that

Df(Y)H] = (Vyf H)p = tr((Vyf) TH),

for all directions H € RP*4. Let ), — X. For any H € R”*? with |H||r = 1, the application of
the Cauchy-Schwarz inequality yields the relation

|(Df(Vu) —Df(X)H]| = [(Vy,f —Vaf H)p| < ||Vy,f— Vafr

Taking the supremum over all H such that |H||r = 1, it follows that

1Df(Yn) =Df(X)[lop < [V, f =V Sl
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Since Y + Vy f is continuous at X', we have
IVy,f = Vafle =75 0= |DF(Va) = DF(X)lop = 0.

Therefore, the mapping Y — Df(Y) is continuous at X in accordance with the sequential

characterization of continuity in metric spaces. O]

Remark. In fact, in the present context, the operator norm of the derivative coincides with the
Frobenius norm of its gradient. Indeed, for any Y € RP*4,
IDf(P)lop = S [(Vyf H)e| > [(Vyf,H)E| = [[Vy fllF,
F=
where the inequality is attained by taking H* = Vy,f/||Vy f||r when Vy, f 0, and is trivial
otherwise. Since the converse inequality also holds by Cauchy—Schwarz, the correspondence
given by the Riesz representation theorem is an isometry between linear functionals and their

gradient representations.

Theorem 2. Let U C RP*? be an open set and let f : U — R be a function. Suppose that f
admits a Gateaux derivative at every point of a neighborhood of X € U. Denote this derivative by
Df(Y). Assume that the mapping Y — Df () is continuous at X with respect to the operator
norm. Then f is Fréchet differentiable at X', and its Fréchet derivative at X coincides with the
Gateaux derivative Df(X).

Proof. The proof of such result can be found at Deimling (2013). ]

Assume that the Gateaux derivative of f exists in a neighborhood of X and that, for each
X, the mapping H— Df(X)[H] is linear in H. Since R”* is a finite-dimensional inner-product
space endowed with the Frobenius inner product, Theorem 1 applies in this setting. In particular,
Df(X) defines a linear functional on the Hilbert space (R”*?, (-,-)g). Accordingly, we define
V x f as the Riesz representative matrix of D f(X’), the unique matrix V x f € RP*4 such that

Df(X)H] = (Vaf,H)p =tr(Vaf) H)

for all H € RP*4. The matrix V x f, called the gradient of f at X, provides the canonical matrix
representation of the derivative with respect to the Frobenius inner product, thereby translating

the linear functional into a concrete matrix expression.

Furthermore, if the mapping Y — D f () is continuous at X, then, in accordance with
Theorem 2, f is Fréchet differentiable at X and the Gateaux and Fréchet derivatives coincide. In
this case, D f(X) admits the representation D f(X)[H] = (V x f,H)g. Consequently, f possesses

the first-order expansion
f(X+H) = f(X)+Df(X)[H] +o(|H]|),

which characterizes the total derivative at X and yields a precise local linear approximation in the

Frobenius norm. The main implications used in the argument are summarized in the flowchart.
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Conditions for Equivalence Existence of Gradient
(Gateaux = Fréchet) via Riesz Representation

is finite-dimensiona

Gateaux derivative exists}

Domain RP*4 J {The mapping H— Df(X) [H]}
1

in a neighborhood of X is linear in H

S S

{The mapping Y +— D f(y)} {The Riesz Representation}

is continuous at X Theorem applies

Theorem 2 Theorem 1
Y Y
Gateaux derivative equals Existence of a unique
the Fréchet derivative at X’ gradient matrix V x f

where each box follows logically from the statements connected to it in the diagram. When f
is expressed using trace operators, the derivative typically produces expressions involving both
H and H'. To rewrite these expressions in gradient form, standard trace identities are used,
namely linearity of the trace, cyclic invariance tr(UVW) = tr(WUYV), and the transpose identity
tr(MH") = tr(M " H). These properties allow all first-order terms to be rearranged so that the

derivative can be written as a Frobenius inner product with H.

For quadratic trace functions of the form f(X) = tr(AXBX "), a perturbation X
X + €H generates terms of order eV, el and €2. Only the first-order terms — those in which
exactly one occurrence of X is replaced by H — contribute to the derivative, while higher-order
terms vanish after division by € and taking the limit. This structure explains why the derivative

of such functions consists of a sum of linear terms involving H.

In summary, the Géteaux derivative H — D f(X)H extends the classical directional
derivative to matrix spaces and characterizes the first-order variation of a scalar function with
respect to matrix perturbations. Although it is defined along individual directions, when its
domain is finite-dimensional and its variation is linear in the direction matrix, it admits a
unique gradient representation through the Frobenius inner product. In addition, if the function

Y — Df(Y) is continuous at X, the Gateaux derivative coincides with the Fréchet derivative.

The next result plays a fundamental role in rigorously establishing the connection between
the two previously mentioned definitions of the derivative with respect to a particular function of
interest that will be analyzed in greater detail later on, and some analogous results are presented

in the sequence.
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Lemma 1. Consider the function f(X,X,¥) = tr(Z~' X¥ !X T) where both £ = 0 and ¥ >~ 0
are fixed so that X € R”*4 may vary, where the relation > means that they are positive definite.
Then its Gateaux derivative with respect to X is represented, under the Frobenius inner product,

by the gradient
Vaf(X,2,¥)=22"1x¢!

Notice this expression coincides with the Fréchet derivative in the present setting. Indeed, since
the mapping X — V x f is continuous, by Proposition 5, one has that f € C'(RP*?). Based on

Theorem 2, the desired claim holds.

Proof. Fix £ and ¥ and let f vary as a function of X. Let H € RP*7 be an arbitrary direction.

By definition of the Gateaux derivative with respect to X', we have

L f(X+eH, L ¥) — f(X,X,¥)
Dy f(X,%X,¥)[H] = lim c -

To simplify the notation, set A = £~! and B = ¥~!. With this notation,
F(X,2,¥) =tr(AXBX ).

We now evaluate the function at the perturbed argument X + €H. Using linearity of matrix
multiplication and the identity (X +&H)" = X'T 4+ eH', we obtain

f(X+eH,Z,¥) =tr(A(X +eH)B(X +eH")).

Expanding the product inside the trace gives
(X+eH)B(X +eH')=XBX' +eHBX ' + ¢ XBH' +¢’HBH'.
Substituting this expansion into the trace expression yields
f(X+eHZ,¥) = tr(AXBX ")+ e tr(AHBX ") +- ¢ tr(AXBH ') + £?tr(AHBH " ).

We now subtract f(X,X,¥), divide by &, and take the limit as € — 0. The terms of order

€2 vanish in the limit, and we obtain
Dx f(X,L,%¥)[H] = tr(AHBX ") + trf(AXBH ).
The next step is to express this directional derivative in the form of a Frobenius inner

product with H. Using cyclicity of the trace, the identity tr(MH") = tr(M ' H) as well as the
fact that tr(X) = tr(X "), we can rewrite both terms in the following way

tr(AHBX ") = tr((AHBX "))

(
tr(AB'TH'AT)

(

(

trf(H'ATXBT)
tr(ATXBT)TH)
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and tr(AXBH ' ) = tr((AXB) "H). Combining these expressions gives
Dxf(X,Z,%)H =tr((ATXB")" +(AXB)"H).
Equivalently, due to the linearity of the transpose operator, one may conclude that

Dxf(X,2,%W)H] =t(ATXB" +AXB) H).

By definition of the gradient under the Frobenius inner product, the matrix V x f (X, X, ¥)
is characterized by the identity

Dxf(X,X,¥)H] = tr((Vaf(X,2,%))"H) forall He RP*Y,
Comparing both expressions, it results from the uniqueness of the gradient that

Vaf(X,Z¥)=ATABT +AXB=2 "x¥ "+ lxy !

Finally, since ¥ and ¥ are symmetric and positive definite, we have Yy =y land¥ "T=w1,

which leads to the simplified expression
Vaf(X,2,¥)=22"1xw !
O

Lemma 2. Consider the function f(X,X,¥) = tr(Z' XWX T), where both X € R"*? and
Y > 0 are held fixed and X > 0 is allowed to vary. Then the Gateaux derivative of f with respect

to X is represented, under the Frobenius inner product, by the gradient
Vef(X,Z,¥) =2 lxwlxTs !

Moreover, this expression coincides with the Fréchet derivative in the present finite-dimensional
setting. Indeed, the mapping X — Vy f is continuous on the space of symmetric positive definite
matrices Sﬁ ., which implies that f is continuously differentiable by Proposition 5, that is to say,

fec! (SE ). Consequently, due to Theorem 2, the Gateaux and Fréchet derivatives agree.

Proof. Fix X and ¥ and view f as a function of X only. Let S € R”*? be an arbitrary direction.

By definition of the Gateaux derivative with respect to X,

1 f(X,Z—I—SS,IP)—f(X,Z,lP)
Dy f(X,E,¥)[S] = lim c :

SetB=Y"!and C=XBX, so that
f(X,2,%) =u(2'C).
To evaluate f(X, X+ €S,¥), we expand the inverse of the perturbed matrix. Using

(E+eS) "' = (Z(I,+e27'S)) " = (1, +ex'8) 5,
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and the first-order approximation (I, + €K) ™! =1, — eK+o0(€) as € — 0, we obtain
(Z+eS) ' =(I,- e 'S+o(e))Z ' =21 —ex ST+ 0(e).
Substituting into f yields
f(X,Z+eS,P)=tr((Z'—eX7!SZ ! +0(g))C) =tr(27'C) —e tr(Z7'SZ7'C) +0(e).

Therefore,

f(X,Z+eS,¥)— f(X,L,¥)
€

= —t(z7!sz7lC) + @
and letting € — 0 gives
Dy f(X,Z,%)[S] = —tr(Z7'SZ71C).

Using cyclicity of the trace, we rewrite this as

Dsf(X,Z,¥)[S] = —u(Z 'cx!S) = u((-x'cz™H)'s).
By definition of the gradient under the Frobenius inner product,

Dsf(X,2,¥)[S] =tr((Vsf)'S) forallS,
so we identify
Vef(X,Z,¥)=-xr ezl =z law-lxTel

Finally, since W is symmetric positive definite, B =¥~ is symmetric, and therefore C = XBX' T

is symmetric as well, implying that the gradient above is symmetric whenever X is symmetric. []

Lemma 3. Consider the function f(X,Z,%¥) = tr(E'X¥Y'XT), where X € RP*4, £ 0
and ¥ > 0. Fix X and X and let only the parameter ¥ vary. Then the Gateaux derivative of f
with respect to ¥ is represented by the gradient

Ve f(X,2,¥)=-¥x"s eyl

Moreover, in this finite-dimensional setting, this expression coincides with the Fréchet derivative.
Indeed, since the mapping ¥ — Vg f is continuous on the space of symmetric positive definite
matrices Si ., it follows that f is continuously differentiable by Proposition 5, that is, f €

c! (S?F +)- Therefore, by virtue of Theorem 2, the Gateaux and Fréchet derivatives coincide.

Proof. Fix X and X and view f as a function of ¥ only. Let T € R7*? be an arbitrary direction.
By definition of the Gateaux derivative with respect to W,

1 f(X727lP+8T)_f(X72>lP)
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To simplify the notation, set A =X ~! and C = X TAX. Since
r(AXP AT =a(P'ATAX) = (P 1C),

we may write
f(X,Z¥) =tu(P'C).

We now evaluate the function at the perturbed argument W + €T. Using
(P4eT) "' = (P(I,+eP'T)) " = (I, +e¥'T) "¢,
together with the first-order approximation
(I,+eK) ' =1,—eK+o(e), €—0,
we obtain
(P+el) ' =w ! —ew e 1 o(e).
Substituting into the trace expression yields

X ZP+eT) =tr(P ' —eP 'TY ' +0(e)) C) = tr(¥1C) —e (P! TP C) 4 0(e).

Therefore,
f(X,Z,‘P—i—sT) _f<X72>lP)

€

= —tuw(P e IC)+ @
and letting € — 0 gives
Dy f(X,X,P)[T] = —tr(¥~'T¥ ' C).
Using cyclicity of the trace, we rewrite this expression as
Dyf(X,2,9)[T) = —tr(¥~'CP'T) =tr((-¥'C¥ ) T).
By definition of the gradient under the Frobenius inner product,
Dy f(X,2,¥)[T] = tr((Vgf)'T) forallT,
so we identify
Vo f(X,2,¥)=-¥Ilcy ' =—vlxTexy !

Finally, since T is symmetric positive definite, A = X! is symmetric, and therefore C =
X TAX is symmetric as well, implying that the gradient above is symmetric whenever ¥ is

symmetric. ]

Lemma 4. Consider the function f(X) = log|~~!| where £ = 0. Then the Gateaux derivative of
f with respect to X is represented by the gradient

Vif(Z) =2

Moreover, this expression coincides with the Fréchet derivative. Indeed, since the mapping
¥+ Vyf is continuous on the space of symmetric positive definite matrices S, , it follows that
fec! (Si ) by Proposition 5. Therefore, by Theorem 2, the Gateaux and Fréchet derivatives

coincide.
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Proof. Let H € RPXP be an arbitrary symmetric matrix (H = H"). Since the function f is
defined on the cone of symmetric positive definite matrices, we consider perturbations of the
form X 4 €H. Because this cone is an open subset of R”*”, such perturbations remain positive

definite for || sufficiently small, ensuring that the quantities below are well defined.

By definition, the Gateaux derivative of f at X in the direction H is given by

Do)t (E =S

Our task is therefore to understand how f varies when ¥ is subjected to a small symmetric
perturbation. Using the determinant identity |A~!| = |A|~! valid for every invertible matrix A,
we rewrite

f(Z+eH) =log|(Z+€H)™'| = —log |+ €H|.

Thus, differentiating f reduces to studying the variation of the log-determinant of the perturbed

matrix. Substituting into the definition above, we obtain

log| + eH| — log =
Df(E)H] = — lim 22 /EF€H| —log X
e—0 €

To make the perturbation explicit, we factor X from the matrix X 4 ¢H:
T+eH=2(I,+eX 'H).

This factorization is useful because the determinant of a product equals the product of deter-
minants. Hence, |£+ eH| = |Z||I, + £~ 'H|. Taking logarithms converts this multiplicative

relation into an additive one:
log |+ eH| =log|X| +log I, + SZ’IH‘.

When substituted into the difference quotient, the constant term log || cancels, leaving

_ log|l,+eX'H
Df(Z)[H] = — lim L - ‘-

Let A := ¥~ 'H. We must now determine the first-order behavior of log I, + €Al as
€ — 0. A classical expansion of the determinant shows that

I, +eA| =1+etr(A)+o(e), €—0.

This formula expresses the fact that the trace governs the first-order change of the determinant

near the identity. Applying the scalar expansion log(1+1¢) =7+ o(t) then yields
log ‘Ip + SA} =etr(A)+o(g).
Dividing by € and passing to the limit gives

Df(X)H] = —tr(A) = —tr(Z7'H).
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We have thus obtained the directional derivative as a linear function of the perturbation
H. To identify the gradient, we express this linear map using the Frobenius inner product. By
definition,
Df(2)H] =tr((Vsf(£)) 'H) for all symmetric H.

Comparing with the expression above, we conclude that Vy f(X) = —X~!. Finally, since £ is
symmetric positive definite, its inverse is also symmetric, so the gradient lies in the same space

of symmetric matrices as the admissible perturbations. This completes the proof.

]

Remark. An entirely similar result can be deduced for ‘.

Throughout the remainder of this work, derivatives with respect to matrix parameters
are going to be written using the partial derivative notation, for example d f/dM, instead of
the previous gradient notation Vyyf. This is purely a matter of notation. From now on, the
functions under consideration are scalar-valued functions of matrix arguments and their Gateaux
derivatives are linear functionals acting on perturbation matrices. In the finite-dimensional space
RP*4 endowed with the Frobenius inner product, Theorem 1 ensures that each such functional

can be uniquely represented as an inner product with a matrix of the same dimension.

Consequently, the symbols Vy;f and d f/dM denote the same matrix, characterized by

)
DFM)H] = (Vi f) H) = tr{ (5%) H} ,

for all directions H € RP*4,

Once we have discussed matrix differentiation, it remains to understand how to study the
critical points in the matrix variate setting. Although the parameters of the matrix-variate normal

model are matrices, the log-likelihood function is still a real-valued function,
6(0) = logfl\/[\/N(Al9 | X) GRu U= <M727\P)

This means that, regardless of the matrix structure of the parameters, the output of ¢ is a single
real number. Therefore, from the viewpoint of optimization, we are still dealing with the problem

of maximizing a scalar function.

The difference from the univariate case lies essentially in the nature of the argument of
the function. Instead of depending on a scalar variable x € R, the function ¢ depends on matrices
that belong to spaces such as R”*9, RP*P_and R?7*4, each of which forms a finite-dimensional
vector space. For instance, a matrix M € R”*4 contains pq real entries and can be identified with
a vector in R”? by stacking its columns via the vec operator. Similarly, when symmetry is taken
into account, ¥ and ¥ can be represented in terms of their independent entries, allowing them
to be treated as elements of Euclidean spaces of appropriate dimension, thereby facilitating the

extension of standard differential calculus arguments to this matrix setting.
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Consequently, the parameter ¥ can be viewed as a point in a Euclidean space R? for some
finite d, since each matrix parameter may be identified with a vector of its entries (for instance,
via the vec operator, once symmetry constraints are taken into account). In this sense, the matrix-
variate log-likelihood may be regarded simply as a smooth function ¢ : R¢ — R,written in
matrix notation for convenience and structural clarity. This identification is not merely notational:
it guarantees that differentiating with respect to a matrix parameter is mathematically equivalent
to differentiating with respect to all of its entries viewed as a vector. Matrix calculus therefore
provides a structured way to compute the same derivatives that would arise from standard

multivariate differentiation in R9,

Because the parameter space is finite-dimensional, all the familiar tools of multivariate
calculus — directional derivatives, gradients, first-order optimality conditions, and convexity
arguments — apply exactly as in the classical setting. The use of matrix notation does not alter
the underlying optimization problem; it simply preserves the natural algebraic structure of the

model while carrying out standard Euclidean analysis.

2.3 ML Estimation for the MVN Distribution

This section is partially based on the reference Glanz and Carvalho (2018). We begin
by considering a random sample of size n € Ny drawn from a matrix-variate normal (MVN)
distribution, X}, A%, ..., &, i xq(M, X, W), where M € RP*4 denotes the mean (or location)
matrix, while ¥ € R”*? and ¥ € R7*7 represent, respectively, the row and column covariance
matrices. These two matrices allow the model to capture dependence structures separately along
rows and columns, which is one of the key features distinguishing the matrix-variate normal

distribution from the classical multivariate normal model.

Suppose that X' = (X}, A3, ..., A),) is arealization of this sample. The likelihood function
measures how plausible a given parameter value ¥ = (M, X, V) is in light of the observed data.
Because the observations are independent and identically distributed, the likelihood factorizes
into a product of individual densities, and therefore the log-likelihood becomes a sum:

_pn

n B n B 1 &
longVN(l9 | X) = ZlongVN(ﬁ | Xl) ) 10g|\P 1| + %log’Z 1’ - 5 26(-)(1 | M,Z,‘P),
=1 i=1

up to an additive constant that does not depend on the parameters. Here, we adopt the notation
§(2 | M) = (= (4~ MY (X —M))

which plays the role of a matrix-valued Mahalanobis distance.

Throughout this section we assume that ¥ and ¥ are symmetric and positive definite, that
is to say, X > 0 and ¥ > 0. This assumption guarantees that the inverses and log-determinants

appearing in the likelihood exist, and hence that the model is mathematically well defined.
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It is useful to note that the log-likelihood naturally decomposes into two distinct parts.
The first part, involving log |X| and log |¥|, depends only on the covariance structure, while the
second part measures how far each observation X is from the mean matrix M. Indeed, 6 can be

rewritten as

2

Y

§(% | M,EW) = £ 2 - w2

showing that it is simply a squared Frobenius norm. Thus 0 is always non-negative and quantifies
the discrepancy between X; and M after accounting for the covariance structure. Consequently,
maximizing the log-likelihood with respect to the parameter M is equivalent to minimizing the

sum of §(&; | M,X,¥), which is a least-squares type problem in matrix form.

Lemma 5 (Uniqueness of the MLE for the Mean Matrix). For fixed £ > 0 and ¥ > 0, the
log-likelihood of the matrix-variate normal distribution is strictly concave in M € RP*9. Hence

the solution of the first-order condition is the unique global maximizer.

Proof. FixL = 0and W - 0, as well as 6;(M) := 6(A&; | M,Z,¥) and consider the objective

n n

oM):=Y &M) =Y vz (H-M)¥ (X -M)").
j 1

i=1 i=

Using the Frobenius norm identity
w7 (G- MW (G -M)T) = || 12 (- w2
we may rewrite

o) = ¥ ||z 12— myw 2.
=1

1

To prove that Q is strictly convex, let M, M, € RP*4 be such that M| # Mj, and let ¢ € (0, 1).
We analyze the behavior of Q along the segment joining M| and M;. To this end, consider the
linear operator £ : RP*? — RP*4 defined by

L(A):=x71/2Ap~1/2

Because £~ /2 and /2 are symmetric positive definite, they are invertible. Hence L is injective
(ker(L£) = {0}). In particular, £L(A) = 0 = £(0) implies A = 0. Foreach i € {1,2,...,n}, define

Y (M) :=L(Xi—M).
The mapping M — Y;(M) is affine in M, and we may write
8:i(M) = || Y; (M) .

Thus, each §; is the squared Frobenius norm of an affine function of M.
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Since the squared norm is strictly convex on a Euclidean space,
|tA+ (1 —1)B||z <1]|A||#4 (1 —1)||B||Z whenever A # B.

Based on the inequality above, we can establish that §;(M) is strictly convex. To this end, we

first derive the following auxiliary identity, which will be instrumental in the proof of such claim.

Yi(tM; + (1 —1)My) = L(X; — (M + (1 —1)M3))
= L(X; —tM; — (1 —1)Mp)
= L(t(X;—M;) + (1 —1)(X; —My))

1L(X;—My) + (1 —1) L(X; — M)

L
tYi(Ml) + (1 —I)Yi(Mz).

Based on it, let us assume that M; # M,. Then one may deduce that

§;(tMy + (1 —1)Mp) = || Y;(tM; + (1 —)M) ||
= [|(Y: (M) + (1 —1)Y;(M) |17
<[V (M) [+ (1= 1)[| Vi (M) ||
=18;(M;p)+ (1 —1)0;(Myp),

provided that Y;(M;) # Y;(M>). But we do also know that
Y,‘(Ml) = Yi(Mz) <~ E(Ml —Mz) =0 <= M| =M;,

where the last equivalence follows from injectivity of L. Therefore, for M| = My, the strict

inequality holds. Summing over i € {1,2,...,n} gives
QM + (1 -1)My) <1Q(My) + (1 —1) Q(My),
so Q is strictly convex on RP*4, Finally, since for fixed £ and ¥ the log-likelihood has the form
1
¢(M) = constant — 5 o(M),
it follows immediately that /(M) is strictly concave in M. O

Since M € RP*7 is an unconstrained parameter, its maximum likelihood estimator is
obtained by equating to zero the Fréchet derivative of the log-likelihood with respect to M.
Because the log-determinant terms do not depend on M, this differentiation involves only the

quadratic part of the likelihood. Carrying out the derivative yields

< : _ a - —1 . —1 . Ty
_Ea_; X]M,Z,‘P)—0<:>8—Mi;tr(2 (X -—M)¥Y (X;—M) ) =0.
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Using the matrix differentiation rules earlier established as well as the chain rule, the
derivative of each summand with respect to M is given by 2! (X; — M)‘P_l. Summing these
contributions over i € {1,2,...,n}, the first-order necessary condition for maximizing the log-
likelihood with respect to M becomes

Y sl -myw =o.
i=1

Because £~ and ¥~ ! do not depend on the index i, they may be factored out of the
summation, since they are constant with respect to the summation index and therefore commute

with the finite sum. Consequently, the equation above can be rewritten as

n
s Y (-Mm) | ¢! =o0.
i=1
Since ¥ and W are assumed to be symmetric positive definite, they are invertible matrices.
Therefore, the only way the preceding product can vanish is for the central term to be equal to

zero, that is,

(ngE

(X;—M) =0.
=1

~

Expanding the summation and rearranging terms yields

MZEZ%.
iz
Thus, the maximum likelihood estimator of the mean matrix is simply the sample average
of the observed matrices, extending the classical result for the multivariate normal distribution to
the matrix-variate case. Finally, by Lemma 5 (Uniqueness of the MLE for the Mean Matrix),
the log-likelihood is strictly concave in M for fixed X > 0 and ¥ > 0. Therefore, this stationary
point is unique and necessarily corresponds to the global maximizer of the log-likelihood with

respect to M.

We now turn to the estimation of X and ¥. Unlike M, these parameters are constrained to
lie in the cone of symmetric positive definite matrices. Since the log-likelihood is strictly concave
in ¥ (when X is fixed and vice-versa) over the cone of symmetric positive definite matrices, the
stationary point obtained by solving the likelihood equation corresponds to the unique global

maximizer with respect to that parameter. Indeed, this is what the following lemma proves.

For the sake of convenience, we still adopt the previous convention that S” indicates the
set of p X p symmetric matrices, Sﬁ indicates the set of p x p symmetric positive semidefinite
matrices and Sﬂ’r . denotes the set of p X p symmetric positive definite matrices. The proof relies
on several standard identities from matrix differential calculus, in particular differentiation rules
for the determinant and matrix inverse, together with fundamental trace properties that allow

quadratic forms to be expressed in terms of Frobenius norms.
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First, by Jacobi’s formula, if A(¢) is differentiable and invertible, then

%logdetA(I) — (A (1) TA(r)).

