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Notation

Rsom space of n X m real matrices

Ry, space of real matrices of order m

R?, space of symmetric matrices of order m

R cone of real symmetric positive definite matrices of order m
R" space of n — dimensional real column vectors

a column vector a € R”

A matrix A

a, A’ transpose of a and A

Al inverse of A

1, n — dimensional vector of ones

I, identity matrix of order n

D, n* x n(n + 1)/2 duplication matrix

K., commutation matrix of order mn

A®B Kronecker product of two matrices

vec(A) vectorization of A

vech(A) vectorization of a lower triangle of symmetric matrix A
tr(A) trace of A

k(A) condition number of matrix A

Bdiagl’.‘=1 (Ay) block-diagonal matrix consisting of k matrices A; on the diagonal
dim(A) dimension of space A

AmB direct sum of the spaces A and 8

P4 (A) projection of matrix A onto the space A

S =-LX(I,-i1,1/)X

n sample covariance matrix

SmL = %X(In - %lnljl)X maximum likelihood estimator of covariance matrix

Abbreviations

ML
LS Least Squares

QS Quasi Shrinkage

CS Compund Symmetry

Maximum Likelihood

AR(1) Autoregression of order one



A Brief Introduction

This doctoral dissertation addresses problems in multivariate statistics, focusing on the estima-
tion of block structures of covariance matrices describing dependencies between sub-vectors
of observations, corresponding to natural groupings of observed variables. These groups may
arise, for example, from different feature types, hierarchical nature of the experiment, or repeated
measurements across various conditions (e.g., time points, locations, depths). In all these cases,
the partitioning of the vector of variables should be reflected in the covariance matrix, providing
block structures. Furthermore, specific dependence structures within each sub-vector as well as
between the sub-vectors, play a crucial role in the analysis of high-dimensional data, common in
various fields of science, such as, e.g., agriculture, genetics, biology, economics, or engineering.
In these settings, classical statistical methods often fail or become ineffective because the number
of variables (the dimension of the observation vector) is larger than, comparable to, or grows
together with the sample size. As a consequence, the sample covariance matrix often becomes
singular or ill-conditioned. Importantly, imposing structure on the covariance matrix reduces the
number of unknown parameters, thereby making estimation feasible in large- or high-dimensional
settings.

We consider block-structured covariance matrices partitioned into four sub-blocks, with square
symmetric (but otherwise unstructured) diagonal blocks of possibly different sizes. This extension
to rectangular off-diagonal blocks (cross-covariance matrices) provides a more flexible framework
for modeling covariance structures than classic approach with equal blocks dimensions, and
broadens the range of potential applications in multivariate statistics and related fields.

We begin with covariance structures whose off-diagonal blocks have one of the following two
forms: all elements are equal, that corresponds to a block of a compound symmetry covariance
matrix, or the off-diagonal block is proportional to the corresponding sub-block of a first-order
autoregression covariance structure. Subsequently, more general classes of partitioned matrices
with structured diagonal and off-diagonal blocks are studied. In particular, the construction of
the off-diagonal block structure depending on diagonal blocks, such that the whole covariance
matrix belongs to the quadratic subspace, is of interest.

The first important issue, studied in this thesis, is the choice of the relevant covariance structure.
In the literature, various methods have been considered to solve this problem, including graphical
approaches and algebraic methods based on discrepancy functions. Janiszewska et al. (2020) [A]

focus on the algebraic identification of block-structured covariance matrices using the entropy loss



function, which allows selecting the structure from a given set of candidates by minimizing the
discrepancy between symmetric positive definite matrix and candidate block-structured matrices.
Specifically, we consider two sets of structures described above: matrices with unstructured
diagonal blocks and off-diagonal blocks corresponding to off-diagonal blocks of the compound
symmetry or autoregression of order one structures.

The main goal of this dissertation is to develop computationally efficient methods for esti-
mating block-structured covariance matrices. Proposed methods offer advantages over classical
approaches, also discussed in the thesis, in terms of both structural simplicity and computational
cost.

In the paper by Markiewicz et al. (2024) [B] the estimators of block-structured covariance
matrices with off-diagonal blocks consisting of equal elements are proposed, whereas in Mokrzy-
cka and Mrowinska (2025) [C] block structures whose off-diagonal blocks are proportional to
the corresponding sub-block of an autoregression of order one covariance matrix are considered.
First, classical maximum likelihood estimators of these two specific block structures are derived.
Given the limitations of maximum likelihood estimators in terms of existence and computa-
tional feasibility, in Markiewicz et al. (2024) [B] and Mokrzycka and Mrowiriska (2025) [C]
the alternative estimation method based on the orthogonal projection of the maximum likelihood
estimator of unstructured covariance matrix onto the space of the considered block structures is
developed. Proposed projections, while not always preserving positive definiteness, are improved
using shrinking technique and, if necessary, algebraic correction. It is worth noting that the clas-
sic shrinkage method is adapted here to estimate structured matrices, which is a novel approach.
Furthermore, because of computational comlexity of proposed estimators in case of off-diagonal
block corresponding to autoregression of order one, in the latter paper, four additional estimation
methods are presented and compared with respect to several loss functions.

In this dissertation a special emphasis is placed on quadratic subspaces, where, among other
properties, the projection preserves positive definiteness. Moreover, the inverse of any matrix in a
quadratic subspace preserves the same block structure, thereby allowing the estimation of both the
covariance matrix and the precision matrix, which is particularly important in graphical models.
For this purpose in Filipiak et al. (2025) [D] block-diagonal representation and block-spectral
decomposition have been used to characterize a quadratic space and to present the projection of
a symmetric matrix onto this space. Moreover, it is shown that projection does not increase the
condition number. In addition, necessary and sufficient conditions under which a linear space of

partitioned matrices with a nonzero off-diagonal block, forms a quadratic space, are established.



Finally, a block-spectral representation of partitioned matrices belonging to considered space is
provided.

The quadratic spaces introduced by Filipiak et al. (2025) [D] are subsequently applied in
Filipiak et al. (2025) [E] to the estimation of block-structured covariance matrices with structured
blocks that do not belong to any quadratic subspace. It is shown that the optimal choice of a target
space in the shrinkage estimation method is a quadratic space, and that, under normality, the
resulting shrinkage estimator is consistent and asymptotically unbiased. It is also demonstrated
how the choice of a quadratic target space influences the statistical and algebraic properties of the
resulting estimator.

To achieve the objectives of this dissertation, statistical techniques, matrix analysis, and
numerical methods are employed. The properties of the introduced estimators are compared
through simulation studies. The proposed methods are further applied to a real-world data

example.



Organization

This thesis is divided into two parts. The first part, containing two chapters, serves as an
introduction to the topic of the dissertation and presents the review of the main results obtained

in the following series of papers:

[A] Block matrix approximation via entropy loss function
by Malwina Janiszewska, Augustyn Markiewicz, Monika Mokrzycka,
in Applications of Mathematics, 65(6), 829-844, 2020,

[B] Quasi shrinkage estimation of a block-structured covariance matrix
by Augustyn Markiewicz, Monika Mokrzycka, Malwina Mrowiriska,
in Journal of Statistical Computation and Simulation, 94(14), 3093-3110, 2024,

[C] Block covariance matrix estimation with structured off-diagonal blocks
by Monika Mokrzycka, Malwina Mrowirska,
in Statistical Papers, 66, 129, 2025,

[D] Characterization of quadratic subspaces of  partitioned matrices

by Katarzyna Filipiak, Augustyn Markiewicz, Malwina Mrowirska,

submitted,

[E] On estimation of partitioned covariance matrix with linearly structured blocks
by Katarzyna Filipiak, Augustyn Markiewicz, Adam Mieldzioc, Malwina Mrowirska
in Statistical Papers, 66, 98, 2025,

along with the main references.

In the second part of the dissertation the original articles are attached.
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Research Overview



Chapter 1

Preliminaries

1.1 Model

Consider an experiment with n observations, each represented as an m-dimensional random vector
X;, I € {1,...,n}. Assume that the x; are mutually independent and normally distributed with
mean E(x;) = u, an m-dimensional vector, and covariance matrix D(x;) = €, a symmetric positive
definite (p.d.) matrix of order m. This implies that the observation matrix X = (Xi,...,X,) has

a matrix normal distribution, that is
X ~ Nm,n(ﬂl;’galn)’ (11)

where 1,, is the n-dimensional vector of ones and I, is the identity matrix of order .

Suppose that each observation vector x;, i € {1,...,n}, is related to vectorizing a (multi-
indices) matrix of observations, and thus consists of multiple sub-vectors, corresponding to
natural groupings of observed variables. These groups may arise, for example, from different
feature types, the hierarchical nature of the experiment, or repeated measurements across various
conditions (time points, locations, depths, etc.). In all these cases, the partitioning of x; should
be reflected in the covariance matrix, providing block structure.

Assuming that each x;, i € {1,...,n}, consists of two sub-vectors, say x; = (y;,z)’, where
Yi € Ry, z; € Ry, p+q = m, the expectation of x; is partitioned accordingly, that is u = (p, p2)’,

and the covariance matrix of x;, €, is a block matrix of the form

Q Qp
9,12 Q,

(1.2)
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where Q € R;, Qi € Ryxy, Q) € R;. Matrices €21 and €2, are the covariance matrices of y;
and z;, respectively, while €, is the cross-covariance matrix between y; and z;.
The most common and well-known estimators of the unstructured covariance matrix are

the sample covariance matrix, S = ﬁX (I,, - %1,11:1) X’, which is an unbiased estimator,

and the maximum likelihood (ML) estimator, given by Sy, = %X (In - %1,11;1) X’. For Q
partitioned as in (1.2), the estimators S and Sy can be partitioned accordingly, resulting in
blocks 11 = 1Y (1, = 11,1) Y/, 82 = L2 (1, - 11,1;,) Z', 812 = Y (I, - 11,1;) Z', where
Y= (y---,¥,),Z = (z1,...,2,), and n* equals respectively n — 1 and n for an unbiased and
ML estimators of Qji, j,k € {1,2}. The estimator (S or Syi) employed in the subsequent
considerations will be explicitly indicated in the relevant sections.

In the literature it is common to examine whether any dependence between the two groups of

features is present, that is to test the hypothesis
Hy: Q,=0 Vs Hi: Q1 +0.

A well-known approach to testing independence is the likelihood ratio test based on Wilks’
Lambda statistic, originally introduced by Wilks (1932, 1935). If the null hypothesis is rejected,
it is reasonable to move on to a more detailed analysis of the potential dependence structures
between the sub-vectors of x;, for example, the same covariance between all the components of
y; and z;, resulting in Q15 = ylp l’q, where y € R.

Similarly, one can be interested in testing specific within-group dependencies, which are
revealed by the structures of 1 and €,. The most popular covariance structures considered in
the literature are, for example, sphericity, compound symmetry, Toeplitz or autoregression; cf.
Anderson (1969).

Assuming that x; is divided into more than two sub-vectors, the hypothesis about particular
block structure of € can be also of interest, for example, block-spherical structure (Olkin, 1973) or
block-compound symmetry (Szatrowski, 1982). It is worth noting, however, that such structures
are usually limited to equal dimensions of sub-vectors.

In this thesis, we consider various dependence structures, which will be presented in the next
subsection. In contrast to the unstructured covariance matrix €2, the matrix having a structure
will be denoted by I
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1.2 Covariance matrix structures

The unstructured covariance matrix € has m(m + 1)/2 unknown parameters to estimate. This
relatively large number of parameters can make estimation challenging, particularly in settings
with limited sample size. In such cases, the matrix of sums of squares and products may become
singular or ill-conditioned. Additional challenges arise in high-dimensional settings, where both
the sample size and the dimension may be large. High-dimensional data can make the sample
covariance matrix unstable, break down classical asymptotic results, and increase the cost of
matrix operations.

One way to address these issues is to impose structural constraints on the covariance matrix,
thereby reducing the number of unknown parameters. Depending on the nature of the experiment,
specific covariance structures often arise naturally and can be motivated by prior knowledge about
the data or identified using appropriate methods. Using a relevant structure leads to more stable
and reasonable estimators and improves the quality of statistical inference.

One of the most extensively studied and foundational types of dependence structures is a

linear structure, defined as follows.

Definition 1.2.1 (Anderson, 1973). The covariance matrix Q of order m has a linear structure if

it can be expressed as a linear combination of known, symmetric matrices Go, . . ., G, which are
assumed to be independent, that is
¢
Q= ZO' iGi,
i=0
where o0; € R, i € {1,...,{}, are unknown parameters. Furthermore, it is assumed that there
exists at least one combination oy, . . ., 0y such that Q is p.d.

The vector space with basis Gy, . . ., G¢ will be called a linear structure space of dimension /.
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In view of the partitioned structure (1.2) of €, let us consider the following sets of matrices:

T
71 = { 0 0 € R;H_q : TyeT1u1 ¢S Rz},
0 0 i S
Tr = { 0 T € Rp+q : Ty eTncC Rq},
22
0 T s
T3 = { , € Rp+q o TpeTnnc Rqu}»
T, 0
and a set
T ={'=T1+Ty+T3: Ty €Ty, T e T>, Ts€ T3} (1.3)

If all 75, 1,7 € {1,2},i < j, are linear subspaces, then 7 is a linear subspace that can be
presented as
T=T187,873, (1.4)

where B denotes the orthogonal direct sum. Notably, 7~ contains an identity matrix. Obviously,

if 71 =R}, T =Ry,

matrices. Such a linear space, of dimension m(m + 1)/2, will be denoted by S. If any of 77;;,

and 712 = Rpxg4, then 7 spans the linear space of all symmetric

i,j € {1,2},i < j is a proper linear subspace of R}, R}, and R,»,, respectively, then 7 is a
proper linear subspace of S.

One of the trivial examples of a linear subspace 7 is 7 BT 2, where 71| = R‘l‘, and 7o = Rf].
In other words, 7 is a space of block-diagonal matrices of the form

r-(T 0 (1.5)
Lo o)’ '

where I'}, I'; are arbitrary unstructured matrices of relevant order. Moreover, if I'y, I'; are p.d.,
then I' is a covariance matrix of a partitioned random vector with cross-covariance matrix equal
to zero (two sub-vectors are uncorrelated).

Assume now that both, 711 and 7 2, are the linear spaces of matrices having compound

symmetry (CS) structure, i.e.,

TU = {aqlp +,311pl;7 : al,ﬁl € R},
T2 ={a2ly +,821q1:] s ap, Br € R}

If a;, B;, i € {1,2}, are limited, such that 77;; and 7, are the cones of p.d. matrices, we can say

(1.6)

that, in a single sub-vector, the variances of random components are equal to each other and the

covariances between random components are also equal to each other.
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Let us consider now a subspace 7 = 7 | BT » BT 3, where 7 |1 and 7 », are the linear spaces
of CS matrices defined in (1.6), and 7 | is a linear space of matrices proportional to the matrix
of ones, i.e.

T 12 = {ylpl’q .y € R} (1.7)

If 7 is a cone of p.d. matrices, I' € 7 is a covariance matrix of partitioned random vector with
equal dependencies between the two sub-vectors.
Another structure space commonly studied in the literature is the space of CS structures of
the form
T =A{al,, +B1,1, : @, B€cR}. (1.8)

In view of the above considerations, it can be also represented as a special case of 71 BT 2 BT 3
with 7711, 7 22, and 7 1, defined in (1.6) and (1.7), where a; = @ and 81 = 3, = .

Finally, combining (1.5) and (1.7), we obtain the space of matrices of the form

r, 1,1
T= LT (1.9)
’qulp Fz

It is worth noting that all the above linear spaces, except the space containing matrices defined
in (1.9), are the quadratic subspaces of S, since they are closed under squaring, thatis if I' € 7~
then also I'> € 77; cf. Seely (1971). Furthermore, a space of CS matrices defined in (1.8) is the
commutative quadratic subspace of S, as the product of two matrices from the space belongs to
the same space and the matrices commute.

Another example of commutative quadratic subspace is the space of circular Toeplitz struc-

tures, of the form
T = {aolm+Za,~ (R’ +Rl) D@, l,...,Qy € R},
i=1

where m* = |m/2] if m is odd and m* = m/2 — 1 when m is even, and R is a zero-one
permutation matrix of order m with ones on the first sub-diagonal and the upper right corner
and zeros elsewhere. Note that if a;, i € {0,1,...,m"}, are limited such that 7 is a cone of
p.d. matrices, then every matrix from this cone is a covariance matrix of a random vector, for
which variances are equal to each other and the covariances of neighboring variables (arranged
circularly) are equal to each other.

Similarly as in the case of a space of block-diagonal structures with CS blocks, (1.6), the
space of block-diagonal matrices with 71| or 7 2, having circular Toeplitz structure will be of

interest in this thesis; see articles [D] and [E].
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Another covariance structure often considered in the literature is the first order autoregression,

AR(1), where the correlations between observations decrease exponentially with time, that is

m—1
‘P=V(Im+ZQ"H,~), (1.10)
i=1

wherey > 0,0 € (-1,1),and H;,i € {1,...,m— 1}, are zero-one matrices of order m with ones
on the i-th sub-diagonal and zeros elsewhere. Obviously, this structure is not linear.

In this thesis, similarly as in (1.9), we consider aset 7~ givenin (1.3) with 7 || = Rj,, T oo = R;,
and

Ti2={y¥Y2: vy €R},

where W1, is a relevant part of the AR(1) correlation structure, that is,

Qp Qp+l . . . Qp+q—3 Qp+q—2 Qp+q—1
Qp—l Qp Qp+1 . . . Qp+q—3 Qp+q—2
Qp—l Qp Qp+1 . . Qp+q—3
Y= :
o’ ot o1 Tt 72
ot 0 ' o™t o1 !
o o 0 ot ot

In other words, the considered set of structures contains matrices of the form
r ) 4
= 1 yiR (1.11)
7\1"12 FZ

where I'| and I'; are arbitrary unstructured matrices of relevant order. The set consisting of
matrices of the form (1.11) will be denoted by 7 ar. The set of p.d. matrices I' will be denoted
by 7 - Finally, the set of well-conditioned p.d. matrices I' will be denoted by 7 .
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1.3 Estimation methods

In this section, we present the estimation methods considered in the doctoral dissertation. The
main objective is to determine an estimator of a block covariance matrix with a prescribed
structure that satisfies the same structural constraints, is positive definite and well-conditioned,

possesses desirable statistical properties, and remains computationally feasible.

Maximum likelihood estimator

It is well known that the ML estimators of the expectation u and the unstructured covariance
matrix £ under the model (1.1) are, respectively, X = %Xln and SmL, = %X (In - %lnl,’l) X’
Since the structure imposed on the covariance matrix does not affect the ML estimator of g,
substituting u into the likelihood function simplifies the estimation of the structured covariance

matrix I' to maximizing the following log-likelihood function
In £(T) = —% In(27) — gln Ir| - gtr (SMLr—‘) , (1.12)

with respect to I' over a set 7 of structured p.d. matrices.

In general, solving this constrained optimization problem is complex and computationally de-
manding, typically requiring iterative procedures. However, when the structure space is quadratic,
the ML estimator is simply the projection of Syy1. onto the structure space; cf. Filipiak et al. (2020).

The ML estimation over 7 (>:>s and TfR 1s addressed in [B] and [C].

Least squares method

The least squares (LS) method is based on minimizing the Frobenius norm of the difference

between the matrix S and the set of structured matrices I', that is, minimizing
ST =lIS-Tlg=tu[(S-T)(S-T)] (1.13)

over a set 7 of structured p.d. matrices.

If " belongs to a linear subspace 7~ of S, spanned by an orthonormal basis Vi, ...,V,, then
the LS estimator of I' € 7 is the projection of the sample covariance matrix, S, onto the linear
structure space, 7, that is

Ts = M (S) = Z tr(V;S)V.. (1.14)
i=1
Such an approach has been studied, for instance, in Ohlson and von Rosen (2010).
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When the structure space is quadratic, projecting S onto this space provides the best quadratic
unbiased estimator; see, e.g., Koziot et al. (2017). However, if the structure space is not quadratic,
the resulting estimator does not always possess desirable properties, such as positive definiteness
or well conditioning, and it may even become indefinite (Fuglede and Jensen, 2013). In such
cases, additional techniques, such as shrinkage method, may be applied to ensure that the estimator
satisfies the necessary conditions for positive definiteness and well-conditioning.

The LS estimation over 7 és and 7 ZR is addressed in [B] and [C].

Shrinkage method

The shrinkage method proposed by Ledoit and Wolf (2004, 2021) was developed for high-
dimensional settings, where the dimension p is comparable to the sample size n. In such
situations, the sample covariance matrix is known to perform poorly. When p > n, it is not
invertible, while when the ratio p/n is less than one but not negligible, the sample covariance
matrix is invertible but numerically ill-conditioned, so that its inversion substantially amplifies
estimation error. Since in high-dimensional problems it is often difficult to obtain sufficiently
large samples relative to p, it becomes essential to construct covariance matrix estimators that
are well-conditioned. The shrinkage approach addresses this issue by constructing an estimator
that reduces the mean squared error while yielding an estimator that is both invertible and
well-conditioned.
Following Ledoit and Wolf (2004), let us define

Qs=(1-)S+AT, 0<A<],

where S is the sample covariance matrix, T is a structured target matrix (e.g., a multiple of the

identity matrix), and the shrinkage intensity A is chosen to minimize the quadratic risk
E ||Qs - Q2. (1.15)

The optimal shrinkage intensity is given by
2
._ElIs-QI
E[IS - TlIg
and to compute the above expectations the unbiasedness of S is used.
Since A* is unknown in practice, it is replaced by a consistent estimator constructed from the

data , 1. Thus, the shrinkage estimator of unstructured €2 can be presented as

Qg =(1-2)S+T.
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This yields a feasible estimator that asymptotically minimizes the mean squared error within the
class of convex combinations of S and T.

In this thesis, the shrinkage method is adapted to improve the properties of the LS estimator
of a structured matrix I', while preserving the structural constraints imposed on the covariance
matrix. Therefore, let us define

Is = (1- )l +AT, (1.16)

where the target matrix T is chosen to keep the structure. Common choices for the target matrix
T in the literature include diagonal structures or multiples of the identity, with the latter employed
in Ledoit and Wolf (2004); in contrast, the works of Hannart and Naveau (2014) and Ikeda et al.
(2016) focus on diagonal targets, although the shrinkage is applied to unstructured estimators,
while, in our approach, the target is selected from a quadratic subspace and is not limited to
diagonal or spherical targets. Since it is known that the projection of S onto an arbitrary quadratic
subspace @ preserves positive definiteness, we also allow II(S) to serve as a target matrix.
Finally, the optimal shrinkage intensity A for a structured covariance matrix is obtained by

minimizing the quadratic risk

B (Ifs - TI3) = tr[E(TZ)]+Atr[E(TfLs)]+Aztr[E(fiS)]
~2tr [B(TD)] - 24t | (Tis) | + e [12] (1.17)
= g().

To derive the expected values of the relevant matrices we use selected properties of the Wishart
distribution. These properties summarized in Theorem 1.3.1, follow from standard results on
Wishart matrices presented in ,e.g., Gupta and Nagar (2000), Holgersson and Pielaszkiewicz
(2020), and Pielaszkiewicz and von Rosen (2021).



CHAPTER 1. PRELIMINARIES 18

Theorem 1.3.1. Let W ~ W, (n, ), p < n. Then,
(i) E(W)=nX
(ii) B(W?) = (n? +n)Z? +ntr(X)X
(iii) E[tr(AW)] = ntr(AX)
(iv) E[tr(AW) tr(BW)] = ntr(AZBX) + ntr(A’EBX) + n? tr(AX) tr(BX).

Since the optimal A is unknown in practice, it is replaced by a consistent estimator constructed

from the data, A. Consequently, the shrinkage estimator of the structured I' can be presented as
fs = (1 - I)fLs +;7.\T.

The explicit formulas for the optimal shrinkage intensity for the cone 7 (¢ and the set 7 5
are provided in [B] and [C]. For arbitrary block structures, the explicit form of the shrinkage

intensity is given in [E].

1.4 Loss functions

In this dissertation, loss functions are used for two related goals. First, to identify an appropriate
covariance structure from a set of candidate structures, the entropy loss function is applied.
Second, to compare the statistical properties of the considered covariance matrix estimators, the
Stein loss, inverse Stein loss, quadratic loss, and Frobenius norm are used.

If it is reasonable to believe that the dependency structure belongs to a known class of
potential structures, it becomes possible to identify this structure. In the literature, this process
is sometimes associated with the term regularization (cf. Lin et al., 2014, Cui et al., 2016),
which traditionally refers to improving the properties of an estimator rather than identifying the
structure itself. To avoid confusion, throughout this thesis we refer to this process specifically as
covariance structure identification. Structure identification involves selecting, from among a set
of candidate structures, the one that minimizes the discrepancy from the true covariance matrix,

as measured by a chosen discrepancy function.
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In this thesis, as a discrepancy function we consider the Kullback—Leibler divergence between
two multivariate normal distributions that differ in their covariance matrices, say £ and €, (cf.
Pan and Fang, 2002), also called the entropy loss function (cf. Stein, 1956, Dey and Srinivasan,
1985, James and Stein, 1961, Lin et al., 2014), having the form

fe(Q, Q) =tr (9;192) ~In|Q['Q,| - m. (1.18)

Without loss of generality, assume that unstructured €2; is estimated by an ML method, that
means by Sy.. The main idea of structure identification is to minimize fg(Swmr, ') with respect

to a structured I' € 7 C S. In the paper [A] we consider 7 to be 7 cs and 7 4.

The other commonly used loss functions include:

* the quadratic loss function (cf. Anderson, 2003)

-1 2
(Ql Qz—lm) ]

fo(Q1, Q) =tr

* the inverse Stein loss (cf. Dey and Srinivasan, 1985)

1 _ _
fis (@1, €) = — [tf (91921) - 10g|91921|] -1

* the squared Frobenius norm of the form f (€, £;) defined in (1.13).

Similarly as in Ledoit and Wolf (2021), in this thesis all the above loss functions are used to
compare the properties of various estimators of covariance structures from 7’ (article [B]) and
T Z>R (article [C]). For this purpose, in simulation studies, in the above formulas €, is replaced

by the assumed covariance structure I', while €2, is replaced by various estimators of I'.

1.5 Partitioned matrices, majorization and matrix
derivatives

To facilitate the ML estimation, we use specific properties of partitioned matrices, which are
particularly useful for estimating structured covariance matrices. These properties, as formulated
in Kollo and von Rosen (2005), are stated in the following propositions and allow for analytical

simplification of the log-likelihood function.
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Al Ap

Proposition 1.5.1. Let A =
Ay Ax

be a partitioned non-singular matrix. If Ay is

non-singular, then

IA] = |An| - |A11 — ApAS Aol

and if A1y is non-singular, then

Al = [A11] - [A2 — A2 A Al

A A
Proposition 1.5.2. Let A = R partitioned non-singular matrix. Then, assuming
Ay Ax
that all inverses below exist,
1 Cn  -AjARCH
A = ,
-1 -1 -1
—ApAC, Chi
where
Cii = An-AyAjjAp,
Cx = A —ApAjL Ay

Matrices C;; and C,; are called Schur complements of Aj; and A, in A, respectively.

In the thesis, we focus on the well-conditioning of the estimates. Therefore, we employ the
concept of majorization (cf.Marshall et al., 2011) together with lemmas describing the relation-
ships between the eigenvalues of various matrices.

Let a and b be two given p-dimensional vectors. Let a1y > a@) > -+ > a(p) and b(y) >
boy = -+ = b(p) denote the components of a and b rearranged in decreasing order. We say that
a is majorized by b, and write

a<b,

ifforke{l,....,p—1}

p
agy = Z b ).

i=1

k
agy < Z b and

k
=1 i=1 i

p
: -

1

Now, let A(A) = (41(A),...,4,(A)), 21(A) > 22(A) > --- > 1,(A), be the vector of the

eigenvalues of a symmetric matrix A of order p.