Second, differentiating the identity A (¢)A(¢)~! = I yields the derivative of the inverse,

d
aA(r)‘1 =A@ A O)A@) L

We also use the cyclic property of the trace, tr(ABC) = tr(BCA), the identity tr(ATA) = ||A||Z
relating trace to the Frobenius norm, and the factorization S = S1/281/2 for symmetric positive
semidefinite matrices S. These well-known results allow us to express second derivatives in

terms of squared Frobenius norms, from which concavity properties follow directly.

Lemma 6 (Concavity of the matrix-normal log-likelihood in ¥). Fix M € R”*? and £ € S | .
Let X},..., &, € RP*? be observed matrices and define

S=Y@-M'zlx-M) e st

-

1

~

Consider the (partial) log-likelihood of the matrix-variate normal model as a function of ¥ € S% |

up to an additive constant independent of W,
1
o) = —%logdet(‘i’) —u(e's). 2.1)
Then ¢(¥) is concave on S% | . Moreover, if S > 0, then /() is strictly concave on S% _ .

Proof. Let'¥ € S, be fixed and let H € S7 be an arbitrary symmetric matrix. Recall that S%
is an open convex subset of the vector space S?. Consequently, for every symmetric direction H,

there exists an open interval around ¢t = 0 such that
Y(r):=¥Y+rH

. . q
remains in S° , .

To establish concavity of £ on S% _, it is sufficient to analyze its behavior along straight
lines contained in the domain. Indeed, a twice differentiable function is concave if and only if
its second directional derivative is nonpositive in every direction. Therefore, we consider the

one—dimensional restriction

defined for 7 in a neighborhood of 0 such that ¥(¢) € SZ, . Our goal is to show that the relation
¢”(0) < 0 holds for every symmetric direction H, thereby establishing concavity of £ on the
entire domain. For notational convenience, define P(¢) := (¥ + H)~!, which corresponds to the

inverse along this path. Consequently, one has that P = P(0) = ¥~ ..
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Log-determinant term.

We first analyze the second derivative of the log-determinant term, as it determines
the intrinsic curvature contribution of the determinant component of the likelihood. Using the

well-known matrix calculus identities

%logdet(‘l‘—i—tH) — r(P(1)H), %P(r) — _P(HP(),

Differentiating once more with respect to ¢, and applying the product rule together with the
derivative of P(¢), we obtain
2

%logdet(‘PHH) = —tr (P(1)HP(1)H).

Evaluating the second derivative at t = 0, and recalling that P(0) = ¥~ =: P, we obtain
2

d
) logdet(W+rH)| = —tr(PHPH).
=0

Since P - 0, it admits an unique square root P/2 ¢ Si ., and this representation allows us to

express the quadratic form in terms of a Frobenius norm. In particular, we may rewrite it as next
t(PHPH) = |[P'/2HP'/?||% > 0,

which is nonnegative, since it is the squared Frobenius norm of a matrix. Consequently, one has
2

d
37 logdet(¥+H)| = —|[P'/2HP!?|Z < 0.
t=0

Therefore, the log-determinant function is concave on Sﬂ 4

Trace-inverse term.

We now turn our attention to the contribution of the trace—inverse term to the curvature
of the log-likelihood. This component plays a complementary role to the log-determinant term

and requires a separate analysis. To this end, consider the scalar-valued function

g(r) = u(P(1)S),

where S - 0 is fixed. This quantity measures how the inverse covariance matrix P(¢) interacts
with the empirical scatter matrix S, and understanding its second-order behavior will allow us to

determine its effect on the overall curvature.

We begin by computing the first derivative of g(¢). Differentiating with respect to #, and
making use of the identity P’(r) = —P(z)HP(¢), we obtain

g'(r) = —tu (P(t)HP(1)S).
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This expression already reflects the interaction between the direction H and the inverse matrix

P(1), but to assess convexity we must proceed further and examine the second derivative.

Differentiating once more and applying the product rule carefully, we arrive at

g"(t) =2t (P(r)HP(r)HP(1)S).

At this stage, the structure of the expression is not yet fully transparent. In order to better
understand its sign, it is convenient to rewrite it in a form that highlights its intrinsic nonnegativity.

To this end, we introduce the matrices

K(t):=P(0)'?HP(1)'/2, Q) :=P(r)'/’SP(r)'"/2.

These definitions allow us to symmetrize the expression and isolate its essential components.
Since S = 0 and P(z) > 0, it follows immediately that Q(7) > 0 (Q(¢) is positive semidefinite).

Using cyclicity of the trace, we can now rewrite the second derivative as

tr (P(1)HP(t)HP(1)S) = tr (K(1)Q(1)K(r)).

This representation is particularly useful because it allows us to express the quantity as a squared
Frobenius norm. Indeed, by standard matrix identities and the fact that K(7) is symmetric, one
has that

2
tr (K(N)Q(1)K(r)) = ||Q(t)"/*K(r)||z = 0.
This shows that the second derivative g” () is nonnegative for all admissible values of z.

Therefore, we conclude that g’ (¢) > 0 in a neighborhood of 0, and in particular g”(0) > 0.
This establishes that the mapping
¥ — tr(P!S)

1S convex on Si ., as desired.

Conclusion.

We are now in a position to combine the contributions of both components of the log-
likelihood. From the previous calculations, the second directional derivative of ¢ at ¥ in the

direction H is given by
np
0"(0) = = [[PY2HP' 2|t — | Q(0) 2K (0) .
Since both terms on the right-hand side are nonnegative, it follows immediately that
¢"(0) <0 forallHe SY.

Therefore, ¢ is concave on SZ_ ey

Finally, suppose that § > 0. In this case, Q(0) = P!/2SP!/2 - 0, so that Q(0)'/? is
invertible. It follows that both quadratic forms above vanish if and only if H = 0. Hence, for

every nonzero direction H, we have ¢”(0) < 0, which establishes that the concavity is strict. [
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From the score equation derived above, we obtain the relation

N

S=pn¥, where  S=Y (X —-M)'Z (& —M).
=1

1

Solving for ¥ yields the (conditional) maximizer of the log-likelihood with respect to ¥ when
M and X are held fixed, namely,

A~

Ly -mTs (-, 2.2)

pn

(ngE

P =
1

By Lemma 6, the function ¢(¥) is concave on S, (strictly concave whenever S > 0), so this

stationary point is the unique global maximizer in Sﬁ . under the stated conditions.

The expression in (2.2) has a natural interpretation: Yisa weighted empirical column covariance
. . C . .ol

matrix of the centered observations. The weighting matrix ¥  accounts for the dependence

across rows, so that the remaining quadratic form captures variability attributable to the column

structure.

By symmetry of the matrix-normal model, an entirely analogous calculation is obtained by
interchanging the roles of rows and columns. In particular, if we fix M and ¥ and maximize the
log-likelihood with respect to ¥ € S¥ ., we obtain

s= Ly o m@ (o m) 2.3)

qan ;=

The estimator in (2.3) may be viewed as the weighted empirical row covariance matrix, where

N DT
the weighting ¥  adjusts for dependence across columns.

An important feature of these estimators is that the likelihood equations for ¥ and ¥ are
coupled, since each depends on the other. As a result, they cannot be solved simultaneously in
closed form. In practice, numerical schemes such as the flip—flop algorithm of Dutilleul (1999)

or ECM-type procedures are employed to obtain the maximum likelihood estimates.

2.4 Skewed Matrix Variate Distributions

Following the results presented in Chen and Gupta (2005), the authors are credited
with introducing one of the first definitions of skew-normal distributions in the context of
random matrices. Their contribution extends the classical skew-normal framework to matrix-
valued random variables, thereby broadening its applicability to multivariate and structured data

settings.

To introduce this concept, we begin by briefly recalling the definition of the skew-normal
distribution in the univariate case, followed by its multivariate extension. These formulations

provide the necessary foundation for understanding the matrix-variate generalization.
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In what follows, we present one possible construction of skew-normal distributions in
the univariate, vector, and matrix settings. In subsequent chapters of this thesis, however, we
adopt an alternative definition of the matrix-variate skew-normal distribution. This alternative
formulation is more convenient for theoretical developments and inference procedures, as it

admits a tractable stochastic representation.

Definition 6. Given a univariate random variable X € R, we claim that it has Skew Normal (SN

from now on) distribution iff its probability density function is given by:

Jsn(x|A) :=2¢(x)®P(Ax)

where ¢ and ® are, respectively, the probability density function (PDF) and the cumulative

distribution function (CDF) from a standard normal distribution.

Here, A is the skewness parameter, in accordance to Azzalini (1985).

Definition 7. A random vector X € R? is said to follow a Multivariate Skew Normal (MSN
from now on) distribution if, and only if, its joint PDF is:

fusn(X) := 26,(X, Q)P(1 ' X),

where the skewness vector | € R”. Here, ¢, and P are the joint density of a p-dimensional
normally distributed random vector and the CDF of an univariate standard normal variable,

respectively. Its definition and properties can be checked at Azzalini and Capitanio (1999).

Definition 8. A random matrix X € RP*? is said to follow a Matrix Variate Skew Normal
(MVSN from now on) distribution iff its PDF takes the following form:

fMVSN(X) = c*gbpxq(X,Z’\P)CI)q(XTb,\P),

where ¢, (X, X, V) is the PDF of the MVN distribution with location matrix given by M =0,
and (positive definite) covariance matrices X € R?*? and ¥ € R7*4. Also, one has that b € R? is
the skewness vector, CIDq(X Tb, W) is the CDF of a g-dimensional MN vector with covariance P,
location matrix M = 0 evaluated at X "b, and ¢* = (®,(0, (1+b ' Zb)¥))~!. Hence the MVSN
random matrix is denoted as X ~ MVSN,,»,(b,X,¥).

The verification that such mapping is a joint PDF indeed is documented in Chen and
Gupta (2005). Additionally, the authors from the article Ning and Gupta (2012) discuss a
generalization of the above-mentioned definition, which they name as the matrix variate extended
skew normal (MVESN from now on) distribution. Furthermore, their investigations deal with the
moment generating function, the distribution of the quadratic and the linear forms, as well as the

analysis of marginal and conditional distributions within this family.

In addition to the definition and results presented in Chen and Gupta (2005) and Ning
and Gupta (2012), several other articles explore variants of skewed matrix variate distributions.
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Notably, in Gallaugher and McNicholas (2019), researchers introduce three distinct skewed
matrix variate distributions based on the matrix normal variance-mean mixture. Specifically, they
propose a matrix variate generalized hyperbolic distribution based on the generalized inverse
Gaussian (GIG), a matrix variate variance-gamma distribution based on the gamma density and
a matrix variate normal inverse Gaussian distribution based on the inverse Gaussian (IG). Still,
as outlined in Gallaugher and McNicholas (2017), a matrix variate skew-t distribution is also

derived through a matrix normal variance-mean mixture based on the inverse Gaussian (IG).

As previously mentioned, each of the three different skewed matrix variate distributions
is defined as a particular choice of the matrix normal variance-mean mixture. For the sake of

completeness, we provide here the stochastic representation for them:
X =M+WA+VWVY

where V ~ N,»4(0,x4,Z,¥). In such context, 0, represents the p X ¢ zero matrix, M is an
p % g location matrix, A is an p x g skewness matrix and W > 0 is a random variable with

probability density function given by h(w|0).

Starting with this chapter, we shift our focus to parameter estimation within the matrix-
variate framework. We concentrate on the matrix-variate skew-normal distribution and its cen-
sored version, aiming to estimate their parameters via maximum likelihood. To accomplish this,
we employ the ECM algorithm, applied to both fully observed data and data subject to interval

censoring or missingness.
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CHAPTER

MVSN PROPERTIES AND PARAMETER
ESTIMATION

In this chapter, we introduce the matrix-variate skew-normal (MVSN) distribution
through a stochastic representation involving a truncated latent variable, which provides a
flexible and analytically tractable framework for modeling asymmetry in matrix-valued data.
While the formulation is closely related to that of Naderi et al. (2020), the treatment developed
here is self-contained and includes results that extend the existing literature. In addition, we
propose an extended version (as in the reference Naderi ef al. (2024)), termed the matrix-variate
extended skew-normal (MVESN) distribution, and investigate its main structural properties.
An EM-type algorithm is derived for maximum likelihood estimation under the MVSN model,
allowing for efficient and stable inference. The proposed methodology is evaluated through
simulation studies and further illustrated by an application to a historical Dow—Jones dividend

dataset, highlighting its ability to capture asymmetric dependence structures in real data.

Before presenting the formal definition of the proposed distribution, we first establish the
notation and basic conventions that will be used consistently throughout the chapter. The symbol
U L Z indicates that the random quantities U and Z are independent. Throughout, N, (i, X)
denotes the p-variate normal distribution with mean vector ¢ and covariance matrix X, with
¢p(- | u,X) and @, (- | u,X) representing its probability density function (PDF) and cumulative
distribution function (CDF), respectively. In the univariate case (p = 1), we omit the index p, and
when p = 0 and 6% = 1, we simply write ¢ (-) and ®(-) for the standard normal PDF and CDF.
We also employ the notation TN(u, 6%; [k, +-0)) for a truncated normal distribution with mean
u, variance 2, and support restricted to [— K, o). In the special case it =0, 6> = 1 and k¥ =0,
this reduces to the half-normal distribution HN(0, 1), that is, TN(0, 1;[0,+<)). As is standard in
probability theory and statistical modeling, we use upper-case letters to denote random variables,
lower-case letters for their realizations, and boldface symbols to represent vectors and matrices,

ensuring a clear and consistent notation throughout.
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3.1 The Multivariate Skew Normal Distribution

We start this section by introducing the multivariate skew-normal (MSN) distribution,
not only because of its inherent theoretical and practical significance, but also due to its founda-
tional role in establishing a formal connection with the matrix-variate case. By presenting the
multivariate form first, we make this relationship explicit, laying out a clear and logical pathway
that naturally leads to the subsequent development of the matrix-valued formulation. Although
there are different ways to describe the multivariate skew normal distribution, we shall prove

that they are equivalent.

Definition 9. In accordance with the reference Lachos ef al. (2007), we claim that the random
vector Z has multivariate skew normal distribution if and only if it satisfies the stochastic

representation:
Z=p+Q"2(8|T|+ (I, - 88 ")'/*1)),

where u € R? is the location vector, Q € RP*? is a symmetric and positive definite matrix, A € R?
is the skewness vector, 8 := A(1+A"A)"Y/2, Ty ~ N(0,1), Ty ~ N, (0,1,) and |Tp| L T;. We
denote such relation by Z ~ MSN7 (i, Q, 1)

Definition 10. In accordance with the reference Azzalini and Valle (1996), we claim that the

random vector Z has multivariate skew normal distribution iff it has the stochastic representation:
Z=u+|Xob+V,

where 1 € R? is the location vector, Xy ~ N (0, 1), b € R is the skewness vector, the distribution
of V is given by V ~ N, (0,A) so that A is a symmetric and positive definite matrix and |Xp| L V.
We denote such relation by Z ~ MSN,,(u,A,b)

Proposition 6. Suppose Z; ~ MSN’(1,Q, 1) and Zy ~ MSN,,(,A,b). Then Z; £ Z,.

Proof. Since stochastic representations fully characterize the distribution, to prove that Z; 4 7,
amounts to identifying b and A in the stochastic of Z; in terms of Q and § in the stochastic
representation of Z;. To do so, it suffices to make the (bijective) change of variables b := Q128
and A := Ql/z(lp —88")1/2Q!/2. By the definitions involved, one has |X| 4 |To| ~ HN(O,1).
For the purpose of completeness sake, let us stress out the relation between the stochastic

representation of Z; and the proposed change of variables:

Z) = pu+QV28 ||+ Q2 (1, - 88 )V,
b v

The first part is exactly of the form |T|b, with b := Q!'/2§. The second part (call it V) is Gaussian

since it is a linear transformation of T{ ~ N,(0,1,):

V ~ N, (0,021, - 887)Q!/2)

>

g

A
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where |Tp| L T implies that |Tp| L V (once V is measurable function of T}). So we obtain
Zi <+ |Tylb+V,

with b and V as defined above. On the other hand, the stochastic representation of Z, is:
Z; =u—+|Xob+V.

This matches the stochastic representation of Z exactly, provided we set the above-mentioned
change of variables. Since both |Ty| and |Xp| are identically distributed, the two stochastic
representations are equivalent, from whence it can be concluded they are equally distributed, just

as we wanted to demonstrate. ]
Proposition 7. Let X ~ MSN7(u,Q, 4). Then its probability density function is given by:
Susn(x) = 20, (x | 0, Q@A Q2 (x — ).

where ¢, (- | u, Q) is the p-variate normal density and &(-) is the standard normal cdf.

Proof. The reader is invited to check out the reference Lachos et al. (2007). L]

Proposition 8. Let X ~ MSN,,(u,A,b). Therefore, the probability density function of X € R”

can be written as

fusn () = 22 ELD) {1<bTA1<x—u>>2}¢ bTA (x—p)
o _\/m 2 (1+bTA 'b) VIib A b

where ¢,(- | it,A) is the p-variate normal density and &(-) is the standard normal cdf.

Proof. This result is a particular case of the Proposition 19, which we prove later on. U

Proposition 9. If the vector-valued random variable X € R? satisfies X ~ MSN,(u,A,b) as

mentioned in the Definition 10, then its first and second moments are given by:
2 2 T

Proof. Given the corresponding stochastic representation, it suffices to apply the linearity of K to

obtain E(X) and the independence between |Xp| and V to calculate the covariance Var(X). [

3.2 The MVSN Distribution

We begin this section by formally introducing the matrix variate skew-normal (MVSN)
distribution through its stochastic representation as also proposed by Naderi et al. (2020). This
formulation provides a clear foundation for the theoretical developments that follow and is
particularly valuable in practical settings, as the stochastic representation greatly facilitates

parameter estimation in the presence of censored data.
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Definition 11. A random matrix X € RP*1 is said to follow a MVSN distribution with parame-
ters M € RP*4, A € RP*4, ¥ € RP*P and ¥ € R?7*4 iff it admits the next stochastic representation:

X=M+WA+V,

where V ~ N,4(0,Z,%¥), W ~ HN(0, 1) is a positive scalar latent variable independent of V,
M is a location matrix, A is a skewness matrix, X is the positive definite symmetric row scale
matrix and W is the positive definite symmetric column scale matrix, respectively. We denote
this relation among X and its parameters by X ~ MVSN,,,.,(M,A, X, P).

Remark. The joint probability density function of the random pair (X, W) is given by:

_ ! 2 ol L1 (2 Ao (2 — ATy
fX’W<X’W)_(271;)17(]/2|Z|q/2|\{l|p/2\/;exp{ 2tr(E (Z—wA)¥ (Z—wA)") 2},

where w € R and we set up that Z := X — M. In order to conclude so, let us consider the
Definition 11. If the random matrix X ~ MVSN(M, A, X, ¥) is conditioned on the latent variable

W = w, one obtains the following result:
X|W=w NJ\/'qu(M+wA, LY.

Building on this, to establish the desired relation it is enough to invoke the definition of the
probability density function of W together with the product rule, from whence the desired relation
holds.

Proposition 10. If X ~ MVSN,,,.,(M,A,X,¥), then the marginal density of X € RP*? is
2 (di(?f) dA(X)>
T )

X) = Zexp AV
fuvsn(X) = —exp | =5

) Opxg(X | M, X, W) (

where ¢,x,(- | M, X, W) is the PDF of the MVN distribution, 72 := 1 +tr((Z"!A¥"'AT) and
da(X) :=tr(Z7 1 2P 1AT).

Proof. As previously mentioned in the remark, due to the product rule, the PDF of the random
pair (X, W) is expressed as the product fx|w (X' | w)fiw (w). Therefore, the marginal density of
X is obtained by integrating this joint density with respect to w, which results into the expression:

Fa(X) = /0 " Faep (X | w) fiv (w)dw.

Let us keep the same notation Z := X — M as before. If we expand the trace term, due to the

linearity and the cyclic properties of the trace function, it can be rewritten as follows:

(TN Z-wA )P I Z-wA) ) =@ 1Z2¢71Z2T) 2wua(Z 1 2P IAT) +w?ur(ZAPTIAT)
In favor of convenience, we shall adopt the notations (restricted to the context of this proposition):
tr(ZTAPTIAT) 41,

(2P 1A,

(X lze-1zT),

a:
b:

C:
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Consequently, the probability density function fx (X') can also be reformulated in the following

fashion in terms of the labels a, b and c:

fa(X) e /Oooexp{—% (awz—wa+c)}dw.

Therefore, after completing the squares inside the exp function, one arrives at the expression:

1 b\ 1 b>
—E(aw2—2bw—|—c):—g<w—;) —E(c—;>.

Substituting into the integral, the marginal density becomes

| 2 1 b = a b\’
Sa(X) = (2m)pa/2|x|a/2|p|p/2 \/;CXP{_i (C_ ;) }/0 exp{_i (W_ 5) }dw.

If we evaluate the integral through convenient changes of variables, it results that:

Forfs(-2) Jore o)

Hence the final expression for the marginal PDF of X corresponds to:

0= o] 2 () o (7))

Thence, if we replace a, b and ¢ by their corresponding definitions, this procedure yields the

explicit expression for the desired marginal probability density function:
2

fmvsn(X) =
(2m)Pa/2|x|a/2|p|p/2 \/1 + tr(Z*lA‘P’lAT)

(=1 (X —M)P'AT))?
1+tr(ZTAPTAT)

X exp (‘é [‘r@‘l(X—M)w—l(x—M)T) -

)

By combining terms (that is to say, by indentifying the expression of the MVN PDF inside the

tr(ZH (X —M)WPIAT)

x P
V1= A IAT)

Y

obtained formula), the sought PDF can be expressed as a product involving the matrix variate

normal distribution density and a skewness correction factor:
2

mvsn (&) =
1+t (T AP IAT)
X Ppxg(X: M2, W)

1 (r (27 (X —M)w1AT))?
P12 (AR AT

r (XX -M)P AT
1+t (Z AP IAT)

x O
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Finally, we are in conditions to arrive at the proposed formula. Indeed, in accordance with
previous conventions 7 := (tr(X AP 'AT) +1)!/2 and dy (X) :=tr (X - M)‘P_lAT),
the marginal PDF above coincides with the expression exhibited in the body of the proposition.

[

Remark. Since this result was only briefly addressed in Naderi et al. (2020), we present a
complete and self-contained proof here for clarity and completeness.

The MVSN distribution introduces asymmetry through the term WA, while variability
and dependence are governed by the Kronecker-structured covariance matrices X and Y. It is

important to observe that the asymmetry is entirely captured by the factor

2xp (A0 o (40,

This term distorts the symmetric structure of the MVN distribution to accommodate the skewness
induced by the matrix A. Note that this factor reduces to 1 when A = 0.

It is worth emphasizing that, unlike in the multivariate setting, the product of the first
three terms in the MVSN density, namely, the exponential adjustment, the normalization constant,
and the matrix normal kernel, does not correspond to a matrix-variate normal distribution with
modified covariance matrices. This limitation arises from the presence of a squared trace term,
which cannot be recast as a quadratic form under the matrix normal framework. In contrast,
after vectorization, the full expression can be interpreted as a multivariate skew normal density
with an appropriately adjusted covariance structure. This observation is particularly relevant for

establishing equivalences with known multivariate models and is formalized in Proposition 13.

Lemma 7. Suppose that Z ~ N (0, 1). Then the following identity is valid whenever a € R:

IR

where ¢ and ® are the PDF and CDF of the standard univariate normal distribution, respectively.

Proof. To begin with, let us denote such integral by f(a). Hence, in accordance with the Leibniz’

rule and the chain rule, it can be concluded through the Feynman’s trick that:

= d%/R(])(Z)CID az)dz
= [ 5o
—/z¢ ¢ (az)dz

Since the integrand in the previous expression is an odd function and the integration limits are
symmetric about the origin, the integral evaluates to zero. This immediately shows that f'(a) =0,
so the derivative of f(a) vanishes identically, implying that f(a) is constant. To determine this
constant, we can evaluate the function at a convenient point, such as a = 0, where the proposed

relation holds, thus completing the argument. ]
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Theorem 3. The candidate for the probability density function of X ~ MVSN(M, A X, ¥), as

previously mentioned in Proposition 10, integrates to one indeed.

Proof. We start the proof by performing the change of variable Z := £~/ 2(x - M)‘P_l/ 2 and

introducing the auxiliary definitions that shall be useful later on:
B:=Y '2A¥ 12 and K:=u(Z 'AP'AT).
As a result from such conventions, the next identities hold:
rE (X -MP X -M)=w(Z2Z2") and @ ' (X -MP'AT)=uw(ZB").
Due to the identity vec(PZQ) = (Q' @ P)vec(Z) of the vec operator as well as the kronecker
product property |Q " ® P| = |P|4m(@)|Q|4m(P)  the change of variables formula gives:
Z=y"2(x-MY 2= x=M+3x!/229!/?

= vec(X) = vec(M) + vec(£/2ZW!/?)

= vec(X) = vec(M) + (W2 @ 2!/?) vec(2)

= dvec(X) = d(¥/?02!?)vec(2))

= dvec(X) = |¥'2 @ 2'|dvec(Z)

= dX = |2|9?|w|P2dz

Accordingly, the original integral reduces to:

B - tr?(ZBT) t(ZB1) Y\ «a/20p0/2
exp( Etr(ZZ)+2(K+1) N Vet |Z|<|P|P/edZ.