Lemma 1.5.3. If A and B are symmetric matrices of order p, then

(L (A+B),....2,(A+B)) < (1;(A) + 2, (B), ..., 1,(A) + 1, (B)).
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Lemma 1.5.4. If A and A are symmetric matrices of order m of the form

Ao A Ap ~ (A 0
Ay Ap |’ 0 Axp
with Ay € Rf,, Ay € Rﬁj, p+q =m, then
A(A —
@A) ) _ A(A) < A(A).
A(A2)

Throughout this dissertation, we use the vec-operator, as well as the duplication and commu-
tation matrices, which are required for computing matrix derivatives. Their definitions can be
found, for example, in Magnus and Neudecker (1986) and Kollo and von Rosen (2005).

Let A = (ajy,...,a,) be a p X ¢ matrix, where a;,i € {1, ..., g}, is the i-th column vector of

A. The vectorization operator, vec(A), is an operator from Ry, to R4, such that

aj
vec(A) =

Ay

To vectorize the transpose of A, one can use a commutation matrix, that is a permutation matrix
K, , of order pg satisfying
K, ;- vec(A) = vec(A’).

Note that K, , =K, , = Kz_v,lq' Moreover, for symmetric matrices of order p, K, , = L 2.
When considering symmetric matrices, it is suitable to vectorize only a lower triangle of
a matrix. Thus, a vech(-) operator stands for a vector obtained from vec(-) by eliminating all
supradiagonal entries. A unique p? X p(p + 1)/2 matrix D, transforming vech(A) into vec(A),
that is
D, - vech(A) = vec(A), (1.19)

is called a duplication matrix.
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The following properties of the vec operator are used throughout this dissertation.

Lemma 1.5.5. Let A, B and C be matrices such that the product ABC exists. Then:
vec(ABC) = (C’' ® A) vec(B).

Lemma 1.5.6. Let A and B be square matrices of the same order. Then, the following relationship

between the vec-operator and the trace of a matrix holds:

vec'(A) - vec(B) = tr(A’B).

Following Magnus and Neudecker (1988), we use the following convention for matrix deriva-
tives. For a matrix-valued function F : R, — R,«;, the derivative with respect to a p X g matrix
X is an rs X pg matrix defined as

OF(X) 0 vecF(X)
0X dvec'(X)
In addition, if G = G(F) : R,xy — Ry, then
9 _9G OF
0X OF oX
Moreover, if H = H(X) : R,x; — Rgxu, then

(1.20)

G(FH) _  OF oH

The formulas used for matrix differentiation are summarized in the following lemma.

Lemma 1.5.7. Let A, B, and X be matrices of appropriate dimensions without any pattern. Then:

0 i S
-1 ’ !
AL e A - aekanen
A N arm) o Al AXB _
o _Zl(A)J(X)AJ , X = B'®A.
J:

For symmetric matrices, derivatives involve post-multiplying the corresponding formulas
from Lemma 1.5.7 by the duplication matrix; cf. Magnus and Neudecker (1986), Filipiak et al.
(2016). This follows from the property (1.19) and the chain rule (1.20), since for a symmetric
matrix A of order p the relation d vec(A)/d vech’(A) = D, holds.



Chapter 2

Main results — review

[A] Block matrix approximation via entropy loss

function

The aim of the paper [A] is to develop a method for approximating a symmetric p.d. matrix by a
symmetric block-partitioned matrix with particularly structured off-diagonal blocks. Moreover,
the proposed procedure is applied in a simulation study addressing the statistical problem of
covariance structure identification.

Assume that I' is a structured block covariance matrix. We consider two covariance structures
defined in (1.9) and (1.11), corresponding to the cone 7 s and the set 7, respectively. For a
given unstructured partitioned covariance matrix €2, defined in (1.2), the objective is to determine
a matrix from the sets 7’ or 7 5 that minimizes the Kullback-Leibler discrepancy defined by
the entropy loss function (1.18).

Let us partition unstructured €2 into four blocks of size corresponding to the partition of I,
and denote appropriate blocks of Q™' by Q/%, j k € {1,2}, that is
Qll Q2 )

-1 _
Q= Q2 Q2

where each block is given by Proposition 1.5.2 from Section 1.5.

23
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Using Proposition 1.5.1 from Section 1.5, the entropy loss function (1.18) can be presented

with the use of two variants of Schur complement as

fe (Q,T)

tr (Q“I‘l) +2tr (9121“21) +ir (9221“2) +1n|Q|

—In || = In|Ty =Tl ' T = (p + 9)
(A1)
- (Q“I‘l) +2tr (9121“21) +ir (9221“2) +1n|Q|

—In|Ty| =In|T2 =Ty 'Tial - (p+9) .

The following theorems are proven using the vectorization and differentiation rules described

in Section 1.5.

Theorem A.1. For a given Q € R, there exists I € R, that minimizes the entropy loss function
(A.1) over T g and this minimum is attained at T'y, Ty, y satisfying the following system of
equations

_ -1, ~21 17-11 1
rr = (@) +y 11,1511,
r, = @) '+y1,1r',1,

r(@°1,1)
(@I

Y

Theorem A.2. For a given Q € R there exists I € R that minimizes the entropy loss function
(A.1) over T 1 and this minimum is attained at I'y, I'y, y, o satisfying the following system of
equations

I = (@)1 +9y2¥,I5),

I, = (@)1 +92¥, I ),

1 tr( QW)

Y= tr(Vll‘I’]zrz_l‘P,lz)

2t (921F) tytr [Q“ (FI‘;I‘I”H + \PlzrglF')] -0,
with F = 0¥ 12/00.
Note that to determine the above approximations, numerical procedure for solving the system

of equations must be employed. For the purpose of this study, the corresponding algorithms are

implemented in the R environment.
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In the paper [A] it is also of interest to verify whether the entropy loss function properly
identifies the underlying structure. For this purpose the simulation studies are conducted, where
for various parameters settings we generate data from a matrix normal distribution with mean
vector 0, and covariance matrix I' belonging to 7 (g and I belonging to 7 ;. Since in practice
I' is unknown, under both scenarios, it is replaced by the ML estimator of the unstructured
covariance matrix, which does not have any structure with probability 1. The structure of I is
then approximated by minimization of the entropy loss between Sy and the set of structured
covariance matrices, fg(Smr,I'), with respect to I' € TES and I' € TZR, respectively, where
fe 1s defined in (A.1), and the one with smaller discrepancy is selected. After repeating the
procedure 1000 times, the proportion of properly identified structures among 1000 simulation
runs is computed.

The results of simulation studies show that the structure from 7, is better identified than
the structure from 7 (g because for most of the parameter settings the proportion of properly
identified structures from 7 ;. exceeds 80%. On the other hand, the proportion of properly
identified structures from 7 (g does not exceed 25% in most parameter settings, which means

¢s» the entropy loss function identified a structure

that even if the underlying structure is from 7~
from 7 as the proper one. This may be due to, among other factors, the inclusion between the
considered sets, 7 g C 7 ag- Nevertheless, the entropy loss function can still be effectively used

to approximate the covariance matrix.
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[B] Quasi shrinkage estimation of a block-structured

covariance matrix

The aim of the paper [B] is to propose well-conditioned estimators of the structured covariance
matrix I' € 77, defined in (1.9), having good statistical properties. For this purpose, the ML
estimation method and the LS procedure improved by shrinking are proposed, and their statistical
properties are then compared.

Using vectorization properties and differentiation rules described in Section 1.5, the following

theorem is proven.

Theorem B.1. For a given matrix Sy, € R, there exists a matrix I' € R, that maximizes the
likelihood function (1.12) over T (. and this maximum is attained at '\, Ty, y satisfying the

following system of equations

T = Sy (Cal{'81C 1, 1,17 Co +1,1,15'S,

117g7p
97 (L1151, 1, + Cool'y 1,1, C1 185 C1 1, 1,17 Coo )
- y3Cpl'1'1,1,C11,1,I7'S1,C111,1, T Coy
= S» -y (Cnl3'S;,Co1, 15 Cly + 1,117 1S,
+7? (1q1;)r;‘1p1’q +CiiI’;,'1,1,C5,811C;, 1p1;1rglcn)
-y’Cul’;,'1,1,C51,1,I5,'S],C,1,1/T5'Cyy
—2b — V4b? - 8ac
Yy = 1 ;
—4ad
where
_ -1 r -1 r -1 r -1 ’ -1 r -1 r -1 r -1
a = t[Spl;,'1,1,C;,1,1'15'1,1,C +S,I7'1,1,C 1,117, 1,.C /|
b= t|(CSu - 1,) CHL TS 1,1, + $:0Ci 1,111, 1,C
¢ =[Sl 11,0y, + 8,171, 1Cyj]

and C; =T, - yzlql;Fllpl’CI, Cpn=I;- y21,,1;r2141;, are the Schur complements of T'y and

I',, respectively, in T



CHAPTER 2. MAIN RESULTS — REVIEW 27

The solution of the above system of equations is not given in explicit form and thus it must
be found numerically; note however, that the procedure can be time-consuming. In the article,
we apply a gradient descent algorithm, and, in order to compute a well-conditioned estimate, we
additionally impose a constraint on the condition number of the resulting estimator. Thus, the
resulting estimator belongs to 7 .

Although ML is a standard approach to covariance matrix estimation, it becomes computa-
tionally demanding for structured models. We therefore propose a faster alternative based on the
LS method, i.e., the projection of the estimator of the unstructured covariance matrix € onto
the space of structured matrices; in the considered case, projection onto the convex cone T(q.
Observing that the projection is linear, we can split the process into two steps: projecting onto the
linear space 7 cs, providing an explicit solution I's as in (1.14), which is not necessarily positive
definite (cf. Fuglede and Jensen, 2013), and thus requires projection of fLS onto the convex cone

¢s- However, this second projection usually requires complex numerical procedures and thus
can be time-consuming (cf. Filipiak et al., 2018), while our aim is to propose a faster alternative
to ML technique. Therefore, instead of projecting I'is onto 7~ ¢s» the shrinkage method (with
some additional algebraic correction, if necessary) is proposed as a faster alternative.

In the following theorem we give the form of fLs, which is obtained by minimization of the
Frobenius norm defined in (1.13) over the space 7 cs, assuming that Syy, is a given matrix, that
is

f(SmL,Tis) = min [[Sy - T, (B.1)
I'eT ¢

S

Note that Syyp, appears naturally in the likelihood function, and thus is applied also in this method;
however, a sample covariance matrix, S, can also be used here instead of Syy.. Using vectorization

properties and differentiation rules described in Section 1.5, the following theorem is proven.

Theorem B.2. For a given matrix Sy, € R, there exists a symmetric matrix I' € R}, that

minimizes the Frobenius norm (B.1) over T cs and this minimum is attained at

I'r = S
I = S»
_ 1 ¢/
’)/ = p_qlpsl21q'
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To choose the target matrix required in the shrinkage method, we apply the following lemma,

where the proof is based on majorization theory presented in Section 1.5.

Lemma B.3. Let
A Ap

A,12 A22

Ay 0
0 Axp

and B =

be symmetric ,p.d., block-partitioned matrices of order (p + q) with A1y € R}, Ay € Ry. Then,

the relation between their condition numbers is
k(A) > k(B).

From the above lemma, it follows that the condition number of a block-diagonal matrix
consisting of diagonal blocks of Syy, is not greater than that of Syy.. Therefore, as the target
matrix in (1.16), we choose the projection of Sy, onto the space of block-diagonal matrices.

Moreover, since this projection depends on the data, we denote it by T instead of T, i.c.,

~ Sii 0
T = , (B.2)
0 S»

obtaining
I's = (1 - /l)i:Ls +/1T.

To determine the shrinkage intensity A, we use the quadratic risk g(1) defined in (1.17) with
T replaced by T. Minimizing g(A) and using the properties of the Wishart distribution presented

in Section 1.3, the following theorem is proven.

Theorem B.4. For a given I' € T cs the minimum of the quadratic risk g(A) given in (1.17) is

attained at -
1= np=q-y
101,15 T21, +npq*y?

Since the shrinkage intensity given in the above theorem depends on the unknown matrix

I' € T cs, it is replaced by its structured estimator ng, leading to

2
n (1,pslzlq)

A= .
2
1,811, 1Sl +n (1,801,
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The shrinkage estimator is not necessarily p.d. or well-conditioned; therefore, we additionally
propose several algebraic improvements based on rescaling the off-diagonal blocks or diagonal
blocks of fs. The obtained estimator with the required condition number is called the quasi
shrinkage (QS) estimator. Using simulation studies it is shown that rescaling off-diagonal blocks
of fs provides the best QS estimator with respect to its normalized distance to Sy .

Statistical properties of the QS estimator, such as the Stein loss, inverse Stein loss, and
quadratic loss (cf. Section 1.4), are compared with those of the ML estimator in a simulation
study, where for various parameters p, g, and y, we generate 1000 datasets of size n = 100 from
a matrix normal distribution with mean vector 0,, and covariance matrix I' € 7 ES. The results
show that the ML estimators and QS estimators are comparable with respect to the mentioned
loss functions. In addition, for the true matrix I' being close to singularity, the QS estimator has
lower empirical risk than the corresponding ML estimator.

Summing up, determination of QS estimator is computationally simpler and less time-
consuming than the ML estimator, although a three-steps procedure: projection onto 7 cs,
shrinkage and algebraic correction, is involved. Since the computational cost of the ML estima-

tion increases with the dimension, the QS method offers a reasonable alternative.
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[C] Block covariance matrix estimation with structured

off-diagonal blocks

The aim of the paper [C] is to propose well-conditioned estimators of the structured covariance
matrix I' € 773, defined in (1.11), having good statistical properties. For this purpose, similarly
to the previous section, the ML estimation method and the LS procedure improved by shrinking
are proposed, and the statistical properties of the obtained estimates are then compared.

Let F = 0¥1,/00, where W1, is respective off-diagonal block of AR(1) matrix defined in
(1.11). Using vectorization properties and differentiation rules described in Section 1.5, the

following theorem is proven.

Theorem C.1. If for a given matrix Sy, € R, there exists a unique solution to the following

system of equations

i = S+ ()Y ,0'W, —y¥,I5'S), —vC, I}'S,Co¥,I 'C,,
—(y)’C T ,CL WIS, CL WL TTIC
+(y)°C I, C5,8,,CL WL ITICy

[ = Sp+ (7’)2T/12FI1‘P12 B V\Iﬂurflslz - 7C22FEISI12CI11\P12F51C
~(PCLI WL CH Y T S, C Y T Cyy

2 gy -1 -1 -1
+(7)7C, 15 W, C S CT Y, 157Gy

22

0 = tr[-2yCy|¥,I,'¥), +2yC}|S, C /¥ ,I5 ¥,

— 1y -1 — 1 -1 — 1y -1
_Slzrz ‘1’12C11 _27512F2 lI’12(:11lI’12F2 ‘1’12C11

-1 -1 ’ -1 — 1 -1 -1
—C, ST Y, =298, Y, G W, Y, G

+27C521 S22(:521 \Iﬂlzrl_hlllz |
-b - Vb? —4ac

Yoz 2a ’
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where

a = tw[-T;' (¥, +FC[¥,) +C[SuC] (FI;'¥), +¥,,I;'F)

_Slzrgl‘lﬂlzcﬁl (FFEI‘P,U + ‘I’IZI‘EIF’) Cl_ll

+C5, S, |, G5 (W,I'F—FT 'Y ,)

+C5,8,,C5; (Y, I'F+FTY,,) ],

b = —tr|[Cy[S,I;'F +C,S,I'['F|,

c = u[CuF],

Ch=1,- 72‘1’121“1‘1”12, Cp =T, - )/Z‘I”IZI*Z‘I’12 are the Schur complements of I'y and Ty,

respectively, in T, then this solution is the ML estimator of T over T ;.

Similarly as in Theorem B.1, the solution of the above system of equations is not given in
explicit form and thus it must be found numerically. For this purpose, in the article [C], we again
apply a gradient descent algorithm, and, in order to compute a well-conditioned estimate, we
additionally impose a constraint on the condition number of the resulting estimator. Thus, the
resulting estimator belongs to 7 1.

As discussed in our previous paper, ML estimation becomes computationally demanding
for structured covariance matrices. Since this difficulty also occurs in this case, it is natural to
consider a faster alternative based on the LS and shrinkage methods.

The LS estimator of T, fLs, can be obtained by minimizing the Frobenius norm defined in

(1.13) over the space 7 ar, assuming that Syy; is a given matrix, that is
f(Smr,Ts) = min |[Swr. - [[[3.
FETAR

Note that, since 7 R is not a linear space, the minimizer of the Frobenius norm is not given
by the projection formula (1.14).
Using vectorization properties and differentiation rules described in Section 1.5, the following

theorem is proven.



CHAPTER 2. MAIN RESULTS — REVIEW 32

Theorem C.2. If for a given matrix Sy, € R, there exists a unique solution to the following

system of equations

I = Sii

I = S
urwy) = wis,p)
_ tr(S'lz‘I’lz)
VT u(¥LY)

over TaR, then this solution provides the LS estimator of I' € T ARr.

Observe that the LS estimator of the off-diagonal block is not given in explicit form, as the
third equation is a polynomial of order 2(p + g) — 3 in o, which may admit multiple solutions
in 7 AR, and o is hidden in the last equation. The parameter o should therefore be selected
from the interval (—1,1) so that I € Tar. Among all admissible solutions, in the article
[C], for simulation purposes, we choose the one minimizing the Frobenius norm between Sy
and T. Finally, to ensure positive definiteness and to improve conditioning of the Frobenius
norm estimator, similarly as in [B], we employ a shrinkage method with an additional algebraic
correction.

Motivated by the result of Lemma B.3, as the target matrix we again use the projection of
SmL onto the space of block-diagonal matrices, i.e., matrix defined in (B.2), and to determine
the shrinkage intensity, we use the quadratic risk g(4) given in (1.17). Minimizing g(1) and
using the properties of the Wishart distribution presented in Section 1.3, the following theorem

is proven.

Theorem C.3. For a given I' € T aR, the minimum of the quadratic risk g(A) given in (1.17) is
attained at

-
where

N = nfur(13) + 472 (,,%,) + 1 (03) | - o2 () - 2 (1)

D = Z{n +tr2 (T)) + tr2 (Ty)

tr (I3) 4297t (¥,,'¥),) + e (I3)

27402 (I3 ) + 204 2 (W, T30, ) + 2y 12 (lequ)}.

Replacing in the above theorem the unknown matrix I' € 7 AR by its structured estimator fLs



CHAPTER 2. MAIN RESULTS — REVIEW 33

yields
A=

b

o) =)

where
N = n[tr (S%l) +41r (S,S),) +tr (S%z)] —tr” (S11) — tr* (S2)

2fs

+21r (5,125%1812) +21tr (Slzsgzs’lz) +21r? (Slzs’lz)}

+ tr2 (Sll) + tI‘2 (Szz)

)
I

tr (%) + 21 (S1087,) +1r (83,

If the shrinkage estimator is not a p.d. or well-conditioned matrix, the off-diagonal blocks
are rescaled by decreasing an appropriate constant from the interval (0, 1) until the estimator gets
required properties. Similarly as in [B], obtained estimator with the required condition number
is called the QS estimator.

Both estimators, ML and QS, are not given in explicit forms and must be computed numer-
ically. It can be seen that the ML estimator is more complex, however, QS estimator requires a
multi-step procedure, with verification of definiteness and conditioning in each step. Therefore,
in [C] we also propose alternative methods of estimation of the considered structure, based on
separate estimation of each component in the representation of I' € 7, as

A L Wi W, (C.1)
0 I - ¥
where W represents an AR(1) covariance structure defined in (1.10) with ¥;; and ¥, being its
diagonal blocks of proper size, and where W represents the noise.

We propose four methods related to the following, well-established, estimation techniques for
AR(1) covariance structure.

The most intuitive method of estimation of AR(1) structure is given in Roy and Leiva (2008),

where the estimators of o and y are given by

-1 S P ~ Pl
-~ 0 +t0,” tO3 + -+ 0p-1
Q =
p—1
~_ tr(Smr)
’y - )
m
where p; is the average of the ith super-diagonal elements of Sy, i € {1,...,p — 1}. Because

of its simplicity, it is called here naive estimator.
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The ML estimator of AR(1) structure, given in the following theorem, can be found, for

example, in Filipiak et al. (2017).

Theorem C.4 (Filipiak et al., 2017). If for a given matrix Sy, € R, there exists unique solution

to the following system of equations

0} [(m=1)tr(SCy)]+0* [(52) tr(SmLC2) ]
—o [tr(Smp) + m tr(SpLCy))] + 5 tr(SmLCz) = 0

Y = migs [Swmw) + 02 r(SmCh) = o tr(SmCo)

where C; = diag(0,1/ _,,0) and C; is a tridiagonal matrix of order m with 0 on the main

diagonal and 1 on the first super- and sub-diagonal, then it provides the ML estimator of \P.

The LS estimator of AR(1) structure, given in the following theorem, can be found, for

example, in Cui et al. (2016).

Theorem C.5 (Cui et al., 2016). If for a given matrix Sy € R, there exists unique solution to

the following system of equations

i=1

m—1 m—1
m+2 Z (m—1i) QZ’] Z io" ! tr(Sv H;)
m—1
2 |tr(Sw) + Z 0 tr(SMLHJ] 2. (m = ie*"

e
tr(Smr) + Z] o' tr(SmLH;)
=

"y:

b
m—1

m+2 Y (m—i)o*
i=1

where H; is a symmetric matrix of order m with i-th super- and sub-diagonal elements equal to 1

and all other elements equal to 0, Hy = 1,,,, then it provides an LS estimator of V.

Finally, since for the comparison of variances in the univariate case the ratio of variances is
used rather than their difference, in the fourth estimation method we propose minimization of the
distance between the product Sy W' and the identity matrix in the sense of the Frobenius norm,
1.€.,

Jnin ISvL¥ ™" = L[ (C2)
Note that in this method the tridiagonal form of the inverse of AR(1) structure plays an important

role.
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Using vectorization properties and differentiation rules described in Section 1.5, the following

theorem is proven.

Theorem C.6. Iffor a given matrix Smy, € R;, there exists unique solution to the following system

of equations
a6g6 + a5Q5 + a4g4 + a3g3 + azgz +ajo+apg= 0
B N
Y D
with
ag = —tr(SMLC11SMLC11) + tr(SmLCa2) tr(SmLCr11SmLC11)

as = 2tr(SMLC118mL) tr(SmLCr1) + tr(SmLCo28mL C2) tr(SmLCi1)
— tr(SMLC11SMLC22) tr(SmL.C22) — 2 tr(Sm) tr(SmMLC11SMLC 1)

ag = —3tr(SMLC2SwmL) tr(SmLCi1) + tr(SmLCr1) tr(SmLCi1SmLCa22)
+3 tr(Smp) tr(SMLC11SmLC22) — tr(SMLC11SmLC11) tr(SmCa2)

a3 = 2tr(Sy;) r(SmLCr1) — 2tr(SmLCr1) tr(SmLCriSmr) — 2 tr(Smr) tr(SmrCi1SmL)
+tr(SmLCa2) tr(SmLCo2Smr) + tr(SmLC11SmLCaz) tr(Smr.Ca2)
—tr(SMLC11) tr(SmLCa2SmLC22) — tr(Smr) tr(SmLC22SmL Ca2)
+2tr(SMLC11SMLC11) tr(Smr) ,

ar = —tr(SE) tr(SmCo2) + 3 tr(SmrCrr) tr(SmrCo2Smr) + tr(Smi) tr(Smr.C22Swmr)
=3tr(SmLC11SmLC22) tr(Smr)

a; = 2tr(SMLC11SmL) tr(Smr) — tr(SmLCaz) tr(SmrCo2SmL)
+tr(SmLC22SMLC22) tr(Smi) — 2 tr(SmLCi) tr(SEy;)

ap = t(SMLCn) tr(Syy; ) — tr(SmrLCooSwmr) tr(Smir)

N = t(Syy;) — 20 tr(SmCarSmi) + 0*[2 tr(SmLC11SmL) — tr(SmLC22SmL.C22) ]
203 tr(SmLC11SMLC22) + 0*tr(SmLC11SMLC 1)

D = (1-0%[tr(Sm) + 0> tr(SmLCi1) — 0 tr(SmLC2)]

where C11 = Wo, — yzlql’p‘l’lll,,l’q, Cpn=%¥ - yzlpl’q‘l’zzlql;, are the Schur complements of

W11 and Wy;, respectively, in W, then it provides an estimator of ¥ minimizing (C.2).
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The diagonal matrix W in representation (C.1) is then estimated using the projection of Sy,
onto the space of diagonal matrices, as it is given analytically via the diagonal blocks of Sy,
denoted respectively S1; and S»,, and the diagonal block of corresponding estimator of AR(1)

structure, providing

— (S - 0
w - (S 1 ~
0 S — ¥

Obviously, the naive method is the fastest one, as it gives the estimator explicitly. The other
three estimators require solving polynomial equations, but they are still much faster than ML and
QS techniques.

In the article [C] we also compare all the estimators with respect to their statistical properties,
such as Stein loss, inverse Stein loss and quadratic loss, defined in Section 1.4. For this purpose,
we perform simulation studies, where for various parameters settings we generate 1000 datasets
of size n = 100 from a matrix normal distribution with mean vector 0,, and covariance matrix
I' € 7.z. The results show that the naive estimators and those based on ML estimation of a
whole I' structure (see Theorem C.1) are the best with respect to all mentioned loss functions,
however, the ML estimation is the most time-consuming technique.

Finally, the proposed estimation methods are illustrated using an agricultural dataset. We
compare the six proposed estimators with respect to the estimates y and o, the Frobenius norm of
T'; and I, and the condition numbers of the corresponding I. All estimates yield similar results
with respect to the considered criteria. Due to its computational efficiency, the naive estimator is

recommended.
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[D] Characterization of quadratic subspaces

of partitioned matrices

The topic of the paper [D] is inspired by the statistical analysis of multivariate data, particularly
the estimation of specific linear dependence structures within a quadratic space containing the
identity matrix. For this purpose, we provide a characterization of a matrix quadratic space, and
determine the form of the projection of a symmetric matrix onto this space using block-spectral
decomposition. We also show that projecting S or Syy;, onto the quadratic subspace of partitioned
matrices yields a positive definite, well-conditioned estimator with desirable statistical properties.

Given the significance of partitioned covariance matrices in statistics, we establish the nec-
essary and sufficient conditions under which the linear space of partitioned matrices, defined in
(1.4), constitutes a quadratic space. Finally, we demonstrate, how to block-diagonalize partitioned

matrices belonging to this space.

The concept of a matrix quadratic space in the sense of a Jordan algebra appears in Jensen
(1988), where it is defined for Hermitian matrices over the real numbers, complex numbers,
or quaternions. Since statistical applications typically involve real matrices, in the following
proposition we provide a more suitable characterization of the relevant Jordan algebra (quadratic

space) using block-diagonal representation of this space.

Proposition D.1. For a given quadratic space Q C RS, there exist integers k and r;, p;,
ie{l,...,k}, and Z{;l rip; = m, such that Q is isomorphic to the space
D = {Bdiag}_ (I, ®¥)): W, eR} }.

Moreover, the multiset (r;, p;), i € {1,...,k}, is unique up to permutation.

Observe that, since Q is isomorphic to 9, every matrix A € Q can be written as
A =PBdiagh (1, ® ¥)P, (D.1)

where P is an orthogonal matrix of order m. Moreover, if P is partitioned into semi-orthogonal
sub-blocks, we have
P=P....Py, (D.2)
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where P; € Ryxr;p; s (Pl.Pl’.)2 =PP,PP, =1, andfori # j, P;Pj = 0, and we can represent A

[ A

in block-spectral decomposition form as

k
A=) P(I, &¥)P,
i=1
Using representation (D.1), an explicit form of the projection of a symmetric matrix onto
quadratic subspace, together with its properties related to definiteness and conditioning, is given
in the following proposition. To prove the relationship between condition numbers, the properties

of majorization, presented in Section 1.5, are applied.