/ fmvsn(X)dA o<
RPx4

RP*q

Now, define the scalar random variable
Y :=tr(ZB"),

which can be interpreted as a linear combination of all entries of the matrix Z, weighted by the
corresponding entries of the matrix B. Importantly, the integrand in our expression depends on Z

12;, the linear combination Y, and its square Y 2. In

only through the Frobenius norm squared || Z|
other words, once || Z||% and Y are known, all remaining terms of the integrand are completely
determined. Moreover, notice that the first term in the exponent can be directly expressed in
terms of the Frobenius norm as tr(ZZ") = || Z||% = || vec(Z)||*. This identity will be useful for
separating the contribution of Y from the other components of Z that are orthogonal to Y when

computing the integral.

Having said that, the integral of interest (denoted by / from now on) becomes:
Y2

[ o (27)P4/2 |5 |9/2 |/ /qu ¢pq(vec(Z))exp (W) N (\/%H) d(vec(2)).

Due to the nature of the integrand, it sounds convenient to decompose vec(Z) onto directions
parallel and orthogonal to vec(B) so that we can split the MVN PDF into two components. With
the purpose of doing so, let us reinforce the definition of Y and define the unit vector u as follows:
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1. u:=vec(B)/| vec(B)]||.

2. Y :=vec(Z)" vec(B).

To proceed, let us consider the matrix Q € RP9*(P4=1) whose columns constitute an orthonormal
basis for the vector space u' satisfying the relation Q' Q = I,,1 as well as u'Q= 0;1,71-
Then the change of variables vec(Z) — (Y, vec(Z)) " := (vec(Z) "u,vec(Z)TQ) T, which is
a linear transformation whose matrix representation is called J from now on, is an orthogonal

linear mapping (since JJ ' = I,,,) with Jacobian determinant equal to one (in modulus). Indeed,

T_uT _uTu uTQ_IOT_
e [Q] [ of- [QTu QTQ] l [0 1] e

Here, we introduce the notation vec(Z)+ € RP4~! to denote the component of vec(Z) that lies

one has:

in the orthogonal complement of the vector vec(B), that is, in the linear subspace u C RP%. By
construction, this orthogonal component captures all directions of variation of vec(Z) that are

perpendicular to vec(B). Notice that we can write
Y = vec(B) " vec(Z) = || vec(B)||u' vec(Z) = VKY,

Due to the orthogonality between Y and vec(Z)+, we can assert that these two components are
independent in the sense that they describe completely separate directions of variation within
vec(Z), which allows us to decompose certain functions of vec(Z) into functions of ¥ and

vec(Z)* separately. More precisely, it follows that:
Ivec(2) > = V2 + || vee(2)*||?
from whence it results that:

Ppg(vec(Z)) = \/Lz—n_‘qu—l (vec(Z)*)exp {—%?2} .

Consequently, due to the Fubini’s theorem, the obtained integral simplifies to

2
I'= \/%4—1 - Ppq(vec(Z))exp (2(;+ 1)> N (%) d(vec(Z2))
<, ~ _ )
o /—[(2+1 - (])pq,l(vec(Z)L)exp {—Y? exp (%) P <\/\2%) dyd(vec(2)1)

2 2\ o VEY
_\/K—H/RGXP 20K+ 1) VK1
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Now, if we apply the change of variable Y = zv/K+1, so that dY = /K + 1dz, we get that:

W/m Xp( 2> VKR 1d:

_ 2/ 5O < . ) ®(VKz)dz

Finally, the desired result follows from the application of Lemma 7 as previously proved:

/R(P(Z)Cba dz= =

]

Remark. Although this verification is not strictly necessary — since normalization follows
directly from the stochastic representation — we include it here for completeness and to enrich

the presentation.

Proposition 11. Based on the assumption that X ~ MVSN,,,.,(M,A,X,¥), one may obtain the
following formula for the PDF of the latent variable W conditioned on the random matrix X’:

_ Ww— 1)
o1 2) = L ()] (25,

where w > 0 and the parameters 1 € R and o € R+ are given by:

(T ZP AT da(X) ) 1
= s Taw AT 2 M s T 2
tr(E AP TA ) +1 T r(ETAPTA ) +1 T

as previously conventioned. The resulting probability density function f(w | X') corresponds to
the distribution W | X ~ TN(u, 62;[0, +o0)).

Proof. To preserve notational clarity, we shall adopt the (redundant) conventions b := d (X)

and ¢ := 72 throughout the context of this proposition. Consequently, we obtain that:

o180 o ()] o[ 4(Zweo)
V()] (52w
R -]

Since the truncated normal distribution defined over the interval [0, +-o0) (with mean parameter

U1 € R and standard deviation parameter ¢ € R~ ) has PDF given by the following expression

o) = [o ()] g [ EE].

202 o?
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it can be concluded (by comparison) that the conditional PDF f(w | X’) belongs to the truncated

normal family where:

b da(X)  tw(XZTZEIAT) , 11 1
e s S and 0" =-= 5= ———F 5
c T tr(ETAYTA ) +1 c T wX'AYTA)+1
and the proposed result holds, just as we wanted to demonstrate. ]

We now establish key properties of the MVSN distribution. Proposition 12 gives explicit
expressions for its first-order and second-order moments, while Proposition 13 confirms coher-
ence between the matrix-variate and vectorized formulations. Proposition 14 shows that the class
is closed under affine transformations, and Proposition 15 characterizes the distribution of block
submatrices. Although these results already appear in the literature (including Proposition 11),

we independently provide their proofs here for completeness.

Proposition 12. The mean and covariance matrices related to the the distribution of the random
matrix X ~ MVSN,,»,(M,A,X,¥) as previously defined, where W L V, are given by:

E(X)=M+ \/%A and Cov(vec(X)) = <1 - %) vec(A)vec(A)T + ¥R X.

Proof. The expression of E(X’) follows immediately from the stochastic representation of the
random matrix X’. In order to calculate the covariance matrix of X', we shall first vectorize it
for the sake of convenience. Based on the independence of W and YV, as well as on the fact that
V ~ Npxq(0,2,W¥), it can be deduced that:

Cov(vec(X)) = Cov(vec(WA)) + Cov(vec(V))
=Cov(Wvec(A)) +¥RX
= Var(W)vec(A)vec(A) +¥® X

= (1 — %) vec(A)vec(A) + ¥R
just as we wanted to demonstrate. ]
Lemma 8. Let P € R™*" Q € R"*7, R € R”*7 and S € R?*™. Then the identity holds:
tr(PQRS) = vec(S") T (RT @ P) vec(Q).

Proof. Here is the line by line proof of the proposed identity:

tr(PQRS) = tr(SPQR) (ciclicity of the trace function)
= vec(S") " vec(PQR) (trace-vec identity)
=vec(ST) " (R" @P)vec(Q) (vec of triple product)

and the desired relation holds, just as we wanted to demonstrate. ]
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Proposition 13. Let X € RP*7 be a random matrix. Therefore the following relation holds:
X ~MVSN,«,(M,A X, ¥) <= vec(X) ~ MSN,,,(vec(M),vec(A),¥ ® X),

where MSN,; corresponds to the multivariate skew normal distribution as in Definition 10.

Proof. In probability theory, the distribution of a random element (variable, vector, or matrix) is
fully characterized by its law, CDEF, or PDF. Since both distributions are absolutely continuous,
showing that their probability density functions coincide (after vectorization) is sufficient to
establish equivalence in distribution. This is because the vec operator is a bijective linear mapping
with determinant of modulus one, so it preserves probabilities under the change of variables.

Having said that, we may now proceed.

By vectorizing the matrix X', we obtain X = vec(X’) € RP4, which by its turn follows the
MSN distribution X =+ Wb+ V so that the relations p = vec(M), b = vec(A), V ~ N,,(0,A)
hold, where A = W ® X. The marginal PDF of X € R”? is given by the formula:

fmsn(x) = Mexp{ 1 (bTAl(X_H))Z}q) (bTAI(X_“)> |

Based on Lemma 8, the kronecker product identity P! @ Q™! = (P® Q)~! for invertible

matrices P and Q, one obtains the following result:

2 14+bTA b

tr(Z A —MWPIAT) = vec(A)T (P @27 vec(X — M)
=vec(A) (PRZ) vec(X —M)
=b'A l(x—p).

Similarly, we do also have the next identity:

tr(Z AP IAT) = vec(A) T (P @ X7 vec(A)
=vec(A)T(¥®Z) vec(A)
=b A 'b.

At last, but not least, it results that:
rE N -MP X -M)") =vec(X -M)" (¥ ' ox ) vec(X —M)

= vec(X —M) (¥RZL) vec(X —M)
=(x—u) A (x—p).
These identities show that the matrix-variate formulation and the multivariate MSN model are

fully compatible under vectorization, with the densities coinciding exactly when expressed in

their respective parameterizations. [
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Proposition 14. Let X € RP*7 follow an stochastic matrix variate skew-normal distribution
with parameters M, A, X, and ¥, denoted by

X ~MVSN,,,(M,A,Z,¥).

Consider the affine transformation i/ = C+DX’, where C € R”*? and D € RP*? is a nonsingular
matrix (that is to say, [D| > 0). Then it can be claimed that:

U ~MVSN,,., <c +DM, DA, DD, ‘P) :

which shows that the family of MV SN distribution is closed under affine row transformations.

Proof. Substituting the relation ¢/ = C+ DX into the stochastic representation of X leads to:
U= (C+DM)+W(DA)+DX.

Since linear transformations preserve normality, we have DX ~ N, qu(O, DZDT,‘P). Thus, U

admits the same stochastic form as a MVSN distribution with transformed parameters. ]

Proposition 15. Let X € RP*? follow a matrix variate skew-normal distribution, that is to say,
X ~MVSN,,(M,A,X,¥). Then let us partition it as X = [X|", &,'] . Likewise, let us split
the location matrix M, the skewness matrix A and the covariance matrix X. Assuming that

T =[I,, 0] RP*P represents the selection matrix extracting the first p; rows of X'. Thus:

U=T X =X ~MVSN,, »,(M,A1,X11,¥).

Proof. The result is a direct consequence of the closure property of the MVSN distribution
under affine row transformations. Specifically, let us define the linear transformation U as
U=T; X, where T; = [I,, 0] is aselection matrix that extracts the first p; rows of X’. This
corresponds precisely to taking C = 0 and D = T in the general affine form &/ = C+DX.
Applying Proposition 14, we obtain

U ~MVSN,,, ., (TIM, TiA, T,ZT], ‘y)
Therefore the partitions of M, A and the row covariance matrix X are defined as:

M; Xy Z12]

M,

Ay
A

M= A=

) 9

o1 X

From the partitioned structure, we immediately identify
TIM=M,;, TIA=A;, T.ZT| =%;.
Substituting these results into the general expression provided by Proposition 14, it results that:
U=X| ~MVSN, »s(M,A1,X1,%¥).

This imples that the marginal distribution of any set of rows of X’ remains a MVSN model. []
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With the purpose of obtaining the moment generating function (MGF) of the MVSN
distribution, we shall use its stochastic representation, the MGF of the matrix variate normal
distribuiton and the law of iterated expectations (also known as the tower property). The first
of them has already been proposed in the beginning of this chapter. The second one can be
checked at the reference Mathai, Provost and Haubold (2022) and the third one is available at the
reference Rolla and Lima (2025), for example. We present the MGF of the MVN distribution as

a Lemma.

Lemma 9. Let X ~ N, ,(M,X,¥) be a random matrix which follows a Gaussian distribution.

If T € RP*4, then its moment generating function has the expression:
1
Mx (T) =exp |tr(T'M) + Etr(‘PT’ZT) :

Proof. The proof of such result can be checked at Mathai, Provost and Haubold (2022). ]

Proposition 16. Suppose that X ~ MVSN(M, A, X, ¥), where the latent variable has distribu-
tion given by W ~ HalfNormal(0, 1) and is independent of V ~ N,,,(0,X,¥), which comes

from the stochastic representation of X. If we set up that T € RP*9 it may be inferred that

Ma(T) = 2exp |r(T'M) + %tr(‘PT’ZT) + %trZ(T'A)] D(tr(T'A)).

Proof. Since we know that E[E[f(X) | W]] = E[f(X)] as previously mentioned (known as the

tower property) as well as the distribution of X | W (which is normally distributed), we claim:
M (T) =E [exp (tr (T'X)) | W] = exp [tr(T’(M +WA))+ %tr(‘PT’ZT)] :
Consequently, if we establish that k = tr(T'A), the conditional MGF is given by the formula:
My (T) = exp [tr(T’M) + %tr(‘PT'ZT) + KW} :

Therefore it remains to apply the tower property to the last expression, which by its turn consists

in calculating the expected value Ey [exp (kW )]. Based on such considerations, one results that:

E [exp (kW)] = \/%/Owexp (xw— W;) dw
_ \/g/omexp (";—%(W—K)Z) dw
i) ool )
— 2exp <";) (k).

Gathering all these steps together, one gets the desired result, just as we wanted to demonstrate.
]
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3.3 The MVESN Distribution

The multivariate extended skew-normal (MESN) distribution is a flexible family of
models that builds on the normal distribution by adding a parameter vector that allows it to
handle asymmetry in the data. This extra feature gives the MESN more adaptability, making
it especially useful when dealing with datasets that do not follow the symmetric shape of the
normal distribution. Because of this, the MESN has become more and more popular in statistical
modeling, since it can capture patterns and structures that the standard normal model often
overlooks. Although its matrix variate version has been introduced in Naderi ef al. (2024), we
provide our own discussion here (which was developed independently) and present additional

results. For completeness sake, we now present the formal definition of the MESN model.

Definition 12. As it can be deduced from the reference Galarza, Matos and Lachos (2022), we
say that Z € R” is a multivariate extended skew normal random vector if and only if it satisfies

the stochastic representation:
Z=u+QY2(8Th+ (1, —88")V*T)),

where u € R? is the location vector, Q € RP*? is a positive definite dispersion matrix, A € R?
is the skewness parameter vector, the latent variable Ty satisfies Ty ~ TN(0, 1;[—K,0)), K is
the shift paramter so that ¥ := /(1 +A"A)Y/2,T| ~ N,(0,I,) and 6 :=A/(1 +2AT)12 We
denote such a relation among Z and its parameters by Z ~ MESN;( w,Q A, K).

Definition 13. We claim that Z € R? is a multivariate extended skew normal random vector if

and only if it satisfies the stochastic representation:

where 1 € R? is the location vector, W ~ TN(0, 1,[—K, +)) where K is the shift parameter
and ¥ := /(1 +bTA_1b)1/ 2, b € R” is the skewness vector, the distribution of V is given by
V ~ N,(0,A) so that A is a symmetric and positive definite dispersion matrix and |Xo| L V. We
denote such relation among Z and its parameters by Z ~ MESN,,(u,A,b, k).

Proposition 17. Suppose Z; ~ MESN} (1, Q,A, k) and Z; ~ MESN,(14,A,b, k). Then it can
be concluded that Z; 4 7).
Proof. The proof of such result is exactly the same as the one provided to Proposition 6. L

Proposition 18. The probability density function corresponding to the vector-valued random
variable X ~ MESN7 (i, Q, A, k) is given by the following formula:

) 0p(x| 1, Q)@ (k42707 (x— ),

1
A Y v

where the parameters involved are considered as in the Definition 13.
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Proof. The proof of such result is mentioned in Galarza, Matos and Lachos (2022). ]
Lemma 10. The eigenvalues of the linear operator I, —uu", where ||u|| < 1 are 1 — |ju||? and 1.

Proof. To start with, observe that the linear operator I, — uun’

is symmetric. Consequently, the
spectral theorem applies, that is to say, its eigenvalues are real and there exists an orthonormal
basis of eigenvectors. We claim that u is an eigenvalue. Indeed, one has that

)

(I, —uu Hu=u—u(u'u) = (1 —|[u)?)u

Therefore u is an eigenvector with eigenvalue 1 — ||lu/|?>. Now we shall prove that every vector

orthogonal to u is an eigenvector with eigenvalue 1. In fact, let v € R” so that (v,u) = 0. Then:

T

Nv=v—u(u'v)=v.

(I, —uu
and the desired relation holds. Hence the subspace {v € R” | v'u= 0} = u' has dimension p — 1
(if w # 0). Choose an orthonormal basis {vy,...,v,_1} of ut. Each v; satisfies (I, —uu' )v; =
v;. Consequently, these p — 1 vectors are linearly independent eigenvectors whose associated
eigenvalues equal one.

Now take it into account the set {u,vy,...,v,_1 }. These vectors are linearly independent.

1

Hence they form a basis of R?. Because I, —uu— is symmetric and we exhibited p linearly

independent eigenvectors, I, — uu' is diagonalizable with these eigenvectors as an orthogonal

T

eigenbasis. Thus the spectrum of I, —uu ' consists exactly of:

» eigenvalue 1 — ||u||? with eigenvector u (geometric multiciplicity one),

« eigenvalue 1 with eigenvectors spanning u™ (geometric multiplicity p — 1).

For symmetric matrices, the algebraic multiplicity equals the geometric multiplicity for every
eigenvalue. Therefore the algebraic multiplicities are the same: 1 occurs with multiplicity p — 1,
and 1 — |Ju||? occurs with multiplicity 1. If u = 0, the result is trivial. O

Theorem 4. Suppose A € R” and Q € RP*P, where the latter is symmetric and positive definite.
If the relations b := Q22 /(1 +2A"2)"/2 and A := Q—bb ' are established, then we may
express that par (A,Q) in terms of the pair (b,A) precisely as

b'A™!
(1+b'Ab)1/2

Q=A+bb’, A=(1+b'A"b)2(A+bb)) b and ATQ =
This shall be particularly useful later on in Chapter 5 when we deal with reparametrizations.

Proof. The first identity is clearly true. To prove that A is invertible, we demonstrate that it is
positive definite. Indeed, let x € RP\{0}. Due to the definitions involved, we may conclude that:

x Ax=x'Qx—x'bb'x=(x'Q"?)(Q%x)— (x"b)(x"b)" = (@/%x) " (Q"/?x) — (x"b)?.
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From then on, we apply the definition b to arrive at the desired conclusion. As a matter of fact, if
we conveniently define y := Q'2x, thenx = QY 2y and it is possible to conclude that:

- XTQI/zl - (XTQI/Z}L)z B (yT}L)z

x'b=————— " = (x'b)?= =
(1+ATA)1/2 (x'P) 14274 14174

Therefore, in accordance with the Cauchy-Schwarz inequality, it can be deduced that:

T 2 2 2 2 2
T T (y'A) > llylIFA] 2 1] Iyl
X AX=y y—————S= >yl 55 = I¥II°{ 1 - = > 0.
14|42 14|42 14|42 14|42

The second point to observe is that we can rearrange the definition of b to express A as follows:

1/2
b= % = A= (141"2)"20""/p.

The third point to observe consists in noticing that we can express the matrix A as we do next:

Q2T Ql? LT
A=Q-bb' =Q- """ 20 =021, 210l
1+4 A 1+4° A
from whence it can be concluded that its inverse corresponds to:
AT ]
At=Q 2L, - QY2
1+24"A

Let us convention that u:= A /(1424 " A)"/2. Given that ||u||? < 1 due its definition, it results
(via Lemma 10) that |[I, —uu'| =1 — |lu||? > 0, thence invertible. Having said that, we may

now apply the Sherman-Morrison identity to obtain:

uu’ AT+

L,—un ) ' =1, 4+ ———=I,+
1 ) Pra—lul2 P ATA/ (14472

=1, + A"

We may now proceed and prove that AAT =b" A 'b. Indeed, gathering the previous results,

b'AT'b=b"(Q V21, + A1 Q™)
= (b"Q V)1, + A1 ") (Q /%)
= (Q7'2p) T (1, + A2 ") (Q /%)
7L T
A — 0
(1+A"2)12 1 )
) +(7M)(NA)
1+A7A 1+1'4
T
2" <M> —27a.

_ A
(1+242)1/2

1+1"A
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Hence the formula relating A in terms of b and A is valid. To complete the proof, we may apply the
Sherman-Morrison identity once again to get (where clearly b'Q~'b = (Q~1/2b) T (Q~'/?b) < 1

due the definitions involved):

Q 'bb'Q!
Al=@-bb) =014+ —
1-b' Qb
from where it is possible to deduce that
bTA-l T b'Q 'bb'Q ! po (14 b'a"'m \ _ blo!
1-b'Q"'b 1-b'Q ') 1-b'Q7'b
Consequently, due to the definition of b, it is possible to conclude that:
I 2TA
b'Q b= (Q /b)) (Q/?p) = — — = ——.
(1+A A)1/2 A+2" )2 1424

At last, we obtain the sought-after relation:

bTQfl B (bTQfl/2>Qfl/2 B (Qfl/Zb)TQfl/Z

b'A ™= - _
1-b'Q'b 1-b'Q b 1/(1+4"4)
To-1/2
Q 1
_ A 4 _ —ATQ 12(1 44T )12,
(1+A " )V21/(14+1"4)
as we just wanted to demonstrate. [

Proposition 19. Suppose that X ~ MESN} (1, Q, A, k). If we define

Q2
b:=———— and A:=Q—bb',

V1+ATA
then X can equivalently be expressed as X ~ MESN,,(u,A,b, k), that is to say, the MESN*
distribution admits a reparametrization in terms of (i,A,b, k). In such case, the probability

density function of X can be rewritten as:

L gxlma) [T x— ) b'a ! (x—p)
(k/V1+8%) V1+6? eXp{ }q’<"+ Jitse >

JMESN(x) = Py > 1192

where 82 =b ' A" 'b.

Proof. This result is a direct application of Proposition 18, the Theorem 4, the Sherman-Morrison
identity and the Matrix Determinant Lemma. In fact, by applying the above change of variables to
the probability density function corresponding to the parametrization X ~ MESNI;J (U, Q, A, x),

we obtain

1
faesn ) = TaeTaTh) NETwS

TA—1
0p(x | 1, A+bb ") <K‘—|— "A—(X—“)) :
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Since A is positive definite, it may be concluded that A+bb " is positive definite too (hence

invertible). Thus we are in conditions to apply the Sherman-Morrison identity, which states that:
A~ 'bb A

(A‘i‘bb—r)il = Ail — ﬁ
I+b A™'b

The Matrix Determinant Lemma, by its turn, states that |[A+bb ' | = |A|(1+ §2). Therefore, in
accordance with the definition of the multivariate normal probability density function, it can be
deduced that:

9p(x | L,A+bb") =

Op(x | p,8) J1(bTAT (x—p))?
Vizer F

2 1+62
and the desired result holds, just as we wanted to demonstrate. ]

Corollary 1. To prove Proposition 8, it suffices to let kK = 0 in Proposition 19.

We now extend the multivariate formulation to the matrix-variate case by introducing the
MVESN distribution. In this setting, the matrix-valued random variable X € R”*4 is described
through a stochastic representation analogous to the one used in the convolution form of the
multivariate MESN distribution. The derivation of its marginal density relies on the vectorization
of the matrix X, combined with the MESN density presented above. The result below formally
defines the MVESN distribution.

Definition 14. Consider the random matrix X € RP*? defined through the following stochastic

representation:
X=M+WA+YV,

where the location matrix is given by M € RP*4, the skewness matrix is given by A € R”*9, the
random matrix V ~ N,»4(0, X, ¥) is independent of the random variable W ~ TN(0, 1;[—k,e0)),
the shape parameter is denoted by K = k/7, with 72 = 14+ vec(A)TA ! vec(A) and A= ¥ ® X.
We describe it by X ~ MVESN,,,.,(M,A, X, ¥, k).

Proposition 20. Given the random matrix X ~ MVESN,,,,(M,A,X, ¥, k) as previously men-

tioned and defined, its probability density function is given by the formula:

2
Smvesn (&) = m%xq@( | M,Z, W) exp (dAz(jg) ) d (K+ dA(X)) ’

T

where @, 4(- | M, X, ¥) denotes the MVN density.

Proof. Let X € RP*? be a random matrix defined in accordance with the previous stochastic

representation. Hence its vectorization has the following representation:

vec(X) = vec(M) +Wvec(A)+V,
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Thus we can write the marginal PDF of vec(X') as:
2
_p(x s f(bTA T (x—p) b'A (x—p)
et =g (emye P\ ey [T e )

where x = vec(X), t = vec(M), b = vec(A), A=¥®X and §> = b ' A~ 'b. With the purpose
of obtaining the corresponding matrix-variate PDF, we now use the following useful identities:

Lo Opg(X | 11,A) = @pxg(X | M,EY),
2. bTA ' (x—p)=tr (Z (X -M)P'AT),
3. b’ AT b =tr(ZTTAPIAT),
which follows from the well known identity:
vec(P) T (¥ ®X) vec(Q) =tr(Z7 Q¥ 'P").

Specifically, each case under consideration corresponds to a distinct pairing of P and Q, as

outlined in the following descriptions.