Proposition D.2. Let Q be a quadratic space containing the identity matrix, and let D be its
isomorphic representation given in Proposition D.1. The projection of a p.d. matrix X onto the
space Q is given by
ri
Mg(X) = PBdiagh, (I, ® 1 )" (P/XP,); )P,
j=1
where (P'XP);; are the diagonal blocks of P'XP of order corresponding to the block-diagonal

representation of D, and P is partitioned as in (D.2). Moreover, the following properties hold:
(a) g (X) is positive definite;

(b) k(IIu(X)) < «x(X).

In the following, we focus on the linear space 7 of partitioned matrices defined in (1.4) and

we characterize their diagonal block elements, for which 7 forms a quadratic subspace.

Lemma D.3. If 7 is a quadratic space, then 711 and T3, are quadratic subspaces. Moreover, if

T is a commutative quadratic space, then 71| and T, are also commutative quadratic subspaces.

Before we formulate a necessary and sufficient condition for a linear space 7 | to constitute
a quadratic space 7, we provide some notation.
Let 711 and 7 2, be quadratic subspaces. Then matrices T{; € 711 and Ty € 72, can be

represented as

V4 k
T = ZfliviVH Z Vi@, @ A)V;,
i?l i=l+1 y (D.3)
T22 = Z 6i’Wl"Wl,./ + Z Wi' (Iri; ® Ai')W;/’
=1 i'=t'+1
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where 4;, A; € Rj,.xp,, 07, Ay € R, «,, are the eigenvalues and block-eigenvalues of T and To,
respectively. The matrices V; and W, are the corresponding eigenvectors and block-eigenvectors
of Tll and Tzz.

We define the following index sets:
Jun={G17):ie{l,....0}, " e{l,...,0'}},
I ={G1):ie{l+1,...,k}, " e{l,....t'}},
Jo={G1):ie{l,....t}, 7" e{’+1,...,k'}},
Jo={G1):ie{t+1,....k}, " e{+1,...,k'}}.

Forv,w € {1,2}, we define 773,, to be the subset of 7,,, containing only those elements in which
no index i or i’ appear more than once.

Let7 =7 187,87 3 be aquadratic space, and let T € 7. Then,

2 Y
T2 = Ty +T,T, T, T,+T,T),

- / ’ / 2 €7
T,T,,+T,T, T,T,+T3,

By Lemma D.3 it follows that T, € 771; and T3, € 7 ;. Moreover,
T12T’12 €T, T,12T12 €T 2.

This requires that r; = rp in (D.3) and imposes a specific structure on T2 € 712, given by
T, = Z V(T ® G;)W;,, where J* € J7, U J5 UJ], UJ5. Here Iy is an

(iiedJ”
orthogonal matrix of order r;, and G;;» € R,xp,, Which becomes a scalar y; if (i,i’) € J7,, a

column vector g;, if (i,i") € J,, arow vector g, if (i,i") € J7,, and an arbitrary matrix G;y of
appropriate size if (i,1') € J5,.

In other words, 7 1> is a subspace of 7~ B | ‘Tﬂ =N i% | 7‘%, where

(i,i")edpw
v,we {1,2}.

The main result of the paper [D] is the following theorem.

Theorem D.4. The linear space T defined in (1.4), is a quadratic subspace if and only if T 11 and
T 22 are quadratic subspaces and T 13 is a linear subspace of 7’%% =2 7’% H 7’{% =2 7“%% Moreover,

T is commutative if and only if 71 and T » are commutative, and dim(7 3) = 0.
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Using representation (D.3) and Theorem D.4, we can give a general formula for the block-

eigenvalue characterization of T € 7 given in Proposition D.1, namely

. i Vi
Bdlag ( /liIr,-’ 51'/Iri, , Iri ® Ai, Ir,«r ® Al", Iri ® ,
Yir O
Ir,» ® /l 8ii ’Ir,- ® i gll aIri ® 1 ii )
gy Or g Av Gir Ay

withie {1,...,k}and i € {1,...,k'}.

Coming back to the applications of the above algebraic results in statistics, the following

proposition is proven.

Proposition D.5. Let 7 defined in (1.4) be a quadratic space. The projection l-(S), is the
best unbiased quadratic estimator of the covariance structure I' € 7. Moreover, the projection
I (Sm) is the ML estimator of T € T.

Finally, since the inverse of any positive definite matrix in the quadratic space retains the same
block structure, the presented results can also be applied in graphical models. Thus, potential

applications of these results in graph theory are discussed in [D].
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[E] On estimation of partitioned covariance matrix

with linearly structured blocks

The aim of the paper [E] is to propose a fast estimation method of structured matrices from the
linear space 7~ defined in (1.4), which is not necessarily a quadratic subspace. Obviously, if S is a
linear space of symmetric matrices defined in Section 1.2, in our consideration 7 must be a proper
subspace of S. Similarly to [B] and [C], to provide p.d. estimators, we improve the estimator
obtained by projection of S or Sy, onto the space 7 by shrinking. However, in comparison
to the results presented in [B] and [C], the paper [E] offers the following two extensions: the
off-diagonal block of I' does not have any specific structure, and the space of target matrices is
an arbitrary quadratic subspace, with characterization given in [D].

Let 7 C S be a linear, nonquadratic subspace of S, and let Q be a quadratic subspace of 7.
By S we denote a sample covariance matrix defined in Section 1.1, and by I1.#(S) we denote the
projection of S onto A defined in (1.14).

To determine the general formula for the optimal target matrix and shrinkage intensity, we
use the quadratic risk defined in (1.15). By minimizing E [||f - I‘||2] and using the unbiasedness
of the sample covariance matrix S together with Jensen’s inequality, the following theorem is

proven.

Theorem E.1. For a givenI' € T and some T € Q C T the minimum of the quadratic risk, i.e.,

min E [||f - r||2] subjectto T = AT + (1 = DII(S) € T,
TeQcT, AeR

is attained at — —
t —
T = Mg (D), 1 [tr(TIZ-(S))] = [T (D) |

© E[r(I2(S))] - |HgD)|1?

Moreover, A € [0, 1].

In view of the above result, assume now that the target matrix, T, is a projection of I' onto
the quadratic space Q. Then, under the assumption of normality and using the properties of the

Wishart distribution presented in Section 1.3, the following proposition is proven.

Proposition E.2. Fora givenT € T and Q C T, the minimum of the quadratic risk with respect

to shrinkage intensity, i.e.,

min B [||f - r||2] subjectto T = AMg(T) + (1 - VI (S) € T,
€
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is attained at

23t ((ViD)?)
i=1

A= ,
2 Z]l tr (Vi)?) + (n— 1)(J[dg-(I)|12 - | Tg (D))
where V1, ..., V, is an orthonormal basis of T .

Since the true I' remains unknown, to determine the shrinkage estimator of I', in the above

proposition I must be replaced by S, which yields
Ts = Ay(S) + (1 — DIy (S) (E.1)
with

23 w[(ViS)?]
1 = =l (E.2)

2 é twr[(ViS)?] + (n = D (IM7(S)]1* - ||HQ(S)||2).

Moreover, using the unbiasedness and consistency of the sample covariance matrix S as well

as the properties of the projection, the following theorem is proven.

Theorem E.3. Let fs given in (E.1) be a shrinkage estimator of I' € T under normality. Then, fs

is consistent and asymptotically unbiased. Moreover, if Q = T, then s is an unbiased estimator

of I.

In addition, we prove in [E] the following lemma, showing the importance of @ being
a quadratic subspace of 7. The proof is based on the property of preserving definiteness
of projection onto the quadratic subspace (cf. Fuglede and Jensen, 2013, Theorem 1) and

Proposition D.2.

Lemma E4. Let I's given in (E.1) be a shrinkage estimator of I' € T. A necessary condition
to achieve positive definiteness or improve the conditioning of I's is for Q to be a quadratic

subspace.

Similarly as in [B] and [C], the shrinkage estimator is not guaranteed to be p.d. and well-
conditioned. Therefore, we propose to rescale A by (1 + 1), where n is chosen as small as
possible to guarantee the positive definiteness and well-conditioning of the structured estimate
of I'. Similarly as in previous sections, the obtained estimator with the required condition number

is called the QS estimator.
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To illustrate proposed estimation technique based on various target spaces, we end this section

with the following example.

Example.

Let us consider a vector of observations partitioned into two sub-vectors of dimensions p and
q, which may be dependent, allowing for a nonzero off-diagonal block of covariance matrix I.
Assume that within each sub-vector the dependence between components is identical, and that
the off-diagonal block is proportional to 1,17. This structure, illustrated in Figure 2.1 (first
column), defines the space 7 (4). A stronger dependence between “nearest neighbors" leads to the
structure shown in the second column, corresponding to 7 (), whereas an additional dependence
between the last variable of the first sub-vector and the first variable of the second sub-vector

(third column) defines the space 7 (), with 7 (o) C T (1) C T ().
T
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Figure 2.1: Visualization of covariance structures: 7 (,) — the same dependence between the
pairs of components of sub-vectors and the same dependence between components of different
sub-vectors; 7 (;) — additional noise on the first sub- and super-diagonals within each block; 7,

— additional noise on the first sub- and super-diagonals of the whole covariance matrix.

In this section, we focus on the estimation of structures from 7 (), while 7" ;) is presented as
an example of a space that is not quadratic. For illustrative purposes the following four quadratic

subspaces are chosen as the quadratic target spaces in the structured shrinkage estimation method:

Q = {al,: aeR},
al 0
Qu = {| 7 @, € R},
0 ﬂIq
a1 +ﬁ11 1 0
Qm = { g Py ) a1, B1, @2, B2 € R},
0 a’zlq +ﬁ21q1q
al, + 611 | v1 1
QIV = { b PP P a1’ﬁ1’a27ﬂ2’y € R}

’}/lql;7 azlq +ﬁ21q1,q
Note that Q; C Qqp € Qi € Qv and Qyy is simply T(a).
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Projecting the sample covariance matrix S onto 7 .y and Q;, i € {I, IL, III, IV}, and computing

optimal intensities i following (E.2), we obtain four shrinkage estimators,
Ts, = 401g,(S) + (1 - WMy (S), i€ {LILILIV}.

If for a given data set the shrinkage estimator is indefinite or ill-conditioned, the final estimate
should be calculated by numerical adjustment of the shrinkage intensity to obtain QS estimate.

As expected, the choice of a quadratic space of target matrices plays a crucial role in the
final form of the estimator. Thus, in [E] we perform simulation studies to examine the algebraic
(conditioning) and statistical (empirical risk based on loss functions defined in Section 1.4 and
the Frobenius norm) properties of QS estimates of covariance structure with respect to the choice
of target space and dimension of the covariance matrix. It is concluded that if the researcher
is interested in an estimator which is well-conditioned, then the quadratic space the closest to
the considered structure should be selected as the target space. On the other hand, if statistical
properties are of main importance, a target space being a commutative quadratic subspace of the

relevant structure space is more suitable.
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Abstract. The aim of the paper is to present a procedure for the approximation of a
symmetric positive definite matrix by symmetric block partitioned matrices with structured
off-diagonal blocks. The entropy loss function is chosen as approximation criterion. This
procedure is applied in a simulation study of the statistical problem of covariance structure
identification.
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1. INTRODUCTION

The problem of the best approximation of a given symmetric positive definite
matrix by symmetric matrices with specified block partitioned structures is studied.
These particular matrices are partitioned into four sub-blocks with square diagonal
blocks, not necessarily of the same order. We assume that the diagonal blocks are
arbitrary symmetric square matrices, while the off-diagonal blocks can get one of the
following structures: all of the off-diagonal block elements are equal (this block can
be also considered as a part of the compound symmetry structure) or the off-diagonal
block is proportional to respective sub-block of the first-order autoregression matrix.

In the literature, the need for the estimation of covariance matrices is emphasized
by many authors. It is worth noting that the number of unknown parameters to
be estimated in an unstructured covariance matrix is usually much greater than in
the structured one. Moreover, in case when the number of observations is not large
enough, the sample covariance matrix is singular or ill-conditioned. One way to
overcome this problem is to impose structural restrictions to the covariance matrix.

DOI: 10.21136/AM.2020.0023-20 829



There are several methods of the choice of the most relevant structure; for example
graphical, like neural networks or mapping (cf. Gilson et al. (2019) [8]) or algebraic
techniques (cf. Lin et al. (2014) [12], Cui et al. (2016) [1]). In mathematical statistics,
structured covariance matrices are widely used in multivariate data analysis and
applied in various areas of science, such as e.g. medicine, agronomy (Mieldzioc et al.
(2019) [16]), economy, biology, geography, meteorology etc.

In classic multivariate models, usually covariance matrices with a specific struc-
ture, such as e.g. compound symmetry (Lin et al. (2014) [12]), autoregression of order
one (Cui et al. (2016) [1]) or banded Toeplitz matrices (Filipiak et al. (2018b) [7],
John, Mieldzioc (2019) [10]) are studied, without partitioning into blocks. Parti-
tioned matrices are commonly used in doubly multivariate models. One of the most
popular applications is that of separable structures of two unstructured matrices
or two matrices with one component additionally structured, studied e.g. by Lu and
Zimmerman (2005) [13], Srivastava et al. (2008) [18], Filipiak, Klein (2018) [4], Filip-
iak et al. (2018a) [6], Filipiak et al. (2020) [5]. In the literature, covariance structures
partitioned into four submatrices (Szczepanska-Alvarez et al. (2017) [21]) or block
compound symmetry covariance structures (Szatrowski et al. (1976) [19], Szatrowski
et al. (1982) [20]) are also analyzed.

It is worth noting that block covariance structures can be also applied in model-
ing the covariance between two random vectors. However, usually the structure of
covariance matrix is assumed a priori, without algebraic identification of the most
relevant structure. Algebraic methods of covariance structure identification are often
based on the approximation of a sample covariance matrix with respect to some cri-
teria. The most commonly used criteria (discrepancy functions) are Frobenius norm
(Cui et al. (2016) [1]) and the entropy loss function (Lin et al. (2014) [12]). In our
studies the entropy loss function is used as the most relevant for statistical purposes
(cf. Filipiak et al. (2020) [5]). The idea is to determine the minimum of the entropy
loss function and to choose the structure for which this smallest discrepancy is at-
tained. In this paper we perform simulation studies to verify whether the entropy
loss function recognizes given covariance structure properly.

The paper is organized as follows. In Section 2 we present considered structures
and the entropy loss function. In Section 3 the procedure of approximation via
entropy loss function is given and a particular form of the entropy loss function for
considered structures is derived. The description and results of simulation studies
are presented in Section 4. Conclusions are given in Section 5.
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2. PRELIMINARIES

Let Q € R., where R, is a set of symmetric positive definite matrices of order m.

This matrix can have %m(m—f— 1) different elements. To reduce the number of various

elements in 2, some structured matrices are used. Our aim is to determine the best
approximation of £ by the block partitioned matrix

r,a w
I =
v Ty
with unstructured diagonal blocks of order p and ¢ respectively, and structured off-
diagonal blocks such that I' € R . We consider the following forms of matrix ¥

> the matrix with all elements equal to §

(2.1) U =611/

pTq’

> the matrix of the form

oP Qp+1 Qp+q—1
oP~!
(2.2) T=06A=5]| :
0? ..
0 0 ... o

Observe that such forms of off-diagonal blocks may follow from compound sym-
metry or first order autoregression structures. For example, for p = 2 and ¢ = 3,
structure (2.1) corresponds to the off-diagonal block of the compound symmetry
structure, i.e.

a 0|6 0 6
0 ald 6 o
0 d0|la 6 ¢
0 0|6 a ¢
0 0|6 6 «

and structure (2.2) corresponds to the off-diagonal block of the autoregression of
order one structure, i.e.

1 o |o® o o
o 1]lo & ¢
5le* o1 o ¢
o *le 1 o
of Pl o 1
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We denote the sets of structured matrices defined above as

(2.3) S ={l1eR,, TyeR;, ¥=61,1,:T R},
SQZ{I‘leR;, FQER;, \I':(SA:I‘E[R;JF(]}.

For a given matrix €2, our aim is to determine a matrix from the set S; and Ss,
which will be the closest to the unstructured matrix €2 in the sense of some discrep-
ancy function. The most relevant structure has the smallest discrepancy and the
process of choosing the most appropriate structure is called by some authors, cf. Lin
et al. (2014) [12], Cui et al. (2016) [1], regularization. However, in the literature reg-
ularization often has another meaning; that is, improvement of estimators by stating
some additional requirements. Therefore, to avoid misunderstanding, the process
described in this paper will be called covariance structure identification.

As a measure of discrepancy we use the entropy loss function

(2.4) f(Q,T) =tr(Q7'D) —n |Q7'T| — (p+q),

cf. James, Stein (1961) [9], Dey, Srinivasan (1985) [2]; which is also known as
a Kullback-Leibler divergence between two probability distributions; cf. Pan, Fang
(2002) [17]. The entropy loss function was considered in the approximation problem
by Lin et al. (2014) [12] and Filipiak et al. (2018a) [6] in classic and doubly mul-
tivariate models, respectively. Since in the approximation process via the entropy
loss function the inverses of matrices 2 and T' appear, their nonsingularity (posi-
tive definiteness) is required. The entropy loss function is convex and antisymmetric
and has the important property that it is invariant with respect to the group of
linear transformations (cf. James, Stein (1961) [9]), that is, for arbitrary nonsingular
matrix B

(2.5) f(BOQB' ,BI'B') = f(Q,T).
Let ©Q € R, be partitioned as follows
Q- <ﬂ11 Q12>
Qp, Q)

where 11 : pxXp, 15 : pxq, Q22 : ¢ X ¢ and the inverse of matrix € is a partitioned

Vv A%
leV:( ,11 V12>7
12 22

matrix, denoted by V,

where Vi1 :p X p, Via :p X q, Va2 : g X q.
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Note that in the entropy loss function, we need a determinant of a partitioned
nonsingular matrix I' of the form

r r
I — < 11 12>
Tor T
with non-singular diagonal blocks. That can be determined using the Schur comple-
ment (cf. Kollo, von Rosen (2005) [11]) as

(2.6) 0| = [T22| - P11 = T12T%; Tor| = [T | - [Tz — Toa T Tl
Then the entropy loss function of €2 and I can be written in two forms

(2.7) FQT) = tr(ViiT11) + 2tr(Vi521) + tr(VaaI'as) + In | Q|
—In|Tye| —In [Ty — T12T5, Tar| — (p + q)

= tr(V11T11) + 2tr(V5T21) + tr(VaeTas) + In |
—In|Ty1| —In|Tae — Ty T T2| — (p + q)

with two variants of Schur complement (2.6) used.

3. APPROXIMATION

In this section we present the best approximation of a given £ € R by the matrix
respectively from the set S; and Sy given by (2.3) via the entropy loss function (2.4).
To determine the smallest value of the discrepancy function, the entropy loss function
is minimized over the respective set of structures.

To shorten the notation, let us denote the set of relevant structures, S; or S, by G
and for a given €, the entropy loss function as fo(I'). Then our aim is to minimize
the entropy loss function with respect to I € G, that is to determine

¢ = min fo(I').

Treg

Let G = S1. Then the entropy loss function (2.7) with T' € S; can be written as

fQ(F) = tr(V11F1) + 26 tr(VIZ]'ql;o) + tI‘(VggI‘g) +In ‘Q|
—In|Cs| —In|Ty — 61,105,210 — (p+ q)
= tr(VnI‘l) + 26 tI‘(V121q1;) + tr(VQQI‘Q) +In ‘Q|

—In|Ty| —In|Ty — (521(11;1"1_11171“ —(p+q).
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To obtain the minimum of the entropy loss function over the set S; we differentiate
this function with respect to I'y and 9 using the first form of Schur complement and
with respect to I'y using the second form. Derivatives have the following forms:

8‘9_I~f1 = [vec (V1) — ved(T'y — 621, 1/T5'1,1,)1] - D,,
af / / 2 / -1 r\—1

ar, [vec'(V22) — vec'(T'y = 6°1,1, ' 71,1,)" '] - Dy,
% = 2t2(V121,1}) + 26 vec' (V1) vee(1, 1,05 1,17),

where D, is a (p+ ¢)2 x (p + ¢)(p + ¢ + 1)/2 duplication matrix and vec(-) is an
operator stacking the columns of a given matrix one below another (cf. Magnus,
Neudecker (1986) [14] or Magnus, Neudecker (1999) [15]). The formulas for matrix
derivatives can be found in Fackler (2005) [3]. Equating the derivatives to zero and
using some transformations, we obtain the stationary point as the solution of the
system of equations given in Theorem 3.1. The theorem follows from convexity and
differentiability of the entropy loss function over the convex set, and there exists the
stationary point which is the global minimum (cf. Lin et al. (2014) [12]).

Theorem 3.1. For a given 2 € R | there exists I' € R that minimizes the en-

tropy loss function (2.4) over 8y and this minimum is attained at I'1, I's, § satisfying
the following system of equations:

I =V +6%1,1,T,'1,1

q-p’
Ty =V +621,1T7'1,1,
5 tI‘(Vlglql;)

tr(Vi1,1/05'1,1)
Let G = Ss. Then the entropy loss function (2.7) with T' € So can be written as

fQ(F) = tr(V11F1) + (StI‘( /12A) + 6tr(V12A')
+ tr(Voel'2) + In[Q — In [T| = (p + q),

where
In|T| =In|Ty| +1In|T; — AT, 'A’| = In|Ty| + In|Ty — 2A'T; TA|

follows from Schur complement (2.6). To obtain the minimum of the entropy loss
function over the set So, we differentiate this function with respect to I'y, I's, §
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and o. Derivatives have the following forms:

;—IJ‘Z = [vec/(V11) — vec' (Ty — 62AT;'A)71 - D,,

af / / 2A/—1 -1

ar, [vec'(Vag) — vec (e — AT A)77] - Dy,

af / / —1 A7

9 = 2tr(VigA) + 20 vec' (V1) vec(AT', " A,

af / / 2 —1 An\—1 —1

90 =[2vec' (Vi2) —vec (I'y — 0°AT,"A") (I + K, ,) (AT @ I))]vecF

with F being a derivative of A with respect to p, that is,

poP~! (p+1)e? ... (p+g—1)Pta?
(p—1)e"?
F= :
20 e .. ..
1 20 qo?™1

and K ; being an st x st commutation matrix (cf. Magnus, Neudecker (1986) [14]),
such that for any G € R*! we have the following

K, :vecG = vecG'.

Equating the derivatives to zero and using some transformations gives the sta-
tionary point as the solution of the system of equations given in Theorem 3.2 given
below. The entropy loss function is a convex function, but the set Sz is not con-
vex. Therefore, there may exist more than one stationary point and thus T" from
Theorem 3.2 can be only a local minimum (cf. Lin et al. (2014) [12]).

Theorem 3.2. For a given 2 € R, there exists I' € R. that minimizes the
entropy loss function (2.4) over Sy and this minimum is attained at 'y, T's, §, o
satisfying the following system of equations:

(T, = V' + $2AT, A/,
Iy = V5, +62ATT A,
~ tr(VipA)
tI’(VHAI‘ElA/)’
| 2tr(V,F) + 6 tr[V11 (FT;'A’ + AT, 'FY)] = 0.
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Observe that the equations received by differentiating the entropy loss function
with respect to I'y, I's and § are comparable for S; and Ss sets. In the second case
we consider the structure with one more parameter (p); thus we receive one more
equation, which is a polynomial of order 3(p + ¢) — 4. It is worth noting that the
systems of equations for minimizing the entropy loss function over both sets have
no explicit solutions and can be solved only numerically. For this purpose we use
an iterative procedure, where we start with some initial assumption and determine
the sequence of improving approximate solutions such that the next result is derived
from the previous one. The calculations are continued until the stopping rule is
fulfilled. The details for initial assumptions and stopping rule are given in Section 4.

4. SIMULATION STUDIES

Let us assume an experiment where two groups of characteristics are observed for
n objects. The measurements are collected in vectors x; for each object, 7 =1,...,n.
We can denote a vector of observations as x; = (x/,,x;)’, where the first group, with p
elements, has mean vector u,, and the second one, with ¢ elements, ;. Assume
that each of the observation vectors x; has the normal distribution with mean vec-
tor p = (pg, 1)
Using vectors of observations for each object, we constuct the observation matrix

" and covariance matrix Q, i.e. x;~ N,,(u, Q) with m = p + q.

as X = (X1,X2,...,X,) having matrix normal distribution N, ,(p1),,Q,L,). We
are interested in relations between characterisitcs from the first and second group
described in the covariance matrix €215, especially 51p1; and JA described in Sec-
tion 2.

In this section we apply the formulas from Theorems 3.1 and 3.2 in a simulation
study. Our aim is to verify whether the considered discrepancy function recognizes
the true structure properly. For this purpose we take sample size n = 100 and
number of parameters (p, q) = {(2,2),(2,3),(2,5), (2,10),(3,2),(3,3),(3,5),(3,10)},
for which we determine matrix € as a well-conditioned matrix from the set S; or Ss.
Under these assumptions we generate the data from the normal distribution with
mean vector 0 and covariance matrix €2, i.e. X ~ N,1,,(0,Q,L,).

The choice of the most appropriate structure is based on the estimation of matrix €2
and determination of the nearest structure in the sense of some discrepancy function.
In real life applications, the covariance matrix €2 is usually unknown; thus we replace
it with a maximum likelihood estimator of €, i.e. S = 1X(I, — 11,1/)X’. By
minimazing the entropy loss function over the set S; and S», we obtain respective
discrepancies that we denote as (; and (s, that is

Gu=min fs(I') and (= min fs(I).
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The discrepancies (; and (5 are computed using iterative algorithm based on a sys-
tem of equations given in Theorems 3.1 and 3.2, respectively. In the first considered
structure the initial assumption of the algorithm solving the system of equations
given in Theorem 3.1 is 'y = I, while in Theorem 3.2: I'y = I, and o = 0.5.
The other variables, 0 and I';, are computed from their respective equations (Theo-
rems 3.1 and 3.2) and we receive the first step results of appropriate variables. Then
the second step results are computed based on the first step. The iteration pro-
cess goes on until some criterion is fulfilled, e.g. the difference between the solutions
of two steps (or trace of the matrix difference) is smaller than a given threshold,
here 107°. The last step results can be viewed as the estimators of respectively
structured covariances. Obviously, in both algorithms the initial conditions can be
chosen arbitrarily, for example instead of the identity matrix a block of S can be also
assumed.

All simulations are repeated 1000 times, i.e. for the chosen true matrix Q we
generate 1000 matrices X and for each of them we determine the maximum likelihood
estimator of €2, i.e. the matrix S and discrepancies (; and (5. Then the averaged
results of discrepancies, i.e. {; and (5, are computed.

We expect that when the true matrix 2 € &; the discrepancy between S and
the &1 set of structures is smaller than the discrepancy between S and the Sy set of
structures, and when the true matrix 2 € S we expect the opposite rule, that is

The simulations results are presented in Tables 1 and 2.

It can be seen from Table 1 that the entropy loss function identifies the true
Q) € & very rarely and that there are only a few cases with the proportion of proper
structure identification higher than 50%. Moreover, for ¢ = 2 there are some cases
where none of the structures has been identified properly (p =2 and 6 = =3 or p =3
and § € {—3,3}). However, the best proportion (93.6%) of correct identification is
also obtained for ¢ =2 (p = 2 and 6 = —2). We can also observe that bigger values
of the parameters p and ¢ usually provide to higher values of discrepancy.

In Table 2 the results for the true € € S are presented. We can see that the
averaged discrepancies satisfy ¢, < ¢, for each value of parameters p, ¢ and § (except
one case). Moreover, the true € S proportion of proper structure identification
is usually higher than 80% and for many cases the proportion is very high, larger
than 95%. The results obtained for 6 = 1 and § = 2 are comparable. Similarly
as in the first case, bigger values of parameters p and ¢ provide higher values of
discrepancy.
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The small proportion of proper structure identification (small = values) for true
Q € &7 is caused by the inclusion & C Ss. It follows from the fact that the
discrepancy from the larger set is always smaller. It can be also caused by the high
bias of the matrix S, which does not need to be a good estimator of €2, as we will
show below. However, if (7 is close to (2, then &1 can be recommended as the relevant
structure, since it has smaller number of parameters.