1. Inthiscase, P=Q =X —M.
2. Inthiscase, P=Aand Q=X — M.

3. In this case, P=Q = A.

Thus, the final form of the MVESN density is:

2
Suvesn(¥) = M%MM | M,E,¥)exp (dg(;f >) o (H d (¥ >) |

which concludes the proof. 0

To facilitate comparison, we now recall the expression for the marginal PDF of the
MVSN distribution, which arises under the same stochastic representation when the latent
variable W follows a half-normal distribution, HN(0, 1). This corresponds to the particular case
where K = 0 in the MVESN framework. In this case, the density takes the form

2
Jmvsn(X) = %eXP (%) Ppxq(X | ML, ¥)D (&;{)) ;
Proposition 21. Let X ~ MVESN,,,,(M,A,X, ¥, k) and W ~ TN(0, 1; [—k, +oo)). Therefore,

conditionally on W = w, the random matrix X is normally distributed according to the relation:
X|W=w~N,,(M+wA X Y¥)

On the other hand, conditionally on X, the univariate random variable W is normally truncated

distributed in accordance to the relation:

da(X) 1 . -
W|X~TN< = ,?,[—K,w)),
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Proof. The proof of such a result is essentially the same as the proof of the Proposition 11.
The main difference lies in the domain of definition of the random variable W, from which the
factor ®(K) appears in the denominator of the PDF of W instead of ®(0). Thus, the resulting
distribution also follows a truncated normal distribution whose parameters coincide with the

parameters of the HN distribution as in Proposition 11. O]

Proposition 22 (CDF of the MESN distribution). Let X ~ MESN,,(u,b, A, k). Its stochastic
representation is given by X = yt + Wb+ V, where W ~ TN(0, 1, [—K, +o0)). Then the CDF of

the random vector X can be expressed as follows:

DPpi1 (Xu | 45, Q) = Py (x| 15, Q)
F(x) = = 2® |

where we conveniently define x,, := (x,4+o0) " and x; := (x",—K) ', so that

u], o
0

Proof. LetY = u+Ub+V, where U ~ N(0,1). The central idea underlying the proof is that

the joint vector (Y,U) can be written as an affine transformation of the pair (V,U), whose joint

= bTo1

A+bb' b]

distribution is multivariate normal. This observation enables us to describe (Y,U) as having a

A0
()

This holds because any linear combination a' V+bU (witha' € RP) is normally distributed,

Gaussian structure.

A\
U

0
0

Y

since a' V L bU and the sum of independent Gaussian variables remains Gaussian. Moreover,
a vector-valued random variable is multivariate normal iff every linear combination of its

components is Gaussian, and therefore the claim follows. With this in place, the relationship

o[
0

which implies that (Y,U) follows a (p + 1)-dimensional normal distribution with mean vector

between Y and U can be written as:

Y
U

\Y
U

I, b
0" 1

w* and covariance matrix €2, as defined in the statement of the proposition. Indeed, one has that:
* Var(Y) = Var(Ub+ V) =bVar(U)b" + Var(V) =bb' +A,
» Cov(Y,U) =E[(Y—u)U] =E[(Ub+V)U] =E[U?|b+E[VU] =b = Cov(U,Y)".

where Var(U) = 1. We now compute the CDF of X, which is given by P(X < x). A convenient
way to introduce the CDF of X is to note that its distribution can be expressed by conditioning

the joint normal vector (Y,U) on the event U > —k. This leads to a representation entirely in
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terms of (p + 1)-variate normal probabilities: the numerator gives the probability that Y < x

while U remains in [—K, o), and the denominator accounts for the corresponding normalization.
~ P(Y<SXU>-K) @pyi(x,40)—Ppi(x,—K)
F =P(Y<x|U>—x)= = = = .
x(x) =P(Y =x[U 2 —K) P(U > %) ®(%)

This completes the proof. O

Remark. A closely related formulation appears in Morales et al. (2022), in which the expressions,
though presented differently and derived through an alternative route, remain fully consistent

and mathematically equivalent to ours.
Proposition 23 (CDF of the MVESN distribution). If X ~ MVESN,,,.,(M,A X, ¥, k), then
the CDF of X is given by:

6] *O)—P * 0
Fuvvesn(vee(X)) = pa1(Xu | 15, €2) _ pa+1 (X1 | 17, )7

D(k)
where x,, = (vec(X) T, +o0) T, x; = (vec(X)T,—x) ", with
. _ vec(M) cRP Q- Y ®RX 4 vec(A)vec(A)T vec(A) c R(Pa+1)x(pat1).
0 vec(A) " 1

Proof. The random matrix X follows the MVESN distribution, which corresponds to claim that
its stochastic representation is given by X = M+ WA + V), with the latent variable W ~ A/(0,1)
truncated to [— K, +o0) and V ~ N,»4(0,Z,¥).

By applying the vectorization operator, we obtain:
vec(X) =vec(M)+Wvec(A)+V,

where V ~ N, (0, ¥ ® X). The resulting stochastic representation aligns exactly with the MESN
form previously considered, with p replaced by pg. Therefore, the CDF of the matrix-valued
random variable X is equivalent to the CDF of a MESN vector with augmented dimension pg,

as given above. [

Proposition 24. Let X ~ MVESN,,,,(M,A X, ¥, ), that is, X = M+ WA + V. Then the row

covariance matrix Cyoyw and the column covariance matrix Ceolymp are respectively given by:
Crow = E((X —E(X))(X —E(X))") = 60 AAT +tr(¥)X
Ceotumn = E((X —E(X))T (X —E(X))) = oy ATA + (X)W
where G%, is the variance of the random variable W.

Proof. To begin with, let us rearrange the inner expression of the row covariance matrix definition

as follows:

(X —E(X))(X —E(X))" = (W —y)A+V)(W—py)A+ V)"
= (W —py)?AAT + (W — ) (AVT + VAT + VYT
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Moreover, due to the independence between W and V, it also can be claimed that:
E((W -ty )AVT +VAT)) = AE(W — )V 1) +E((W — ) V)AT
= AE(W — 1y )E(V)T +E(W — 1y JE(V)AT
=0.
With respect to the fisrt term, based on the definition of variance, it can be claimed that:
E((W — ty)?AAT) = E((W — 1y,))AAT = G AAT.

At last, but not least, the expected value E(VVT) can be handled in the following manner. To start
with, note that we can write V = X'/2Z%¥!/2 where Z ~ N;x,(0,1,,1,) so that Z;; Y N(0,1).
Consequently, it can be claimed that:

Y =x2zpz 32 5 gy =2 PE(ZzvZzT)2!/2.

Thus the original problem is reduced to calculate the expression E(Z¥Z ). To handle it, we
may approach it by taking into account each entry separately:

I
M=
M=
=
=

qg 4
(Z2¥Z2T); = kz 12 ZiPuZi=E(ZYZ2");)) (ZuZj)
=1/=1

~
I
—_
—
I
—_

I
M-
M-

=E(Z¥Z2");)) W16 0k

~
I
—_
—
I
—_

where & represents the Kronecker delta. That is because the target expression E(ZuZj;) equals
E(ZxZj) =E(Z3) = 1if (i,k) = (j,I) and E(Z4 Z;;) = 0 if (i,k) # (j,[) since each entry of
Z is normally distributed and independent of each other as previously mentioned. Therefore we
may claim that the following holds:

9 g q g g
E(ZYZ1)ij) =Y Y Wubijdu=108;) Y Yubu=38; Y Pu=5;uw(P),
k=11=1 k=11=1 o

from where it can be deduced that E(Z¥WZ ") = tr(¥)I,,. Finally, one obtains the result:

E(WV") =3!2E(z¢Z")x!/?
=22 (tr(W)I,)2!/?
= t(P)z/ 21,212
=tr(W)Z.

just as we wanted to demonstrate. A similar approach proves the other identity. ]

To recover the standard matrix-variate skew-normal (MVSN) model, it suffices to set
kK =0, so that W ~ TN(0, 1,[0,00)), that is, a half-normal latent variable. In this case, the
specification reduces to the usual MVSN formulation, and its distribution function can be
expressed in terms of Gaussian probabilities (equivalently, evaluations of multivariate normal

cumulative distribution functions).
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Definition 15. Following the general framework of higher-order moments for Banach space—
valued random elements Janson and Kaijser (2015), a random matrix X € RP*? may be regarded
as a random element of the finite-dimensional vector space R”*4. In this setting, its k-th central
moment is naturally defined through the k-fold tensor product of the centered random matrix.

Formally, the k-th central moment of any random matrix X (provided that it exists) is given by:
My (X) :=E|(X -E[X])¥],
where the operator ® denotes the tensor product taken in (RP*¢ )®k.

Lemma 11. Let V ~ N, 4(0,X,¥) be a matrix-variate normal random variable with zero mean.
Consider arbitrary indices i, j,k € {1,2,...,p} and o, B,y € {1,2,...,4q}. Then, owing to the
joint Gaussianity and symmetry of the underlying distribution, the expectation of any triple

product of its entries necessarily vanishes. In particular, one has
E(Via Vg Viy) =0

Proof. By the definition of the matrix variate normal distribution, vec(V) ~ N, (0,¥ ® X).
Hence any finite sub-collection of components of vec(V) is jointly Gaussian with mean zero.
Having said that, consider the 3-dimensional vector Z := (Z,Z5,73)" := (via,vjﬁ,vky)?
Then Z ~ N3(0,A) where A is some covariance matrix extractable from W ® X. Therefore, its
joint probability density function exists and can be written as:

1 -
fz(2) = CEEINIE exp{—iz A z}

where z € R3. Observe that the joint density fz(z) is an even function, in the sense that it

satisfies the symmetry property fz(z) = fz(—z) for every z € R3. Consequently, by performing

the change of variables u = —z, we obtain

E(Z12,Z5) / 212223 fz(z

\

( up) (—u3) fz(—u)du

uupu3 fz,(u
R3

—E(Z,2,73),

which implies E(Z,Z,Z3) = 0. and the desired relation holds, just as we wanted to demonstrate.
O

Proposition 25. Let X ~ MVESN,,,,(M,A,X, ¥, k) be a random matrix distributed according
to the matrix-variate extended skew-normal model. In this setting, the third central moment of

X, denoted by M3(X), admits the following explicit representation:
M;3(X) = u;(ARARA).

where 115 corresponds to third central moment of W given by E(W —E(W))?
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Proof. Let Wy, := E(W). Then it may be concluded that:
E(X) =EM)+EW)A+E(V) =M+, A

For the sake of convenience, we shall adopt the next notation within this proof:

X=X-EX)=W-—puy)A+V.
Consequently, it follows that M;a’jﬁ ’ky(X )=E (.f',vaf jﬁXNky>, where the indices i, j,k €
{1,2,...,p} and o, B,y € {1,2,...,q} identify the corresponding row and column positions
within the matrix. With this notation and indexing structure in place, we are now in a position to

carefully expand the product and examine each term in detail, thereby clarifying the contributions

that enter the resulting expression.

XiaXjp Xy = (W — ) A + Via) (W — 1) A jg + Vig) (W — ) Ary + Vi)
= (W = ) AicA jpAiy+ (W = 1) (AiccA jp Viy + AiaVjp Aty + ViaA jpAsy)
+ (W — ‘uW) (AlavJB ka+ vlaAJﬁ ka+ ViavJ'ﬁAky) + vlavjﬁ ka.

We may now take expectations on both sides of the equality and, by appealing to the linearity of
the expectation operator £, decompose the expression and analyze each resulting term separately.
In doing so, this step allows us to systematically isolate the contribution of each component of

the expansion. To initiate this analysis, observe that:
E((W —E(W))’AiaA jgAsy) = E(W —E(W)) AiA jgAry = U3Ai0A jgAsy.
Moreover, due to the independence between W and V), it results that:
E((W —E(W))*AicA jgViy) = AigA jgE(W —E(W))*E(Vyy) = 0.
Once again, because of the independence between W and V, one may conclude that:
E((W —E(W))AiaVjgViy) = AigBE(W — Ly )E(V 5 Viy) = 0.

Finally, and no less importantly, we turn our attention to the remaining term: because the entries
of V form a jointly Gaussian vector with zero mean, we have E(ViqV;gViy) = 0, since all third-
order central moments of a zero-mean Gaussian distribution are identically zero in accordance
with Lemma 11. Consequently, after keeping only the surviving nonvanishing terms, we arrive at

the desired relation.
Mé“’jﬁ’ky(ﬂf) = U3AiaA jgAsy,

that is to say, M3(X) = u3A%3, just as we wanted to demonstrate. O
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Proposition 26. Let X ~ MVESN,,,.,(M,A,X,¥, k) denote a random matrix following the
matrix-variate extended skew normal distribution as in Definition 14. In such context, higher-
order dependence and tail behavior can be characterized through central moments. In particular,
the fourth central moment of X', denoted by My (X'), admits the following explicit analytical

representation.

MK () = aAiAreAmnAr
+ 07 (A AR Zn s + Aij AT s + AijA 5T i)
+ 05 (AkeAmnZir ¥ s + AreArsZim ¥ in + ApinA s Ziom P i)
+ (Zi¥ jo) (ZnrPrs) + (Zim¥ jn) CrPrs) + (Zir' js) (ZamPn)

where i,k,m,r € {1,2,...,p} and j,f,n,s € {1,2,...,q} so that pg = E[(W —E(W))?] is the

fourth central moment of the random variable W.

Proof. Given the model X ~ MVESN,,,.,(M,A,X,¥, k), we are going to convention (within

the context of this proof) that it := E(W), X = X —E(X) = WA+V, where W := W —E(W).
Entry-wise, for any i € {1,2,...,p} and j € {1,2,...,q}, one has that éﬁj = WA,-j+V,~j. On

the basis of the preceding considerations, the expression of interest can be written as

M = B Xy Xon o)
= E((WAij +Vij) (WA A+ Vie) WA+ Vin) (WA + Vi)
If we establish the convention that

ZUREMIS — (WA + Vi) (W Age + Vie) W A+ Vi) (WA + Vi),
then fourth central moment entries satisfy the relation

Ma(X) =E(E(Z |W)).

Inside the conditional expectation, we shall split its arguments into the shift and the Gaussian

part. For convenience, define the deterministic (given W) shifts

Sii=WAij, Si:=WAk, Sun:=WAun, Sy:=WAy.
Conditionally on W, we assume
Xij=Sii+ Vi, Xu=Su+Vit Xon=Sm+ Vo, s =S+ Vrs.
from where the next expression follows

E(ZUKmns | WY = B((S;+ Vi) (Ske + Vie) (Smn + Vo) (Srs + Vi) | W).

Now expand conceptually by grouping terms according to the number of V’s appearing:
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0 Gaussian terms: S; jSksSmnSys-

1 Gaussian term: S;;SksSyn Vs (and other three possibilities).

2 Gaussian terms: S;;SxsViun Vi (and five other pairings).

3 Gaussian terms: S;; Vi¢ Vi Vs (and three others).

4 Gaussian terms: V;jVi¢Viun Vis.

Because V is jointly centered Gaussian, the odd terms vanish. Thus, it remains to deal with the

surviving terms with 0, 2 and 4 Gaussian terms. In other words, one has the following expression:

E(gij,k&mn,rs ’ W) == SijSkESmnSrs + Z S(XSB]E(V}’VS) +E(vijvk€vmnvrs)-

6choices

where (o, 3,7, ) runs over the six ways to choose which two slots are Gaussian. Consequently,

based on Isserlis’s Theorem, it may be deduced that

E(vijvkévmnvrs) = (Ziklpjﬁxzmrlpns)
+ (Zim\Pjn> (Zqulfs)
+ (Zir‘yjs) (kalPZn)v

since E(V,p V) = ZocPpqa- We may now write out the 0 and 2 blocks explicitly. On the one
hand, the 0 block corresponds to

SijSkZSmnSrs = (WAij) (WAM) (WAmn) (WArs)
= W4AijAk€AmnArs-

On the other hand, the 2 blocks can be expressed as follows:

SaSpE(VyVs) = (WAQ) (WAR)E(VyVs)
= W2AqARE(VyVs).

Gathering everything discussed so far and taking the expected value with respect to W in the final
expression, one arrives at the following formula for the fourth central moment of the random

matrix X

B (X Xt X Xors) = HaAij AL AmnA s
+ 0 (Ai AR ZmnPrs + At jAmn T s + AijA T P )
+ 07y (AkeArnZir¥ js + AreArsZim¥ jn + AyinA rsZin Vi)
+ (Zia¥ o) EmrPns) + Eim¥ jn) CrPrs) + Eir¥js) (ZiomPrn)

where (4 is the fourth central moment of the random variable W. [
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3.4 ML Estimation for the MVSN Distribution

To implement the ECM algorithm for estimating the parameters of the MV SN distribution
— building upon the seminal EM framework of Dempster, Laird and Rubin (1977) and its
conditional maximization extension developed in Meng and Rubin (1993) — we proceed by
exploiting the latent-variable representation of the model. This representation expresses the skew-
normal structure through an augmented formulation involving an unobserved mixing variable,
which allows the likelihood function to be handled within a more tractable complete-data

framework.

The central idea of the EM-type methodology is to treat the unobserved variable W as
missing data, thereby embedding the original model into a complete-data framework (X}, W;).
Under this augmented representation, the likelihood assumes a simpler structure than the marginal
(observed-data) likelihood, which generally involves integrating out the latent variable W and
is therefore analytically intractable. Instead of attempting to maximize the observed-data log-
likelihood directly, the algorithm proceeds iteratively by maximizing the expected value of the
complete-data log-likelihood.

More precisely, at iteration k, the E-step consists of computing the conditional expectation
0( | 9) = E [log £(X, W | 9) | 2, 0]
where the expectation is taken with respect to the conditional density
UARR

In practical terms, this step requires the evaluation of specific conditional moments of the
latent variable W; given the observed matrix A; and the current parameter estimates 8% These
quantities summarize all the necessary information from the missing component and allow the

incomplete-data problem to be replaced by a sequence of tractable optimization steps.

In the subsequent CM-steps (Conditional Maximization steps), rather than maximizing
0(® | ®W) jointly with respect to all components of ¥, the ECM algorithm partitions the
parameter vector into blocks and performs a sequence of conditional maximizations. At each
CM-step, one block of parameters is updated by maximizing Q (9 | 19(")) while the remaining
blocks are held fixed at their most recently updated values. This blockwise strategy typically
simplifies the optimization problem and may lead to closed-form updating equations, or at least
to lower-dimensional optimization tasks, while still preserving the monotone ascent property of
the EM algorithm.

The E- and CM-steps are alternated until convergence. Convergence is commonly as-
sessed through the relative increment of the observed-data log-likelihood, the norm of successive
parameter differences, or both. Under standard regularity conditions, the ECM algorithm gener-
ates a sequence of parameter estimates with non-decreasing likelihood values and converges to a

stationary point of the observed-data log-likelihood.
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For clarity, we explicitly provide the full expression of the E-step function Q;(# | 9*))
used for inference. This formulation allows us to examine each parameter individually, which is

the key distinction between the EM and ECM algorithms. To do so, we shall convention that:

w8 =By (W | &, 0W),
w\Z(kJrl) _ Ew(W2 ’ ‘)Gyﬁ(k))

1

Since W | X follows a truncated normal, such expressions are well known. Suppose that we have
n € Ny samples at our disposal, that is to say, our random sample is constituted by the set of
observations { X, X2, ..., X, }. To apply the expectation step, we need to determine the individual
log-likelihood of the joint distribution of the pair (X',W) for each X; where i € {1,2,...,n}.

Precisely, if we convention that Z = X — M, it can be expressed as:
1
(D) o — glog 2| — glog P — 5 (2—1 (Zi—wA)P~ (2 - wA)T)
With the purpose of applying the ECM algorithm, the following result is crucial.

Proposition 27. Given u € RP9\{0} and v € RP9\{0}, the symmetric matrix M defined by the
expression M :=uu' —a(uv' +va')+bvv' is positive definite if, and only if, b > a°.

Proof. Indeed, let x € R4, Consequently, the quadratic form x’Mx corresponds to:
x Mx=x"(uu' —a(av' +vu')+bvw')x
=x"un'x—a(x"uv'x+x"vu'x)+bx"vv'x
=x"ux"u)  —ax"ux"v)" +x"v(x"u)") +bx"v(xv)
= (x"u)? —2a(x"u)(x"v) +b(x"v)?

T

Therefore, if we setup that u :=x'uand v := x | v, then it results that:

X' Mx = u? — 2auv + 2.

As it can be seen, this is a quadratic form in # and v, whence we may express it as:

O(u,v) = [“ V} [_151 _ba] H

Thus the positive definiteness of M reduces to whether the matrix:

e
—a b
is positive definite. Recall that a 2 X 2 symmetric matrix is positive definite if and only if all of its
leading principal minors are strictly positive. In the present case, the first leading principal minor
corresponds to the top-left entry, which equals 1 and is clearly positive. The second leading
principal minor is the determinant of P, given by det(P) = b — a®. Therefore, P is positive
definite precisely when b —a® > 0, that is, when b > a?. Consequently, the quadratic form x ' Mx

is strictly positive for every nonzero x, which establishes the positive definiteness of M and

completes the proof. O
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E-step: Based on the previous definitions of w1 and v?%(k“), it may be concluded that:
1
0i(% | 8M)) o —glogm - glog|‘l’| -3 wZ 'z 'z - ez e AT)
1
-3 2D AP TIA T — K D (- TAw 1 2T

Lemma 12 (Concavity of Q; with respect to M). Let £ € Sf | and W € S | be fixed, and let
A € RP*4 be fixed. For a given observation X; € RP*7 define

Zi(M):=X,—M, MeRP

Fix also scalars ¢; € R and ¢, € R (in the ECM context, ¢; = Wl(kH) and c) = WZ(kH)), which

i

are treated as known constants at the current iteration of the algorithm. Consider the function
1 _ _ _ _
(M) o< — [tr(Z ZMP ' ZM)T) —c (271 Z;(M) P 1AT)}
1
—5 e uEAPIAT) e w(z T AR Z () ) .

where the proportionality sign means that terms not depending on M are omitted. Then Q;(M) is

a concave function of M on R”*4 (indeed, it is a concave quadratic function).

Proof. Since £,V and A are fixed, the dependence on M occurs only through Z;(M) = A; — M.
Using the cyclic property of the trace and the identity tr(B) = tr(B"), we note that

wrE AP ZMT) = o((EAY ZM)T) ) = e (= Z M)W IAT).

Hence, the two linear trace terms involving Z;(M) coincide by virtue of the cyclic property of the
trace and the symmetry of the scalar expression, which allows us to combine them. Consequently,

the part of Q; that depends on M can be rewritten as
1
0:(M) = constant — > c(Z'ZMPT'ZM)T) + o (T ZM)PTIAT),

where “constant” collects all terms not depending on M (in particular, the term involving ¢3).

To investigate concavity, consider the real-valued function of a scalar variable ¢ defined
by ¢(¢) := Q;(M+1tH), where H € R”*? is an arbitrary direction matrix. This one-dimensional
restriction allows us to analyze the curvature of Q; along straight lines in the parameter space.
Since

Zi(M+H) =X, — (M+H) = Z;(M) —H,

we obtain
1
(1) _Etr<z—1 (Z:(M) — H) W~ (Z,(M) —tH)T> Yo tr<2—1 (Z:(M) —tH)‘P_lAT>.
Differentiating twice with respect to ¢ (using linearity of the trace) yields

¢"(t) = —uw(Z'THY 'H'),
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because the second derivative of the linear trace term is zero, while the quadratic term contributes

the constant negative quantity above.

Finally, since Yl 0and ¥~ 0, we have
w(ETHY'HT) = |2 2HY 2|2 > 0,

with equality if and only if H = 0. Therefore, ¢”(z) < 0 for all z, which shows that ¢ is concave
in ¢ along every line M +rH. Hence Q;(M) is concave in M on R”*4, concluding the proof. [

CM-step 1: Based on the expression obtained for Q;(9 | ¥¥)), we now derive the updating
formula for the location parameter M. Recall from Lemma 12 that Q; is concave with respect to
M when the remaining parameters are held fixed. Therefore, any stationary point obtained by

solving the first-order condition corresponds to the global maximizer in M.

To compute the derivative of Q;(9 | X)) with respect to M, we make use of standard
matrix differentiation rules, which can be found in Petersen, Pedersen ef al. (2008), for instance.
Since Z; = &X; — M, differentiation with respect to M requires the application of the chain rule,
taking into account that d Z;/dM = —I. Restricting attention to the M-dependent part of Q;, we

obtain

00i i gl Dyl A

Sy =T A e A
Setting this gradient equal to zero and multiplying on the left by X and on the right
by W yields the first-order condition Z; = Wl(kH)A. Recalling that Z; = &; — M, we obtain
M=JX— v/v\ng)A. Averaging over i € {1,2,...,n}, gives the updating formula

apery _ 1 Z (Xi_wl(kmg(k)) ,
i

which completes the first conditional maximization step.

Lemma 13 (Concavity of Q; with respect to A). Let £ € S!, and ¥ € S?, be fixed, and
let Z; € RP*1 be fixed. Fix also scalars ¢; € R and ¢; € R with ¢; > 0 (in the ECM context,
c1 = Wl(kﬂ) and ¢, = Wiz(kJrl)), which are treated as known constants at the current iteration of
the algorithm. Consider the function of A € RP*? defined (up to additive constants not depending

on A) by
0i(A) o< _% (T AYTAT) —e (T 5w AT - % [—au(zlawz)],

where the proportionality sign means that terms not depending on A are omitted. Then Q;(A)
is a concave function of A on RP*? (indeed, it is a concave quadratic function). Moreover, if

¢z > 0, then Q;(A) is strictly concave in A.
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Proof. The proof of concavity with respect to A follows exactly the same line of reasoning
as the previous proof for M. In both cases, the argument begins by isolating the part of Q;
that effectively depends on the parameter of interest and combining the symmetric linear trace
terms using the cyclic property of the trace. Concavity is then established by restricting the
function to a one—dimensional path of the form A + H and computing the second derivative
with respect to z. In each case, the linear trace terms vanish after the second differentiation, while
the quadratic trace term yields a constant curvature term of the form — tr(X~'H¥~'H") (up to
a nonnegative multiplicative constant). Positive definiteness of X~! and W~! ensures that this
quantity is nonnegative, implying that the second derivative is nonpositive along every direction.