Matrix S does not have structure from S; with probability one. One would expect
that (3 < (2, however this is not true in general. For example, in one of the cases
where only 7.9% of structures were identified properly (p = 2, ¢ = 2, 6 = —5), the
true matrix 2 has the form

40.4805 —3.2857 ) -5

Q- —3.2857 30.4662 -5 -5
-5 -5 13.7867 7.0661
-5 -5 7.0661 29.8369

and its maximum likelihood estimate has the form

43.1327 —3.2283 —2.0342 —4.0651
—3.2283 30.2062 —3.5415 —4.5745

S —
—2.0342 —3.5415 10.9243 7.4380 |’
—4.0651 —4.5745 7.4380  29.4835
while
43.3859 —3.1991 —3.1071 —3.1071
§ o _ ~3.1991 29.7926 —3.1071 —3.1071
OS5 7 31071 —3.1071 10.9721  7.2440
~3.1071 —3.1071 7.2440  28.9051
and

43.6253 —3.1640 —3.3547 —4.0682
—3.1640 29.6590 —2.7663 —3.3547
—3.3547 —2.7663 10.9387  7.3309

—4.0682 —3.3547 7.3309  29.1380

I'agr =

are the minimum of the entropy loss function over §; and Ss, respectively, that is

in fs(T) = fs(Tes) = d  min fs(T) = fs(Tar) = G-
min fs(I) = fs(Tes) =G and - min fs(I) = fs(Tar) = G
In this case (1 = 0.0079 > 0.0067 = (2. It can follow from the fact that (; presents
a discrepancy between the structure from the set S; and a matrix S like (5 gives the
discrepancy between the structure from the set Sy and also the matrix S, which is
not a good estimator of the true structure.
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Similarly, for p = 3, ¢ = 2, § = 3 the true matrix has the following form:

13.6376  7.0020  7.4252

7.0020 13.2476 —5.1712

Q=] 74252 —5.1712 19.5732
3 3 3
3 3 3

and its maximum likelihood estimate is

12.8821  5.4486 8.9021
5.4486 11.4081 —3.4473
S= 89021 —3.4473 19.7483
2.4804  4.0197  3.3223
3.5079  2.5917  4.1575

3

3

3
7.9498
3.8762

2.4804
4.0197
3.3223
9.4947
4.5119

3

3

3
3.8762
14.1895

3.5079
2.5917
4.1575
4.5119
10.9852

As previously, matrix S has no structure from &; anymore and the estimates obtained

over respective sets are

13.4928  6.0912 9.2271

3.6822

6.0912 11.5260 —3.1804 3.6822

and

12.5147 5.3189  8.7078
5.3180 11.0068 —3.3883
Taip=| 87078 —3.3883 19.8810
2.7464  3.3783  4.1557
2.2326  2.7464  3.3783

I'cs =] 9.2271 —3.1804 19.7059
3.6822  3.6822  3.6822
3.6822  3.6822  3.6822

3.6822
8.6508
4.7567

2.7464
3.3783
4.1557
9.2361
4.7472

3.6822
3.6822
3.6822
4.7567
11.6244

2.2326
2.7464
3.3783
4.7472
11.1314

Similarly as in the first example, the I'y and I's estimates are quite similar and the
discrepancy between S and its estimate is smaller for I' 4 g, (1 = 0.07429 > 0.0447 = (5.

On the other hand, the discrepancy values obtained in simulation studies are rather
small. This means that the considered approximations (f‘cs and fAR) are close to
the matrix S and close to each other; thus they are very difficult to distinguish.
Sometimes, it is better to choose a slightly more distant structure (in the sense of

discrepancy function) and have a smaller number of parameters to estimate.
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p=2 p=3

J (1 Co 7T Cq Co ™
=5 0.0299 0.0351 7.9 0.0491 0.1507 38.3
-3 0.0301 0.0206 0.0 0.0509 0.0404 0.0
—2 0.0303 0.1864 93.6 0.0496 0.0442 4.4
—1 0.0287 0.0587 46.4 0.0501 0.0399 5.5

0 0.0285 0.0209 6.4 0.05603 0.0390 8.7

1 0.0275 0.0271 18.5 0.0479 0.0408 3.0
2 0.0293 0.1013 70.8 0.0519 0.0512 7.1
3
5

0.0300 0.0694 36.7 0.0528 0.0417 0.0
0.0317 0.1434 539 0.0827 0.4040 49.4

-5 0.0564 0.0908 134 0.0954 0.3421 42.0
-3 0.0538 0.1174 32.3 0.0846 0.2178 44.5
-2 0.0489 0.0403 4.4 0.0833 0.1931 54.3
-1 0.0519 0.0417 2.3 0.0802 0.0719 7.1
0 0.0004 0.0464 2.3 0.0809 0.0727 8.2
1 0.0521 0.1318 55.9 0.0828 0.0737 13.8
2 0.0079 0.0974 26.9 0.0827 0.1956 84.8
3
5

0.0495 0.0452 5.6 0.0840 0.0914 13.2
0.0495 0.0866 149 0.0826 0.1674 39.4

-5 0.0941 0.1354 32.2 0.1494 0.1511 5.5
-3 0.1013 0.1458 24.7 0.1485 0.2032 24.6
—2 0.0946 0.0945 7.8 0.1487 0.1546 34
-1 0.0916 0.0831 14.5 0.1472 0.1423 21.1
0 0.0907 0.0795 4.7 0.1445 0.1410 15.8
1 0.0922 0.1181 275 0.1483 0.1444 10.3
2 0.0925 0.0906 7.5 0.1469 0.1524 25.7
3
5

0.0945 0.1971 509 0.1447 0.2356 25.2
0.0906 0.2403 46.6 0.1524 0.1445 0.8

Gt Ot Ot Ot O O O O U1l W W W W W W W W Wi N NN NDDNDNDDNDDNDKR

10 -5 0.2113 0.4297 49.6 0.3195 0.3959 29.8
10 =3 0.2032 0.3481 65.1 0.3165 0.3187 18.9
10 -2 0.2074 0.2144 18.0 0.3102 0.3214 15.3
10 -1 0.2026 0.1980 22.0 0.3165 0.3154 27.7
10 0 0.2053 0.1964 17.2 0.3140 0.3027 18.9
10 1 0.2076 0.2017 20.0 0.3131 0.3088 14.8
10 2 0.2069 0.2144 177 03176 0.3183 9.1
10 3 0.2046 0.2104 11.3 0.3144 0.3338 29.5
10 5 0.2018 0.3070 40.1 0.3137 0.4553 42.8

Table 1. The averaged discrepancies Zl, 22 and proportion 7 (in %) of proper structure
identification among 1000 simulation runs in the case of £ € §; with n = 100 for
various values of 4.
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0=1 0=2

P q 0 i C m G Gy m

2 2 —09 00430 0.0293 89.1 0.1037 0.0633 94.1
2 2 —0.5 0.0542 00385 77.6 0.0424 0.0283 87.8
2 2 —0.1 0.0266 00220 84.6 0.0273 0.0230 88.6
2 2 0 0.0280 0.0222 83.2 0.0285 0.0234 90.5
2 2 0.1 00310 0022 935 00277 0.0211 97.0
2 2 05 0.0282 00238 928 0022 0.0643 73.8
2 2 09 0028 0021 998 00309 0.0303 87.4
2 3 —0.9 0.0630 00482 90.8 0.0889 0.0524 95.1
2 3 —05 00515 00416 91.8 0.1011 0.0448 100.0
2 3  —0.1 0.0512 00403 92.7 0.0483 0.0373 97.9
2 3 0 0.0524 0.0462 92.4 0.0493 0.0407 98.9
2 3 0.1 00520 00445 90.0 0.0494 0.0398 97.7
2 3 05 00504 00434 929 0.0568 0.0421 96.9
2 3 09 00511 00453 95.2 0.0543 0.0707 50.1
2 5 —09 01036 00837 87.3 0.1384 0.0911 94.8
2 5 —05 01008 00867 968 0.0936 0.0893 88.4
2 5 —0.1 0.0960 00873 91.1 0.0945 0.0843 93.3
2 5 0 0.0910 0.0854 90.3 0.0917 0.0851 95.6
2 5 0.1 0.0937 00876 89.2 0.0936 0.0871 87.8
2 5 05 0.0937 00865 97.8 0.0979 0.0802 95.5
2 5 09 0.0913 00814 99.8 0.0939 0.0840 95.3
2 10 —0.9 0.2925 0.2273 97.4 0.2224 0.2040 89.5
2 10 -05 0.2092 0.1974 80.3 0.2208 02114 93.2
2 10 —0.1 0.2017 0.1881 90.7 0.1995 0.1891  89.5
2 10 0 0.2065 0.1969 848 0.2041 0.1977 85.7
2 10 0.1 0.1984 0.1871 88.8 0.2052 0.1961 86.6
2 10 05 0.2037 0.1898 80.7 0.2098 0.1951 87.8
2 10 0.9 0.2208 0.1999 82.8 0.2065 0.1932  86.3
3 5 —09 05050 04646 88.9 0.1738 0.1520 97.5
3 5 —05 01627 0.1401 88.7 0.1500 0.1409 88.2
3 5 —0.1 01482 0.1343 88.1 0.1483 0.1405 88.2
3 5 0 0.1440 0.1348 89.1 0.1467 0.1355 88.7
3 5 0.1 01498 0.1377 90.7 0.1486 0.1380 89.9
3 5 05 01518 0.1397 92.6 0.158 0.1359  95.1
3 5 09 01485 0.1418 929 0.1651 0.1396 99.8

841



0=1 0=2

q 0 G Gy m ¢ Gy m

10 —0.9 0.3873 0.3470 89.4 0.6324 0.5133 97.7
10 —-0.5 0.3108 0.2995 90.1 0.3148 0.3060 &89.5
10 —-0.1 0.3121 0.2973 76.0 0.3164 0.3027 82.3
10 0 0.3152 0.3040 788 0.3179 0.3073 814
10 0.1 0.3143 0.3083 88.4 0.3195 0.3044 87.2
10 0.5 0.3150 0.2999 &86.2 0.3190 0.3036 86.8
3 10 0.9 0.3126 0.3047 844 0.3321 0.4113 15.6

W W W w w wls

Table 2. The averaged discrepancies (;, (5 and proportion 7 (in %) of proper structure
identification among 1000 simulation runs in the case of 2 € S with n = 100 for
various values of g.

5. CONCLUSIONS

We have proposed a method to find the best approximation of a given positive
definite matrix by matrices with specified block structures, based on minimizing the
entropy loss function, between a given Q € R. and the set of matrices that has
a structure under consideration. The simulation study showed that the Sy structure
is better identified by the entropy loss function even when the assumed structure
is §1. Moreover, with the increase of the parameters p and ¢, there is no apparent
change in the proportion of proper structure identification. To sum up, this method
can be used in statistics to approximate the covariance matrix.

Finally, it is worth mentioning that the problems of estimation of the partitioned
covariance matrix with known structure of diagonal blocks of T" can be considered, in
particular, 'y = §; ©®1 and I'ys = 6205, where ®1 and ®5 are known positive definite
matrices. It can be related to the situation when the covariance structure for each
of the observation vectors x, and x; has been already studied while the covariance
between vectors x, and X; remains unknown. In such a case the formulas given in
Theorems 3.1 and 3.2 are less complicated, and for ®; = I, and ®, = I, we have
three or four variables instead of 2p(p+1)+3¢(g+1)+1 and ip(p+1)+2q(g+1)+2
for the structure from S and S, respectively.

In this paper the approximation by only two special structures is given. Observe
however that there is a wide range of potential candidate structures; therefore, this
topic will be a subject of our future research.
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ABSTRACT ARTICLE HISTORY
In this paper, we study the estimation of a block covariance matrix Received 8 November 2022
with linearly structured off-diagonal blocks. We consider estima- Accepted 3 June 2024

tion based on the least squares method, which has some draw-

: o KEYWORDS
backs. These estimates are not always well conditioned and may Covariance matrix; block
not even be definite. We propose a new estimation procedure pro- linear structure; maximum
viding a structured positive definite and well-conditioned estima- likelihood estimation;
tor with good statistical properties. The least squares estimator is orthogonal projection;
improved with the use of a shrinkage method and an additionalalge-  shrinkage method

braic approach. The resulting so-called quasi shrinkage estimator is
compared with the structured maximum likelihood estimator.

1. Introduction

Estimation of covariance matrices is widely used in multivariate data analysis and is
applied in various fields including agronomy, biology, medicine, economics, and geogra-
phy. Recently, more and more characteristics have come to be measured on sample units.
Often the number of measurements is higher than the number of units, which leads to
a problem of overparameterization. Having some knowledge about the structure, we can
reduce the number of parameters. In the literature, commonly considered structures of
covariance matrices include, for example, compound symmetry (cf. [1]), first-order autore-
gression (cf. [2]), and banded Toeplitz matrices (cf. [3,4]). Other structures considered
include a separability (Kronecker product) structure (cf. [5-9]) and the block compound
symmetry structure (cf. [10-12]). We consider the specific partitioning of the matrix into
four sub-blocks, with squared diagonal blocks, not necessarily of the same order; cf. [13,14].
The diagonal unstructured blocks are arbitrary symmetric square matrices and the off-
diagonal blocks have some structure. Our main object of interest is the cross-covariance
matrix, and more precisely, inference about the structured off-diagonal blocks. The struc-
ture we focus on is linear, with the off-diagonal blocks consisting of all elements equal (they
can be considered as off-diagonal blocks of the compound symmetry structure), and arbi-
trary diagonal blocks. In the case of a structured covariance matrix, the common maximum
likelihood estimation procedure can lead to a complex numerical problem. In this paper,

CONTACT M. Mrowinska @ malwina.mrowinska@put.poznan.pl
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we consider the computationally simpler least squares method; cf. [15]. This method has
good statistical properties; however, the estimator obtained may be indefinite. We propose
an improvement to this method, based on shrinkage and an additional algebraic approach,
giving an estimator with good statistical properties that is also positive definite and well
conditioned. We call the new approach the quasi shrinkage method, and the new estimator
the quasi shrinkage estimator.

The paper is organized as follows. Section 2 presents the statistical background. The
results of maximum likelihood estimation and the least squares estimation and its improve-
ments are presented in Sections 3 and 4, respectively. A comparison of the estimators
based on a simulation study is given in Section 5. Conclusions and recommendations are
discussed in the final section.

2. Statistical background

Assume an experiment in which characteristics are measured on #n experimental units. An
observation has the form of a vector x;, i = 1,. . ., n, that can be divided into two subvec-
tors, X; = (x;p,x;q)’ . These correspond to two groups of characteristics x;, and x;4, with
numbers of features p and g, respectively. The observations from different experimental
units are independent and have the normal distribution

X; ~ Ny (1, ),

wherem =p+q, p = ([L;), ;LZZ)’ is an unknown mean vector, and £ is an unknown pos-
itive definite (p.d.) covariance matrix. The matrix of all observations X = (x1,...,X;) is
matrix normally distributed

X ~ Nm,n(”vlgp Q, In)’

where 1, is an n—dimensional vector of ones and I,, is an identity matrix of order ».
We focus on the dependency between two groups of characteristics, which is given by
the off-diagonal block of the covariance matrix

Q Q
Q— /11 12 )
12 22
The covariance matrix 2 has m(m + 1)/2 unknown parameters to estimate, while in the
case of a structured covariance matrix, this number decreases to the dimension of the

structure.
Following [16], we define a linear covariance structure as

® = {I' € S|T is positive definite},

where S is a linear subspace of the space of symmetric matrices defined by [17].
We consider the following structured matrices:

r 1.1 0 1.1
r=( T )= (N 0 Y (0 ). o
y1,1, T 0 I, 1., 0

where I'; and I'; are symmetric p.d. matrices of order p and g, respectively, and y € R. In
[18], a similar cross-covariance structure was considered for metabolomics data.
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We assume that I is a p.d. covariance matrix, thus I'; and I'; are p.d. matrices and y is
such that I is p.d.
Based on Theorem 1.12. of [19,20] we give Lemma 2.1.

Lemma 2.1: Let

A Anp
A =
( A, An )
bea (p+ q) x (p + q) partitioned matrix. If A11 : p X p and Cy143 are p.d. or Ay : g X q

and Cpae1 are p.d, then the matrix A is p.d., where the respective Schur complements are given
in the following forms:

Ciie2 = Ay — A12A2_21A’12,
Cre1 = Agy — ADA AL

Observe that, if T is positive definite, then the Schur complements of I'; and I'; in I':

2 /-1 /
Chio=T1—y71,1,T, 11, o
2 -1
Cpa =T, -y 1,1,T 1,1
are positive definite matrices. Thus, for any g-dimensional vector v it should hold that
2 -1
vIv—y v/lql;,l“1 lplzlv > 0,
and after transformation, we obtain

/ /
qulqv

-2 fy—1
Y < lpl"1 IP v,y

Now, following [21, Theorem 2.5], we obtain that

v11v
max —1- = 1/T;"1
v vT,v 1 1
and consequently
) 1

= rlr ;s
p~1 “prq™2 “q

Therefore, y € (— - 1 —; - 1 - )
/ - T T / -
Juriturty” furiiy ety
Our purpose is to determine a structured p.d. and well-conditioned estimator of the
covariance matrix with good statistical properties. Therefore, we are looking for a estimator
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where the condition number x (A) of the form

ﬂ‘ max (A)

imin(A) , (3)

k(A) =

with maximal (Amax(A)) and minimal (Amin(A)) eigenvalues of the matrix A, is smaller
than a fixed x. Thus, we consider the structure ®g C O:

®o={T € S|Tisp.d.and k(I') < xo}.

The unknown true I' will be estimated in four steps. In the first step, we determine the max-

imum likelihood estimator (MLE) of the unstructured covariance matrix § = %X(In -
%IHIZ)X’ . In the second step, we transform § into a structured estimator I'rs using least

squares estimation (cf. [15]). The resulting estimator belongs to the linear space 13, which
is a sum of two subspaces: the linear subspace of block-diagonal matrices, Bj, and the
subspace of off-diagonal matrices with all elements equal, 13,:

B:B]EBZ>

where

A 0
812[A6R5+q:A:( ! ),A1ERZ,A2€RZ]

p 0 A
0 1.1
Bz:[BER;H_q:B:b(lql;) poq),bER]

with R}, being the set of symmetric matrices of order d and
dimB=p(p+1)/2+q(q+1)/2+ 1.

Observe that this estimation method does not ensure good properties such as positive det-
initeness or well-conditioning. Therefore, in the third step, to improve the least square
estimator, the shrinkage method is used. The shrinkage estimator T's € BB has better prop-
erties than T 15; however, the problem of indefiniteness may still exist. Then, in the last
step, the required properties are obtained using an algebraic approach. The final estimator
st € O is called the quasi shrinkage estimator (QSE).

The quasi shrinkage estimator is compared with the MLE, which is obtained by maxi-
mizing the likelihood function with respect to p.d. T € ®¢:

L(S,T) = 2x)~2"™ |r|—%"exp [—%tr (sr—l)]. (4)

In general, solving the constrained problem is complex and time-consuming, and requires
iterative procedures (described in Section 3). However, if ®( were a quadratic space, then
the MLE of the covariance matrix would be a projection of S onto @y, or equivalently, the
MLE would be the minimum of the Frobenius norm over I' € ®y; cf. [22].
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The projection onto non-quadratic space as an estimation procedure was studied in
[15]. This method, called least squares, is based on minimizing the difference between the
matrix S and the block matrix I' € B in the sense of the Frobenius norm:

fET) =S =TIl =tr[S-T) (S —T)]. (5)
The resulting estimator T does not always have good properties such as positive definite-

ness and well-conditioning, and it may even be indefinite; cf. [23].
For example, for the matrix

S=

S N =
NS IR \S)
— N O

which is p.d., the estimate obtained by minimizing the Frobenius norm (5):
1 2
I'is= 2 9
1 1

is indefinite.

Therefore, we propose an improvement of the estimation procedure to provide the
estimator with good statistical properties, which is p.d. and well-conditioned. The next
sections describe the methods used to obtain both the MLE and the QSE.

3. Maximum likelihood estimation

The MLE is obtained via rgaximization of the likelihood function (4) with given S over
I' € ©y, and is denoted as I'ysz. The problem of maximizing £(S, T') over the considered
set has the following form:

LS, fML) = max L(S,T).
r€®0
It is equivalent to maximizing the log-likelihood function in the following form:
In£(S,T) = nTmln(Zn) _ gln IT| — gtr(SI'_l).

Using respective Schur complements (2), we obtain
~1 ~1 —1
r-! — 1C11.2 1 =7y lpll;;CZZol
=T,y lqlgacu.z Ce1
and

IT| = |T2| - |Ci1e2]
= |I'1] - |Cp2e1l.
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The matrix S can be presented in partitioned form:

S — ( S Si2 )
S S22 )
whereSH :p Xp,Slz 1p X q,Szz g X(q.
The maximum of the likelihood function over @y is given by Theorem 3.1.

Theorem 3.1: For a given matrix S € R”, there exists a matrix I' € R” that maximizes the
likelihood function (4) over ®¢, and this maximum is attained at Ty, 'y, y satisfying the
following system of equations:

[ T, =S —y (Cnozr_lslzcz_zl.llqlpr 'Cliez + 1, 1 rz_ls/lz)
+ 2 (1 1r;' 1p+CH.2r '1,17,C5501822C5001 1,1 F1_1C11.2)
~y Cn.zr '1,1/C5, 1,1 r1 '815C0e11,1,T ' C1102
1 I =S8xn—y (szolr 512(31_11.21 I’F_1C22.1 + 1,1 F_ISH)
+ p2 (1q1;,r1‘11 1 +c22.11"‘11 1 C_ll.ZSuC 11.21p1qI‘_1C22.1)
— y3Cpa ;! 1,1 c;11,21p1;1r—1s’ c;11.21p1qr 1Crre1
—2b — A/4b% — 8ac
y = ,
L —4a
where
a =t [$12T5 1,1, Cr L, 1T 1 Crl, + ST LGl 1, 1P 1, 1CoL |

b=tr (Cl—msn — 1) Ciy,1,1,T5 11,1, + $5,C5 1,1, T T L 1, cz—z,l}

c=tr Slzl"_ll U,Cilh, + S0, ', 1 c;z,l]

Proof: To obtain the maximum of the log-likelihood function over ®¢, we differentiate
In £(S, I') with respect to I';, I'; and y . The derivatives have the following forms:

olnL

n _ _ /
== {vec (Clllz) —vec (311)(C11.2®C111.2) +vec <812F2 Ly lqll’,)

or,
x (Cl a2 ®Ciiyy) + ved (S12) - [ (Chy, ® 1) ( 1, ® Ip) ri'erh
+ 1T (1,8 71,1) (G ® Cot) (1,1, ® 721,1,) (T @ T |
— vec' (522) (Cpa; ® Coni) (141;, ® ¥ 21,111;) (ry'ery } D,

a;?*f = —E{vec (Cope1) —vec (S11)(C1_11.2®C1_11.2)(1 1, ® 21 1 ) r;'er;!)

+ vec’ (5'12) | (Cﬁl.z Q Iq) (y 1;,1,1 ® Iq) (r2—1 Q r2—1)
+ (IP ®T; 1,1 ) (C111.2 ® C11.2) (lplfg ® Vzlpliz) (rz_l ® rz_l) ]

+ vec’ (lqléy F1_1812> (Cz_zl.1 ® Cz_zl.l) — vec (S22) (Cz_zl.1 ® Cz_zl.l)}'Dq
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olnL n ' (=1 'T;'1 1/
5 — —5{ — 2y vec' (Cy,,) vec (1p1qr2 lqlp)

+27 ved (S1) (Crih, ® Crihy) vee (1,175 1,15

—vecd (S,) - [ (Cl_ll.2 ® Iq) vec (I‘z_llqlé)

+27 (L, ® T3y 1,15) (Crlyy ® k) vee (1,175 11,15 ) |
— vec’ (1"1_1812) [ (Cz_zl.1 ®I,) vec (1p1;>

+27 (1, ® 7 1,1,) (Couy ® €3y vee (115071, 17) |

+ 2y vecd (S22) (Cz_zl.1 ® Cz_zl.l) vec (lqléjl“l_llplzz) },

where Dy is a k? x k(k + 1)/2 duplication matrix and vec(-) is an operator stacking
the columns of a given matrix one below another; cf. [24,25]. The formulas for matrix
differentiation can be found in [26].

Equating the above derivatives to zero, we can omit the duplication matrices since
they do not have any effect on the result. Then using some formulas, properties of the
vec(-) operator, and some transformations (cf. [20,24]), we obtain the maximum likelihood
equations:

-1 -1 -1 -1 —1 -1
(Cu.z) - (Cuozsllcn.z) +7 (Cu.zlpl%rz S12(:11.2)
+7 (T7'812C 1,1T7) + 73 (T7 1,1 G 1,1, T S1Cl, 1,1, T )
—y? (rl_llplzzcz_zlolSZZCz_zlollql;’rl_l) =0 (6)
~1 2 (p-1 -1 -1 —1
(C 2.1)_ 7 (rz lqlg,CH.ZSuCH.lel;I‘z )
+7 (03'8LCHu 115" ) + 73 (T3 1,1, 1,15 1S, Gl 1, 15 )
+y (Cz_zl.llqlfarfleCz_zl.l) - (C2_21.1522C2_21.1) =0 (7)
=2y tr (Crn LT3 1,15) + 27 tr (CHlSuCrb 1,15 1, 1)
-1 -1 / 2 -1 -1 1 rp—1 /
— tr (€481l 1,15) — 292t (R80T s 1,1, Crila 1,115 ' 1,1y )
—tr (Coa 1T 11,1 ) — 29 2 tr (Coh, 81T 1,10 Copt 1,1, T T 1,
201120 1 1ply 4 2201120 1 Iplghanerlqlipl 1 1ply
-1 —1 -1
+27 tr (€5 82Chn 11T 1, 1)) =0 (8)
We transform the Equations (6) and (7) by multiplying them by the appropriate Schur
complement (Cj1e2 Or Cy2e1, given in (2)), and then we obtain implicit formulas for I';

and I',. In equation (8), the implicit formula for y is obtained using properties of the trace
operator. Thus, the system of equations has the form given in Theorem 3.1. |
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Note that the above system of equations is not given in an explicit form, and determining
the solution is challenging and time-consuming, requiring the use of numerical meth-
ods. Solving the system of equations given in Theorem 3.1 requires the use of an iterative
method: the so-called flip-flop algorithm. In general, the flip-flop algorithm needs a start-
ing assumption. In our case, two parameters have to be assumed (for example, I'1 = Sy,
I'; = S5,) and the third parameter is computed. Then, new parameters are computed iter-
atively based on the previous values. The calculations are repeated until the stopping rule
(requiring the difference between respective parameters from two steps to be small enough)
is fulfilled.

Alternatively, the MLE can be determined by a method using derivatives — the gradi-
ent descent algorithm. This approach also requires a starting assumption, but this time
for all parameters (for example, I'; = S11, I', = Sy and y = 0). Then, all parameters are
improved using appropriate derivatives. The calculations are repeated until the stopping
rule is fulfilled. Both methods provide estimators of I'.

4. Improved least squares estimation

Since maximum likelihood estimation is numerically complex and has no explicit form
when a non-quadratic linear structure is considered, we use the least squares method. This
approach provides an explicit estimator, as it is a projection of the matrix S onto a linear
space. It should be noted that for a non-quadratic space such a projection does not preserve
definiteness. To overcome this problem the projection onto a convex cone of p.d. structured
matrices can be used; cf. [3]. However, this is also time-consuming; thus, we propose to use
shrinkage estimation and an additional algebraic improvement if necessary.

The shrinkage method was considered in [27] as a way of improving the estimator of
the covariance matrix. This method is used when the estimator is ill-conditioned and may
be non-invertible, which is a common problem in covariance matrix estimation in high-
dimensional settings. The method is used in [27] for an unstructured sample covariance
matrix S, and in [4] for a structured covariance matrix (banded Toeplitz structure) obtained
by the least squares method. In this paper, we also improve the least squares estimator,
which is presented in the next subsection.