Therefore, the concavity argument for A is structurally identical to that established for M. [

CM-step 2: We now derive the updating formula for the skewness parameter A. From Lemma 13,
the function Q; is concave with respect to A when the remaining parameters are kept fixed (and

2(k+1)

strictly concave whenever w; > 0). Consequently, any stationary point obtained by solving

the first-order condition corresponds to the global maximizer in A.

To compute the derivative of Q;(9 | ©%)) with respect to A, we again apply standard
matrix differentiation rules (see, e.g., Petersen, Pedersen ef al. (2008)). Restricting attention to
the A-dependent part of Q;, we obtain

9Qi _ o (bt )yt gap—1_ 20k g1 5 g1
9L _ 50Dyl z g AY!
JA " Vi

Summing the gradient contributions over i € {1,2,...,n} and recalling that the CM-step
consists of maximizing the aggregated objective function Q with respect to A while keeping the

remaining parameters fixed, we impose the corresponding first-order optimality condition

zn;aQ":o.

Substituting the expression for the gradient and grouping the terms involving A, we obtain

Z—l <i w\i(k+1)zi . iw\lz(k-i-l)A) \P—l —0.

i=1 i=1

Since £~! and W~ ! are symmetric positive definite matrices (and therefore necessarily invertible),

we may multiply on the left by X and on the right by ¥ without altering the set of solutions:

'P’J=

i=1

bt

Solving the previous matrix equation explicitly for A, and recalling that Z; = X; — M®), so that

i ("“)) A.

the residuals are expressed in terms of the current iterate of the location parameter, we obtain

—1
Rk+) (Z k+1>> (Xi _M(m) ),

I-
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Whenever the matrices P, Q, R and S have conformable dimensions so that all products
are well defined, it holds that tr(PQRS) = vec(ST) " (RT ® P)vec(Q), see, for instance, Petersen,
Pedersen et al. (2008). In the case of interest, we take P := b Q:=Z-wA, R:= pl
and S := (Z —wA) " .Using also the cyclic invariance property of the trace operator, namely
tr(PQR) = tr(RPQ) = tr(QRP) whenever the products are well defined, we obtain:

lic(B) o< — —log 1Z|— —log W) — —tr VeC(Z,- —wA) (P @z vec(Z; - wA)]

=— Elog x| — 5 log P| — Etr (‘P@Z)_lvec(Zi —wA)vec(Z; — wA)T]

1 -
=— glog X — glog P| — Etr (PRXL) ! (vec(Z)vec(Z;) " — wvec(Zi)Vec(A)T)]

- %tr [(‘P @X) " (—wvec(A)vec(Z;) " + WZVGC(A)VeC(A)T)] :

In order to better estimate the parameters X and W, we are going to handle it through the use of the
last formula for ¢;.(1). To do so, we shall use Proposition 27. Based on such result, we stress that
the matrix presented below is symmetric and positive definite, as Var(W) = E(W?) —E(W)? > 0.

ng) = vec(Z;)vee(Z;) T —w; %D (vec(Z;)vec(A) T + vec(A)vec(Z;) ) + w2 Dvec(A)vec(A) T

A (k)

Hence, the estimator A;”’ admits a Cholesky decomposition, since it is symmetric and
positive definite under the stated conditions. This guarantees the existence and uniqueness of a
lower triangular factor, yielding a numerically stable and computationally efficient representation
that preserves the structural properties of the covariance components throughout the ECM
iterations. In particular, this decomposition substantially simplifies subsequent matrix operations

within the update steps for each observation index i € {1,2,...,n}. Consequently, we may write

A =LO@T,

1 (k)

where L, denotes the corresponding lower triangular Cholesky factor.

If we denote by IASI(;() the p x ¢ matrix such that vec(ﬁg.()) — LY where Ijl(f) is the j-th

ij
1K)

column of the pg x pg lower triangular matrix L;™, it results that:

0(8 | ) o« ~1og 2| - Liog | 3 Y r[(¥ox) EIEY) ]
i=1

_ _%mg 2/~ "L og ¥ - % Y [(EE”)T(\PM)*EE")}

n pq

1o g|2\——1og|\{f\——zz (T een) LY
i=1j=
n pq i
1 g|X|— 10g|‘P|——Z Z [vec TPer)” vec(Bl(j))}
i=1j=
" rog 2| "V log|¥] - 5 " Ztr[ ‘P—%ﬁﬁ?ﬂ

11]
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CM-step 3: Taking into account equivalent formula for the E-step function as well as the results

presented in Petersen, Pedersen et al. (2008), it may be deduced that

J np 0 Ry pl nk)\T
wCO101) = =5 5 log ¥ 284’;] |2 B BT
o L9 g IS 9 s iyt gy T
2 waw o 22;].:1& [E B (B}

nP g1, 1y p—1 0y Ty 1R K g1

-5 +2ZZ(T (B;;) 'Z7'B;¥)

From whence it results that:

Jif

Notice that such update corresponds to the global maximum of the E-step function Q due to the

T Mg
\_‘5
w:

result presented in Lemma 6. The analogous version of it related to the parameter X also applies
to the next CM-step, which implies that the updated parameter corresponds to a global maximum

as well.

CM-step 4: Similarly to the procedure applied to estimate the parameter W, and following the
same differentiation and first-order optimality arguments presented above, the following relation
holds:

0 ng o gy w1 BONT

o010 = i—azl"g'z"i—az;;“[ B
_ ng 1 d I 9 e q®g-1a0

"2y ox! "igza—z“[’: B v (B)']

USSR ol i NG
5L +221212 By I(BY) )
i=1j

1K P4
:—%2 oy ZZZ )Tzt
i=1j=1
From whence we may claim that:
(k+1) - A(k) T
ey Z Z Bl/ Blj )
I’lql 1j=

Remark. To monitor convergence, we employ the Aitken acceleration criterion. Let

k) — g(ﬂ(k)’ g(@)g(@j@(@)



80 Chapter 3. MVSN Properties and Parameter Estimation

denote the log-likelihood evaluated at the parameter estimates obtained at iteration k. The Aitken

acceleration at iteration k is defined as

pk) _ plk=1)

)y 26
g(k—l) _ g(k—z)

a =
An extrapolated estimate of the asymptotic log-likelihood is then given by

(k) _ plk=1)
(k) —plk=1) 4 = =%
0 =10 + T

Accordingly, the convergence measure is computed as

k) _ plk=1)

o= =
crit’”/ = a0

and the algorithm is terminated when crit® is smaller than a prescribed tolerance.

Summary of Computational Results

In summary, this section establishes all the conditional expectations, auxiliary matrices,
and updating equations necessary to implement the ECM algorithm effectively within the MVSN
(k)

setting. A key component of the procedure is the matrix Zi , which, under the stated assumptions,
1s symmetric and positive definite and therefore admits a Cholesky factorization. Adopting this
decomposition is not merely theoretical; it ensures a unique lower triangular representation
and enhances numerical stability while reducing computational cost. In addition, the Cholesky
structure streamlines the matrix calculations required at each iteration, preserving the covariance

structure and facilitating efficient updates for every observation index i € {1,2,...,n}.

Altogether, the expressions derived in this chapter constitute the essential computational
machinery driving the algorithm, ensuring that each expectation and conditional maximization

cycle is executed in a coherent, stable, and analytically tractable manner.
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CHAPTER

MVSN: SIMULATIONS AND APPLICATION

In this chapter, we examine the matrix-variate skew-normal distribution in depth, assess-
ing its practical behavior through both controlled simulation experiments and an application
to real data. The simulation study is specifically structured to investigate the performance of
the ECM algorithm when estimating the parameters of the model. Our analysis emphasizes
several key aspects of the algorithm’s behavior, including the accuracy of the estimates, their
consistency as the sample size increases, and the overall numerical stability of the procedure. By
systematically altering the sample size while keeping the number of replications fixed, we are
able to observe how reliably the algorithm recovers the true underlying parameters under different
data conditions. This approach also allows us to detect potential weaknesses or limitations of
the estimator in finite-sample scenarios, providing insight into when the method performs well
and when caution may be needed. In addition to the simulation study, we also apply the model
to a real dataset to illustrate how it performs with practical matrix-valued observations. This
empirical analysis showcases the model’s capacity to represent intricate dependence structures
and asymmetric patterns, while also emphasizing the interpretability of its parameter estimates.
Combined, the simulated and real-data investigations offer a well-rounded evaluation of the

estimation strategy and demonstrate its suitability for high-dimensional settings.

4.1 Simulation studies

To evaluate the proposed MVSN distribution, we conducted two complementary simula-
tion studies. The first examined how effectively the ECM algorithm recovers the true parameter
values under controlled settings, allowing us to assess the accuracy and reliability of the estima-
tion procedure. The second compared the MVSN model with the classical MVN by fitting both
to data generated from a matrix normal variance—-mean mixture with latent variable W ~ Exp(1),
following Gallaugher and McNicholas (2019), providing a benchmark for assessing whether the

added flexibility of the MVSN framework improves performance.
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Model performance across different sample sizes was evaluated using the Bayesian
Information Criterion (BIC). In all simulations, we used the same values for the location matrix

M, the skewness matrix A, and the covariance matrices X and W to ensure consistency.

This setup was designed to isolate the effects of sample size and skewness from those
of varying parameter configurations. The specific values for the parameter matrices used to
simulate the data are detailed below. More precisely, the location and skewness matrices are

correspondingly given by:

0.5 1.0 05 1.0 0.18 1.62 1.16 0.02
M= |10 1.0 05 05|, A=]0.25 0.73 0.83 0.13
15 1.5 1.0 1.5 0.71 142 0.22 0.81

The scale matrices ¥ and W are defined as:

2.151657 1.721326 1.377061 1.101649
1.721326 2.151657 1.721326 1.377061
1.377061 1.721326 2.151657 1.721326
1.101649 1.377061 1.721326 2.151657

0.100 0.040 0.016
X =10.040 0.100 0.040|, Y=
0.016 0.040 0.100

It is important to note that |¥| = 1, which agrees with the previously mentioned constraint used
to avoid identifiability problems. The remainder of this chapter is devoted to the study of the
MVSN distribution and its comparison with the MVN model.

4.1.1 Parameter Recovery in the MVSN Model

The first study was structured into four groups, each consisting of s = 200 independent
replications, with every group corresponding to a different sample size: n = 50, n = 100, n = 200,
and n = 400 data matrices per replication. This design was chosen to systematically evaluate
the performance of the ECM algorithm in recovering the true model parameters under varying
sample sizes, allowing us to observe how estimation accuracy and stability change as the amount
of available data increases. To ensure that the results are fully reproducible and comparable

across different runs, a fixed random seed was employed throughout the simulations.

In each replication, data matrices were generated from the stochastic representation of
the MVSN model using the fixed parameter values introduced earlier. Parameter estimation was
carried out until convergence of the ECM algorithm was attained or until numerical precision
was reached, after which the difference between the estimated and true parameter matrices (M, A,
Y, and W) was computed. The initial parameter values are defined as follows. Let { X, ..., A, }
be a sample of matrices in R3**. The initial estimate of the location matrix is taken as the
sample mean, M©) = .. The initial row and column scale matrices are set equal to the identity
matrices, 0 = Iz and p0) — 1. Finally, the initial value of the skewness matrix is also taken
as the sample mean, A0 — X ;. The estimation error was quantified using the Frobenius norm,
|H||2 = tr(HH "), where H denotes the error matrix.
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To summarize the results, we present box plots of the Frobenius norms across all
replications, grouped according to sample size, as displayed in Figure 1. These plots offer a
clear visual overview of the distribution of estimation errors and illustrate how the accuracy and
stability of the parameter estimates generally improve as the sample size increases, providing

insight into the effect of sample size on estimation performance.
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Figure 1 — Boxplots of Frobenius norm errors for the estimated parameter matrices M, A, X, and V.

The box-plots show a clear decline in the Frobenius norm error of the estimator of M
as the sample size increases from n = 50 to n = 400. Both the center and dispersion of the
error distributions decrease with n, indicating greater accuracy and stability in larger samples.
The steady reduction in the median and the narrowing interquartile range suggest consistency
under the proposed model. Larger errors for small n reflect higher variability in low-information
settings, which diminishes as the sample grows. Overall, the results provide empirical evidence
of convergence and confirm the reliability of the estimation procedure for moderate to large

samples, supporting its practical applicability in finite-sample contexts.

A similar pattern is observed for the estimator of A, whose Frobenius norm error de-
creases steadily as the sample size increases. Both the median error and the dispersion diminish
with n, reflecting enhanced estimation accuracy and reduced variability in larger samples. The
wider spread seen at smaller sample sizes highlights the greater instability of the skewness matrix
estimator when information is limited, an effect that is progressively alleviated as the sample
size increases. These findings provide empirical support for the consistency and robustness of

the proposed estimation procedure for A.
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The Frobenius norm error of the estimator of X shows a clear downward trend as the
sample size increases. The reduction in both the median error and its variability reflects improved
precision and stability in larger samples. Moreover, the consistently small magnitude of the error
indicates that X is estimated more accurately than the location and skewness parameters, and the

observed pattern further supports the consistency of the proposed method.

Finally, the estimator of ¥ exhibits a marked decrease in Frobenius norm error as the
sample size increases. Both the median and dispersion of the errors shrink with n, indicating
greater accuracy and stability in larger samples. The relatively larger errors for small sample
sizes highlight the difficulty of estimating ¥ with limited information, an effect that diminishes

as n grows. Overall, the results provide empirical support for the consistency and reliability of
the proposed estimator.

In Figure 2, the log-likelihood trajectories exhibit the typical ECM pattern: a sharp initial
rise followed by stabilization, showing that most improvement occurs in early iterations. For
larger samples, the curves are smoother and more stable, reflecting lower variability and more
regular likelihood surfaces. The algorithm quickly stabilizes, generally within 10-15 iterations,

using the Aitken acceleration criterion (€ = 10~ 1) with a maximum of 100 iterations.

Log-likelihood plot of the MVSN Model fitted to simulated data Log-likelihood plot of the MVSN Model fitted to simulated data
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Figure 2 — Log-likelihood trajectories across ECM iterations for different sample sizes.
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4.1.2 Comparing the MVSN and MVN Models

The second simulation study was conducted with the aim of evaluating the benefits of
explicitly modeling asymmetry when it occurs in the data-generating process. To achieve this,
we generated synthetic datasets following the stochastic representation X = M+ WA + VWV,
where M € R3*4 is the location matrix, A € R3*4 is the skewness matrix, and ¥ ~ N3 «4(0,X,F)
represents the matrix-normal random component. The parameters M, A, X, and W were kept
the same as in the previous study to ensure comparability. In this setup, the latent variable was
assumed to follow an exponential distribution, W ~ Exp(1), introducing both scale variability
and skewness in X. As mentioned in the reference Gallaugher and McNicholas (2019), this
distribution is a particular case of the Matrix Variate Variance-Gamma model. The MVSN
and MVN models were then fitted to these simulated datasets to determine whether explicitly

incorporating skewness results in a superior fit compared to the symmetric alternative.

Model comparison was carried out using the Bayesian Information Criterion (BIC),
computed for each sample size. The purpose of this analysis was to evaluate whether the
added flexibility of the MVSN model, particularly in capturing skewness and heteroskedasticity,
translates into improved performance relative to the classical MVN distribution. For each of the
s = 200 replications and every sample size, both models were fitted to the simulated data using
their respective estimation procedures — ECM for the MVSN model and ML for the MVN
distribution. The BIC was defined as BIC := —2/(®) + klog(n), where £(©) is the maximized
log-likelihood, k the number of estimated parameters, and n the number of observed matrices per

replication. Lower BIC values correspond to a better balance between model fit and complexity.

As briefly noted earlier, in this second experiment we used the same parameter values as
in the first simulation study for the location matrix M, the skewness matrix A, the row covariance
matrix X, and the column covariance matrix W, ensuring a consistent comparison. The results
show a clear preference for the MVSN model, which consistently achieves lower BIC values
across all sample sizes and conditions, highlighting its improved ability to capture departures
from Gaussianity. For clarity, Figure 3 displays the distribution of BIC differences between the
MVSN and MVN models for each sample size.

4.2 Application

This dataset consists of quarterly records (Q1-Q4) of Dow-Jones Industrial Common
Stocks dividends and the Dow-Jones divisor, from 1920 to 1934 Rappoport and White (1993).
The DJ divisor accounts for structural adjustments such as stock splits, ensuring consistency in
index computation over time. This historical series has been explored in statistical modeling
literature and was also considered by Rezaei, Yousefzadeh and Arellano-Valle (2020) to illustrate
the use of matrix variate extended skew-normal distributions in modeling economic data with

complex dependence structures.
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Figure 3 — Box plots of the BIC Values for each sample size scenario.

The data are arranged in 4 X 2 matrices, where each matrix corresponds to one year. Rows
represent quarters, and columns contain values for DJ dividends and DJ divisor, respectively.
These matrices provide a compact and interpretable format suitable for models that incorporate
temporal and cross-variable dependencies.

1920: 1922: 1924:
| DJ dividends DI divisor | DJ dividends  DJ divisor | DJ dividends DI divisor
Q1 31.97 20.00 Q1 21.13 20.00 Q1 30.00 20.00
Q2 30.00 20.00 Q2 19.38 20.00 Q2 26.75 19.40
Q3 30.00 20.00 Q3 19.38 20.00 Q3 27.20 19.40
Q4 28.75 20.00 Q4 20.88 20.00 Q4 27.20 18.90
1921: 1923: 1925:
| DJ dividends  DJ divisor | DJ dividends  DJ divisor | DI dividends  DJ divisor
QI 26.81 20.00 Q1 24.19 20.00 Q1 32.39 18.40
Q2 23.81 20.00 Q2 26.94 20.00 Q2 30.70 18.40
Q3 22.06 20.00 Q3 25.94 20.00 Q3 30.00 19.00
Q4 22.06 20.00 Q4 25.94 20.00 Q4 27.75 19.00
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1926: 1929: 1932:
| DI dividends  DJ divisor | DI dividends  DJ divisor | DI dividends  DJ divisor
Q| 13713 17.42 Q| 3158 12.11 Ql 15.54 15.46
Q| 2713 16.67 Q| 27.08 10.77 Q| 1823 15.46
Q3| 2988 16.67 Q3| 2805 10.47 Q3| 1651 15.46
Q4| 2688 16.67 Q4| 2875 10.47 Q4| 1626 15.46
1927: 1930: 1933:
| DI dividends DJ divisor | DI dividends  DJ divisor | DI dividends  DJ divisor
Q| 3331 16.67 Ql | 3005 10.47 Ql 13.34 15.46
Q| 2931 16.67 Q| 279 9.85 Q| 1294 15.46
Q3| 3156 16.67 Q3| 2750 10.38 Q3| 1274 15.71
Q4| 2881 16.67 Q4| 2595 10.38 Q4| 1249 15.71
1928: 1931: 1934:
| DI dividends  DJ divisor | DI dividends  DJ divisor | DI dividends DJ divisor
Q| 3138 16.67 Ql| 2556 10.38 Ql 13.90 15.71
Q| 2763 16.67 Q| 2243 10.38 Q| 1395 15.71
Q3| 3063 16.17 Q3| 1956 10.38 Q3| 1410 15.74
Q4| 2745 13.92 Q4| 1993 10.38 Q4| 1530 15.74

The time-series plots in Figure 4 illustrate the quarterly evolution of Dow-Jones Divi-
dends and the Divisor from 1920 to 1934, providing a clear view of their temporal dynamics
across different economic phases. Arranged chronologically, the plots reveal long-term trends,

short-term fluctuations, and notable structural changes, particularly during the Great Depression.

To capture the complex dependence structure present in this dataset, across both temporal
(quarterly) and cross-sectional (dividends and divisors) dimensions, we propose modeling the
annual matrices in accordance with the distribution whose stochastic representation corresponds

to the MVSN model. Specifically, we consider the formulation
X=M+WA+YV,

where M € R”*4 is a location matrix, A € RP*4 encodes the directional skewness, W ~ HN(0, 1)
is a half normal scalar latent variable, and X ~ N,»4(0,X,¥) captures Gaussian noise with a
separable covariance structure, as previously discussed. This makes it particularly well-suited
for modeling economic and financial data that exhibit asymmetry. Moreover, the representation
facilitates tractable likelihood-based inference and enables efficient parameter estimation even in

high-dimensional settings.

To assess the goodness of fit of the proposed MVSN model, we employ a diagnostic
based on Mahalanobis distances combined with a model-based parametric bootstrap. Maha-
lanobis distances are computed from vectorized observations using the Kronecker covariance
structure implied by the fitted model. A parametric bootstrap is then used to generate a reference

distribution under the estimated MVSN parameters, accounting for skewness and matrix-variate
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(a) Quarterly evolution of Dow Jones dividends, 1920-1934.
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(b) Quarterly evolution of the Dow Jones Industrial Average divisor, 1920-1934.

Figure 4 — Quarterly evolution of Dow Jones dividends and divisor before and after the 1929 market

crash. The vertical dashed line marks the 1929 stock market crash. Dividends exhibit a sharp
contraction followed by a slow recovery, while the divisor shows discrete structural adjustments
reflecting changes in index composition and methodology during and after the crisis.

dependence. Figure 5 presents the resulting model-based Q-Q plot, together with the bootstrap

mean curve and a pointwise 90% envelope. The empirical distances closely follow the identity

line and remain within the envelope across the full range of quantiles, indicating an adequate fit

of the MVSN model.

Figure 6 displays the evolution of the observed-data log-likelihood across iterations of

the EM algorithm used to fit the MVSN model to the DJ dataset. The log-likelihood increases

monotonically, with a steep improvement during the early iterations, followed by progressively

smaller gains as the algorithm approaches a stable region. After approximately 30—40 iterations,

the curve essentially plateaus, indicating that convergence has been reached and that further

iterations yield negligible improvement. Overall, this behavior is consistent with stable numerical

performance of the estimation procedure and supports the adequacy of the fitted model.
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Figure 5 — Model-based Q—Q plot of Mahalanobis distances under the fitted MVSN model.

Log-likelihood plot of the MVSN Model fitted to the DJ dataset
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Figure 6 — Evolution of the observed-data log-likelihood over the EM iterations for the fitted MVSN
model.

4.2.1 Interpreting the MVSN model estimates

This subsection examines the parameter estimates of the matrix-variate skew-normal
(MVSN) model fitted to quarterly Dow Jones dividend and divisor data, emphasizing key aspects
of the dependence, skewness, and variability structures. Particular attention is given to how
the estimates reflect asymmetry and cross-variable interactions present in the data. Sampling
variability is evaluated via a nonparametric bootstrap scheme, in which the model is repeatedly
refitted to datasets resampled with replacement from the original observations, preserving the

empirical structure while providing a flexible, distribution-free measure of estimation uncertainty.
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Based on these bootstrap replicates, quantile-based confidence intervals are constructed
for each entry of the estimated parameter matrices M, A, X, and . The resulting bootstrap
standard errors account for both the matrix-variate dependence and finite-sample uncertainty,
providing a practical basis for inference on the location, skewness, and covariance parameters.
For ease of interpretation, bootstrap standard errors and corresponding quantile confidence

intervals are reported alongside the parameter estimates.

Estimated matrix MMsz

The estimated M matrix reveals moderate variation in dividend levels across quarters,
with greater dispersion than that observed for the divisor. Although the quarterly means do
not follow a strictly monotonic pattern, dividends display more pronounced quarter-to-quarter
variability, as reflected in their larger nonparametric bootstrap standard errors and wider quantile-
based confidence intervals for each matrix entry. In contrast, the divisor exhibits more stable
estimates, with smaller associated uncertainties and narrower confidence intervals, consistent
with its rule-based adjustment mechanism. These patterns are further supported by the bootstrap
inference, which highlights the comparatively higher variability of dividends relative to the
divisor. Such behavior is in line with economic downturn periods, during which dividends tend

to adjust more rapidly than index construction components such as the divisor.

19.32(4.36) 16.41(2.57) 19.32[14.01,31.32] 16.41[9.93, 19.04]
Voo — 20.48(2.92) 16.42(2.79)| _ [20.48[15.27,26.78] 16.42(9.36, 18.98]
18.59(3.42) 16.56(2.82) 18.59[13.96, 28.59] 16.56[9.39, 19.09)
19.34(3.10) 16.70(2.91) 19.34[14.87,27.50] 16.70[9.39, 19.18]

Estimated skewness matrix Apvsn

The estimated skewness matrix reveals a clearer asymmetry in the dividend component
than in the divisor. The first-column entries are predominantly positive, indicating moderate right-
skewness in dividends. However, the relatively large nonparametric bootstrap standard errors and
wide quantile-based confidence intervals, many including zero, suggest caution in interpretation.
In contrast, the second-column estimates are close to zero relative to their uncertainties, with
confidence intervals spanning both positive and negative values, indicating weak or negligible
skewness in the divisor. Overall, bootstrap inference suggests that asymmetry is mainly driven
by dividends, with no strong evidence of systematic skewness accumulation once estimation

uncertainty is taken into account.

8.71(5.88) 0.20(3.25) 8.71[—3.47,17.81]  0.20[—1.94,9.63]
458(3.47) —0.07(3.53)|  |4.58[-1.53,12.32] —0.07[~2.20, 10.30]
6.92(4.45) —0.19(3.60)|  |6.92[—2.85,14.97] —0.19[—2.36, 10.34]
5.15(3.70) —0.58(3.85) 5.15[—2.36,11.64] —0.58[—3.15, 10.21]

Amvsn =
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Estimated Row Covariance Matrix fMVSN

The estimated row covariance matrix indicates temporal dependence across quarters, with
relatively larger covariances for adjacent periods, reflecting persistence in economic conditions.
A mild decline in variances and covariances is observed in later quarters, suggesting a gradual
easing of volatility over the year. However, the nonparametric bootstrap standard errors are of
comparable magnitude and the quantile-based confidence intervals are relatively wide, indicating
that this pattern should be interpreted with caution. Overall, the bootstrap inference supports a

smooth evolution in quarterly dependence rather than abrupt structural changes.

[17.51(8.54) 17.52(8.91) 16.98(8.80) 16.55(8.97)
5 o 17.52(8.91) 18.21(9.29) 17.84(9.21) 17.22(9.36)
16.98(8.80) 17.84(9.21) 17.66(9.11) 17.16(9.27)
16.55(8.97) 17.22(9.36) 17.16(9.27) 17.18(9.40)

[17.51[4.10,38.32] 17.52[2.53,39.64] 16.98[2.49,39.26] 16.55[2.11, 38.85]
17.52[2.53,39.64] 18.21[2.22,41.53] 17.84[2.00,40.82] 17.22[1.69,40.38]
16.98[2.49,39.26] 17.84[2.00,40.82] 17.66[2.28,40.52] 17.16[1.88, 40.41]
16.55[2.11,38.85] 17.22[1.69,40.38] 17.16[1.88,40.41] 17.181.74, 40.23]

Estimated column covariance matrix ¥ /sy

The estimated column covariance matrix indicates a weak positive association between
dividends and the divisor, suggesting limited co-movement. The variances differ substantially,
with dividends exhibiting greater variability than the divisor, consistent with their higher sensi-
tivity to economic conditions. However, the relatively large nonparametric bootstrap standard
errors and the width of the quantile-based confidence intervals—particularly for the covariance
term, whose interval includes zero—indicate considerable uncertainty in these estimates. The
determinant of the estimated matrix, ]‘/I\’\ ~ 1, confirms that the identifiability constraint is satis-
fied. Overall, the bootstrap inference suggests that, while variability differences are evident, the

strength of dependence between the two components is not precisely estimated.

. 2.26(3.47) 0.11 (0.15)]

2.26 [1.79, 12.22] 0.11 [—0.17, 0.46]
YMmvsn =
0.11(0.15) 0.45(0.15)

0.11[—0.17,0.46]  0.45[0.08,0.57]

The MVSN model offers several advantages for the analysis of matrix-valued financial
data. It captures complex dependence structures by jointly modeling temporal (row-wise) and
cross-variable (column-wise) covariances, while the inclusion of skewness through the matrix
A allows for departures from Gaussian symmetry, particularly evident in the dividend com-
ponent. By preserving the matrix structure, the model facilitates interpretation and supports
efficient likelihood-based estimation. Moreover, nonparametric bootstrap standard errors and
quantile-based confidence intervals provide a flexible, distribution-free assessment of estimation

uncertainty across all parameter matrices.
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Model adequacy is assessed by comparing the Bayesian Information Criterion (BIC)
of the MV SN model with that of the classical matrix-variate normal (MVN) model. The BIC
values are 467.2621 for the MVN model and 451.8138 for the MVSN model, indicating a clear
preference for the MVSN specification. This improvement reflects the benefits of accounting for

asymmetry and richer dependence structures in the data.

Overall, the MVSN model provides a flexible and interpretable framework for analyzing
matrix-valued financial series. The estimated parameters shed light on temporal dynamics,
asymmetric behavior, and interactions between dividends and the divisor, while respecting the
inherent structure of the data. Potential extensions include heavier-tailed matrix-variate models,
such as skew-t or generalized hyperbolic formulations, as well as time-varying specifications to

further enhance modeling flexibility.



93

CHAPTER

MVSNC PROPERTIES AND PARAMETER
ESTIMATION

Matrix-variate normal and skew-normal models provide a natural and flexible framework
for the analysis of data with an inherent two-way structure, such as longitudinal panels, spatio-
temporal observations, image data, and repeated measurements. By preserving the matrix form
of the observations, these models allow row-wise and column-wise dependence to be modeled
separately through parsimonious covariance structures, while maintaining interpretability and
computational tractability. Extensions to matrix-variate skew-normal models further enhance
this framework by allowing for asymmetric behavior, which is frequently observed in empirical
applications and cannot be adequately captured by symmetric Gaussian assumptions. In many
applied contexts, matrix-valued observations are subject to censoring, either because of measure-
ment limitations, detection thresholds, or institutional and design constraints. Ignoring censoring
can lead to biased parameter estimates and distorted inference, particularly when censoring
interacts with skewness and dependence structures. Although censored normal and skew-normal
models are well developed for vector-valued data, corresponding methodological developments
for matrix-variate distributions remain comparatively limited. The joint presence of matrix
structure, skewness, and censoring substantially increases both theoretical and computational
complexity, as it requires integrating over censored regions of high-dimensional sample spaces

while simultaneously accounting for latent variables that induce asymmetry.

This chapter addresses these challenges by focusing on matrix-variate skew-normal
models with censoring. The first section introduces the matrix-variate skew-normal censored
(MVSNC) model, which extends existing matrix-variate skew-normal formulations by explicitly
incorporating observation-level censoring. The model preserves separable covariance structures
and interpretable skewness parameters, while remaining flexible enough to accommodate a broad
range of censoring patterns encountered in practice. Its formulation relies on latent-variable

representations that clarify the probabilistic structure and facilitate likelihood-based inference.
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The second section of the chapter develops an estimation procedure for the MVSNC
model based on an Expectation—Conditional Maximization (ECM) algorithm. The ECM frame-
work is particularly well suited to this setting, as it exploits the hierarchical structure induced by
both skewness and censoring, leading to computationally efficient and stable parameter updates.
The chapter presents the construction of the complete-data likelihood, the derivation of the
required conditional expectations, and the resulting conditional maximization steps. Practical
aspects such as identifiability, convergence behavior, and implementation considerations are
also discussed. As far as we know, the sole article discussing matrix variate distributions in the

presence of censoring is Lachos et al. (2025a).

Together, these two sections provide a coherent methodological framework for modeling
and inference with censored matrix-variate skew-normal data. The developments presented
in this chapter lay the foundation for the empirical analyses and extensions explored in the

subsequent chapters.

5.1 MVSN for Interval-Censored and Missing Data

Let X = {X1,..., X, ..., A, } be a set of n observed matrices from the MVSN model.
In this framework, we consider a similar approach to that proposed by Valeriano et al. (2023)
to model the censored and missing multivariate responses. In detail, the observed data for
the i-th subject are given by the pair of matrices ();,C;), where each element of the matrix
Y represents either the uncensored observations ();jx = J;jx) or the interval-censoring level

(Vi jk € V1 ko Wi jk]), and C; is the matrix of censoring indicators, satisfying

if Vg < X < Vaige
Cijk _ 1ijk ijk 2ijk (51)

0 if Xk = Noiji,

forallie {1,...,n}, je{l,...,p}and k € {1,...,q}. Accordingly, the observed information
for the sample of n matrices is represented by the collections JN/ ={V1,..,Vi,---,Vu} and
C = {C1,...,Ci,...,Cyn}, where ); contains the observed interval bounds and C; indicates the

corresponding censoring status.

Under this formulation, the MVSN model combined with the relation defined in (5.1)
gives rise to the MVSN interval-censored model (hereafter referred to as the MVSNC model).
In this setting, the censoring mechanism induces truncation on both sides of the support of the
underlying distribution. Specifically, for each entry, we only know that the latent observation A i
lies within the interval determined by the lower and upper bounds, that is, Vy;jx < Xjjx < Vaiji.
Missing observations can be conveniently accommodated within this framework by setting
Viijk = —o and Vy;jx = oo, thereby preserving a unified representation for fully observed,

censored, and missing data.
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5.2 ML Estimation for the MVSNC Distribution

Since the censored log-likelihood of the MVSNC model is analytically intractable (at
least to the best of our current knowledge), we overcome this difficulty by transferring the
problem to the multivariate framework. This is possible due to Proposition 13. In particular, we
exploit the results presented in the references Galarza, Matos and Lachos (2022) and Morales
et al. (2022), where the authors discuss the multivariate skew normal censored model and the
MomTrunc R package. To be more precise, here is the vector-valued version of the MVSNC
model (MSNC* model from now on).

Let x = {x1,Xp,...,X,} be n observed vectors from the model X ~ MSN*(u,Q,1).
However, the response vector x; may not be fully observed due to censoring. We therefore define
(y,c) as the observed data for the i-th sample, where y = {y,,y»,...,¥,} contains either an
uncensored observation (y;; = ;) or an interval-censored value (y;; € [¥, Y2i])- Each vector

in the set ¢ = {¢y,¢y,...,¢, } denotes the censoring indicators, defined by

L ity <¥i < Yoirs

0, ifyx=You

Cik =

forallie€ {1,...,n} and k € {1,...,p}. In other words, ¢; = 1 whenever the observation y;
falls within a specified censoring interval, indicating that its exact value is not directly observed

but only known to lie between predetermined bounds.

Under this formulation, the model X ~ MSN*(u,Q, A) defines the multivariate skew-
normal interval-censored model (hereafter referred to as the MSNC* model). Similarly, one
can define the distribution X ~ MSNC(u,A,b) which comes from the distribution MSN with
parametrization (L, A, b) in the presence of censoring. Missing observations can be incorporated
into this framework by setting y;;, = —o° and y,;, = +o°.

Proposition 28. Let X ~ MESN7 (1, Q, 4, k), and suppose that X is partitioned into two parts
as X = (XT,XZT)T, where the subvectors X; and X, have dimensions p; > 1 as well as p, > 1,
respectively, satisfying p; 4+ p» = p. Let us also set up that

0, Q
Q=" p=(ulu)T, A=(2].A)7 and o= (9].0;)",
Q1 Qo

which represent the corresponding partitions of Q, pt, A and ¢ := Q121 where each is defined
consistently with the same block structure adopted for the random vector and its associated

covariance decomposition. Consequently, it can be concluded firstly that:
1/2~
X ~MESN;, (11, Qi1,¢12911°§), c12K)
Secondly, one may also claim that

1/2
Xy | X; = x; ~ MESN}, (15 1, Q001,000 02, 2.1),
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where the following relations hold

cro=(1+ 0; Qoo 1 ®,) ~1/2 (normalizing constant)
0, =0, + Ql_llﬁlz(pz (adjusted shape vector)
Q1 =Qp — 92191_]] Q12 (Schur complement)

Ly =ty +Q21Q7 ! (x; — ;) (conditional mean)

Kyl =K+ qT)IT(Xl —Uy) (updated skewness)

Proof. This result is mentioned in the reference Morales et al. (2022), for instance. O

Proposition 29. Let X ~ MESN,,(1,A,b, k) in accordance with Definition 13, and let X be
partitioned as X = (XIT, XzT )" where p; + p, = p. Let us also consider the partition of A:

A A
A_ (A An
ALY IAYY)

where = (1] ,it, )" andb= (b] ,b, )" be the corresponding partitions of ¢ and b. Then X; ~

d
MESN,, (1,A11,by, k1) as well as X5 | Xj = X1 ~ MESN, (15 1 +ba blg(lxl) A2 1,b21,501),

where the following relations hold

K| =k01/6 (marginal skewness parameter),
1
by | = 5 (by — AzlAﬁlb 1) (conditional shape vector),
1
Apr 1 =AM — Ay 1A1_11A12 (Schur complement / conditional scale matrix),

Hyy =Myt AzlAﬁl (x; — ;) (conditional mean),

01
with 8 = /1B Aj!'by. dy, (x1) = b{ A7 (xi — j1;) and 81 = \/1+b] A% by . Assume

throughout that A is symmetric positive definite. In particular, this implies that Ay is positive

d
K1 =M1 (Iq + M) (updated conditional skewness).

definite and therefore invertible, and that the Schur complement A3 ; is also positive definite.

Proof. The stochastic representation of the target distribution is given by X = u +bW +V with
W ~TN(0,1,[~k/8,)), V~N,(0,A),W LV,and § = /1 +bTA~'b. Partition conformably

X — X y= My b b A Al A Vo Vi _
X, )’ [y b/’ Ay Ap )’ \%]

We start with the derivation of the marginal distribution of X;. From the stochastic representation
we immediately obtain X; = p; +b;W + V. By the marginalization property of the multivariate
normal distribution, V| ~ ./\/171 (0,A;}), and since W LV, we also have W | V. Hence X;
admits the same latent—truncation representation as the MESN model in dimension p;. Define

81 =/ 1+bA;/'b;.
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Given that the same latent variable W appears in the marginal stochastic representation of Xy, its
truncation bound remains —k/J. In the reduced MESN parametrization, however, the truncation

is written as —kj /0;. Therefore consistency of the parametrization requires

K1 K

5 =5
which implies k] = k9;/9.

Before determining the distribution of the X, given X| = X1, it is convenient to define
the transformed random vector € :=V, — A21A1’11V1. From the theory of partitioned multivariate
normal distributions, it follows that € ~ N/, e (0,A25.1), where the conditional covariance matrix

is given by App 1 = Ay — A21A1_11A12.

Since W LV and € is a linear transformation of V, it follows that W L €. Substituting
Vi=X;—u;—bWinto V, = A21A1_11V1 + €, and the result into X, = i, + bW + Vo, it yields
that

Xo =ty +An1 AL (X1 — 1) + (b — Aot A D)W + €.

Therefore, upon conditioning on X = x;, the conditional random vector X, | X; = x; can be

written explicitly in the following stochastic representation form:
Xo [ Xy =x1 =y +1rW+e¢,
where the conditional location term is given by
Hyy = o+ A AL (%1 — 1),

and the adjusted shape vector is r = by — A21Af11b 1.

At last, it remains to derive explicitly the conditional distribution of W | X; = x;, which
is the key step in completing the hierarchical representation of the model. Recall that, from the
stochastic representation X; = u; +b;W +V; with V| ~ N, (0,A;;) and W L Vy, it follows
that, for any fixed w € R,

X |W :WNNPI(LLl —|—b1W,A11).

Consequently, the conditional likelihood of X given the latent variable W is proportional to the

Gaussian kernel
1 _
Txw (X1 [ w) o CXP{—E(Xl —py—bw) A (x1 -y —blw)}.

On the other hand, by assumption, W ~ TN(0, 1,[—k/8, +e0)) so its density is proportional to

the standard normal kernel exp(—w?/2) restricted to the interval [—k/§,4-0). Since

Jwix, (W[ x1) o< fiw (W) fx,jw (X1 [ w),



98 Chapter 5. MVSNC Properties and Parameter Estimation

and the prior density of W already incorporates the truncation indicator 1{w > —k/d}, the
posterior density is proportional to the product of the Gaussian likelihood kernel and the truncated

normal prior kernel. The posterior density of W given X; = X is, up to a normalizing constant,
Ir o TA-1 K
fW|Xl(W|X1)°<eXp —E [W +(X1—,Ll1—b1W) All (xl—,ul—blw)} l{wz—g}.

We now expand the quadratic form in w appearing in the exponent. A straightforward

algebraic calculation yields the result
(x1 =y = biw) TAL (k1 =y —biw) = (x1 — ) TA (x1 = 1) —2wb [ A (x1 — 1) +w?b] Ay
Collecting the terms that depend on w, the exponent becomes
1
exponent = — 8iw? —2dyp, (x1)w|,

where we have introduced the quantities dp, (x;) =b] A[}' (x; — ;) and 87 = 1 +b] A 'b;.

The posterior kernel is therefore quadratic in w, and the distribution can be identified by

completing the square. Indeed,

2 d2
5212 — 2dy, (x))w = 87 (W_ dbl(X1)> ~ dg (x1)

2 2
o o
Since the last term does not depend on w, it is absorbed into the normalizing constant. We
conclude that the conditional density corresponds to a normal kernel with mean dy,, (x;)/ 512 and

variance 1/ 8]2, truncated to the original support of W. Therefore,

. dbl(Xl) 1 K
W|X1_X1NTN( 612 ’5_12,[_5’ > )

which establishes the claimed conditional Gaussian structure and completes the derivation.

We now introduce the location-scale transformation

— _ dp, (Xl))
U= (W 512 ,

so that the conditional latent variable is expressed in standardized form. This reparametrization
allows the distribution to be written in the canonical MESN structure. Then it follows that
U | X = x is standard normal, and the truncation transforms linearly to

U>- (K'l + —dbléxl)) )
1

Consequently, we obtain that the latent variable U given X; = x; follows a standard normal

distribution truncated at the updated lower threshold. That is to say,

U|X1 =x; ~TN (0,1, |:— (Kl—{—dbléxl)) ,—{—oo))’
1
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which restores the latent variable to the standard TN(0, 1, -) form required by the target MESN
stochastic representation. At last, since
dp, (x U
w= ) U
0; o)
we substitute this expression into the conditional representation of X,. A direct rearrangement

then yields the following result

dbl (X1>
01

1
+byU+¢€, where by|=—= (bz —A21A1_11b1) .

X2 | Xl =X] = Uy —|—b2_1 51

The first two terms define the updated conditional location, while the term b, ;U represents the
new skewing mechanism induced by the standardized truncated normal variable U. The noise

term € remains Gaussian with covariance matrix Ay, 1 and is independent of U.

This is the MESN stochastic representation in dimension p», as the conditional model
preserves the latent—truncation structure with parameters updated according to x;. In particular,
the Gaussian component is governed by the Schur complement Aj; 1, and the truncation level is

adjusted as

K dp, (x

2L — i+ by (%1) and & = \/1 +b) A% ba.

6.1 d1 S
Hence,

dp, (X
K21 =021 (Kl +%) :
1
which ensures that the truncation is written in the canonical MESN parametrization. Therefore,
dp, (X
X, | X; =x; ~MESN,, (#2.1 +b2.1%, A1, by, K2.1) ,

showing that the MESN family is closed under conditioning with respect to subvectors. [

To calculate the censored likelihood, let us start by considering the vectorization of the
observed data X = {X|,...,X,}. Its vectorized version is denoted by vec(X) = {xi,...,x,}.
Similarly, the vectorization of the censored entries Y = {V,...,V,} is vec(Y) = {y},....¥, }-

Lastly, the vectorization of the censoring indicator matrices C= {Cy,...,Cy} is denoted by

vec(C) = {ey,...,cn}.

In order to construct the observed-data likelihood under censoring, we decompose
each observed realization into its observed and censored components, thereby separating the

fully observed entries from those subject to interval restrictions. More precisely, for each

ie{l,2,...,n}, we write x; = (Xf’T

T .
,X{ )T, where the superscripts o and c denote the observed
and censored parts of the vector, respectively. This decomposition is performed componentwise

according to the censoring pattern of the i-th observation.
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Accordingly, after a suitable reordering of the entries to align the observed and censored

components, the associated censoring indicators and latent variables may be written in a com-

. T T
patible block form as ¢; = (¢/ ,¢f

component of the latent vector is further partitioned as y{ = (y{;,¥5;)-

T T . .
)T andy; = (y? ,y¢ )", where, in particular, the censored

This block representation is fundamental for deriving the likelihood contribution of each
observation, since it allows us to express the joint density in terms of marginal and conditional
distributions. In particular, depending on the parametrization adopted for the multivariate ex-
tended skew normal model, one may invoke either of the Propositions 28 or 29 to compute the

likelihood function in closed form.

We assume that our base model is described by X ~ MVSNC,,.,(M,A,X,¥). In order
to reformulate the log-likelihood from the matrix-variate context into an equivalent vector-
valued representation, we invoke Proposition 13. As a result, the following relation holds
vec(X) ~ MSNC(vec(M),vec(A),¥ ® X). If one chooses to approach the problem through
Proposition 28, we need to make a parametrization convertion. More precisely, in light of
Propositions 6 and 4, vec(X') ~ MSNC7, (vec(M),Q, 1), where Q = ¥ @ X + vec(A) vec(A)T

and the expression of A is given by

(¥ RL+vec(A)vec(A)T)~1/2vec(A) B Q12 vec(A)
(1+vec(A)T(PRX)Lvec(A))~1/2 (1 —vec(A)TQ 'vec(A))!/2

Taking into account the notation in Proposition 28, the corresponding relations are

00 oc
‘Qi Qi

Wi = (uiOTaufT)T7 Q= <Q€0 Q?C> ’ 24i = ()«iOTa)biCT>T and O, = (gDiOT’ (plFT)T.

Then, still in accordance with Proposition 28, we have the following.

X ~ MSN o (119, Q2,072 37)

[ | 1

cc.ol/2
i

and X{ | X{ = x7 ~ MESN ¢ (u{, Q{“%, Q ¢¢, k), where

Louge = +Q0(9) " (x0 — ),
2. Qfeo — Qe Q@O(qu)flggc
3.7 = 07 +(Q7); g,

4. ¢ = (1+ 5T Qf0pf) =112,

5. K60 = 97T (x0 —1f).

1

The likelihood function corresponding to ¥ := (M, A, X, ¥) given the observed data (),C) is

08 | vec(Y), vec(C)) = anlog&(ﬁ | vee(X;)), (5.2)
i=1
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where /; represents the likelihood function of ¥ for the i-th sample observation vec(X;):
tivec(Xi) | 0) = f(y1; <x; <o [ X7, 0)f(x7 | 9)
in accordance with the previous distributions of the random vectors X¢ and X{ | X7 = x?.

An analogous approach can be developed by invoking Proposition 29. By partitioning
the vector-valued random variable X into observed and censored components and adopting
the corresponding block decomposition of (i, A,b), the marginal distribution of X; and the
conditional distribution of X | X| = x; follow from the closure of the MESN, family under
partitioning. The updated parameters arise from the same Schur complement structure and affine

adjustments described in Proposition 29, preserving the MESN stochastic representation.

Although the observed log-likelihood function (5.2) can be directly evaluated through
the MomTrunc R package without imposing a heavy computational cost, its analytical form
involves intricate expressions that make it impractical for straightforward maximum likelihood
(ML) parameter estimation. To address this issue and improve numerical stability as well as
interpretability, the estimation procedure can be greatly facilitated through the use of an EM-
based algorithm, which decomposes the optimization into simpler expectation and maximization

steps, providing an efficient iterative framework for convergence to the ML estimates.

5.2.1 The ECM algorithm

To implement the ECM algorithm for estimating the parameters of the MVSN distribution
under censoring — following the EM framework of Dempster, Laird and Rubin (1977) and its
conditional maximization extension of Meng and Rubin (1993) — we adopt the latent-variable
representation of the model. In this formulation, both the unobserved skewing variable and the
censored entries are incorporated into an augmented complete-data structure, which makes the
likelihood substantially more tractable than its observed-data counterpart and facilitates the

subsequent optimization steps.

The core idea of the EM-type approach is to treat the latent variable W together with the
censored components of X; as missing data, thereby embedding the problem into a complete-data
framework (X;,W;). Under this augmented representation, the complete-data log-likelihood
admits a simpler analytical form, avoiding the intractable integrations required in the observed-
data likelihood. Consequently, the algorithm proceeds iteratively by maximizing the conditional
expectation of the complete-data log-likelihood given the observed (censored) data and the

current parameter estimates.

For clarity, we present the full expression of the E-step function Q;(¢ | ©%)) in the
censored-data setting. This formulation makes explicit how the conditional expectations incorpo-
rate both the latent skewing variable and the unobserved censored components. It also allows
each parameter to be analyzed and updated separately, which distinguishes the classical EM

algorithm from its ECM extension.



102 Chapter 5. MVSNC Properties and Parameter Estimation

To proceed, we adopt the following conventions:

(0

Wi = By yee(ry) (Wi | vee(), vee(Ci), ),

D S

w2 |Vec(yl) Vec(C) %),

)
)

vec(wX ) ED 1= By o v, (Wi vee(X;) | vee()), vee(Cr), D
)
)

%)
vee(X;) vee(X)T | vee(3), vee(G), B

IE"W vec(X

())

vee(X kD) = Ew vee(x;) (vee(X:) | vec()), vee(C;), O

Vec(‘)(z)(k—'—l) EW Vec

)

which can be derived following the results presented in the reference Galarza, Matos and Lachos
(2022). Indeed, the expressions for them can be found in such reference and, whenever truncated
moments are needed, we do also use Morales ef al. (2022) to overcome such difficulty. This
conversion is possible because the conditional expectations required in the matrix-variate case
can be equivalently expressed in terms of the corresponding conditional expectations obtained
after vectorizing the data. To apply the expectation step, we need to determine the individual
log-likelihood of the joint distribution of the pair (X', W) for each ();,C;) where i € {1,2,...,n}.
Specifically, if we stablish the following convention Z = X — M, it can be expressed as:

(D) o — —log z -2 log P — —tr (2—1 (Zi—wA)P~ (2 - wA)T>
=_ Elog X — 5 log P| — Etr((‘l’@)Z)_l vec(Z; —wA)vec(Z; —wA) ")
- %log|2| - glog|‘1’|

- %tr((‘P @ %) H(vec(Zi)vec(Z) T —w(vec(Z;)vec(A) " +vec(A) vec(Z) "))

(e el veela) ).