4.1. Least squares estimator

The least squares method was applied in [15] to the estimation of a structured covariance
matrix. This method is based on minimizing the distance between a sample covariance
matrix and structured I' in the sense of the Frobenius norm. The least squares estimator of
I' given by (1) is denoted as fLS, and it can be obtained by minimization of the Frobenius
norm (5) with given S over the space B:

S,T1s) = minf(S,T) = min||S — T3,
f(S,Trs) {_nelgf( ) {,nelélll %
where
f(S,F) =1tr (SZ) — 21tr (Sul"l) — 4y tr(slzlqlé) — 2tr (8221“2) + tr (I‘%)

+2y°pg +tr (T3).
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The minimum over the set B can be obtained by differentiation f (S, ng) with respect to
I';, I'; and y . The derivatives have the following forms:

;Tf - {Vec’ (L) [(T1 ® L) + (I, ® T1)] — 2vec’ (S11) }Dp

1

of _ { —2vec' (S22) + ved' (I) [(T2 ® 1) + (I; ® T2)] }Dq
oI,

0

% = —41,8121, + 4y pq.

On equating the derivatives to zero and applying some transformations, we obtain the
following theorem.

Theorem 4.1: For a given matrix S € R, there exists a symmetric matrix I' € R® that
minimizes the Frobenius norm (5) over BB, and this minimum is attained at

I't =S
') =S»
— 1y
y = pqlpslzlq.

The minimum attained in Theorem 4.1 is a global minimum of the convex Frobenius
norm function (cf. [1]) and is given in an explicit form. Moreover, the estimator, fLs, is
consistent; cf. [15]. The solution given in Theorem 4.1 is the projection of the matrix S
onto the space B = B H B;.

The projection onto I3 does not preserve positive definiteness, since the space B is not
quadratic. Recall that a quadratic space P is a linear space with the property that A € P
implies A% € P (cf. [28]). However, the projections of some matrices onto this space are
p.d. The subspace B is a quadratic space; consequently, the projection onto 3} preserves
matrix definiteness (cf. [28]). However, 13, is not a quadratic subspace, and in addition, the
projection of any matrix onto 53, is not definite.

The least squares estimator has good statistical properties such as consistency, while it
is not always p.d. and well-conditioned and may even be indefinite (see the example in
Section 2). Therefore, in the next sections, we propose two methods to improve it.

4.2. Shrinkage method

In this section, we use the shrinkage method developed in [27,29-31] to restore positive
definiteness and well-conditioning to the unstructured sample covariance matrix. These
properties are required in multivariate analysis when the inverse of the estimator of the
covariance matrix is needed.

We apply this method to improve the estimator T A shrinkage estimator (SE),
denoted as T, is a convex combination of a given target matrix T and the least squares
estimator of the covariance matrix:

Ts=(1—mT+ s, 9)

where the target matrix is p.d. and the shrinkage intensity # € [0; 1]. Note that f‘Ls has the
considered structure, and thus I's also has the structure, when T is appropriately chosen.
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In the literature, common sets of target matrices are the linear space of matrices pro-
portional to the identity matrix or the linear space of diagonal matrices. These spaces are
quadratic, and the empirical target matrix T is in fact the projection of S onto an appropri-
ate space; cf. [32,33]. We propose the space 3 as the target set, that is, the largest quadratic
subspace of the considered structure. Thus, the empirical target matrix has the following

form:
~ Si1 0
(% 2)

Moreover, this is the MLE of the projection of I' onto By; cf. [34]. Note that T is not less
well-conditioned than the matrix S, which follows from Lemma 4.2 based on Theorem A.1.
of [35].

Lemma4.2: Let
A Ap A 0
A = 5 B =
(Aiz Azz) ( 0 Azz)

be (p + q) x (p + q) p.d. partitioned matrices with A1y : p X p and Ay, : q x q. Thus, the
relation between their condition numbers k (x), defined in (3), is

k(A) > x(B).

Applying the empirical target matrix T, the shrinkage estimator can be rewritten as:
i:S =T + ﬂ(fLs — T)

Note that fLs — T is the projection of S onto 3, - the orthogonal complement of the
quadratic subspace B; € B.

Now, we determine an optimal # using quadratic risk as the optimization criterion, as
proposed in [27].

Let denote the quadratic risk by

E(ITs = TI2) = tr [E(T°) | + nec [B (TF0)] + #2te [ B () |
—21tr [E Tl")] —2ntr [E (fLs) F] + tr [I‘Z]
=g (). (10)

Since the quadratic risk is convex, the minimum is attained at the stationary point where
the derivative of g(#) with respect to # is equal to 0, which can be written as

te [B (TFs)] + 201t [E (Tl) | - 2t [E (Fus) T] = 0.

This equation can be solved using the properties of the Wishart distribution given in
[36,37]. Note that the matrix S and its diagonal blocks have Wishart distributions with
n—1 degrees of freedom and appropriate covariance matrices:

nS~ W, (n—1,2),
nSyy ~ Wy (n—1,11),
n822 ~ Wq (I’Z — 1,922) .
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Thus, applying the properties of the Wishart distribution, we obtain the following equation:

-1
n?{ntr(l“%l) +tr*(T' 1) +ntr(l’§2) +tr?(T'2)) +2n[ntr(rfl) +tr? (1’11)+ntr(l"§2) +tr2(F22)]}

47] n—1
pg

n—1 2 2 2 2
—2-— |:tr (Th) + p—qtr (r121q1;>) T (1‘22)] =0

2
{tl’ (F121 rlzlql;)) + tr (lqlérlllplfqrzz) +(n—-1) |:'[I' (rlzlql‘;)] ]

The solution is given in Theorem 4.3.

Theorem 4.3: The minimum of the quadratic risk g(n) given in (10) is attained at

2
n (1;,[‘12 1q)

5"
lérnlpl:]rzzlq +n (1;,[‘121(1)

]7:

The shrinkage intensity #, given in Theorem 4.3, is a function of the unknown T, and
its estimate can be obtained by replacing I by S:

2
. n (1;75121(1)

n PR
128111p128221q +n (léslzlq)

Note that 77 € [0;1] and S is consistent when n — 0o and the dimension of the data-
generating model is fixed, then 7 — 1 with probability one.
The estimator I'g has the form

rs = /T\+7’]\(i:LS —/T\)

Observe that ng is a consistent estimator of I', thus f‘g is consistent, because fs — ng;
cf. [15].
Finally, the shrinkage estimator takes the following form:

~ S sl 1/
Fsz(AH, Vqu)
yslqlp Sy
with 75 = 7 - Fis.

In our problem, unlike in the classical approach, the use of the shrinkage method does
not always lead to a p.d. or well-conditioned estimator. Therefore, we propose an estima-
tion procedure that provides an estimator with the required properties, which we call the
quasi shrinkage estimator (QSE). This approach consists of two steps. Firstly, we derive
the shrinkage estimator T s. Secondly, if it is p.d. and well-conditioned then FQS = 1‘5,
otherwise we improve it using an algebraic approach, presented in the next section.

4.3. Algebraic approach

In the previous section, we studied the shrinkage method for estimator construction. The
estimates obtained are not always p.d. or well-conditioned, and therefore an improvement
is needed to receive I'QS having these properties. In this section, we propose an algebraic
method based on the properties of the Schur complement (Lemma 2.1).
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Recall that the diagonal blocks S1; and Sy, are p.d., while off-diagonal blocks can affect
the definiteness of the whole matrix T's. To obtain a p.d. and well-conditioned estimator,
we propose — for use only when T's does not satisfy these properties — the following three
corrections:

(1) el 1
By = ( En / p-rslply )’
B yslyly, S22

with the highest § € [0, 1] such that §1; — B? -y 1 1 822 ygl is p.d. and f51 is
well-conditioned;

(2) Fo, = ( a-Su  ysl,lg )
o~ 12 >
yslgl,  a-S2

with minimal ¢ > 1 such that aSq; — é . 37\31 1 822 Y 1 is p.d. and fgz is well-
conditioned;

(3) =~ a-Su B-ysLl;
l-‘IS3 = -~ / pa >
b yslqlp a- Sy

where f € [0,1] and o > 1 such thataS;; — %2 . 5/\31 1 S22 ygl 1s p.d. and f53
is well-conditioned.

Note that the third correction can be rewritten as

~ a-S 551, 1 S B 5,1
r33=( Su ﬁyqu):a S skl
ﬁ' VSlqlp a -8y -j/slqlp S

and after excluding the a outside the matrix, we obtain the estimator corresponding to Ts1.

Similarly,
~ o-S 751 1/ .8 ys1.1/
O )=ﬁ( Lo B )
B-yslgly, oSy 7sly B 922
after excluding /8 outside the matrix, we obtain the estimator corresponding to T's,. Thus,
in the simulation study in Section 5, we compare only I'31 and I‘52 Our aim is to identify

and recommend the improvement providing a p.d. and well-conditioned estimator which
is closer to I's in the sense of the Frobenius norm.

QU

5. Simulations

In this section, we a perform simulation study

(i) to detect how many shrinkage estimators are not positive definite and what affects
this;
(ii) to compare the proposed improvements with respect to a given criterion and
indicate the best one;
(iii) to compare MLE and QSE with respect to certain criteria and recommend one of
them.
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The data are generated from the matrix normal distribution X ~ Njy44,(0, T, 1), for
parameters (p, q) from the set {(3,2), (3,10)}, sample size n = 100 and a p.d. matrix T’
with the structure under consideration as under consideration as given in (1). For each (p,
q), the simulation procedure starts by generating a p.d. I'; and I';, for which some integer
y s are chosen such that I' is p.d. The simulation is repeated 1000 times with fixed I'; and
I'; for chosen (p, g). In this paper, we present results for (p, q) € {(3,2), (3,10)}.

5.1. Properties of shrinkage estimators

The main goal of this paper is to compare MLEs and SEs. The time needed to compute
MLE:s is much longer than for SEs. This results from the MLE determination procedure,
in which the inverse of the estimator is required for each step. Consequently, the resulting
MLEs are p.d. On the other hand, we obtain SEs much faster than MLEs, but they are not
always p.d. The assumed covariance matrix I' has an impact on the definiteness of the
estimator. With the increasing absolute value of y, the condition number of the matrix
I' increases and the matrix I' approaches singularity; consequently, the number of non-
p.d. shrinkage estimates among 1000 simulation runs is greater than for a I' with better
conditioning (see Table 1).

Since the positive definiteness of the estimator is a necessary property, we need to use
an additional algebraic improvement, as described in Section 4.3, to obtain a p.d. estima-
tor. Our aim is to compare the two proposed improvements with respect to the distance
between the improved T's and the matrix S, and to indicate the better one. In this study,
only non-p.d. estimates are considered.

We present relative distances between chosen single non-p.d. T's and the matrix S given
by

IS -T2
18I
for (p,q) € {(3,2), (3,10)}.

Corrections are based on scaling oft-diagonal blocks of T by such f or by scaling diag-

onal blocks of T's by such a that the estimate obtained is p.d. and well-conditioned. Based

on the simulation study, we choose the improvement that gives better results in the sense
of the distances:

_IS=Tgll?
1ISI12

_IS=Tsl?

{s1
118112

> S2

Table 1. Condition numbers of I', denoted « (I'), and numbers of non-p.d. shrinkage estimates v among
1000 simulation runs for p = 3 and given values of gand y .

q Y x(T) v q Y x(T) v
2 —4 46.09 38 10 -5 43.13 10
2 -3 20.67 0 10 -3 31.53 0
2 -1 11.57 0 10 -1 29.78 0
2 0 10.85 0 10 0 29.64 0
2 1 11.57 0 10 1 29.78 0
2 3 20.67 2 10 3 31.53 0
2 4 46.09 41 10 5 43.13 7
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Table 2. Examples of single distances ¢ for non-p.d. T, condition number of fg, p calculated in the
firststep, o = %,and ratios of (51, ¢'sy to ¢; condition number of I'sy, o calculated in the first step, f = %

and ratios of sy, (51 to ¢, for p = 3 and appropriate g and y.

yo¢ k@ pFE a2 k@) o« Fp

q

2 —4 0.01 36.93 0.94 1.04 1.06 1.35 48.65 1.16 342 0.86 1.19
2 —4 0.01 44.29 0.91 1.07 1.10 1.85 49.75 1.26 6.90 0.79 132
2 —4 0.01 48.05 0.92 1.05 1.09 2.25 49.02 1.38 23.49 0.72 1.41
2 4 0.02 36.73 0.91 1.03 1.09 11.48 49.39 1.26 3.49 0.80 113
2 4 0.03 33.55 0.92 1.02 1.08 9.34 4834 1.21 2.31 0.83 1.08

2 4 0.01 34.99 0.90 1.05 1.11 15.90 48.35 1.30 7.21 0.77 1.24
10 =5 0.01 47.62 0.88 1.03 1.14 2.73 49.84 1.99 80.59 0.50 133
10 =5 0.02 49.80 0.86 1.03 1.16 2.83 49.23 154 17.91 0.65 1.16
10 -5 0.02 49.03 0.90 1.01 1.1 1.66 49.74 1.72 27.55 0.58 112

10 5 0.01 49.93 0.91 1.02 1.09 1.76 49.72 1.56 28.57 0.64 1.22
10 5 0.01 46.24 0.90 1.03 1.1 2.61 49.47 1.56 47.36 0.64 1.28
10 5 0.01 46.21 0.90 1.03 1.11 2.18 49.41 1.49 22.39 0.67 1.28

In the case when T is not p.d. or not well-conditioned, simulations are performed as
follows:

(1) ¢ is calculated

(2) p is determined and (g is calculated

(3) For pasgivenin2,a = L and Cso is calculated
(4) o is determined and (s is calculated

(5) Fora asgivenin4, f = é and (7 is calculated

The estimators obtained based on f and a = % have the same conditioning (as do the

estimators obtained based on a and f = é). We calculate the ratios (s1/¢ and ¢s2/¢, and
the estimator for which the ratio is closer to one is determined to give better results.

From Table 2, it can be seen that in both cases (when f is calculated in the first step
and when £ is calculated in the second step) f31 is less distant from S than fsz for all
considered cases ({s1/¢ < s2/0)-

Therefore, the first improvement gives better results.

Note that, when diagonal blocks of T's are scaled, plp+1)/2+g(g+ 1)/2 parame-
ters are modified, while when off-diagonal blocks of I's are scaled, only one parameter
is changed. Moreover, s preserves diagonal blocks which are projections of S onto
quadratic subspaces. Thus, we recommend the first improvement.

5.2. Comparison of properties of MLEs and QSEs

In this section we compare the statistical properties of MLE and QSE with respect to
selected loss functions; cf. [30].
We consider the following functions:

e Stein loss

e 1 P —~~
Lstein (r, r) = ; [tr (r_lr) - log |F_IFH -1
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Figure 2. Empirical risks for MLE (red line) and QSE (blue line) for (p, g) = (3, 10).

e inverse Stein loss

) (7)o

e quadratic loss
Lo(T,T) = tr (I7'T)” = 2tr (T7'T) + m.

Based on the simulation study, we generate data for chosen parameters (p, q), n = 100
and p.d. I, where I'; and I'; are fixed p.d. matrices, and chosen y s such that I is p.d.
Figures 1 and 2 present examples of graphs for averaged losses of y functions for (p,q) €
{(3,2), (3,10)}. Since the simulations are repeated 1000 times, the results presented are
empirical risks.

Recall that increasing the absolute value of y causes I to be close to a singular matrix.
This affects both of the considered estimators, fML and ng; as a result, their condition
numbers increase. For (p, q) = (3, 2), the estimators are close to singularity for the absolute
value of y equal to 4. From Figure 1, we can observe that for small |y | the QSEs and the
MLESs are comparable, and for greater |y |, the empirical risks of MLEs are larger.

For (p,q) = (3, 10), when the absolute value of y is equal to 5, the matrix T is close to
the singular matrix (see Figure 2). It can be seen that for small values of |y |, the empirical
risks of QSEs are slightly larger than for MLEs, but when estimators are close to singularity,
in most cases the empirical risks for MLEs are larger than for QSEs.

6. Discussion

Maximum likelihood is a common method for covariance matrix estimation. However,
when the covariance matrix is structured, maximum likelihood estimation becomes chal-
lenging and time-consuming. Thus, we propose an alternative, much faster approach based
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on the least squares method. This method allows one to determine estimators in a sim-
ple form, with good statistical properties, such as consistency. However, the problem of
definiteness or conditioning may arise. This follows from the fact that the space of the con-
sidered structure is not quadratic. In response to this difficulty, a shrinkage method and an
additional algebraic approach leading to QSE were proposed. The improvement methods
are based on scaling off-diagonal blocks of the shrinkage estimators without modifying
diagonal blocks. Finally, the QSE is p.d. and well-conditioned, and it is obtained much
faster than the corresponding MLE, even though the correction procedure is needed.

Our simulation study presents that MLEs and QSEs are comparable in the sense of
the considered loss functions, and QSEs can even have better properties than MLEs. This
occurs when the true covariance matrix is close to singularity. Moreover, the determination
of QSEs is computationally simple (much less time-consuming) than the determination of
MLEs, even though an improvement is needed. The time needed for MLE determination
increases with the increasing value of p + q. Thus, we recommend estimation using the
quasi shrinkage method.

This method can also be used for high-dimensional datasets, where problems with def-
initeness and ill-conditioning of the sample covariance matrix S can appear. In this paper,
we assumed that S is p.d. and well-conditioned. However, if this assumption were not sat-
isfied, a double shrinkage method could be used; cf. [33]. The double shrinkage method is
based on the use of a convex combination of two target matrices and an estimator of the
covariance matrix. Candidates for target sets may be, for instance, spherical or diagonal
sets of matrices; cf. [33]. Following the use of double shrinkage, we recommend applying
the quasi shrinkage method proposed in this paper.
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Abstract

Under the multivariate model with partitioned vector of observations various esti-
mators of a block covariance matrix with structured cross-covariance matrices are
proposed. It is assumed that the structure of the off-diagonal block of the covariance
matrix corresponds to the appropriate part of autoregression of the order one struc-
ture, AR(1). The maximum likelihood and least squares estimators are determined
and four new estimators are proposed. Comparison of estimates using simulation
studies and real data example is demonstrated, respectively. The simulation studied
suggested that maximum likelihood and intuitive estimates have the best statistical
properties and the latter are computationally simple.

Keywords Partitioned covariance matrix - Autoregression of order one -
Maximum likelihood estimation - Least squares estimation - Shrinking

1 Introduction

Nowadays, in almost every field of science, in particular in agriculture, medicine,
economics, biology, or geography, more and more complex experiments are per-
formed resulting in huge multivariate data sets. One of the issues in such cases is the
estimation of the relationships between observations. However, in many situations,
experts have some knowledge about the possible structure of the covariance matrix,
which has to be taken into account.
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Let us assume an experiment where several features are measured repeatedly in
time. One of the most appropriate structures of the covariance matrix is the autore-
gression of order one (AR(1)), where the correlations between observations decay
as the time interval between them increases, cf. Lin et al (2014), Cui et al (2016).
However, in some experiments, additional factors, such as, e.g., weather conditions
(drought or heavy rains), stages of development, or the nature of the phenomenon
under study, may affect the results. Moreover, measurement frequencies may also be
related to this additional factor. Therefore, in this paper, we consider the block covari-
ance structure partitioned into four subblocks of AR(1), not necessarily of the same
dimensions, with unstructured diagonal blocks. It is worth mentioning that similar
structures were considered in the literature; Markiewicz et al (2024) proposed esti-
mation methods for the covariance structure with an off-diagonal block proportional
to the matrix of ones, while Janiszewska et al (2020) proposed approximation tech-
niques for both, AR(1) or equal correlations, structures.

It is well-known that the estimator of an unstructured covariance matrix is pro-
portional to the matrix of sums and squares. It is also known that the choice of the
proper covariance structure is crucial for data analysis. Therefore, the aim of this
paper is to propose and compare several estimation methods based on maximization
of the likelihood function or the least squares estimation. Since in considered setup
both methods are complex or do not provide a positive definite estimator, further
improvements, for instance, based on the shrinking method (Ledoit and Wolf 2004)
or rescaling (Markiewicz et al 2024), are presented. We also propose alternative esti-
mation methods, where the covariance matrix is presented as the sum of the matrix
having AR(1) structure and the block diagonal matrix and each component of the sum
is estimated separately.

All estimates considered are compared by simulation study with respect to four
loss functions and computing time. Moreover, they are illustrated and compared by
real data example.

The paper is organized as follows. Section 2 presents the model and the form of
the covariance structure. The maximum likelihood and least squares estimation meth-
ods are presented in Sect. 3. The alternative methods based on separate estimation
of AR(1) structure and block diagonal matrix are given in Sect. 4. In Sects. 5 and 6
the comparison of the estimates using simulation studies and real data examples is
demonstrated, respectively. The paper ends with conclusions.

2 Model

Assume the experiment where two types of variables are measured on n experimen-
tal units. Observations from each unit can be stored in an m—dimensional vector
z; = (Xx4,¥i), 1 = 1,...,n, with p—dimensional vector x; and g—dimensional vec-
tor y;, m = p + q. Assume that z;, = = 1, ..., n, are independent, normally distrib-
uted random vectors, i.e.,

Z; ~ Nm (l’l’?I‘)a
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where gt = (p};, pty,)" is an unknown mean vector and I is an unknown positive defi-
nite (p.d.) covariance matrix of the form

(T T'yo
F_< 12 F22)’

with I';; (I'22) being a covariance matrix of the first (second) type of variables,
and I'15 being a covariance matrix between two types of variables (cross-covariance
matrix). The matrix of all observations, Z = (z1, . .., 2, ), then is a normally distrib-
uted matrix

Z ~ Nmm(li]-;w F, In)a

where 1,, is n—dimensional vector of ones and I,, is an identity matrix of order .

Assume that correlations between observations decrease exponentially with the
distance between variables and this correlation structure can be represented by
autoregression of order one process, AR(1), of the form

1 0 0? Y
0 1 0 . om2
2 —
- IO . o (1)
Qm—l Qm—2 Qm—3 1

which will be denoted by W to distinguish from unstructured covariance matrix I'.
This matrix is p.d. for 02 > 0and —1 < p < 1. Such a structure is the most common
when a characteristic is measured in time. Since in our model two groups of variables
related to two different conditions of the experiment are observed, additional noise in
diagonal blocks of covariance matrix is considered. Partitioning matrix (1) into four
blocks, where the first diagonal block is of order p and the second is of order ¢, the
covariance matrix of Z can be represented as

Qp Qp+1 Qp+q71
Qp—l
Iy o?
92
2 a 2
_ 0 0 Y _ ry oA
r= or ot et _<02A’ r, ) (2
gpfl ..
ol I I
2
0
0 2 e o

where I'; and I'y are symmetric p.d. matrices of order p and g respectively (I'; € R;,
s e Rq>) such that I" is p.d. matrix of order m having the structure defined in (2),
I' € S”. Note that T € S,,, is a matrix with the structure (2) with o2 > 0 and
—1 < o <1 not necessarily p.d. To check positive definiteness of T', it is enough
to check whether Schur complement T's — c*A’T';* A is p.d. (T'; is p.d. by the
assumption), or equivalently I'y — c* AT YA’ is p.d. (T'y is p.d. by the assumption).
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3 Estimation of block covariance matrix

In this section we determine the maximum likelihood and least squares estimators
of I € §,,,. Since the second estimate is not necessarily p.d. the improvement of its
definiteness via shrinking is proposed.

3.1 Maximum likelihood estimation

It is well known that maximum likelihood estimators MLEs of p and the
covariance matrix without any structure are, respectively, Z = 1Z1, and

S=1Z(I,—11,1/)Z" Since the possible structure of covariance matrix does

not influence the MLE of p, to determine MLE of ' € S, one has to maximize the
log-likelihood function of the form

nm
—In

InL(T) = 5

(2r) — gln | — gtr(SI‘_l) (3)

overI' € S;.
It is known that for partitioned matrices (cf. Kollo and von Rosen 2005)

1 C —o’TT'ACS,
r - _0.21‘\—1A/C—1 C—l
2 11 22

and |F| = |F2| : |Cll| = |F1| . |022|, where
Cll = Fl — (0'2)2AI‘2_1A/, C22 = FQ — (UQ)ZA/I‘l_lA.
Therefore, the log-likelihood function (3) can be rewritten as

ImL(T) = 2In2r)— 2In|Ty| — 2In|Cyy| — 2 [tr(S1:CTY) @
—0?tr(S12T5 'A'CLY) — 02 tr(S,T7 'ACL,) + t1(S22Csy' )]

or

InL(T) = 2In(27) — 2In|Ty| — 2In|Cap| — 2 [tr(S1:C1) )
—02tr(S12T5 'A'CTY) — 02 tr(S), T TACS, ) + t1(S22Coy )] -

Differentiating (4) with respect to I'y, (5) with respect to I'; and any of the above
with respect to o2 and o and using the following properties of the vec(-) operator,
which is an operator stacking the columns of a given matrix one below another:

vec ABC = (C’' @ A) vec B,

vec' A - vec B = tr(A'B),
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K, -vecA =vecA’,

where K ; 1s an st x st commutation matrix (cf. Magnus and Neudecker 1986;
Kollo and von Rosen 2005), we obtain

1
8@# = —3{vec [ O + > C' AT} 'S1,C}! + 0°T'81,C5; AT
+(02)3I‘1‘1AC2‘§AT1‘181202‘21A’I‘1‘1 — (0?)’T]'AC,,' S Co AT
~C'SuCi' ] D,
Oln L n -1 200—1 A -1 -1 ap—lq/ —1Ap-1
o = —§{vec [Cyy +0°Cyy AT 'S12Cy; +0°T; 81,Cy AT
+<02>3F21A’Cl}fAF218’120111AF21 = (0%)’T, A’CiS1 Oy AT,
—C3,'82C3; | ;- Dy
OIn L n 2001 AT—1 A’ 20—1 —1AT—1 A’
S = —3{tr[ - 20°C1! A3 ' A’ + 20°C['S11 C AT ' A
—S1, T, A'CL — 2028 1,15 P A'C AT PA'C
—C,' S, T A — 2028, T 'AC,, AT TAC,,)
+20°C3;)$2C1 AT A |}
1
TRE gl - (PPTSA + CF - (077G AT,

+(0?)’T; ' A'C'S11C'F + (02)?C'S11 C AT, 'FY

—0?Cpy 81Ty F' — (0%)281,T, A'C T ' A'Cy

_‘72C22 S,12£‘% F "’_$‘72)2_(1}22 S/1_21F1 AC,, é{rl F—1 . o
—(02)2S12T, "A/C ' AT, 'F/C — (02)2C,, S|, T "ACL, F'T] A
+(0*)°C'S22C ATT'F + (02)’80C1 F'TT 'ACT) | |

with F being a derivative of A with respect to g, that is

poP~t (p+1)o? -+ (pH+gq—1)pPTi?
(p_]_)gp_Z P
F= s - | ©
20 AU
1 2@ “ .. ng_l

and Dy, is a k? x k(k + 1)/2 duplication matrix; cf. Magnus and Neudecker (1986)
or Magnus and Neudecker (1999). The formulas for matrix differentiation can be
found in Fackler (2005).

Equating the above derivatives to zero, we can omit the duplication matrices, since
they do not have any effect on the result. Then transforming the equations obtained,
we get the following theorem.