Remark. By virtue of the definition of Z := X — M and the conventions defined above, both ex-
— ~ ~  ~(k ~
pressions vec(wZ;)*t1) .= &, vee(x) (Wivee(Z;) | vec(Vr), vee(Cy), 3" )) and vec(Z?)*+1) .=
~(k
Ew vec(x;) (vec(Z;) vec(Z DT | vee(d), vee(C;), 19( )) have well known formulas. To be more

precise, it can be concluded that:
vec(wZ;)® = vec(wX)® — 5 vec(M®*))
Likewise, it can also be claimed that:

vee(ZH)® = vec(X?)® — vec(X X)) vec(M®))T

1

—veeM®) vee(A) T +veeMM) veeMM)T.

(0

E-step: Given the current estimate

(k) ~(k)

~ = ~ (k
={M A X ,‘P()}inthek—thstepoftheECM

algorithm, the E-step provides the conditional expectation of the complete data log-likelihood

(k)

function (Q-function), whose expression is given by:

09 8") =E(t(8) | 9,C,8") = Y 0i(w | 3"), (5.3)
i=1
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where each Q; corresponds to:

~ () q p 1 _1(k)
Qi(v |0 )=—Eloglzl—Elogl‘l’l—itr{(‘l’@@z) A

~(k
and the expression of AE ) is given by:

b _ vec(Z2)W — Vec(ﬁi) ®)yecT (A) — vec(A) vec " (ﬁi)(k) + w?Fvec(A)vec " (A),

iy
Lemma 14. To start with, let us convention that m := E(vec(Z;) —wvec(A) | V;,C;, %)) and
S := Cov(vec(Z;) —wvec(A) | Vi, C:, 9*))). Under the MVSNC model assumption, the matrix
~(k)
Al

. of dimension pg x pq is symmetric and positive definite iff S is positive definite or v/ m # 0

whenever v # 0.

. . . .k
Proof. To begin with, note that we can rewrite the matrix AE ) as follows:

~(k ~ o~
AY B ((vee(Z) — wvec(A))(vee(Z) — wvec(A)T | i, Cr, 8%) =S+ mm .
~(k
from which it can be concluded that AE ) is always symmetric and positive semi-definite. Conse-

~(k
quently, the matrix AS ) is positive definite iff for every v € RP?\{0}, one has that:
(k)

vIA v=v'Sv+v imm'v=v'Sv+ (v m)’>>0
This relation, by its turn, occurs iff vSv>0orv' m #0. O

Remark. Because ng) is not always strictly positive definite, at each ECM iteration the interme-
diate matrix ng) is projected onto the cone of symmetric positive semidefinite matrices using the
nearPD function from the Matrix package in R. This function, which implements the algorithm
of Higham (1988), computes the nearest positive semidefinite matrix to a given symmetric input
in the Frobenius-norm sense. Although the nearPD algorithm formally yields the nearest sym-
metric positive semidefinite matrix, in practice this projection can be safely regarded as positive
definite when small negative eigenvalues (typically of order 10~!6) arise from floating-point
errors. This adjustment is numerically justified and widely adopted in EM-type algorithms, as it
ensures the feasibility of the Cholesky decomposition required for updating the scale matrices ¥
and ¥, without compromising the statistical validity of the parameter estimates. In the highly
exceptional case where ng) is exactly singular, the Cholesky factorization may fail. To handle
such occurrences, a tryCatch mechanism was implemented to prevent premature termination
of the algorithm: whenever singularity was detected, a new data sample was generated for that
replicate. This safeguard enhances the numerical robustness of the estimation procedure without
introducing bias into the overall Monte Carlo results. Such corrective projections are widely
employed in EM-type algorithms and Gaussian process models to preserve numerical stability
when covariance structures are theoretically positive semidefinite but may lose definiteness
due to finite-precision arithmetic (see, for example, Higham (1988), Seeger (2004), Boyd and
Vandenberghe (2004)).
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Theorem 5. At the k-th step of the EM algorithm, the Q-function can be expressed as:

AR (k)

~ (k) 1 -
0% | ¥ ):—71 og |¥| — 10g|2|——ZZtr = 'B;;
z 1j=

~(k ~(k
)= ng). Here ng) is jth column of the pg x pq

O 1B T® , (5.4)

o (k)

~(k
where Bf j) is a p x g matrix such that vec(B;;
~(k ~(k
lower triangular matrix LE ), obtained from the Cholesky decomposition of the matrix AE ) as

previously mentioned and defined.

) (k)=

~(k
L( )Lik since Af ) is a positive definite matrix. Thus:

Proof. First, recall that Kl(

~ (k) n n 14 7 1~
CIE ):—Tplog]‘P\—quogM—EZtr (P lAi}
=1 -

np ng 1<
= "Prog ) - Miogly| -~ Y & |[(Po )" ]
P log ]~ loglx] - Y u [ e

__ hp nq 1 ¢ T 1T
——710g|‘P|—710g|2|—§;tr_L (P®X) L]

n pq
15°(k)
210g|‘I’| log|2|——ZZ[ (PR) Ll-j],

~(k
where the last equality holds because Lg j) is the jth column of the pg X pg lower triangular

.o (k . . e .
matrix Lf ). Using standard identities involving the vec operator, the trace, and the Kronecker

product, such as the key relation
tr(PQRS) = vec(P') " (S" ® Q) vec(R).

It follows that

A0 SR R0NT g am®
QB |¥) = -5 log|‘P]——log]Z|——Z Z vec(B;;') (¥QZX) 'vec(B;; )]
i=1j=1
n_ pq
:—%logl‘P] log]Z|——ZZtr 1B ‘I’_IB Lo
i=1j=
which concludes the proof. ]

The updated Q-function in (5.4), when reformulated in terms of the Cholesky decom-
position of the matrix ka), closely mirrors the structure of the corresponding function in the
multivariate normal (MVN) framework discussed by Glanz and Carvalho (2018). In that setting,
analytical solutions for the model parameters are explicitly derived in Glanz and Carvalho (2018).
Building on this analogy, Theorem 5 not only facilitates the simplification of the required matrix
derivatives with respect to X and ¥ but also ensures that their closed-form solutions can be
obtained in a straightforward and computationally efficient manner, as detailed in the subsequent

discussion.
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~(k
CM-step 1: The conditional maximization of the function Q(% | 19( )), as defined in Theorem 5,
with respect to the covariance matrices ¥ and W, leads — following the same reasoning as in

Glanz and Carvalho (2018) — to the update equations presented below.

k+1 1 &2 ()~ (k) AT
:_ZZB T el (5.5)
nq ;=1 =1
Gl 1 & &~k DTk T (k
:—pZZB i (5.6)

Note that, to satisfy the identifiability constraint || = 1 in the estimation process, the estimator
of W in (5.6) is then replaced by:

<

S
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£)A
=~
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el
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Remark. Before deriving the update equation for the location matrix M and the skewness matrix
A, we first need to unwrap the argument of the trace function appearing in the expression of

?ic(©). More precisely, we have:

> N2 —wAY N Z—wA) T =2 N (M —wA) P (X —M—wA)T
_ Z—IXi\P—le_T _ylxyw'MT _Z—l(w)(-i)lp—lAT
MY A MM M IAT
2 AY T (wx) T+ wE T AP T IM 4w AR IAT,

Based on this relation, we are now in a position to compute the conditional expectation of
the complete-data log-likelihood function ¢, and subsequently maximize it with respect to the

location matrix M and the skewness matrix A, respectively.

CM-step 2: To obtain the update equation of the location matrix M, notice that

lie(®) e tr(Z W IMT)
+uZ Myl
— (T 'MPIM ")
—wtr(ZT'MPIAT)
—wtr(ZTAPTIM)

Therefore, since the linear operator vec is invertible, the knowledge about the conditional

expected value of X; and wA; are known. Having said that, due to the linearity of the trace



106 Chapter 5. MVSNC Properties and Parameter Estimation

function as well as the linearity of the operator [E, it results that:

0i(8 | ) oc te(x 1 B*H DIV T
Ftr(ZT M (D) T
— (- 'MPIM")
,(k“)tr( “IMEIAT)
l(k+1) tr(Z ylAp— IM)

Thus, after differentiating the Q-function with respect to M and solving the corresponding

equation in terms of the updated location matrix, one may conclude that:

n

N+ lz (k1) plkr D) 5 1))

i=1

3

CM-step 3: Analogously, in order to obtain the update equation of the skewness matrix A, we

first need to notice that:

0:(8 | 9") e tr(z 1 (W) W 1AT)
(k+1) (Z ]M\P ]AT)
+tr(z—1Aqf— (wa;) K1) T
(k+1) (Z IA\P 1M>
2(k+1) (Z IAlP IAT)

Hence, after differentiating the Q-function with respect to A and solving the corresponding

equation in terms of the updated skewness matrix, it results that:

~1
Ak+1) (i k+1> i{(@)(l‘H)—@(kH)M(k)}-

i=1

Remark. Finally, we stopped the algorithm when

E(@UM) | vec(V), vec(C))

(37 | vee(V)vec( @)
vec(V),vec(C))

<€

with € = 107°, that is to say, the algorithm stops when the relative distance between two

successive evaluations of the log-likelihood is less than the tolerance.

Although we have not explicitly mentioned in the body of the text, the E-step function
o8 | ﬁ(k)) 1s concave with respect to any of its parameters when the others are held fixed, which
ensures the existance of a unique global maximum at each step. This is justified by the same

arguments as proven for the uncensored model MVSN.
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CHAPTER

MVSNC: SIMULATIONS AND APPLICATION

This chapter investigates the Matrix-Variate Skew-Normal Censored (MVSNC) model
through simulation studies and real-data analysis. The first section focuses on fitting the MVSNC
model to simulated data under censoring, examining the model’s ability to recover skewness and
covariance structures in controlled settings. The second section applies the MVSNC model to
real data with missing or censored entries, illustrating its practical utility in uncovering latent
patterns and handling incomplete observations. Together, these sections highlight the MVSNC

model’s flexibility and effectiveness in modeling matrix-variate data subject to censoring.

6.1 Simulation Studies

To assess the finite-sample performance of the proposed estimators, we have carried out
an extensive simulation study using data generated from a matrix-variate skew-normal (MVSN)

distribution with dimensions p = 3 and g = 4. The true location and skewness matrices are:

1.00 2.00 1.00 2.00 —-1.00 -2.00 —1.00 —-2.00
M= (200 2.00 1.00 1.00{, A=]200 -2.00 1.00 -1.00],
3.00 3.00 2.00 3.00 3.00 -3.00 2.00 -3.00

whereas the true row covariance and column covariance matrices were defined as

2.151 1.721 1.377 1.101

1.50 0.60 0.24
1.721 2.151 1.721 1.377
Y= 1060 1.50 0.60| Y=
1.377 1.721 2.151 1.721
0.24 0.60 1.50

1.101 1.377 1.721 2.151

For each simulated dataset, we randomly selected a percentage ¢ € {5%, 15%,30%} of the total
pgn elements and replaced them following three distinct censoring or missing-data scenarios
(s € {1,2,3}), in order to assess the impact of different levels and patterns of incomplete data on

model performance:
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1. Only interval-censored values: A proportion cens of the smallest observations was selected
using the empirical quantile of the simulated sample. For each selected value x, the exact
observation was replaced by a symmetric interval [L,U] = [x — 2s,x+ 25| where s denotes

the empirical standard deviation of the censored subset.
2. Only missing values: All selected entries were substituted with +oo.

3. Mixed (50% missing): Half of the selected entries were replaced using Scenario 2, and the

remaining half followed Scenario 1.

We examined three sample sizes, n € {100,200,400}, leading to 3 x 3 x 3 = 27 simula-
tion settings from all combinations of (c,s,n). For each setting, 200 independent datasets were
generated. To evaluate estimation accuracy, we employed the Frobenius norm as a metric to
measure the discrepancy between the true parameter values and their corresponding estimates
(M, K,f‘,, ‘f’) derived from the MVSNC model applied to each simulated dataset.

The initial model comparison employed a baseline approach in which all incomplete
observations were removed from the dataset prior to analysis. Following this deletion, the
standard MV SN model was fitted to the remaining complete cases, providing a benchmark to
evaluate the relative efficiency and performance of the proposed MVSNC method against this

traditional deletion-based strategy.

The second model comparison followed the methodological framework proposed by the
reference Lachos et al. (2025b), where the parameters of the MVN distribution are estimated
in the presence of censored data. Specifically, we generated censored samples from the matrix
variate normal inverse gaussian (MVNIG) distribution according to the formulation of Gallaugher
and McNicholas (2019), and then computed the BIC values for both the MVSNC and MVNC
models. The results consistently showed that, across all simulated scenarios, the MVSNC
model outperformed the MVNC model, demonstrating its robustness and flexibility in modeling

censored matrix-variate data with skewness and moderately heavy-tailed behavior.

6.1.1 Comparing the MVSNC and MVSN Models

We begin by noting that the parameter initialization adopted in the simulation study
follows the procedure described in Correia, Davila and Diniz (2025). The plots below present the
estimation errors for the MVSNC and MV SN models across all combinations of censoring levels
(¢) and sample sizes (n) considered in the three simulation scenarios. For each configuration,
the boxplots summarize the empirical bias and variability of the parameter estimates based on
200 independent replications, capturing both the central tendency and the dispersion across runs.
These visualizations provide a comprehensive assessment of model stability and accuracy, clearly

illustrating the impact of censoring intensity and sample size on estimation reliability.
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Frobenius Distance (Error)

Frobenius Distance (Error)

Frobenius Distance (Error)

Frobenius Distances for the Location Matrix

E= MVSNC EEE MVSN

c: 5% c: 15% c: 30%

n: 100 n: 200 n: 400 § n: 200 n: n: 100 n: 200

109

n: 400

WHH;HHH+HH+ﬁ@J¥FL$JﬂJL;***J

Scenario

Figure 7 — Boxplots of the Frobenius distances for the location matrix M

Frobenius Distances for the Skewness Matrix
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Figure 8 — Boxplots of the Frobenius distances for the skewness matrix A
Frobenius Distances for the Row Covariance Matrix
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Figure 9 — Boxplots of the Frobenius distances for the row covariance matrix X
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Frobenius Distances for the Column Covariance Matrix
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Figure 10 — Boxplots of the Frobenius distances for the column covariance matrix ¥

Several important trends can be observed from these results. First, the MVSNC model
consistently outperforms the MVSN model across all estimated parameters and simulation set-
tings. This advantage stems from the fact that the MVSN model ignores incomplete observations,
which effectively reduces the usable sample size and weakens the accuracy and efficiency of its
estimates. By contrast, the MVSNC model leverages the information contained in both censored
and observed data, yielding parameter estimates that are more precise, stable, and reliable, even

when a substantial portion of the data is incomplete.

Another important observation relates to how the performance gap between the two
models varies across different scenarios. For a given (c¢,n) combination, the MVSN model
generally delivers similar results across all scenarios. On the other hand, the MVSNC model
shows notably smaller estimation errors, especially in scenarios involving only censoring. This

highlights the MVSNC model’s robustness in handling datasets affected solely by censoring.

The accuracy of the estimates improves steadily as the sample size n grows, confirming
the asymptotic consistency and dependability of the proposed estimators. With larger n, the
MVSNC model becomes more capable of utilizing the information from incomplete observations
to recover the underlying data structure. In contrast, the MVSN model remains affected by the
loss of information from discarded cases, leading to increased variability, higher estimation
errors, and lower efficiency, especially when the sample size is small or the degree of censoring
is high.

Figure 11 presents the boxplots illustrating the distribution of the Bayesian Information
Criterion (BIC) values obtained for both the MVSNC and MVNC models under a variety of
simulation settings, where the datasets were generated according to the MVNIG distribution. The
figure clearly demonstrates a consistent pattern across all examined configurations. Specifically,
for every combination of the censoring proportion (c¢) and sample size (n), and across all

considered scenarios, the MVSNC model systematically yields lower BIC values than the



6.1. Simulation Studies 111

MVNC model, which reflects a consistently superior overall fit. Moreover, as the proportion
of censored observations (c) increases, the disparity in performance between the two models
becomes even more evident, emphasizing the robustness of the MVSNC approach under heavier
censoring conditions. This observed behavior aligns with theoretical expectations: while both
models incorporate the effects of censoring in their likelihood formulations, the MVSNC model
further accommodates distributional asymmetry through its explicit skewness component. As a
result, it provides a more flexible and realistic approximation of the underlying data-generating
process, ultimately leading to lower BIC values, enhanced model adequacy, and a more accurate
reflection of the true structural characteristics of the data.

BIC Values (MVSNC vs MVNC)

E= MVSNC B MVNC

c: 5% c: 15% c: 30%
n: 50 n: 100 n: 200 n: 50 n: 100 n: 200 B n: 100

3 +
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—m—
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——
+
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++++++

2500
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Figure 11 — Boxplots of the BICS used to compare the models MVSNC and MVNC

It is noteworthy that the MVSNC model achieves lower BIC values despite having more
parameters, suggesting that the gains in model fit outweigh the BIC’s complexity penalty. This
pattern is consistent across all simulation settings, highlighting the robustness and stability of
the proposed approach under varying levels of censoring and sample sizes. From a theoretical
standpoint, these results emphasize the benefits of incorporating skewness into matrix-variate
models, as it improves the ability to capture asymmetric patterns, directional effects, and latent
heterogeneity commonly observed in real data. In practical terms, this added flexibility leads
to more reliable inference and better model adequacy, particularly when censored observations
occur alongside asymmetric or moderately heavy-tailed distributions. Overall, these findings
reinforce the value of skew-extended models for providing a more accurate, expressive, and

informative representation of matrix-valued data.
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6.2 Application

To evaluate the empirical performance and practical applicability of the proposed
MVSNC model, we conduct an analysis using a real-world environmental dataset focused on
water quality measurements in the Chesapeake Bay. Specifically, we employ the dataCensored
dataset provided in the baytrends package for R, which was originally introduced by Murphy et
al. (2019) and later made publicly available through Murphy et al. (2023). This dataset consists
of long-term monitoring data that track multiple chemical and nutrient indicators at a series of

sampling stations within the Chesapeake Bay Program.

For each monitoring station, a collection of p chemical variables is recorded across ¢
distinct vertical water layers, repeated over n separate sampling occasions. Consequently, the
dataset can be naturally represented as a three-way array with dimensions p X g X n, which aligns
well with the matrix-variate modeling framework. This structure enables the explicit modeling
of row-wise dependencies that capture spatial or inter-variable correlations among the chemical
indicators, as well as column-wise dependencies that reflect vertical stratification within the
water column. By leveraging separable covariance matrices for these two dimensions, the model
can account for complex correlation patterns in the data while maintaining interpretability and

computational tractability.

From the eight monitoring stations, we selected CB5.4 and EE2.1 due to their contrasting
patterns of incomplete data. Station CB5.4 mainly exhibits sporadic missing values, whereas
station EE2.1 is largely characterized by interval-censored measurements. This contrast enables
a focused evaluation of the MVSNC model’s performance and robustness under different types

of data loss while preserving the key covariance and skewness structures of the dataset.

Station CB5.4. At this station, we examine p = 3 variables: PO4 (orthophosphorus), DIN
(dissolved inorganic nitrogen), and NH4 (ammonium). The proportions of missing and censored
observations are: 14.93% missing and 1.60% censored (PHy), 13.11% missing and 0.94%
censored (DIN), and 7.80% missing and 0.72% censored (NHy), giving total incompleteness
levels of 16.56%, 14.05%, and 8.52%, respectively. Each variable is recorded at g = 4 layers —
surface (S), above-pycnocline (AP), below-pycnocline (BP), and bottom (B) — over n = 452
sampling occasions, forming a 3 x 4 x 452 data array. At this site, the majority of the incomplete
data is due to missing observations, whereas censored measurements account for only a small

fraction of the overall incompleteness.

Exploratory visualization. To illustrate the temporal patterns, variability, and potential trends
of nutrient concentrations over time at station CB5.4, Figures 12a—12d present the time series
of phosphate (PO,), dissolved inorganic nitrogen (DIN), and ammonium (NHy) across the four
water layers: surface (S), above-pycnocline (AP), below-pycnocline (BP), and bottom (B). Each
plot clearly highlights the occurrence of censored observations, represented by gray vertical

segments, as well as missing observations, indicated by red squares.
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(a) Surface (S) layer

Nutrients concentrations at station CB5.4 (S Level)

(c) Below-pycnocline (BP) layer

Nutrients concentrations at station CBS5.4 (BP Level)
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(b) Above-pycnocline (AP) layer

Nutrients concentrations at station CB5.4 (AP Level)
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(d) Bottom (B) layer

Nutrients concentrations at station CB5.4 (B Level)
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Figure 12 — Temporal evolution of censored nutrient concentrations (PO4, DIN, and NHy) at station CB5.4
across the four depth layers, which are represented by the orange, blue and purple colors,
respectively. Each panel displays the corresponding time series for a specific layer, with
censored and missing values

To illustrate the distribution of nutrient concentrations at station CB5.4, Figure 13
presents the histograms of phosphate (POy,), dissolved inorganic nitrogen (DIN), and ammonium
(NHy) across the four water layers — surface (S), above-pycnocline (AP), below-pycnocline (BP),
and bottom (B). The figure distinguishes observed measurements, interval-censored observations,

and missing values using the color scheme defined below.

Station EE2.1. At this station, censoring is more prevalent. We consider p = 3 variables: POy
(orthophosphorus), TDN (total dissolved nitrogen), and TDP (total dissolved phosphorus). The
proportions of missing and censored observations are 1.81% missing and 26.22% censored
(POy4), 5.21% missing and 7.39% censored (TDN), and 5.64% missing and 7.18% censored
(TDP), giving total incompleteness levels of 28.03%, 12.60%, and 12.82%, respectively. Each
variable is measured at g = 4 layers — surface (S), above-pycnocline (AP), below-pycnocline
(BP), and bottom (B) — across n = 470 sampling occasions, forming a 3 x 4 x 470 dataset. The
predominance of censored observations here contrasts with the pattern observed at station CB5.4.
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Histogram with Observed, Interval Censored and Missing Data from the CB5.4 Station
Substances: DIN = Blue, NH4 = Purple, PO4 = Orange | Interval Censored Observations = Red (Midpoint) | Missing Data = Dark Red
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Figure 13 — Histogram showing the distribution of observed nutrient measurements, interval-censored
observations, and missing data collected at station CB5.4

Exploratory visualization. Figures 14a—14d illustrate the censored nutrient time series for
station EE2.1, focusing on phosphate (POy), total dissolved nitrogen (TDN), and total dissolved
phosphorus (TDP) across the four depth layers. Each plot indicates the presence of censored
observations (shown as gray vertical segments) and missing values (shown as red squares).
The figures reveal a considerable proportion of censored measurements, particularly for POy,
where values often fall below the analytical detection limit. This high prevalence of interval
censoring underscores the need for models that explicitly incorporate censoring mechanisms
in the likelihood function. Additionally, the co-movement observed between TDN and TDP
across layers points to a strong vertical dependence structure, which is effectively captured by
the matrix-variate modeling approach.

In order to examine the distributional patterns of nutrient concentrations at station EE2.1,
Figure 15 presents histograms of phosphate (POy), total dissolved nitrogen (TDN), and total
dissolved phosphorus (TDP) across the four depth layers. The figure distinguishes observed
measurements from interval-censored values and missing data using the established color scheme,
enabling a clear assessment of data completeness. A substantial portion of PO4 measurements
falls below the analytical detection limit, resulting in interval censoring. Furthermore, the
similarities in the distributions of TDN and TDP across depth layers reflect a vertical dependence

structure that is naturally accommodated by the matrix-variate modeling framework.
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Figure 14 — Temporal evolution of censored nutrient concentrations (PO4, TDN, and TDP) at station
EE2.1 across the four depth layers, which are represented by the orange, pink and green
colors, respectively. Each panel displays the corresponding time series for a specific layer,
with censored and missing values

For both stations, the data are organized as random matrices X7,...,A,, with rows
representing variables and columns corresponding to sampling layers, where left- and right-
censoring result from laboratory detection limits. Each station exhibits a distinct pattern of
censored measurements, reflecting variations in depth, chemical properties, and environmental
conditions. We analyze the parameter estimates from the Matrix Variate Skew-Normal Censored
(MVSNC) model applied to the dataCensored dataset, which extends the matrix-variate skew-
normal distribution by incorporating censoring indicators within its hierarchical structure. This
framework simultaneously models skewness and incomplete observations, yielding more accurate
estimates of location and scale parameters and effectively capturing the asymmetric, moderately
heavy-tailed behavior typical of environmental data under detection-limit constraints. Moreover,
the model coherently represents the dependence structure across variables and layers, enhancing

interpretability and robustness in practical applications.
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Histogram with Observed, Interval Censored and Missing Data from the EE2.1 Station
Substances: PO4 = Orange, TDN = Pink, TDP = Green | Interval Censored Observations = Red (Midpoint) | Missing Data = Dark Red
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Figure 15 — Histogram illustrating the distribution of observed nutrient measurements, interval-censored
observations, and missing data recorded over time at station EE2.1.
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Readers interested in a comprehensive discussion of the estimation and interpretation
of the parameters Myyvne, Emvne, and Wyyne for stations EE2.1 and CB5.4 are referred to
Lachos er al. (2025b). Their work offers both theoretical and empirical insights into how the
estimated structures capture spatial and vertical variability under censoring. Building on this
framework, we concentrate on interpreting the parameter estimates obtained under the MVSNC
model for each station, analyzing their magnitude, spatial configuration, and depth-specific
patterns, and discussing how these characteristics reflect the underlying variability present in the

observed data.