Theorem 1 If there exists unique solution for a given matrix S € R~ to the following
system of equations
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(T, = Sy + (0?)2AT, A — 62AT,'S), — 02C T 1S12Co AT HCyy

—(0?)3C i TP AC, AT 1S 1,Co AT ICyy
+(02)2C1 T ' AC,,) S92 Co AT 1 Cyy

Ty = S+ (02)2A T A — 02A'T['S15 — 02Cp 5 'S),C AT, ' Coy
—(02)3CoeN; P A'C AT, 1S, ,C AT, 1 Coy
+(02)2Col; ' A'C1'S11C AT, ' Coy

0 = tr[—202C /AT, A’ +20°C'S;1C AT, A’
_Slgyz—lA:Cll—ll . 20_2812112_IAI(El_llAFg_lAlgl_ll
—Cyy'Si,TT A — 20287, T P AC,, AT 'AC,,
+202C55 S22Coy AT A |

9 —b — Vb2 — dac

o - 5

\ 2a
where

a = tr[—T;'(A'+FC'A) +C;'S1:Cy) (FT,'A’ + AT, 'FY)
—S1.T5'A'C (FT5 A’ + AT, 'FY) Cf
+C,, S1,TT'AC,, (A'TT'F —FT'A)
+C5, 82:C5, (ATT'F+FT{'A) ],

b = —tr[Cy'Sly'F/ + C5,' S, I 'F],

c = tr [CHF]

over S; then it is maximum likelihood estimator, denoted by T BML-

Observe that all equations depend on all unknown parameters; consequently, the
procedure to determine MLE is challenging and time-consuming. When no solution
exists within the cone of positive definite matrices S;, this type of estimator is not
available and an alternative approach must be adopted. One of the possible methods
to solve the above system of equations is the gradient decent method (cf. Boyd and
Vandenberghe 2004), which will be used in Section 5. Naturally, this method yields
a single solution.

The log-likelihood function is a concave function with respect to inverse of
unstructured covariance matrix; cf. Barndorff-Nielsen (1978), Anderson and Olkin
(1985). However, for a considered structure, it is challenging to show this property.
Nevertheless, the gradient decent method always converges to the local optimum, and
it is crucial to choose the starting point to find the global optimum. In this paper, our
starting pointis I'y = S11, 'y = Sg9, 02 = 1 and ¢ = 0.5, where diagonal blocks are
diagonal blocks of unstructured MLE.

3.2 Least squares estimation
The second considered estimation method, least squares, is based on minimizing the

distance between a sample covariance matrix and structured I' in the sense of the
Frobenius norm, i.e., minimization of

f@) =S —T|[f =tr[(S-T)(S - T)]
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(cf. Ohlson and von Rosen 2010) over S,,. However, since this minimizer is not
necessarily positive definite or well-conditioned, we improve it using the shrinkage
method and, if necessary, another improvement based on rescaling off-diagonal block
through decreasing 2.

3.2.1 Frobenius norm minimization

For a given S, we define

I'p=arg anisn f(I).

m

The above minimum can be obtained by differentiation of

F(I) =tr(S?*) —2tr(S11Ty) — 40°t1(S12A") — 2tr(S22T2) + tr(T3) + 20 t(AA) + tr(T3) (7)

with respect to I';, I's, 02 and p. Respective derivatives have the following forms:

0

a_lfl - { — 2vec (S11) + vec (L) [(T1 ® L) + (I, ® Ty)] }Dp

0

D= oved (8m) e () [T 01,) + (1, 0 ) D,

% = —4vec (Si2) vec (A) + 402 vec' (I,) vec (AA')

g—“z = —do?vec (S12) vec (F) + 202 vec' (1) (I2 + K, ) (A @ I,) vec(F)

with F being a derivative of A with respect to o given in (6).
Equating the derivatives to zero, we obtain the following theorem.

Theorem 2 If there exists unique solution for a given matrix S € R~ to the following
system of equations

I = S11
I's = Soo
tr (FA’) = tr(S|,F)
9 _ tx(S1,A)
o =  w@AA)

over S,,,, then it provides the Frobenius norm estimator, denoted by T F.

Observe that in the above system of equations the third equation is a polynomial
of order 2(p + q) — 3, which may have no solution within the space of symmetric
matrices S,,. In such cases, an alternative estimator must be chosen. Moreover, the
equation may have multiple solutions, or the solution may be any real number. How-
ever, the estimator g should be chosen from the interval (—1;1) in such a way that
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I' € S,,. Among all admissible roots, one that has the smallest value of the Frobenius
norm between the sample covariance matrix S and the estimator T should be chosen.
Moreover, since we consider covariance matrices, the final least squares estimator
should be p.d. that is Tprs € S, . To satisfy this property, if it is not present, we
improve r r using shrinkage.

3.2.2 Improvement by shrinkage method

Shrinking is a well-known method of estimator improvement broadly applied by
many authors, e.g., Ledoit and Wolf (2004), Bodnar et al (2016), Ledoit and Wolf
(2021), Bodnar et al (2022). Following Ledoit and Wolf (2004), shrinkage estima-
tor, I'g, is a convex combination of a given p.d. target matrix T and the estimator of
covariance matrix, I', that is

Ts = (1—n)T + 1T, (8)

where 1 € [0; 1] is called shrinkage intensity. Since in our paper we consider struc-
tured matrices, as a target matrix, we use a block diagonal matrix of the form

— Sll 0
T_( 0 SQQ)’

where S;;, ¢ = 1, 2, are the diagonal blocks of a sample covariance matrix S. Note
that it depends on the data and thus we denote it by T instead of T. Moreover, T is
simply the MLE of the block diagonal covariance matrix. Naturally, as the estimator
of T we use T r; however, we keep the notation T as this method will also be used
in future sections. N N

Observing that the diagonal blocks of T and I' are equal, the shrinkage estimator
can be rewritten as:

~

fS:T+U(f—T).

Following Ledoit and Wolf (2004) the shrinkage intensity should be determined by
minimization of quadratic risk

g =E(ITs-TI3) = tr[E(T2)] +ntr [E(TT)] + 020 [B(T2)]
—2tr EE (’/I\Tﬂ —tr [E f) 1-\} +tr [17]. )

Since the quadratic risk is convex, the stationary point gives the minimum. Differen-
tiating g(n) and equating it to zero gives the following equality

tr [E (Tf)} +ontr [E (fz)} ~otr [E (f) 1“} —0. (10)
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An important role in this equation plays the matrix S. It is known that S has the Wis-
hart distribution, that is, nS ~ W,,, (n — 1,T"). Moreover,

nSH ~ Wp(n—l,I‘H),
??,822 ~ Wq(n—l,rgg).

Therefore, equation (10) can be solved using the properties of Wishart distribution
given by Holgersson and Pielaszkiewicz (2020) and Pielaszkiewicz and von Rosen
(2021).

Lemma 1 (Holgersson and Pielaszkiewicz 2020)

Let W ~ W, (n,X), p < n. Then,

(i) E(W?) = n2+n)X?%+ntr(2)X
(ii) E[tr(AW)] = ntr(AX).

Applying this lemma to (10) we obtain

tr [E (’i‘f)} = nn—2 ! [ntr (T3,) +tr* (T11) + ntr (T3,) + tr* (Ta2)]
- 1
tr [E (r) r} _r — [tr (T3)) + 2tx (DiaT) + o (T5,)]
- "
tr [E (1“2)} - "n2 {n[tr (T2)) + 241 (Ty5T%) + tr (T2)] + 012 (Tyy) + 112 (Tas)
+2012 (T2,T15T) + 2t (1“521"121“12) +2tr? (1“121“12) }

and, in consequence,

" l{mr (T2,) 46 (Tt (T2) +tr2(I‘22)+2n[n <tr (%)) + 24r (Tiala) + b (r§2)>

2

+t? (Ty) + t1? (Taa) + 2t (T3, T1aTy) + 260 (1“321“'121“12) T2t (1“121“12)} }

~ % [tr (T2,) + 260 (TiaT%s) + tr (T2)] =0,

which is simply the linear equation in 7).
Therefore, the minimum is attained at

where
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N = n[tr (T2,) + 4 tr (T15T%) + tr (1“32)} — 12 (Tyy) — tr? (Tao)
D = 2{7’L|:t1' (I‘%l) +2tI‘ (F12F/12> + tr (I‘%g):| +tr2 (Fll) —|—tI‘2 (F22> (11)

+2012 (02,0, + 227 <r§2r;2r12> + 262 (r;2r12> }

It can be checked that

with N and D defined in (11) still does not need to be positive definite or well-condi-
tioned. In such cases to get a least squares estimator I' g1, 5, we further improve I's by
rescaling off-diagonal blocks via decreasing gz. This is a numerical procedure which
ends up when the condition number of p.d. I'sr s gets below a given threshold; for
more details, see Markiewicz et al (2024). R

Summing up, the algorithm for determining I' g1, 5 1s as follows.

1. Determine f‘p from Theorem 2. N N

2. If Tp is p.d. Aand well-conditioned T'prs = T'r and stop the algorithm,
elsg determine I'g. R R _

3. If I's is p.d. and well-conditioned I'prs := IT'g, else improve I's by rescaling off-
diagonal blocks via decreasing o® (repeatedly multiplying by some number smaller
than 1 (e.g., 0.99) until the estimator has required properties), which ends up with

the p.d. and well-condition f‘BLS.

Algorithm 1 Determination of the block least squares estimate

4 Alternative methods of estimation

Note that estimators considered above are not given in explicit forms and solving sys-
tems of equations is time-consuming. The advantage of MLE is positive definiteness,
while, the disadvantage of LS is multi-step procedure where there is a need to check
positive definiteness of estimator at each step. Therefore, in this section, we propose
alternative methods of estimation of the considered structure.

Recall that the considered covariance structure is relevant to experiment in which
correlations decrease with the distance between variables (AR(1)) with additional
noise in diagonal blocks. Thus, matrix I" given in (2) can be rewritten as

1“:\II+W=‘I'+(Pl_olp11 r2_0\1:22>’ (12)

where ¥ = (¥,;), i,j = 1,2, represents AR(1) structure given in (1) with relevant
dimensions of blocks and W represents the noise.

In this section, we propose alternative methods of estimation based on the estima-
tion of ¥ and W separately, that is,
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o~

T=0+W.

Maximum likelihood estimation of the AR(1) structure ¥ was considered in times
series models by Azzalini (1981). Nowadays, the AR(1) structure of covariance
matrix is widely studied and can be estimated by several methods, e.g., ML (cf. Fili-
piak et al 2017), LS (cf. Cui et al 2016), intuitive method based on the properties of
the entries of AR(1) structure (cf. Roy and Leiva 2008; Zezula 2006), as well as the
method based on the inverse of AR(1) structure. The latter estimator is obtained by
minimizing the difference between S¥ ! and the identity matrix in the sense of the
Frobenius norm. Note also that the estimator obtained by intuitive method will be
called the naive estimator. The proposed estimators will be denoted respectively by
Yy, Wrs, ¥y and ¥rny.
Due to (12) estimator of W is chosen as

{;‘7:(511—‘1\’11 0 )
0 Soz — Wao

as the MLE of the block diagonal covariance matrix is simply the projection of S
onto the space of diagonal matrices, i.e.,

S11 0
0 S

(Filipiak and Klein 2021; Markiewicz et al 2024) and \/I\lii, 1 = 1, 2, are the estimators
obtained by one of the methods proposed in the previous paragraph. Therefore, the
respective estimator of W will beAdenot/eg by Wiarr, Wrs, Wn,Winy.

The estimators are the sum of ¥y, + Wy, k € {M L, LS, N,INV }. However, all
of them are not always positive definite or well conditioned, therefore, similarly as
in the Sect. 3.2, we use the shrinkage method given in Sect. 3.2.2 to improve them
and an additional approach based on rescaling off-diagonal blocks via decreasing o2,
if needed. Summing up, we propose four estimators of I': I'psr, I'g, I'y, I'inv,
which are p.d. and well-conditioned.

In the following sections, we present four mentioned methods of estimation of
AR(1) structure.

4.1 Maximum likelihood estimation

Filipiak et al (2017) considered the doubly multivariate model with covariance
matrix as a Kronecker product of two matrices, where one of the factors has an AR(1)
structure. Therefore, to determine W, it is enough to assume the dimension of the

second factor equal to one. Therefore, we can formulate the following theorem.

Theorem 3 If there exists unique solution for a given matrix S € R~ to the following
system of equations

@ Springer



129 Page 12 of 23 M. Mokrzycka, M. Mrowiriska

0% = gy [tr(S) + 0® tr(SCh) — 0tr(SCy)]

where C; = diag(0,1/,_5,0) and Cs is a tridiagonal m x m matrix with 0 on the
main diagonal, 1 on the first superdiagonal and on the first subdiagonal, then it is
maximum likelihood estimator, denoted by W ;..

Similarly to Theorem 2, the estimator is obtained by finding the root of a polynomial;
however, in this case, the polynomial is of order 3. It may have no root in the interval
(—1;1) - then an alternative estimator must be selected, or may have multiple roots,
then the one with the maximum value of the likelihood function should be chosen.

4.2 Least squares estimation
Following Cui et al (2016), we can formulate Theorem 4.

Theorem 4 If there exists unique solution for a given matrix S € R~ to the following
system of equation

( m—1 m—1
—|m+2 Z (m —1) g%] Z io" ! tr(SHy)
=1 m—1 Z:1m—1
+2 |tr(S) + Z o' tr(SH;) (m—14)io* 1 =0
i=1 i=1
m—1
tr(S) + > o' tr(SH;)
2 i=1
o = m—1 ’
m+2 > (m—i)o*
\ i=1

where H; is a symmetric matrix with i-th superdiagonal and subdiagonal elements
equal to 1 and all other elements equal to 0, Hy = I,,,, then it is Frobenius norm
estimator denoted as ¥, € R”.
In contrast to W), in the least squares estimation method p is obtained as the solu-
tion to a polynomial of order 3m — 4. Similarly to the block least squares approach,
this polynomial may have no root within the interval (—1; 1) - an alternative estima-
tor must be selected, or may have multiple roots. In such a case, we choose the root
from the interval (—1; 1) for which the Frobenius norm between S and the estimator
of I has the minimum value.

We now demonstrate that the estimator of o2 is positive. It is evident that the
denominator in the second equation remains positive. To examine the numerator,
observe that it can be rewritten as follows:

tr(S) + mz o' tr(SH;) = tr [S(Im + mz QZHZ)] .

i=1
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By assumption, both S and the matrix I, + Z o'Hj; are positive definite. Let us
i=1
apply the Cholesky decomposition S = A’ A, where A is a full-rank matrix. Substi-

tuting, we obtain tr [S(Im + Z QZHZ)] = tr [A(Im + Z o'H;)A’|. Accord-

ing to Kollo and von Rosen (2005) (Proposition 1.1.5.), A(I,, + Z o'H;)A
positive definite. Hence, its trace is positive, which implies that the estlmator of o2
is indeed positive.

4.3 Naive estimation

Following Roy and Leiva (2008) estimator T ~ € R~ of the AR(1) structure is given
by

— p 1 p—1
- [ +922 +03° +--+0p1
Q =
p—1

~ tr(S
52 — r( ),

m

where p; is the average of the ith superdiagonal elements of S,i =1,...,p — 1.

4.4 Estimation via AR(1) inverse

In this section, we propose the method based on minimizing the distance between
SW ! and identity matrix in the sense of the Frobenius norm, i.e.,

h(¥) = min h(¥7) = min [|SE —T[7.

The method uses three-diagonal form of the inverse of AR(1) structure as

1 1
-1 _
v _ﬁ.l—gz

(I, + 0°C1 — 0Cs), (13)

where C; and C; are defined in Theorem 3. Note that, Co = H;, where H; is
defined in Theorem 4.
Using (13)
h(®Y) = 012 o 2)2 [tr(S?) + 202 tr(SC1S) — 20tr(SCs2S)
+o* tr(SClsC ) — 203 tr(SC SCs) + 02 tr(SC,SCy)] (14)
-%. = 92)2 [trS + 0?tr(SCy) — 0tr SCs] .
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Differentiating (14) with respect to o2 and ¢ we obtain
h
882 = —ﬁ : ﬁ [tr(S?) + 20% tr(SC;S) — 20tr(SC2S) + ¢* tr(SC1SCy)
o
—2@3 tr (SclsCQ) + Q2 tr(SCQSCg)]
—i—ﬁ . ﬁ [tr(S) + 02 tr(SCy) — o(tr SC2)] ,

oh
— = ﬁ : ﬁ [4tr(S?) 4 20(1 + 0%)(2tr(SC;8S) + tr(SC2SC3))—

—2(1 + 30%) tr (SC2S) + 403 tr (SC1SC1) — 2(30* + 0*) tr (SC1SCs) |
+ﬁ : ﬁ [—4o(tr (S) + tr (SC1)) + 2(1 + 0*) tr (SCs)] .

Equating it to zero and simplifying, we get the following theorem.

Theorem 5 If there exists unique solution for a given matrix S € R~ to the following
system

2 _ tr(S?)-20tr(SC2S H+0?[2 tr(SC; S)—tr(SC2SC2) |20 tr(SC1SCy) + 0*tr(SC1SCy )
(1= 0?) [tr(S) + 02 tr(SC1) — otr(SCs)]

{ ag0® + a50° + as0* + az® + az0®* + a10+ap =0

with
ag = —tI‘(SClsC1) +tI‘(SCg)tI‘(SClscl)
az; = 2tr(SC18)tr(SCyp) + tr(SC2SCs) tr(SCy) — tr(SC1SCy) tr(SCsy)
—2 tI‘(S) tI‘(SClscl)
ay = —3tI‘(SCQS) tl"(SCl> +tr(SCl)tr(SclsCQ) +3tI‘(S) tI"(SClsCQ>
—tr(SClsCl)tr(SCg)
a3z = 2tr(S?)tr(SCy) — 2tr(SCy) tr(SC;1S) — 2tr(S) tr(SC1S) + tr(SCy) tr(SC,S)
+ tI‘(SClsCQ) tI‘(SCQ) - tl"(SCl> tI‘(SCQSCQ) — tI‘(S) tI‘(SCgSCg)
+2 tr(SClsCl)tr(S)
az = —tr(S?)tr(SCsz) + 3tr(SCy) tr(SC2S) + tr(S) tr(SC2S) — 3tr(SC1SCy) tr(S)
a; = 2tr(SC1S)tr(S) — tr(SCs) tr(SCaS) + tr(SC2SCy) tr(S) — 2tr(SCy) tr(S?)
ag = tr(SCy)tr(S?) — tr(SC2S) tr(S)

then it is estimator of AR(l) structure minimizing function (14) denoted as
W,ny € R>.

Similarly to the least squares approaches, the polynomial may have no solution
within the interval (—1;1) and then an alternative estimator must be considered.
If multiple solutions exist within this interval, the root that has the smallest value
of the Frobenius norm |[S® ! —1,,||% is selected. The proof that o > 0 is not
straightforward. Hence, when o2 is found to be negative, it is appropriate to employ
a different estimator.

5 Simulation study

In this section, we perform a simulation study to compare the proposed estimators of
the block covariance matrix with respect to the following criteria:
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e Squared Frobenius norm f(T';) = || — I'||%
e [oss functions (Ledoit and Wolf 2021)

— Stein loss
T 1 19 19
Lstein (Fk) = — [tl” (F Fk) — log ‘I‘ I‘kH -1
m
— Inverse Stein loss

~ 1 ~ ~

Listen (D) = = [t (PTGY) = log [PT|| -1
m

— Quadratic loss

—~ ~ \ 2 ~
Lo (rk> — tr (r—lrk> ~ 2t (I‘_le> +m

e Computing time,

where k € {BML,BLS, ML,LS, N,INV}. The estimator which gives the small-
est values of considered function is the best one. Obviously, I' 7 gives the minimum
of the first criterion; however, this estimator is not under comparison, /§ince it is not
p.d. Note also, that consideredAI‘ BLS estimator is the improvement of I' » and thus it
1s not necessarily the same as I' r; see Algorithm 1.

Simulations are conducted for data generated from matrix normal distribution,
Z ~ Npiqn(0,T,1,), where (p,q) € {(3,7),(5,10)}, n = 100 and a p.d. matrix T’
with the structure considered in (2) with 02 = 1, ¢ € {—0.7,—0.5,0,0.5,0.7} and
I'; and I'; are randomly generated matrices of proper orders, such that I is p.d.
matrix and all considered estimators exist. The exact forms of I'; and I'y are avail-
able from the authors on request.

Figures 1, 2, 3 present boxplots of the values of squared Frobenius norm and
losses for the considered estimators of block covariance matrix for (p,q) = (3,7)
and o € {—0.5,0,0.5}, respectively, for 100 runs. We can observe that for each g all
estimators are cgmparable inA the sense of squared Frobenius norm; however, it can
be noticed that I'g,sr, and I'y g/i\ve the smallest values of all three loss functions
than remaining estimators, while I'; vy gives the highest values and the most varied
results.

Apart from the values of loss functions, the computing time can also be of inter-
est since some of the estimators are very simple to obtain (I' '), some of them need
numerical solving of complex system of equations (I' 5ar 1) or just numerical solving
of polynomials (I'srs, I'arz, Tns, I'rnv). Moreover, all estimators except I'pasr
need improvement by shrinking and rescaling. Therefore, in Table 1 the average time
of computing 'y, k € {BM L, BLS, ML, LS, N, INV} over 100 runs is given. It
can be observed that the computing time of I g/, 1s the longest one, which means
that the complexity of the BML algorithm implies longer computing time than
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Squared Frobenius norm Stein loss

Inverse loss Quadratic loss

o ] - —

BML BLS ML s N NV BML BLS ML X N NV

Fig. 1 The boxplots of values of squared Frobenius norm and loss functions for fk,
ke {BML,BLS,ML,LS,N,INV}, and (p,q,0) = (3,7,—0.5)

Squared Frobenius norm Stein loss

Inverse loss Quadratic loss

BML BLS ML s ] MY BML BLS ML Ls N NV

Fig. 2 The boxplots of values of squared Frobenius norm and loss functions for fk,
ke {BML,BLS,ML,LS,N,INV},and (p,q,0) = (3,7,0)

improvement of other estimators via shinking and rescaling. On the other hand T N
is the simplest estimator; however, its improvement requires additional time, which
makes general computing time comparable with the ML, LS and INV method. Note
that BLS had the shortest computational time. R

In summary, for (p, q) = (3, 7), the naive estimator I' y seems to be the best one.

In Figs. 4, 5, 6 the boxplots of the values of squared Frobenius norm and loss func-
tions for the considered estimators for (p, q) = (5,10), o € {—0.5,0,0.5} and 100
runs are presented. Similarly as in the previous case the values of the Frobenius norm
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Squared Frobenius norm Stein loss
8
8 | S—|
aw 8 L Ls N v BML 8LS L L N NV
Inverse loss Quadratic loss
3
BML BLs ML Ls N NV BML BLS ML Ls N NV

Fig. 3 The boxplots of values of squared Frobenius norm and loss functions for fk,
ke {BML,BLS,ML,LS,N,INV}, and (p,q,0) = (3,7,0.5)

Table 1 Average time (in seconds) needed to determine estimates of I" for (p, ¢) = (3,7), n = 100 over
100 simulation runs

0 BML BLS ML LS N INV
—-0.7 1.866 0.441 1.054 1.045 1.056 1.033
—0.5 3.585 0.381 1.031 1.040 1.044 1.015
0 6.954 0.416 1.038 1.033 1.029 1.014
0.5 4.713 0.448 1.061 1.061 1.057 1.034
0.7 4.864 0.432 1.037 1.028 1.038 0.987
Squared Frobenius norm Stein loss
Inverse loss Quadratic loss

BML BLs ML Ls N Ny BML BLs M s N NV

Fig. 4 The boxplots of values of squared Frobenius norm and loss functions for fk,
ke {BML,BLS,ML,LS,N,INV},and (p,q,e) = (5,10,—0.5)
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Squared Frobenius norm Stein loss

Inverse loss. Quadratic loss

05 010 015 020

ML BLS ML Ls N NV BML BLS ML Ls N [0

Fig. 5 The boxplots of values of squared Frobenius norm and loss functions for fk,
ke {BML,BLS,ML,LS,N,INV},and (p,q,0) = (5,10,0)

Squared Frobenius norm Stein loss

25000

20000

Inverse loss Quadratic loss

015 020 025

010

BML BLS ML s N NV BML BLS ML Ls N NV

Fig. 6 The boxplots of values of squared Frobenius norm and loss functions for fk,
ke {BML,BLS,ML,LS,N,INV}, and (p,q,e) = (5,10,0.5)

are very similar to each other. In contrast to smaller values of p and ¢ the loss func-
‘Qons do not indicate that any estimator is the best one. On the other hand, I'; 5 and
I’ 55 produce the highest values of loss functions and are the least stable one. From
the point of view of computing time (see Table 2) I/ still requires the longest
time, while I'; 7, and Iy are the fastAest one.

Therefore, we would recommend I' 3,7, and I i to bAe used by practitioners. More-
over, for greater value (p, ¢), the computing time for I' 5571, can be very high, even
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Table 2 Average time (in seconds) needed to determine estimates for (p, ¢) = (5, 10), n = 100 over 100
simulation runs

0 BML BLS ML LS N INV

-0.7 58.2951 0.0128 0.0008 0.0047 0.0011 0.0121
-0.5 60.6165 0.0223 0.0014 0.0084 0.0017 0.0681
0 86.1992 0.0017 0.0010 0.0055 0.0012 0.0378
0.5 60.2047 0.0382 0.0014 0.0078 0.0018 0.0427
0.7 57.4322 0.0017 0.0010 0.0056 0.0012 0.0269

Table 3 Examples of computing time (in seconds) needed to determine estimates for chosen (p, g),
n =100 and o = 0.5

P q BML BLS ML LS N INV
30 20 2211.50 2.39 2.78 2.85 2.61 2.60
26 22 5161.74 2.38 2.77 2.99 2.81 2.55
30 25 10213.93 2.71 2.79 3.24 2.74 2.72
40 30 24087.21 3.76 3.86 5.02 3.87 3.80

more than one hour for one example, while others estimators are not as much time-
consuming (see Table 3).

Observe that the values of squared Frobenius norm and loss functions do not
depend on the value of g, however, the case for o = 0 is specific. Assuming normal
distribution ¢ = 0 means that the two subvectors are independent. Therefore, we now
compare the proposed estimators with the block-diagonal matrix estimator, which

has explicit form:
-~ . Sn 0

However, before this estimator would be applied, the test of independence of two
subvectors, i.e., the test of hypothesis

HO:\1112:0 VS Hll‘Illg#O

should be performed. In this paper, we use the likelihood ratio test of the form

A — |S| ,
[S11([S22]

with the rejection region A < A, where A, is a critical value of Wilks A distribu-
tion with (p, ¢,n — 1 — q) degrees of freedom and significance level «; cf. Rencher
(1995).

Using the same simulated data as previously, in Figs. 7 and 8 we see the box-
plots given in Figs. 2 and 5, respectively, extended by the values of the squared
Frobenius norm and all loss functions for T p- It can be seen that I‘ P behaves the
same way as Tpasz and I‘N for (p,q) = (3,7) and I‘BML, I‘ML, FLS and I‘N for

(p, q) = (5,10).
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Squared Frobenius norm Stein loss

s @
g 2
8
8 —
=1 .

BML BLS ML s N NV P BML BLS L Ls N NV

Inverse loss Quadratic loss

o “

BML BLS ML Ls N NV P BML BLs ML Ls N NV P

Fig. 7 The boxplots of values of squared Frobenius norm and loss functions for fk,
ke {BML,BLS,ML,LS,N,INV, P}, and (p,q,0) = (3,7,0)

Squared Frobenius norm Stein loss
H
g
g
= 3
& ]
BML BL! ML s N NV P BML BLS L 8 N NV
Inverse loss Quadratic loss
2 « i Ea——
E ’ =555 2
anL BLS ML Ls N Ny P BML BLs ML s N Ny P

Fig. 8 The boxplots of values of squared Frobenius norm and loss functions for fk,
ke {BML,BLS,ML,LS,N,INV, P}, and (p, g, ¢) = (5,10,0)
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Table 4 Estimates of o2, o and Frobenius norms_of the estimates of I'1, I'2, and respective condition
number, x, and computation time (in seconds) of I'y, k € {BM L, BLS, ML, LS, N,INV'}

BML BLS ML LS N INV
52 23.42 12.37 26.41 25.64 26.39 39.18
0 0.22 0.63 0.51 0.57 0.48 0.54
||i-\\1||F 66.33 66.58 66.58 66.58 66.58 66.58
||i-\\2||F 93.40 94.77 94.77 94.77 94.77 94.77
/4(/1"\) 16.65 19.56 17.72 18.31 17.66 33.81
time 43.5896 0.0010 0.0040 0.0100 0.0030 0.0030

Since the independence test is available in every statistical package, if we only
suspect that the subvectors may be independent, it is worth testing it and then, if H
is not rejected, to use the above estimation method.

6 Real data example

We refer to the experiment carried out on a high-throughput platform, where spring
barley plants were grown under controlled greenhouse conditions and image-based
phenotyping was conducted for 32 days, cf. Mikotajczak et al (2020). Among all
characteristics taken into account in this experiment, we choose the geometry trait
based on fluorescence (branchpoint count) measured on 84 plants (n = 84) at six
time points at the beginning of the experiment (p = 6) and three time points at the
end of the experiment (¢ = 3). Since we consider two different time intervals, we
may group all the observations into two subvectors. Moreover, since the observa-
tions change over time, the autoregression structure of the covariance matrix would
be a reasonable choice. Furthermore, since the observed characteristic depends on
the phase of growth of the plant, one can imagine additional noise in the diagonal
blocks of the covariance matrix. Therefore, we assume that the covariance matrix of
the branchpoint count has the structure given in (2).

First, we verify the independence. Since A = 0.67 and A 05(6,3,80) = 0.69
at the significance level 0.05, the null hypothesis about the independence of sub-
vectors is rejected. Thus, in further calculations, we compare the estimators I',
ke {BML,BLS,ML,LS,N,INV} with respect to the estimate o2, 0, the Frobe-
nius norm of I'y, I'5, and additionally the condition number of I';, which is simply the
ratio between the largest and the smallest eigenvalue. The results of the computation
are given in Table 4.

As expected, estimates of diagonal blocks of I‘k, ke {ML,LS, N, INV}, give
the same Frobenius norm; in fact, these estimates are equal, and this equality fol-
lows by the assumptions of the methods. It can be seen that for k € { BM L, BLS}
the values of the Frobenius norm of I‘1 and I‘2 are slightly different. Similarly,
the estimates of ¢ are close to each other for k € {M L, LS, N,INV}, while for
k € {BML,BLS} differ significantly. When comparing 52 we get similar results
for k€ {BML,ML,LS, N} and significantly different for k£ € {BLS,INV}.
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Finally, observe that the condition number of T Ny 1s the highest; however, all the
estimates are well-conditioned.

In summary, since all results are relatively close to each other, in view of the
results of simulation studies, we would recommend using I' iy for further analysis.

7 Conclusions

In this paper, methods for estimating covariance matrices with structured cross-cova-
riance matrices are proposed. In the considered structure, the off-diagonal block of
the covariance matrix corresponds to the appropriate part of the AR(1) structure. We
consider six methods: block maximum likelihood, block least squares, maximum
likelihood, least squares, naive, and method based on the inverse of AR (1).

As can be observed, the best statistical properties were obtained for the block
maximum likelihood and the naive method. However, block maximum likelihood is
the most time-consuming approach, while the naive method is faster. Therefore, we
recommend the naive method, especially for a high value of p and g.

It should also be emphasized that, if researcher has suspicion that off-diagonal
blocks are zero matrices, then it is worth to test it. If the hypothesis of independence
of two vectors is not rejected (cross-covariance is zero matrix), then the projection of
unstructured maximum likelihood estimator onto the space of block diagonal matri-
ces is the simplest estimator.
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1. Introduction

In this paper, we study quadratic spaces Q, that is, linear subspaces of
the space of real symmetric matrices of order m, denoted by R? . such that
A € Q implies A? € Q; cf. [1]. Following [2, p. 305], a more appropriate
term for quadratic subspace is a Jordan algebra with the product A o B =
%(AB + BA), where A and B belong to the vector space of symmetric
matrices over R. Note that [2] considered a more general case of Hermitian
matrices over H, where H is either the set of real numbers, complex numbers
or quaternions, giving the characterization of matrix Jordan algebra in his
Theorem 1. Since our focus is on the space of real symmetric matrices, for
simplicity, we will use the term quadratic space. In addition, we consider
quadratic spaces containing identity matrix. Moreover, we express Q C R’
in terms of the block-spectral decomposition (cf. [3, 4, 5]) of A € Q, which
corresponds to the characterization given in [2, Theorem 1]|. Furthermore, as
shown in [6], the projection of a matrix X € R? onto the quadratic space
Q, denoted by Qo(X), preserves definiteness. One of the main objectives
of this paper is to determine the explicit form of £29(X) in terms of block-
spectral decomposition. We also establish that the condition number of the
projection, x(£29(X)), does not exceed the condition number of the original
positive definite (p.d.) matrix X.

Furthermore, we consider the space of partitioned matrices, 7 C R}, ,
which consists of two diagonal blocks from the linear subspaces of symmetric
matrices, A C R} and B C Ry, while the off-diagonal block belongs to the
linear subspace C C R,,,. The primary objective of this paper is to establish
the conditions under which 7 forms a quadratic space. A necessary condition
is clearly that A and B are quadratic spaces. Therefore, assuming that A and
B are quadratic, we characterize the nontrivial subspace C for which 7T is also
quadratic. Additionally, we show that 7 is a commutative quadratic space
if and only if A and B are commutative quadratic spaces and C is trivial.
Recall that a quadratic space K is said to be commutative if the commutation
property holds for any two matrices, i.e., AL B € K = AB = BA € K;
cf. [1]. Furthermore, we demonstrate how to block-diagonalize partitioned
matrices belonging to 7 with a nontrivial subspaces C. It is worth noting
that the block-spectral decomposition can, for instance, be applied to the
projection onto a quadratic space. Finally, we highlight that all presented
results can be extended to partitioned matrices with more than two diagonal
blocks.



The topic of this paper is motivated by statistical problems in which par-
ticular dependence structures between observations of multivariate data are
of interest. Notably, the structure of a partitioned covariance matrix is par-
ticularly relevant when analyzing the relationships between two sets of vari-
ables or mitigating high-dimensionality issues. In the literature, partitioned
covariance matrices belonging to quadratic subspaces have been extensively
studied; see, e.g., [7, 8, 9]. It has been shown that in such cases, desirable
estimators — such as unbiased or maximum likelihood estimators — can be
obtained by projecting the corresponding estimator of an unstructured co-
variance matrix onto this space; cf. [10], [11], [12]. However, most studies
on structured partitioned matrices assume equal-sized blocks. The results
presented in this paper allow us to relax this assumption by considering rect-
angular off-diagonal blocks in the covariance matrix. It is also worth noting
that a recent work by [13] proposed an estimation method for covariance
matrices with non-equal-sized blocks. However, their approach assumes a
specific block structure, whereas the results in this paper apply to arbitrary
structures within a quadratic space. Note, finally, that recently [14] applied
the structure proposed by [13] to economic data.

The identification of the most suitable covariance structure is a funda-
mental problem in statistics. Various approaches to addressing this issue can
be found in the literature, including graphical methods ([15], [16], [17]) and
algebraic techniques ([18], [19]). In graphical models, researchers typically
rely on precision matrices (inverse of covariance matrices) and are often in-
terested in sparse representation. However, a key challenge is that even if
the precision matrix is sparse, the covariance matrix is not necessarily sparse
unless the structure belongs to a quadratic space. Conversely, while a covari-
ance matrix from a quadratic space does not need to be sparse, its inverse still
preserves the underlying structure. Since graphical models applied to pat-
tern recognition frequently involve graph theory, we use adjacency matrices
of undirected graphs to illustrate the main results of this paper.

Finally, when discussing precision matrices within a quadratic space, we
assume that the inverse exists, which motivates the assumption that the
identity matrix (or, more generally, any nonsingular matrix) belongs to this
space. Moreover, the block-diagonal structure of matrices in a quadratic
subspace enables a more efficient computation of the inverse, as it reduces the
problem to inverting matrices of smaller order. This property is particularly
valuable in numerical linear algebra, where the inversion of smaller matrices
improves both computational efficiency and numerical stability.



The paper is organized as follows. In Section 2 we provide a general
characterization of quadratic spaces and determine the projection of a p.d.
matrix onto such a space. We also show that the projection preserves positive
definiteness and does not degrade the conditioning of the projected matrix.
The main results of the paper are presented in Section 3, where we charac-
terize the quadratic space of partitioned matrices and provide examples of
constructing spaces of partitioned matrices consisting of four subblocks, in-
cluding cases with nonzero off-diagonal blocks. Additionally, we demonstrate
how a partitioned matrix from a quadratic space can be transformed into
a block-diagonal form, offering a general characterization of the quadratic
space structure. Finally, in Section 4, we discuss potential applications of
our results in statistics and graph theory.

2. Characterization of quadratic spaces and projection

Denote a block-diagonal matrix consisting of k£ matrices A; on the diago-
nal by Bdiag(Ay,...,Ay}), or, in a shorter version, Bdiag® ,(A;). Following
Theorem 1 and a remark on p. 320 of [2], the following proposition holds.

Proposition 2.1. For a given quadratic space Q C R; | there exist integers
k and r;, p;, i € {1,...,k}, and Zle rip; = m, such that Q is isomorphic
to the space

D={DeR; : D=Bdiagl,(I,®%,), ¥ R }.
Moreover, the multiset (r;,p;), i € {1,...,k}, is unique up to permutation.

Obviously, since each W; is an arbitrary matrix from R} , in particular it
can be equal to I,,,. It means that the quadratic space D contains identity
matrix, as it was assumed in the Introduction.

Note that in the space D, the matrices W, are arbitrary symmetric ma-
trices of order p;. Moreover, it is straightforward to verify that if all p; = 1,
then QO is commutative.

Observe that since @ is isomorphic to D, there exists an orthogonal matrix
of order m, say P, such that for every matrix A € Q the following holds

A = PBdiagt_,(I,, ® ¥,)P". (1)

Note that for a given P, a single space Q is generated. If each r; = 1, then
different choices of P generate different quadratic spaces. On the other hand,
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if there exists at least one r; > 2, then two different choices of P can generate
the same quadratic space Q. Indeed, if P is partitioned into semiorthogonal
subblocks, we have

P=(P,....P)), (2)

where P; € Ry, (P,P[)? =PP] P/P, =1, and fori # j, P[P, =
0. Then every A € Q can be expressed as

A= ZP @ W,)P] . (3)

For r; > 2, the matrix P; can be partitioned into r; blocks, each con-
sisting of p; columns, such that each subblock is the block-eigenvector cor-
responding to the block-eigenvalue ¥, (having algebraic multiplicity r;); cf.
[3, 4, 5]. Moreover, any linear combination of these r; subblocks is also a
block-eigenvector corresponding to W;. Therefore, the linear matrix space
generated by the subblocks of P; is referred to as a block-eigenspace corre-
sponding to ¥;, and the representation (3) is called a block-spectral decom-
position of A.

In addition, if 7, > 1 and p; = 1 for every i € {1,...,k}, then all
W, become scalars and (3) reduces to the standard spectral decomposition.
Moreover, this quadratic subspace is commutative.

If there exists ¢ such that p; > 1 then Q is not commutative anymore, as
this space is isomorphic with the space of block-diagonal matrices, instead
of diagonal matrices. As a consequence, each A € Q can be represented as

A= Zz/}ZPPTJrZP @ W,)P] (4)
i=0+1
where 0 < ¢ < k, and if ¢ = 0 (or ¢ = k) then the first (or second) component
vanishes.
Each P;(I,, @ )P, ,i € {1,...,k}, generates a quadratic space B; C Q.
Thus, for ¢ # j, it follows that

dim(B;) = 22FD and  dim(B; B B;) = LEH) | 2D

where H denotes the orthogonal sum of two spaces.

We now establish two key properties of the projection of a p.d. matrix X
onto the space Q, related to its definiteness and condition number. Recall



that the condition number of a p.d. matrix X, denoted by x(X), is given by
the ratio of its largest to its smallest eigenvalue.

Proposition 2.2. Let Q be a quadratic space containing the identity matriz,
and let D be its isomorphic representation given in Proposition 2.1. The
projection of a p.d. matriz X onto the space Q is given by

Qo(X) = PBdiag)_,(I, ® L Y (P/XP,);;)P",

J=1

where (PTXP)]-J- are the diagonal blocks of PTXP of order corresponding to
the block-diagonal representation of D, and where P is partitioned as in (2).
Moreover, the following properties hold:

(a) Qo(X) is positive definite;
(b) £(Qg(X)) < r(X).

Proof. Let X be a p.d. matrix. The projection of X onto the space Q is
given by arg ]r?)nlrQl |X — B||%, where || - ||z denotes the Frobenius norm. From
€

(1) it follows that |X — B2 = |P"(X — B)P||%, which implies that the
projection of X onto Q is positive definite if and only if the projection of
P"XP onto D is positive definite.

Define Y = P'XP.

Assume first that D, as defined in Proposition 2.1, consists of matrices
whose diagonal blocks are all distinct, ie., 7, = 1,7 € {1,...,k}. In this
case, the matrix Y can be partitioned as (Y ) COE(l, .k} where each diagonal
block is of order p;. The projection of Y onto D is given by a block-diagonal
matrix whose diagonal blocks correspond to the respective diagonal blocks
of Y. A detailed proof is provided in the Appendix.

Assume now that D consists of matrices with identical diagonal blocks,
i.e., matrices of the form (I, ® W), where W is a matrix of order m/k. The
matrlx Y can then be partitioned as (Yer), pc (1...x}» With all blocks of order
m/k. By minimizing the corresponding Frobenius norm and applying [20,
Lemma 2.1], the projection of Y onto D is given by a block-diagonal matrix
whose each diagonal block equals the average of the corresponding diagonal
blocks of Y. A detailed proof is provided in the Appendix.

By combining the above cases, we obtain the desired form of the projec-
tion.

We prove parts (a) and (b) separately.
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(a) Positive definiteness. Since X is p.d., its congruence transformation
Y = P"XP is also p.d. By the definition of the projection onto Q, the
diagonal blocks of Y remain p.d., which implies the positive definiteness

of 29(X).

(b) Condition number. Let A(-) denote the vector of eigenvalues of a given
matrix, and define 2 = Qg(X) and Y = P'XP. Using the majoriza-
tion result from [21, Theorem G.1, p. 329], we obtain

A(€2) = A(Bdiagi_ (I, ® £ ) Yj5)) < A(Bdiagl, (Bdiag;-, (Y;))),
j=1

where the symbol < denotes majorization. Applying [21, Theorem C.1,
p. 308], it follows that

A((Bdiag!, (Bdiagl", (Y ;1)) < A(Y) = A(X).
From the definition of majorization, we immediately obtain
/\maX(Q) S /\maX(X)a /\min<Q) Z Amin(X>~

Thus, the condition number satisfies

)\max(ﬂ) < )‘max(X)
Amin(”) - )‘min(X>7

which completes the proof.

]

Note that the proof of (a) is a simpler version of the proof of the “if” part
of Theorem 1 in [6].

3. Characterization of quadratic spaces of partitioned matrices

Consider the following linear spaces

A O
Ti = {TieR,,: Tl:(o 0),AeAgR;},
S 0 0 S S
Ty = {TyeR5,,: T2:<0 B)eRp+q,BeBgRq}, (5)

0 C
Tg = {T3ER;+QZT3:<C—|— 0>ER;+q,CECngXq},
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where A, B, and C are linear subspaces of R}, Ry, and R,«,, respectively.
From the orthogonality of 71, T2 and 73 we can define a linear space

T=T1BT.8BTs;, (6)

for which
dim 7 = dim(71) + dim(7 ) + dim(73).

Notably, 7 contains identity matrix.

IfA=R), B=R;, and C = R,x,, then T spans the linear space of all
symmetric matrices, say S. If any of A, B, C is a proper linear subspace of
R, RY, and R, «,, respectively, then 7 is a proper linear subspace of S.

The aim of this section is to characterize A, B, and C such that 7 is a
quadratic space. The necessary condition for 7 to be a quadratic space is
established in the following lemma.

Lemma 3.1. If7T is a quadratic space, then A and B are quadratic subspaces.
Moreover, if T is a commutative quadratic space, then A and B are also
commutative quadratic subspaces.

Proof. Assume that 7T is a quadratic space. Since the matrix C belongs
to a linear space, one possible choice is C = 0. Then, 771 B 7, forms a
quadratic space of block-diagonal matrices, implying that if T € 7, H 7,
then T? € T, B T, as well. The block-diagonal structure of T? ensures that
T and T, are quadratic subspaces.

Similarly, if 7 is a commutative quadratic space, the product of any two
matrices in 77 H 7, remains symmetric. Again, from the block-diagonal
form of such a product, it follows that 7 and T are commutative quadratic
subspaces. O

For A and B being quadratic subspaces, we now formulate the character-
ization of C based on the quadracity of 7. Consider the spectral representa-
tion of A € A and B € B given in (4) with, respectively, V = (Vy,..., Vy)
and W = (Wy,..., Wy/) as in (2). Matrices V; and W, are the block-
eigenvectors of any matrix from, respectively, A and B, corresponding to
the block-eigenvalues of a given A € A and B € B. Denoting the eigenval-
ues and block-eigenvalues of A (respectively B) by \; € R and A; € RP:*Pi



(respectively 6y € R, Ay € R, «p,), we have

V4 k
A = D) ANViVI+ D) VI, 9 A)V],
=1

i=0+1
el k/ (7)
B = > 6W,W/+ > Wi, @ An)W,.
i'=1 i =0'+1

Due to (3) we have r(V;) = rip;, r(Wy) = rypyr, with Z TiDi = P, Z TirPir =

q. Recall that if / = k and ¢ = k/, then A and B belong to a Commuta—
tive quadratic space. Furthermore, if i € {1,...,¢} then each p; equals 1,
and similarly, if ¢ € {1,...,¢'}, then each py equals 1. This means that
the indices ¢ € {1,...,¢}, ¢ € {1,...,¢'} correspond to the block-spectral
decomposition of the commutative part of A and B, whilei € {¢+1,...,k},
i'" € {¢!' +1,...,k'} correspond to the non-commutative parts of A and B,
respectively. Based on this observation, we define the following index sets:

Ju=A{071):ie{l,...0}, i e{l,....0'}},
Tor={(i,i") i€ {0+1,... k}, i €{1,....0}},
T ={(,i") i€ {l,....00 ¢ e{l +1,.. . K}}
To={07):ie{l+1,... .k}, 7/ e{l +1,....K}}.

For v,w € {1,2}, we define J , to be a subset of J,, containing only those
elements in which no index i or i’ appear more than once. Note, that 7  can
be a proper subspace of J ., as well as . In our consideration we assume
that at least one of 7, is nonempty set; otherwise we have a trivial case
with T3 = 0.

Let T = T8 T2 H T3, as defined in (5), be a quadratic space, and let
T € 7. Then,

T _ A’+CC’ AC+CB T
"\ C'A+BC'" C'C+B? '

By Lemma 3.1 it follows that A? € A and B* € B. Moreover,

Ted, C'CceB. (8)



This requires that r; = r; and imposes a specific structure on C € C given
by C = >  ViTy ® Gy)W,, where J* C J3; UJ3 UJ UJs.
(iiYeJ "
Here I';# is an orthogonal matrix of order 7, and Gy € Ry, x,,, is a scalar if
(i,i") € J71y, a column vector if (i,4') € J3,, a row vector if (i,7') € J7,, and
an arbitrary matrix of appropriate size if (i,i") € J 5.
In other words, C is a subspace of C1; H Co1 H C15 H Coy, where

Cow = { > ViTw@Gu)Wi : Tyl =T Ty =1, Gy € Rpim,},

(63" €5

v,w € {1,2}. Note that the spaces C,,, are mutually orthogonal.
We are now ready to prove the main result of this section.

Theorem 3.2. The linear space T = T1 BT, B T3, as defined in (5), is a
quadratic subspace if and only if A and B are quadratic subspaces and C is a
linear subspace of C11 HCo1 HC1o EHCos. Moreover, T is commutative if and
only if T1 and T are commutative, and dim(7T3) = 0.

Proof. Sufficiency.

Let T € T =T, B 7TyH T3, where the T; are defined as in (5), A and B
are quadratic spaces, and C is a linear subspace of C11 H Coy HC1o H Cos. It
suffices to show that for C € C, the conditions (8) and

AC+CBeC (9)
hold.
Assume that C € Cq;. Since G, = g;7, we have

cc’ — Z VvV € A,

(i) eTh
c'c = > GW,W]eB,

(4,4) €74

!
AC+CB = > AVV]- > Vil ® gi)W,
i=1 (4,4)€J3y

l/
(i4)eTs i'=1

(,4)edfy
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Similarly, for C € Cyy, since Gy = g,;/, we have

cc’

c'C

AC+CB

Z V In®gu’gu VT Z V ®A VTEA

(4,4")eJ3, (ii")€J3, _

Z Wi (L, @ g8 )W = Z 0 Wi W;, € B,
(3,8 )€J§‘1 (i3")eds;

Z V n ® A VT Z V zz’ & gn’)w;’r

i=0+1 (i,4")ed3,

el

(i,i") s, i'=1

Z V (I‘“/®Algzz )WT + Z Z “/®(5 i' 84! )WT
(ii")eJ3 (ii)€J3,

Y Vil ® & + &)W, € Ca,

(3,4)€J3

while for C € Cy,, since G = giTi,, we obtain

cc’

c'c

AC+CB

Y Vi(lueghe)Vi= Y ANViV]eA
(i, ey (4,3") €Ty

Z Wi (Ir; ® i) wi
(4,8") €T,

Z Wi, ® A)W) € B,
(i7i/)IEJf2

DAVIVE DT Vil ®gl)W,

=1

(i,i')EJ5,
k/

+ Z Vi(Tir © gl )W, - Z Wi (1, ® AW
(i,4) €7, Q=041
Z V(Lo @Aigi )W, + Z Vi(Tir 08y Ay )W,
(14" ETE (i) ETEy
~ ~a
Z V(T ® (8 + 8:) )W, € Cra.

(i,i)eJs,
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Finally, for C € Cys we have

cc’ = > Vi(I,9GuyG}) VS
(i,4")eJ3,
= > Vi, eA)V] €A
(158" E 5y
c’c = > Wi(1,9G,Gy) W,
(i,i')E T35
= > Wy AW, € B,
(4,4") €J52
AC+CB = Z Vi, @ A)V] - Y Vi(Ty @ G )W,
i=0+1 (4,4")€J3,
y
+ Y Vilw® G )Wy - > Wi, @ A))W,,
(i4")eds, _ i'=0'+1
= Z V(T ® (ém’ + én’>>w;|/— € Cos.
(4,4") €T3,

Since, for each C € Cyy, v,w € {1,2}, we have shown that CC" € A and
C'C € Band AC + CB € C,,, it follows that conditions (8) and (9) also
hold for any combination of matrices from C,,, v,w € {1,2}. Thus, T is a
quadratic space.

The necessity follows directly from the definition of C,,, v, w € {1,2}, given
prior to the theorem.

Commutativity.

Assume now that A and B are commutative quadratic spaces. If C = {0},
the result follows trivially.

Suppose that T, satisfying the assumptions of the theorem, is a commutative
quadratic space. By Lemma 3.1 it follows that A and B are commutative
quadratic subspaces. It remains to show that for any T, Ty € T, the product
T, T, is symmetric. Clearly,

rop. _ [ AAzt C,C; A,C,+CB,
27\ c/A,+BC] C/C,+B)B,

Assume that A # {0} and B # {0}, and that C € C, C # 0. A necessary
condition for the symmetry of T T, is A{C, + CBy = (CITAQ + BIC;)T
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for arbitrary A1, A; € A, B1,Bs € B, C,C, € C. Since all spaces are linear
and contain an identity matrix of the appropriate order, we set A; = I,
B, =1, C;, =C, and A, = ol,, B, = I, and C; = 7yC with o, 8,7 € R.
Substituting these into the symmetry condition yields

vC + C = aC + yC.

This equality holds for arbitrary o and g only if C = 0. m

Example 3.1

Let p = 3 and ¢ = 4, and let A = {aols + alzl; : ag,a € R}, B =
{boly + by (H + H") + byH? : by, b1, by € R}, where 13 is a 3-dimensional
vector of ones, H is a 4 x 4 zero-one matrix with ones on the subdiagonal
and in the upper-right corner. Both A and B are quadratic subspaces. Using
spectral decompositions of any A € A and B € B, we obtain

A=\MV, V] + 0, V,V), B=W, W/ +5W,W, +5W;W, |

where V; = \%13, V5 consists of two orthonormal eigenvectors that are
orthogonal to 13, and W, = %14, Wy = (wy : w3), W3 = wy, with w;,
i € {2,3,4}, being orthonormal eigenvectors corresponding to eigenvalue
dy (multiplicity 2), and 3 (multiplicity 1), respectively. All of them are
orthogonal to 14; for the exact form of the eigenvectors, see e.g. [22] and [23].
Since the quadratic subspaces A and B are commutative, in representation
(7) matrices A and B have only scalar eigenvalues. Therefore, when choosing
C, we consider only matrices belonging to Cy;.

The index set Ji; related to the spectral decomposition of A and B is
given by {(1,1),(1,3),(2,2)}. A subset J;; may take one of the following
forms: {(1,1)}, {(1,3)}, {(2,2)}, {(1,1),(2,2)} and {(1,3),(2,2)}. The set
{(1,1),(1,3)} is not allowed, because each index can appear at most once.
Thus, the possible choices of Cy; are:

cl = {mlsl]: y eR},

I
Cgl) = {1lsw, : 72 € R},
C%H) — {73V2FW2T . 3 € R, IT =T'T = IQ},

or

v I 111
chy = GhEC
C11 - C'11 H C'11 .
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As can be noticed, for C € cﬁ) or C e cﬁ”, the matrix I'" reduces to a scalar
(1), while for C € CgIIH), matrix I' is an arbitrarily 2 x 2 orthogonal matrix.

Summing up, partitioned matrices belonging to the quadratic space with
nonzero off-diagonal blocks take the following forms:

Gy a a|lm MM NN
a a a|vmM N1 Nm
a a a |7 7M1 NN
Y1 M |bo b1 by by for C GCQ ;
Y1 b bo b by
Y1 m|be bt by by
Y1 M| b ba b by
aw a a7 B %
a a o a | =V Y
e e | for Cecl w=1n
2 2 200 bz and wy = 1(1,-1,1,-1)7,
—Ys —Y —V3|bi by b1 by 2
Yo% Ylb b by b
—Y Y Vb by b by
ag a a 3y o —V3n -
a ag a 0 —273 0 23
a a a | =V3s o V3 -
\/§’Y§ 0 —\/§’Y§ bo by by by
¥ =273 73 by bo b by
—V3y: 0 V373 by by bo by
- 7 2% -7 b ba b bo

for C € €}V, T =Ty, 75 = 51=7, and

V, =

V6

—_— O = O

(1)

The resulting matrices can also be combined in cases C € C;;’ and C €

\Y%
¢ty

]
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Recall that each matrix in a quadratic subspace is isomorphic to a block-
diagonal matrix. However, since the off-diagonal block C of T € T is
nonzero, the isomorphic block-diagonal matrix is not merely a combination of
the block-eigenvalues of A and B; the structure of C plays a crucial role. Be-
fore formulating a general procedure for transforming T into a block-diagonal
form with block-eigenvalues on the diagonal, we analyze specific examples to
illustrate the method.

Example 3.1 - cont.
Let C = c&‘f. Then

T — ( )\1V1V1r "}/1\/1‘A71r ) + ( )\QVQV;— 03><4 )
71‘7\71\71T 51W1W1T O4x3 04x4

n ( 033 0354 ) n ( 0343 0354 )
Oux3 0o Wy W, Ouxs O3 W3 W,

_ ( Vi 03><1>()\1 71>(V1T 01><4)
051 Wy Mo 0 01x3 W/

5 (V2 )(v; 0s1)

*\ o
4x2
0 0
+09 ( V€7><22 ) (02><3, W;—) + 03 < ‘5;;1 > (01><37 W;—)

_ PI.Bdiag(( A ) ALy, 8515, 65) - P
Ba! 01

P, = Vl 03><1 V2 03><2 03><1
! 04><1 Wl ’ 04><2 ’ W2 ’ WS ‘

Similarly, for C = C%IQ ), we have

with

) A
T =Py - Bdlag(( ' g2 ) , Aol 81, GoLo) - Py
Y2 03

P Vi 034 V, 031 0352
1 Osxc1 W3 )7 \ 040 /7 \ W1 )7 \ Wy '
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Assume now C = C%H). Then

v
T = X\ 0411 (VI, 01><4)

+ Vy 0342 PYY PRI & VQT 0254
042 Wp 73FT 9215 O2x3 WQT
0 0
+0, ( Vi’;ll ) (0143, W) + 03 < ‘sle ) (013, W3 ).