For the estimation of the location matrix (1/41\7[) and the row and column covariance matri-
ces, we employed the expressions introduced in Chapter 3. In this framework, the location matrix
is obtained from M and A as described in Proposition 12, while the row and column covariance
matrices correspond to Cyow and Cgqp, respectively (see Proposition 24). The location matrix is
interpreted following the standard convention, whereas Cyow and C, provide complementary
insights into the dependence structure of the matrix-valued data. Specifically, C;ow summarizes
joint variability across rows, combining a skewness-driven term (G%,AAT) with Gaussian row
variability (tr(W)X), while C¢ reflects co-movements among columns, incorporating both struc-
tured dependence induced by A and underlying Gaussian fluctuations. Together, these matrices

capture the principal patterns of dependence observed in practice.
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6.2.1 Interpreting the MVSNC Model Estimates

In this section, we provide a detailed presentation and discussion of the results obtained
from the application of the Matrix-Variate Skew-Normal with Censoring (MVSNC) model to the
interval-censored and missing observations contained in the dataCensored dataset. Following
the estimation of the model parameters, we thoroughly examine several aspects of the fitted
model, including the inferred dependence structure across variables and sampling layers, the
skewness patterns identified within the data, and the manner in which the model accommodates
and interprets censored observations. The results presented in the following subsections illustrate
that the MVSNC framework is capable of effectively capturing not only the main characteristics
and inherent variability of the observed data but also the more subtle structural relationships
that may exist among variables. Furthermore, the model provides a coherent and comprehensive
representation of the underlying multivariate process, demonstrating clear practical advantages
when dealing with incomplete datasets, asymmetric distributions, and the complex patterns often
encountered in environmental measurements. This comprehensive modeling approach therefore
offers both robust parameter estimation and enhanced interpretability, making it particularly

suitable for real-world applications where data incompleteness and skewness are prevalent.

Results for the CB5.4 station

Based on the BIC results for both fitted models (IMVSNC and MVNC), we observed
that the MVSNC model (BIC = —20765.6) achieved a lower value than the MVNC model
(BIC = —20602.84). Because smaller BIC values indicate a better trade-off between model
fit and complexity, this finding suggests that the MVSNC formulation offers a more accurate
representation of the censored observations in the baytrends dataset. The observed improvement
in model adequacy motivates a detailed examination of the parameter estimates under the
MVSNC model, allowing us to investigate how the explicit incorporation of skewness and
censoring mechanisms contributes to more reliable and informative inference in the matrix-

variate framework, particularly in the presence of incomplete data.

The location matrix corresponding to the CB5.4 station, estimated as 1/41\71(335,4 and fully

consistent with the results established in Proposition 12, can be expressed as follows:

S AP BP B
— po4 | 0.002 0.003 0.008 0.013
LMcps4 = ,
din | 0.122 0.116 0.115 0.129
nh4 | 0.017 0.025 0.054 0.082

The matrix LMcps.4 presents the estimated average nutrient concentrations for each of
the four depth layers, offering an overview of the vertical variation of key chemical variables

within the dataCensored dataset. These estimates can be interpreted as follows:
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* Phosphate (PQy4): The estimated mean values exhibit a clear increasing trend with depth,
ranging from approximately 0.002 at the surface (S) to 0.013 at the bottom (B) layer. This
pattern suggests that phosphate concentrations rise in deeper waters, a behavior typically

associated with remineralization processes and sediment nutrient release.

* Dissolved Inorganic Nitrogen (DIN): The DIN estimates remain relatively stable across
the water column, varying slightly between 0.115 and 0.129. This homogeneity indicates
that nitrogen compounds are more uniformly distributed, possibly due to vertical mixing

or balanced biological uptake and regeneration processes.

* Ammonium (NHy): The concentration of ammonium increases markedly with depth,
from 0.017 at the surface to 0.082 at the bottom. This gradient reflects the accumulation of
NHy in deeper layers, consistent with oxygen depletion and organic matter decomposition

that enhance ammonium release near the sediment.

Overall, the estimated location matrix I/Jl\\/ICBSA reveals coherent ecological patterns consistent
with the expected nutrient cycling dynamics of stratified aquatic systems. The results further indi-
cate that the MVSNC model captures realistic spatial variation while maintaining interpretability,
even in the presence of censored or missing observations. These findings reinforce the suitability

of the MVSNC approach for modeling asymmetric and incomplete environmental data.
The estimated skewness matrix KCB5.4 is given by:

AP B BP S

din | 0.0731 0.0554 0.0617 0.0832
nh4 | 0.0080 0.0275 0.0148 0.0042
po4 | 0.0002 0.0008 —0.0001 0.0002

AcBsa =

This matrix represents the estimated skewness parameters associated with each nutrient
(rows) across the four depth layers (columns) obtained from the fitted MVSNC model.

* DIN: The positive skewness coefficients across all layers (ranging from 0.055 to 0.083)
indicate a mild right-skewed behavior in the distribution of dissolved inorganic nitrogen
concentrations. This suggests occasional high DIN values relative to the mean, consistent

with transient nutrient pulses or episodic enrichment events.

* NHy: The skewness parameters are positive but smaller in magnitude, varying between
0.004 and 0.027. This pattern implies a weak asymmetry, with slightly heavier right tails
especially near the bottom (B) layer, possibly reflecting localized ammonium accumulation

under low-oxygen conditions.

* POy4: The skewness values are close to zero and include a small negative entry at the BP
layer (—0.0001), indicating that phosphate concentrations are nearly symmetric and stable

across depths, without pronounced deviations from normality.
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The estimated skewness pattern shows that asymmetry is more evident for nitrogen com-
pounds (DIN and NHy), while phosphate exhibits an almost symmetric behavior. These observa-
tions align with the underlying chemical and biological processes in the system: nitrogen-related
variables tend to display episodic fluctuations driven by biological uptake and remineralization,
whereas phosphate remains relatively stable. The MVSNC model successfully captures both the
direction and extent of skewness across nutrients and depth layers, demonstrating its ability to

model non-Gaussian characteristics in censored environmental data.

. . . . . . Arow .
The correlation matrix corresponding to the estimated row covariance matrix Ccps 4 18
presented below, providing a clear summary of the pairwise relationships among the rows in the

dataset:

po4 din nh4
ﬁ(arcol\;VS )= po4 | 1.000 0.394 0.577
’ din [ 0.394 1.000 0.522
nh4 | 0.577 0.522 1.000

. . = /ATO . o . .

The estimated correlation structure of R(CC];VSA) provides insights into the linear de-
pendence among the nutrient variables (PO4, DIN, and NH,) at station CB5.4. All correlation
coefficients are positive, indicating that increases in one nutrient tend to be associated with

increases in the others.

* The strongest association is observed between PO4 and NHy4 (r = 0.577), suggesting
that phosphate and ammonium concentrations vary together across the samples. This
relationship likely reflects their common origin from organic matter remineralization

processes in deeper or less-oxygenated waters.

* The correlation between DIN and NHy (r = 0.522) is also moderate, indicating that
variations in total dissolved inorganic nitrogen are influenced by fluctuations in ammonium

levels, as NH, constitutes one of its key components.

* The weakest correlation occurs between PO, and DIN (r = 0.394), although still positive.
This moderate relationship suggests that, while both nutrients are linked through biogeo-
chemical cycling, they may respond to distinct processes or time scales within the aquatic

system.

The correlation structure displays a consistent nutrient pattern, with strong connections
observed among the different nitrogen forms and moderate links between nitrogen and phos-
phorus. The positive and moderately high correlations suggest that the estimated §(62’§5,4)
accurately reflects realistic co-variation among nutrient concentrations, in accordance with
ecological expectations for estuarine systems influenced by nutrient recycling and sediment

interactions.
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. . . . . . ~column
The correlation matrix corresponding to the estimated column covariance matrix Ccgs 4

is presented below, providing a comprehensive overview of the pairwise relationships among the

columns in the dataset:

S AP BP B
s [ 1.000 0.854 0.474 0.357
RE™ = | ap|0.854 1.000 0.571 0.442
BP | 0.474 0.571 1.000 0.824
B | 0.357 0.442 0.824 1.000

. . . =~ ~column .
The estimated correlation matrix R(Ccps 4 ) describes the dependence structure among

the four water-depth layers (Surface — S, Above-Pycnocline — AP, Below-Pycnocline — BP, and
Bottom — B) at station CB5.4. The generally positive and relatively high correlations indicate
that nutrient concentrations at different depths are strongly interrelated, reflecting the vertical

coherence of the water column.

* The strongest correlation is observed between the S and AP layers (r = 0.854), suggesting
that surface and above-pycnocline waters exhibit highly similar nutrient dynamics. This
is expected given their close proximity and exposure to similar physical and biological

processes such as mixing, primary production, and atmospheric exchange.

* The BP and B layers are also strongly correlated (r = 0.824), indicating a tight coupling
between the deeper water masses. This likely arises from sediment—water interactions and

vertical diffusion that homogenize nutrient conditions near the bottom.

* Moderate correlations between intermediate and surface layers (e.g., AP-BP: r = 0.571 and
S—BP: r = 0.474) reveal some stratification effects, suggesting that while the water column
remains partially mixed, vertical gradients still influence nutrient exchange between upper

and deeper layers.

* The weakest correlations involve the surface and bottom layers (S-B: r = 0.357), reflecting
distinct physicochemical conditions between these depths, possibly driven by differences

in oxygen concentration, light availability, and sediment nutrient fluxes.

The correlation pattern across depth layers indicates a system that is both vertically
structured and interconnected, where the upper layers are dynamically influenced by mixing
and biological processes, while the deeper layers exhibit strong internal consistency governed

~column

by benthic dynamics. The estimated ﬁ(CCBSA ) effectively captures the combined features of

stratification and inter-layer coupling characteristic of estuarine environments.
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Results for the EE2.1 station

Based on the BIC values computed for the two fitted models, the MVSNC model
(BIC = —24180.83) clearly outperforms the MVNC model (BIC = —24021.84). Since smaller
BIC values indicate a better compromise between model fit and complexity, this result suggests
that the MVSNC formulation provides a more flexible and precise representation of the censored
data in the baytrends dataset. The improved performance of the MVSNC model further justifies
a thorough examination of its parameter estimates to evaluate how the integration of skewness

and censoring components enhances inference within the matrix-variate modeling framework.

The estimated location matrix LMgg» | is given by:

S AP BP B
— po4 | 0.004 0.003 0.004 0.004
LMEgg2. =
tdn | 0.558 0.547 0.544 0.549
tdp | 0.017 0.017 0.017 0.018

This matrix presents the estimated average nutrient concentrations across the four depth
layers (Surface — S, Above-Pycnocline — AP, Below-Pycnocline — BP, and Bottom — B) at station
EE2.1, as obtained from the fitted MVSNC model, providing a detailed summary of the vertical

distribution of key chemical variables in the water column.

* Phosphate (PO4): The mean phosphate concentrations remain nearly constant across all
depths, ranging from 0.003 to 0.004. This stability suggests a relatively homogeneous
vertical distribution, possibly due to efficient vertical mixing or a steady-state balance

between biological uptake and regeneration.

* Total Dissolved Nitrogen (TDN): The estimated means show minimal variation across
layers (0.544-0.558), indicating that nitrogen levels are well distributed throughout the wa-
ter column. Such consistency may reflect strong hydrodynamic connectivity and sustained

nutrient availability across depths.

* Total Dissolved Phosphorus (TDP): The TDP values are almost constant (0.017-0.018),
showing a very stable phosphorus profile with a slight increase near the bottom layer,

potentially associated with weak sedimentary release processes.

The estimated location matrix Ijl\\/IEEZJ exhibits a relatively uniform nutrient pattern along the
vertical profile, indicating minimal stratification effects at station EE2.1. This consistency implies
that nutrient concentrations are largely controlled by mixing processes rather than pronounced
vertical gradients, and demonstrates that the MVSNC model effectively represents the balanced

distribution of nutrients, even in the presence of censored observations.
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The estimated skewness matrix Aggy 1 is given by:

AP B BP S
KEEz.l _ po4 | 3.051063 x 107> —0.0005145 —0.0003387 0.0002372
tdn 0.2138 0.1847 0.1979 0.2459
tdp —0.002142 —0.002307 —0.0002156 —0.001321

This matrix presents the estimated skewness parameters for each nutrient (rows) across the four
depth layers (columns), as derived from the MVSNC model fitted to station EE2.1, providing
a comprehensive summary of how asymmetry varies both among nutrients and throughout the

vertical profile.

* Phosphate (PQy4): The skewness coefficients for PO, are very close to zero in all layers,
with small positive values at AP and S and small negative values at B and BP. This pattern
indicates an essentially symmetric distribution of phosphate concentrations at EE2.1, with

no pronounced tail behavior in any particular direction.

* Total Dissolved Nitrogen (TDN): The skewness parameters for TDN are clearly positive
in all layers (ranging approximately from 0.18 to 0.25), with the largest value at the surface
layer S (= 0.246). These positive coefficients signal a right-skewed distribution, suggesting
the presence of occasional high TDN values relative to the mean. The slightly stronger
skewness near the surface may reflect episodic inputs or biological events (e.g., primary

production or external nutrient pulses) that intermittently increase nitrogen concentrations.

* Total Dissolved Phosphorus (TDP): For TDP, the skewness estimates are predominantly
negative (around —0.002 at AP and B, and slightly less negative at S and BP). This indicates
a mild left-skewed behavior, with somewhat heavier lower tails. In practical terms, this
suggests that relatively low TDP values occur more frequently than would be expected
under symmetry, possibly due to strong biological uptake or limitation episodes that drive

concentrations downward.

The estimated matrix KEEZ.I indicates that asymmetry is most pronounced for TDN,
which shows a consistently right-skewed distribution across all depths, while PO4 remains nearly
symmetric and TDP exhibits a slight left skew. These patterns underscore the non-Gaussian
characteristics of the nutrient profiles at station EE2.1 and demonstrate the capacity of the
MVSNC model to capture distinct skewness behaviors across both variables and depth layers,

even in the presence of censored observations.

. . . . . . NIrow .
The correlation matrix corresponding to the estimated row covariance matrix Cgg, | 1S
presented below, providing a detailed overview of the pairwise relationships among the different

rows in the dataset and their relative associations across the measured variables:
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po4 tdn  tdp
ﬁ(ég’é )= po4 | 1.000 0.021 0.218
‘ tdn | 0.021 1.000 0.046

tdp | 0.218 0.046 1.000

The estimated correlation matrix ﬁ(ég&l) provides a summary of the dependence
structure among the nutrient variables (PO4, TDN, and TDP) at station EE2.1. The overall
pattern indicates generally weak linear associations, suggesting that the nutrient variables largely

vary independently within the water column.

* The correlation between PO4 and TDP (r = 0.218) is the largest in the matrix, though
still relatively low. This positive association is ecologically coherent, as both nutrients are

phosphorus-related and may respond similarly to remineralization or sediment release.

* The correlation between TDN and TDP (r = 0.046) is very weak, indicating that nitrogen
and phosphorus concentrations vary mostly independently, possibly reflecting distinct

biogeochemical cycling or source processes.

* The correlation between PO4 and TDN (r = 0.021) is negligible, suggesting that phosphate

and total dissolved nitrogen follow unrelated temporal or spatial dynamics at this station.

The estimated ﬁ(ég&l) reveals that nutrient co-variation at station EE2.1 is generally weak,
with only a moderate correlation observed between the phosphorus forms (PO4 and TDP). This
correlation structure indicates that the processes controlling nitrogen and phosphorus distributions
are largely independent and demonstrates that the MVSNC model effectively captures the limited

interdependence among nutrients in the censored observations at this site.

. . . . . =~ ~column, .
The correlation matrix related to the estimated column covariance matrix R(Cgg, | ) is

presented below, providing a summary of the pairwise relationships among the different depth

layers.

S AP BP B
S [1.000 0.919 0.873 0.846
RS — | AP 0919 1.000 0.902 0.873
BP | 0.873 0.902 1.000 0.901
B | 0.846 0.873 0.901 1.000

. . .= ~col
The estimated correlation matrix R(C]C;])E;nlm) captures the dependence structure among the four
depth layers (Surface — S, Above-Pycnocline — AP, Below-Pycnocline — BP, and Bottom — B)
at station EE2.1. The correlations are uniformly high and positive, indicating a strong vertical

coherence in nutrient concentrations across the water column.
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* The strongest correlations are observed between adjacent layers, such as S-AP (r = 0.919)
and BP-B (r = 0.901), reflecting smooth vertical transitions and the absence of sharp

discontinuities in the nutrient profiles.

* The correlations between nonadjacent layers, while slightly smaller, remain strong (e.g.,
S-B: r = 0.846), suggesting that the entire water column behaves as an interconnected

system with limited stratification.

* The overall pattern, with all » > 0.84, implies that temporal and spatial nutrient variations
at one depth are closely mirrored at others, consistent with an environment where mixing

processes dominate over stratifying forces.

The estimated ﬁ(ég’;‘;“fn) highlights a strongly correlated vertical structure, suggesting that
nutrient dynamics at station EE2.1 are vertically interconnected. This pattern is typical of well-
mixed or moderately stratified estuarine systems and demonstrates that the MVSNC model
effectively captures the pronounced interlayer dependencies present in the censored nutrient

observations.

Discussion and Concluding Remarks

The analysis of the dataCensored dataset demonstrates that the MVSNC model suc-
cessfully captures both the central tendencies and the non-Gaussian characteristics of nutrient
distributions across the four depth layers, even in the presence of censored observations. The
estimated location and skewness matrices reveal that nitrogen compounds exhibit pronounced
right-skewed behavior, whereas phosphorus remains comparatively symmetric, reflecting the
underlying chemical and biological processes such as episodic nitrogen uptake and remineral-
ization. The correlation analyses indicate weak co-variation among the nutrient variables but
strong vertical coherence across depth layers, suggesting that nutrient dynamics at station EE2.1
are largely vertically integrated, consistent with well-mixed or moderately stratified estuarine

systems.

These findings highlight the ability of the MVSNC model to capture distinct patterns
of variability and skewness, providing an interpretable framework for understanding nutrient
interactions in complex environmental settings. While the approach proves highly effective, it
relies on latent-variable assumptions and can be computationally intensive for larger datasets.
Future work could consider Bayesian or hierarchical extensions, high-dimensional regularization,

or spatio-temporal modeling to further enhance inference and applicability.

In summary, the application of the MVSNC model to the dataCensored dataset under-
scores its flexibility and robustness in modeling asymmetric and censored environmental data,

offering valuable insights into nutrient distributions and interdependencies in estuarine systems.
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CHAPTER

THE MVCENS PACKAGE

The MVCens package implements a comprehensive and versatile framework for the
simulation and statistical inference of matrix-variate Normal (MVN) and matrix-variate Skew-
Normal (MVSN) models, addressing a broad spectrum of data structures commonly encountered
in practice. In particular, the framework is designed to accommodate both fully observed datasets
and situations involving incomplete information. Such incompleteness may arise through interval
censoring, left or right censoring, or the presence of missing values, all of which are explicitly
incorporated into the modeling assumptions and estimation procedures supported by the package.
This flexibility allows matrix-valued data to be analyzed under realistic observation schemes

without relying on ad hoc treatments of incomplete entries.

In addition, the package provides a comprehensive set of functions for generating matrix-
valued samples from MVN and MVSN distributions under a variety of censoring and missing-
data mechanisms, supporting both methodological research and simulation studies. Beyond data
generation, it includes dedicated routines for likelihood evaluation and parameter estimation
tailored to matrix-variate models. Statistical inference relies on maximum likelihood estimation
for complete MVN data and on ECM-type algorithms for MVN and MVSN models in the
presence of censoring or missingness. These procedures are implemented within a unified
computational framework that ensures methodological coherence and enables different model
specifications—censored or uncensored, symmetric or asymmetric—to be treated in a consistent
manner. The entire implementation is based on the stochastic representation X = M+ AW + V),
which underpins simulation, likelihood construction, and inference for skew-normal models
while facilitating the generation of asymmetric matrix-variate data and EM-based estimation

under incomplete observation schemes.
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ECM Estimation for Matrix-Variate Models

The function mv_ecm implements a unified ECM-type estimation algorithm for a broad
class of matrix-variate distributions, including the matrix-variate Normal (MVN), the matrix-
variate Skew-Normal (MVSN), and their censored counterparts, namely the MVNC and MVSNC
models. This unified implementation allows different distributional assumptions to be handled
within a common estimation framework. The algorithm is specifically designed to accommodate
datasets that include interval-censored observations, as well as datasets affected by missing

values, which frequently arise in practical applications involving matrix-valued data.

Model specification

The target distribution is specified through a character argument, enabling the user to
select among several model configurations. In particular, the function allows for the fitting of
a matrix-variate Normal model under complete observation, a censored matrix-variate Normal
model, a matrix-variate Skew-Normal model with complete data, or a censored matrix-variate
Skew-Normal model. This flexibility makes it possible to seamlessly transition between symmet-
ric and asymmetric models, as well as between complete and incomplete data scenarios, without

modifying the overall estimation procedure.

Data structure

Observed data are supplied in the form of a three-dimensional array of dimension
p X g X n, where each slice corresponds to a single matrix-valued observation. For uncensored
entries, the array contains the observed values directly, whereas for censored entries it stores
the corresponding lower bounds. In particular, missing values or left-censored observations are
encoded as —oo. Interval censoring is represented through an associated indicator array that
identifies censored elements, while the corresponding upper bounds are provided in a separate
array. For missing data or right-censored observations, these upper bounds are set to 4-co. This
data representation allows the ECM algorithm to correctly account for the censoring structure

during the estimation process.

Estimation output

The ECM algorithm returns estimates of the location matrix, the row covariance matrix,
and the column covariance matrix. When skew-normal models are considered, estimates of the
skewness matrix are also provided. In addition to parameter estimates, the output includes the
final value of the observed-data log-likelihood, the Bayesian Information Criterion (BIC) for
model comparison purposes, and the total number of ECM iterations performed until convergence.
Convergence is assessed based on a user-specified tolerance level and a maximum number of

iterations, ensuring numerical stability and computational control.
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Generation of Censored Matrix-Variate Data

The function rmatrix_censored is designed to generate synthetic matrix-valued obser-
vations from either an MVN or an MV SN distribution, with the option to introduce censoring
or missingness according to a user-defined mechanism. The degree of censoring is controlled
through a quantile-based threshold, which determines the proportion of entries subject to censor-

ing within each generated matrix.

Several censoring schemes are supported, including symmetric interval censoring, purely
missing data, mixed censoring schemes combining missing and censored values, as well as one-
sided censoring mechanisms such as left or right censoring. The function returns the censored
data array, an indicator array identifying which entries are censored, and an array containing
the corresponding upper censoring limits. These outputs are fully compatible with the input

requirements of the mv_ecm function, facilitating simulation studies and method validation.

Matrix-variate observations are generated using standard matrix-normal simulation
routines. In the case of skew-normal models, asymmetry is introduced by adding a skewness
matrix multiplied by the absolute value of a standard normal variate, in accordance with the

underlying stochastic representation adopted throughout the package.

Simulation of Matrix-Variate Skew-Normal Data

The function rmvsn generates samples from the matrix-variate Skew-Normal distri-
bution under complete observation. Given user-specified dimensions and parameter matrices,
the function produces a collection of matrix-valued observations according to the stochastic

representation
Xi=M+A|W|+V;,

where W; denotes a standard normal random variable and V; follows a matrix-variate Normal
distribution with specified row and column covariance structures. The resulting output is returned
as a three-dimensional array containing the simulated matrices, making it suitable for simulation

experiments and illustrative examples.

Summary

The MVCens package provides a flexible and extensible computational environment for
matrix-variate modeling in the presence of asymmetry and incomplete data. By combining
stochastic representations with ECM-based estimation procedures, the package supports simula-
tion studies, methodological development, and applied analyses involving censored or missing
matrix-valued observations. The unified design of its simulation and estimation tools facilitates

coherent modeling workflows and promotes reproducibility in matrix-variate statistical analyses.
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CHAPTER

CONCLUSIONS

This thesis advances the theory and methodology of matrix-variate skewed distributions
by developing a comprehensive framework for the matrix variate skew-normal (MVSN) and
matrix variate ekew-normal censored (MVSNC) models. The first part establishes fundamental
distributional properties, identifiability conditions, and computational tools for likelihood-based
inference under the MVSN framework. Through explicit latent-variable representations and a
tailored ECM algorithm, the proposed methodology provides stable, efficient, and interpretable
parameter estimation. Simulation studies and real-data analyses demonstrate the practical advan-
tages of incorporating skewness and structured matrix dependence, showing clear improvements

over the classical matrix-variate normal model in settings where asymmetry is important.

Building on this foundation, the second part extends the framework to censored and par-
tially observed matrix-valued data. The MVSNC model integrates skewness, matrix dependence,
and censoring within a unified hierarchical structure, allowing censored entries to contribute
directly to the likelihood via truncated conditional distributions. The resulting ECM algorithm,
implemented in the R package MVCens Correia, Davila and Diniz (2025) and freely available
at MVCens R package, offers a tractable and principled estimation strategy. Empirical results
confirm that the MVSNC model effectively preserves information that would otherwise be
lost through ad hoc preprocessing, outperforming standard approaches when data exhibit both

asymmetry and censoring.

Overall, this thesis provides a rigorous and versatile framework for modeling non-
Gaussian, asymmetric, and incomplete matrix-valued data. The combination of latent-variable
formulations, stochastic representations, and tailored estimation strategies lays a solid foundation
for future work, including Bayesian inference, high-dimensional regularization, hierarchical
structures, and spatiotemporal or longitudinal applications. These contributions establish a strong

platform for continued advances in modern matrix-variate statistical modeling.


https://github.com/atilapcorreia/MVCens
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