Since I' is orthogonal, the second component of the above sum can also be
expressed as

VoIl 0342 Aol 7312 FTVQT 0254 _
Osx2 Wy v3la 0ol O2x3 WQT
V2F 03><2 ( )\2 3 ® 12) FTVQT 02><4 '
0452 Wj Y3 02 023 W,

Following [24], we use the commutation matrix Ks 5 to switch the order of
the Kronecker product:

A A
( 2 gg ) I =Kol ® < 2 gg ))K2,2~
Y3 02 . 2

Summing up, for C € C%H) we obtain
_ : A2 3 T
T = Py - Bdiag(A, I, ® N ,01,03) - Py
where
P — Vi VoI 0349 K 0351 0351
m Osx1 /7 \ Oux2 Wy AW, )\ Wy '

Combining Py with Py for C = cﬁv) and P with Py for C = Cg\p we
obtain

. A A
T:PIV-Bdlag(< ! gi),b@( § gj>,53).PITV

§a!

Py = Vi 034 VoI 0342 K 0351
v 041 Wi ’ 042 Wy 22 W;

16
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and \ \
T — Py - Bdi 1 V2 I 2 73 5 - Pr
v 1ag((% 53)’ 2®<7 02 ’ 1) v

P — Vi 034 VoI 0342 K 031
v 041 W3 ' O4x2 Wo 22 W, '

Finally, if C = {0}, then 7 is a commutative quadratic subspace, as
A € A and B € B have only scalar eigenvalues, and hence 7T is isomorphic
to

where

{Bdiag (A1, Aoly, 01, 0215, 83) : A1, A, 01, 02,03 € R},

However, introducing a nonzero off-diagonal block C € C%L), h € {1, 11, 111,
IV, V}, results in a matrix that no longer belongs to the above space; in each
case, the resulting space is isomorphic to a space of block-diagonal matrices
with at least one 2 x 2 block-eigenvalue. O

Let us now consider another example, in which one of the diagonal blocks
of T does not belong to a commutative quadratic subspace.

Example 3.2. Let A be the same as in Example 3.1 and let B = {I, ®
A: A € R} Then, V = (V,Vy) is the same as in Example 3.1, and
W = W, = I,. Then, the only possible choice of C is C1 = {V,(T®g") :
IT' =T'T'=1,, g€ Ry, }. Thus, we can write

B v, = XMVaV,  Vy(Tegh)
T =X < 0451 ) (Vi Oua) + ( TT®g)V,y LA '

Observe that the second component in the sum can also be expressed as

( VoI 0344 ) ( Lol Leg' ) < FTV; 0254 )
Osx2 Iy Leg LA O4x3 I, '

N

-~

U

By permuting the Kronecker products in U twice (see [24, formula (24)]), we
can rewrite

U - ( KoM ®@L)Ki, Koi(gh ©I)Kas )
Koo(g®I)Kio Koa(A®I,

K
. K1,2 0254 A2 f;’;T K2,1 024
N 0452 Koo ( g A @ 1) O4x2 Kop
X y X )
_ I, Oy4 Kyo(T, ® A gl K I, Oy4
O4x2 Kojo 8242 g A 23 042 Koo /7
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Since K 2 = Ky = I, we obtain

T — PBdig(\, (Lo | 2 & ))PT
1, (12 g A

V1 VQF 02><4
P= , K .
<( 0451 ) ( Osx2 Koo > 3’2>
L]

In the next example, we consider a linear space 7 of block-diagonal ma-
trices, such that neither A nor B is a commutative quadratic subspace.

where

Example 3.3

(a) Let A=Rj§ and B=Rj. Then V=V, =13 and W = W, =1, and
the only possible choice for C is Cay C R3xo (note that T' equals +1).
For A e A, A € B and G € Cyy, = R34, we obtain

A G
(e a),

and the only choice for P in the isomorphic representation (1) is Ij.
Note that T € T = R.

(b) Let A={I, ® A: A€ Ri}and B={L,® A: A € R3}. Then,
V =V, =13 and W = W; = 1,,, and the only possible choice for C
is Cop = {T ® G € Rapyar : G € Ryyy, ITT =T'T =1,}. Therefore,
if G is an arbitrary matrix from Rgyo (rather than from a subspace of
R3y2), then

T — F X 13 03r><2r Ir ® A Ir (%9 G’ FT (%9} 13 037"><27’
027"><37" 12T Ir ® GT Ir ® A 027"><3r IZT ’

Using commutation matrices similarly to Example 3.2, we then obtain
) A G
T = PBdiag(l, ® ( G A ))PT
. (F X I3)Kr3 03r><2r
th P = ’ Ks.,. O
A ( O2r><3r K2,r >
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To determine a general formula for the block-eigenvalues representation
(2.1), we first partition the spaces A and B from representation (5) into sub-
spaces corresponding to the commutative and non-commutative components
of A and B, as defined in (7). Specifically, we have

£
Y NVIV] € A, ZV LOA)V] €Ay,
1=1 i=0+1

Z K
> 6 W W] € By, > Wi, ® AW, € B,
i'=1 i =0'+1

Considering each subspace C.,, v,w € {1,2}, from Theorem 3.2 separately,
we can correspondingly partition the matrix T as

Av va
T = Z ( CT Bw ) )
v,we{l,2} vw

where A, € A,, B, € By, and C,, € Cyy, v,w € {1,2}. Denoting the
components of T by T, we express them as

4
T = Z ( Vi )Bdiag((),...,O,AiIm,O,...,O) (V] 0,,x)

i=1 O
(i7il> g \71‘1
el
+ > (OVP\X;')BdIag(o ,0,041,,,0,...,0)(0,,p, WJ)

i =1
(i,") € T11
-+ Z ( Vil %;;n ) KQ,m
@iNed i O '

x Bdiag(0,...,0,I, ® ( S ) ,0,...,0)

r.v' o, )
X Kr- 1 A T Xq ,
o ( OTiXp W;l’—
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(O (0 Vi )Bdiag(o,...,o,Iri®Ai,o,...,0)(VZ, 0,.p.1xq)
XT; i
i=0+1 e
(4,i') & T
E/

<0p><7“il) Bdlag(07 e )07 57,"]:7‘1-/ ) 07 e 70) (07-1,, xp» W;lr)

0,0 s
T3 TiPi XT

E pz i 4 111_'_1 |< Lty s
0gxrip; Wi L'

A’i ,L',L'/
deiag(O,...,O,I”@( i B ),o,...,())

T
X K K"'z sz OTiPin )
i, 1+p; W 7T 9
P 07’,‘ XTipi Fii’

77

)Bdiag(O, b 0NTLL0,..0,0) (V] 04,5)

quri

V I"L’L OpXTiqi/ K
W, K s
Tzqi/ Xr; 7 q;1Ti

Bdiag(0,....0.L. & ( N & ) 0. 0)
x Bdiag(0,...,0,1I,, g, A, )0

10
T~7T
Fii’Vi On' XTiq,
X KT' 14-q,/ T )
v ‘ Oriqi/ Xp Kn,qi/ Wi’
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k
T - 3" (0 Vi )Bdiag(o,...,O,IW®A¢,O,...,0)(VJ, 0,p.,xq)

+) (Op€§i'qi'>Bdiag(o, 0,1, ®A,0,...,0)(0r,q,xp, W)

Vz(rw’ ®1 i)KTi i OM i XTi Gy
o3 (VO G VK

Tiq;! XTiDs

W
x Bdiag(0, OI,«1®< A G” ),0,...,0)

T T
x K n Kpiwi(rii’ ® Ip7,>V’L OTiPiXTiqi/_r
Ti,PiT4;/ 9
Orz-qz., XTiPi KTi »q;! Wi’

where the respective eigenvalue or block-eigenvalue is located at the first
nonzero position of the block-diagonal matrix.

Observe that, since all V;, Wy, I';», and commutation matrices are or-
thogonal, each T(“w), v,w € {1,2}, is isomorphic to a corresponding block-
diagonal matrix. Consequently, T itself is also isomorphic to a block-diagonal
matrix

Bdlag ( Bdlag ()\i]:ria 5@'/17»1,,,]:” ® < >\Z 7717,” ))’

(ivi/)ejll /yii’ 6i’

Bdlag (IrZ ® Ai, 57;/Iri/ , ITZ' ® ( ‘/X_l_l %@'i/ ) )7
(i>i,)€\721 gii/ i'

Bdlag L7, T ® i i ® 1 I3 ,
()€ 12 8ir Ay T

Bdlag (IT’L ® Ai7 Iri’ ® Ai/a ITi ® ( é\'l iz‘i/ >) )7
(i) eT 22 it i

which is permutationally similar to

Bdiag (AL, 001,,. 1, ® AL, ® Ay L, ® ( VA ),

Ai 8 )\Z gw Al G;E’
Iri ® ( g;l;/ 67;’ ) 7Iri ® ( gii/ A’L/ ) I'rZ ® < Giil Ai/ ))
withi e {1,... k}, i € {1,... K}
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Finally, note that the construction of partitioned matrices belonging to
quadratic subspaces can be extended to block partitions with more than
two blocks. For example, we first construct a matrix T € 7, as defined
in (6), partitioned into four blocks. We then treat this matrix as the new
first diagonal block, Ay, of a larger block-diagonal matrix and introduce an
additional diagonal block, By, of an appropriate order, r. Next, we repeat
the procedure for selecting the off-diagonal block to obtain a new matrix
belonging to the quadratic subspace of matrices of order p+g-+r. This process
can be continued until the required partition is achieved. The following
example illustrates this method.

Example 3.4 Let

A
B

{a1viv] + apvavy +azvsvy : ay,as, as € R},
{51W1W1r + (52W2W;— : (51, 09 € R},

where

o) v (1) v (o) o 55 ()= 5 (L)
vy = , Vg = , Vg = S W, = — ,Wo = — .
1 0 2 . 3 . 1 \/5 1 2 \/5 -1

We first consider a block-diagonal matrix with A € A and B € B on the
diagonal. Then, according to Theorem 3.2, if the off-diagonal block is taken
from C1; = {v1viw]: v € R}, leading to

ar 0 0 » »
0 aa 0 0 O
A= 0 0 a 0 0 |,
")/T 0 0 b1 bg
’)/ik 0 0 bg bl

where 7 = \%71, then A; belongs to a quadratic space, say Aj;.
Note that

"M O

P— vi  03x1 Vo V3 031
021 Wy ’ O2x1 ’ 0251 ’ W '
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Consider now a block-diagonal matrix with A; € A; and B; € B on the

diagonal. Then, if the off-diagonal block is taken from C1; = {7, ( 2;2 ) w/ +
2

3 ( \?VS > Wi © 72,73 € R}, which results in
2

ag 00 7 1 0 0
0 aa 0 0 0 v 5
0 0 a3 O 0 0 0
T=| 0 0 b b 7 —5 |,
w00 b b o=
0 7% 0 9 -5 a o
00 7% 0 =3 13 < «a
where 75 = \%72 and vy; = %73, then T belongs to a quadratic space. O

4. Applications

4.1. Statistical analysis

Consider an experiment with n observations, each represented as an m-
dimensional random vector x;, i € {l,...,n}. Assume that the x; are
mutually independent and normally distributed with mean E(x;) = p, an
m-~dimensional vector, and covariance matrix D(x;) = 3, a symmetric p.d.
matrix of order m. In modern applications, the dimension m often exceeds
n, and both values tend to be large (so-called high-dimensional settings).
This results in a significant challenge due to the large number of parameters
that need to be estimated. A common approach to circumvent this issue is
to impose structure on the covariance matrix, which reduces the number of
free parameters.

Suppose each observation x;, i € {1,...,n}, consists of multiple subvec-
tors, corresponding to natural groupings of observed variables. These groups
may arise from different feature types or repeated measurements across var-
ious conditions (e.g., locations, time points, depths). In such cases, the
partitioning of x; should be reflected in the covariance matrix.

In two-level multivariate models several structured covariance models
have been extensively studied, including separable covariance matrices (see,
e.g., [25], [26], [27], [28]), block compound symmetry (BCS, see, e.g., [10], [29],
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[11], [30], [28]), and the block circular Toeplitz structure (see, e.g., [7], [8]).
For separable covariance matrices, the maximum likelihood estimator (MLE)
is typically computed numerically. In contrast, for BCS and block circular
Toeplitz structures, explicit formulas for the MLEs exist, since both belong
to quadratic subspaces; cf. [12, Proposition 4.1]. The general formula for the
MLE of any structure belonging to a quadratic subspace is provided in [9].
By [12, Theorem 4.1], let S = X(I, — 21,17)X", where X = (x1,...,X,).
Then, the MLE is given by the projection of %S onto the space of the rele-
vant covariance structures. Additionally, the unbiased estimator for a BCS
structure, obtained as the projection of the sample covariance matrix ﬁS
has been studied in [10, 11, 31].

In three-level multivariate models, [32] presented the best unbiased esti-
mators for a doubly exchangeable structure, that is, a BCS structure with
structured blocks, while [33] considered maximum likelihood estimation for
this structure and proposed a hypothesis test for this structure. As can be
observed, in two- or multi-level multivariate models, the “levels” can be re-
flected in the covariance matrix by appropriately structuring its subblocks.
Another approach to modeling specific dependencies in multi-level multivari-
ate models is via separability; cf. [34]; however, such a structure is nonlinear,
and therefore the results presented in this paper are not applicable.

A key limitation of the aforementioned structures is the assumption that
each block has the same dimension across all subvectors. However, in many
practical applications, subvector dimensions vary (see, e.g., [13, Figure 1],
which illustrates covariance matrices from real-world datasets). To accom-
modate this variability, [13] proposed MLEs for covariance matrices with
blocks of unequal sizes and a specific structure, in which the diagonal blocks
exhibit compound symmetry, while the off-diagonal blocks are proportional
to a matrix of ones. Moreover, in a corollary, they showed that the inverse
of the considered covariance structure is given in closed form. Notably, this
structure belongs to a quadratic subspace.

The results presented in this paper extend the estimation approach of
[13] by allowing for more general covariance structures within quadratic sub-
spaces. An explicit formula for the MLE of any such structure is given below.

Proposition 4.1. Let S = X(I, —n'1,1))X", where X = (x1,...,%,) ~
N, 2,1,), and let ¥ € Q with Q denoting a quadratic subspace. Then,
the projection Qgo((n—1)7'S), given in Proposition 2.2, is the best unbiased
quadratic estimator of the covariance structure 3. Moreover, the projection
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Qo(n™'S) is the mazimum likelihood estimator of 3.
Proof. The first part follows from [32], and the second follows from [12]. [

Remark 4.2. The projection Qgo((n —1)7'S) is the best unbiased quadratic
estimator of the covariance structure 3 even when X follows a quasi-normal
distribution, that is, a distribution whose first four moments coincide with
those of the normal distribution; cf. [32].

Remark 4.3. The determination of MLEs relies on specific distributional
assumptions, with normality playing a crucial role. In this case, explicit
solutions for MLEs exist if and only if 33 belongs to a quadratic subspace; cf.
[12, Proposition 4.1]. When the underlying distribution is non-normal, the
determination of MLEs typically requires numerical algorithms, regardless of
the structure of 3. For example, if X follows a multivariate t distribution
with location parameter p and scale matriz 3, the MLEs are not available
in closed form, even though the space of symmetric matrices is quadratic; cf.
[35]. In such cases, estimation is usually performed using the EM algorithm;

cf. [36].

In the high-dimensional setting, the matrix S defined above is singular,
which makes statistical analysis challenging. Projecting S onto a quadratic
space typically improves its conditioning (see Proposition 2.2(a)), resulting
in a well-conditioned estimator of 3. For instance, under the assumption
of a spherical covariance structure, the resulting estimator is always positive
definite, since the projection of any (nonzero) nonnegative definite matrix
onto the space of matrices proportional to the identity is always positive
definite. Clearly, assuming a specific covariance structure reduces the num-
ber of parameters, and selecting such a structure from a quadratic space
facilitates estimation, thereby enabling more efficient data analysis. For ex-
ample, to address the high-dimensionality problem in certain metabolomic
datasets, [37] considered fitting several commonly used covariance structures
inferred from heatmaps and proposed corresponding estimators. The re-
sults presented in this paper indicate that restricting attention to structures
belonging to quadratic subspaces may lead to more efficient estimation pro-
cedures. In particular, for such structures the MLEs can be obtained in a
straightforward and computationally efficient manner, suggesting that ex-
ploring quadratic subspace models could be especially advantageous in high-
dimensional applications. A similar observation was made indirectly by [13],
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who addressed the high-dimensionality problem in a biomedical dataset by
assuming a particular covariance structure: compound-symmetry matrices on
the diagonal and matrices proportional to all-ones matrices as off-diagonal
blocks. Although the authors did not explicitly refer to the concept of a
quadratic subspace, this structure indeed is a quadratic subspace (and can
be constructed using the method described in Theorem 3.2). Consequently,
the MLEs of the covariance parameters given in [13, formula (5)] can be
obtained by projecting n~'S onto the corresponding quadratic subspace.

Finally, according to [12], the quadraticity of the covariance space is a
necessary and sufficient condition for determining the explicit form of the
MLE of the covariance matrix. On the other hand, the projection of n=!S
onto a linear space is simply the least-squares estimator of X; cf. [38]. How-
ever, note that since projection onto a non-quadratic space does not preserve
definiteness (cf. [6]), the resulting estimator may be unrealistic. To restore
the positive definiteness of the estimator, one can apply the shrinkage method
proposed by [39] or its modifications, which yield a structured estimator; see,
e.g., [40], [41]. Nonetheless, as shown in [41], a quadratic space plays a crucial
role even in the shrinkage method, since improving the algebraic properties
of the resulting estimate requires the target matrix to belong to a quadratic
space.

The identification of the most suitable covariance structure is an im-
portant topic in statistical analysis. Various approaches to addressing this
problem can be found in the literature, including graphical methods; see,
e.g., [15], [16], [17]). However, in graphical models, researchers typically fo-
cus on precision matrix (the inverse of the covariance matrix) and are often
interested in identifying strongly dependent variables while discarding weak
dependencies, leading to sparse representations. The difficulty is that even
if the precision matrix is sparse, the corresponding covariance matrix may
not be, which can complicate interpretation. In contrast, when the assumed
structure belongs to a quadratic subspace, this issue does not arise, since the
inverse of a matrix from a quadratic space also belongs to the same space.

On the other hand, a covariance matrix belonging to a quadratic space
does not necessarily have to be sparse, yet its inverse still preserves the
same structure. Therefore, characterizing the quadratic space of partitioned
matrices is of great importance, particularly when estimating dependencies
between subvectors, which are represented by the off-diagonal blocks of the
covariance matrix (commonly referred to as the cross-covariance matrix).

Nevertheless, since graphical models used in pattern recognition often
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involve concepts from graph theory, in the following section we employ ad-
jacency matrices of undirected graphs to illustrate the main results of this

paper.

4.2. Graph theory

Consider a disconnected graph consisting of two separate subgraphs with
p and ¢ vertices, respectively. Clearly, its adjacency matrix can be expressed
as a block-diagonal matrix with p x p and ¢ x ¢ blocks on the diagonal. It
follows that such an adjacency matrix belongs to a quadratic subspace, mean-
ing that its square retains the same block-diagonal structure. Interpreting
this result, since the square of the adjacency matrix indicates the number of
length 2 paths between vertices, it is evident that if no path exists between
a vertex in the first subgraph and a vertex in the second subgraph, then no
length 2 path can exist either. Now, one may ask whether it is possible to add
one or more edges between the subgraphs in such a way that the number of
paths of length 2 (or higher) remains unchanged. In other words, we search
for a nonzero off-diagonal block of the adjacency matrix while preserving the
overall structure. According to Theorem 3.2, this off-diagonal block must be
constructed based on the eigenvectors of diagonal blocks.

The adjacency matrix of an undirected graph is usually a binary matrix;
however, when nonbinary entries are allowed, the graph is referred to as a
weighted graph. In this context, one may be interested in graphs whose struc-
ture is preserved under powers of the adjacency matrix (see also [1], where it
is shown that the inverse also preserves the structure). This means that the
resulting graph does not acquire new edges, and the weights — whether equal
or proportional in the original graph — remain unchanged or proportional in
the transformed graph.

Clearly, this property holds for the block-diagonal adjacency matrix of
a weighted graph when its diagonal blocks belong to quadratic subspaces.
Theorem 3.2 further shows that additional edges can be introduced between
vertices associated with the spaces of diagonal blocks while still preserving
the overall structure. Examples 4.1 and 4.2 illustrate the application of these
results.
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Example 4.1 Let

./4 = {Bdiag(aolg, ( Zl

B = {Bdlag(b07 bl bQ ) : b07 bl; b2 S R}J
by by
where
1 0 0 0 0
0 1 0 0 0
V] = 0 \% 0 A% L A% L 0 A% i 0
1 — 0 y V2 — 0 y V3 — 0 y V4 — \/5 0 y VH — \/5 0
0 0 0 1 1
0 0 0 1 —1
and
1 0 1 0
Wi = 0 Wy = —= 1 , Wy = —

, 1
0 V21 V2 4

The graph represented by the adjacency matrix Bdiag(A,B), where A €
A, B € B, is illustrated in Figure 1(a), where vertices of the same shape
correspond to identical diagonal entries of the given matrix, and the edge
colors indicate the values of the off-diagonal entries. The upper row depicts
the graph associated with the adjacency matrix A, whereas the lower row
corresponds to that associated with B.

Now, assume that C € C = {gvywg : g € R}, and consider T € T
as defined in (6). Since the adjacency matrix is no longer block-diagonal,
new edges appear in the graph shown in Figure 1(a), resulting in the graph
depicted in Figure 1(b).

4] [3] [€] (0)}{E) Ill@@
o 5 @)

(a) Bdiag(A,B) (b) partitioned matrix with C = g vaw,

Figure 1: Graphs represented by their respective adjacency matrices.

Since T is a quadratic subspace, the matrices T? and T~! also belong
to this space; cf. [1]. This implies that the graphs corresponding to the
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adjacency matrices T, T? and T~' preserve both the vertex shapes and the
edge colors. While the edge weights may change, edges that are equal in
weights remain proportional. Finally, as shown in Figure 1(b), the matrix T
is isomorphic to

ay ax g g

Bdiag(a0137 b07 42 a9 J )7

g g b b
g g by b
where g represents the weight of the edge shown in red. O]

Remark. Consider the same block-diagonal matrix as in Example 4.1 as-
suming by = ap. One can then permute this matrix so that the first diagonal
entry becomes the fifth diagonal entry. As a consequence, we obtain the
following partition:

a 0 0 0,0 O O O
0 ao 0 0O]0 O 0 O
0 0 a a0 0 0 O
0 0 ag az |0 0O 0 O
0 0 0 Ofap O 0 O
0 0 0 0[O0 a O O
0O 0 0 0|0 0 b by
0O 0 0 010 0 b b

The off-diagonal block may then be taken from the block-eigenspace con-
sisting on the block-eigenvectors corresponding to the eigenvalue ay (which
has multiplicity 2) and the block-eigenvectors corresponding to the 2 x 2
block-eigenvalue (with multiplicity 1), i.e.,

1000
(0100>+g (001 1)

o O O =
O O R O
—_= O O
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resulting in

a 0 0 O}~y O O O
00 ap 0 010 ~ O O
0 0 a a2| 0 0 g g
0 0 a a;| 0 0 g g
v 0 0 O0|a O 0 O
0O v 0 010 a 0 O

Reverting to the original partition, we obtain

a v 0 0 0]0 0 O
vy a 0 0 010 0 O
0 0 ao 0 O~y O O
0 0 0 a1 ax|0 g g
0O 0 0 ay a; |0 g g |’
0O 0 v 0 O0fa 0O O

whose square retains the same structure. However, note that the above
matrix does not belong to the same quadratic subspace as the original matrix,
since the structure of the first diagonal block, A, has collapsed. Moreover,
because we are working with subspaces defined in (5) rather than individual
matrices, we cannot arbitrarily change the partition of a matrix, as was done
in the considerations above.

Example 4.2 Consider the block-diagonal matrix from Example 3.1 with
Ce (,’1111). The graph associated with its adjacency matrix is shown in Fig-
ure 2, where a dashed line indicates negative edge weights corresponding to
edges of the same color. Since T, defined as (6), is a quadratic subspace, the
graphs associated with the adjacency matrices T? and T~' also preserve the
same structure.

30



Figure 2: The graph associated with the partitioned adjacency matrix from Example 3.1
with C = C,.

Observe that the graph in Figure 2 is connected, which suggests that its
adjacency matrix T cannot be represented in block-diagonal form. However,
using the results presented in Section 3 (Example 3.1 - cont.), T can be

expressed as a matrix isomorphic to Bdiag(< f\yl ZQ ) , Aol 01, 0olp)). O
2 03

Finally, note that the graph structure plays a crucial role in graphical
methods for pattern recognition, particularly when the primary objective is
to recover dependency structures among variables or to analyze correlation
patterns.

4.3. Systems of linear equations

The system of linear equations Ax = b (det A # 0) plays a crucial role
in nearly all areas of science. While the solution is given by x = A~'b, com-
puting A~! can be computationally expensive for large matrices. However, if
A belongs to a quadratic space Q, it can be represented in a block-diagonal
form D, allowing for more efficient computation by inverting smaller matri-
ces. Specifically, the solution can be expressed as

x = P - Bdiag® ,(A;!)-P'b,

where P is an orthogonal matrix whose columns are the block-eigenvectors
of A, and A; are the corresponding block-eigenvalues.

Appendix A. Frobenius norm minimizers

Assume that D consists of different blocks on the diagonal. Then, for
ie{l,...,k}, we seek

arg min |Y — Bdiag®  (¥;)|%.

'I’iERZS,i
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Defining
LY, ®,) = —2Tr(Y;®,)+Tr (¥7), ie{l,... k},

where Y; is the ¢th p; x p; diagonal block of Y, the Frobenius norm can be
rewritten as
k
1Y — Belingh_, (W) = Te(Y?) + > (Y, ®,) := f(Y, Bdiag_, (¥,)).
i=1
Differentiating with respect to ¥;, i € {1,...,k}, following the rules given
in [42], yields

of
v,

= { —2vec' Yy +vec I, [L, @ ¥, + ¥, @1, ] } -D,,
= { —2vec' Y +2vec! \IJZ} -D,,,

where D,, is the p; X p;(p;+1)/2 duplication matrix; see e.g. [24]. Setting the
derivative to zero (noting that D,, does not affect the solution), we obtain

U, =Y, ie{l,... Kk}

Now, assume that D consists of matrices with identical diagonal blocks.
In this case, we seek
arg min ||[Y — (I, ® ¥)||3.
\Ilean/k

Differentiating
FOY,®) =Y — (1, @ ©) |7 = Tr(Y?) = 2Te(Y (I ® ©)) + & Tr(P?)

with respect to W gives
0
(()_é’ = [ -2 VecT Y (Ik & Km/k,k®1m/k) (VeC Ik X I(m/k)z)
+ kvec’ Im/k [Im/k®‘II + ¥ ® Im/k] :|Dm/k
[ 2veeT Y (I @ Ko @) (vee T @ T agz) +2k vee @D

Setting the derivative to zero and applying [20, Lemma 2.9] we obtain the
minimizer i
_1
U=1> Y,
i=1

where Y;, i € {1,...,k}, are the m/k x m/k diagonal blocks of Y.
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1 Introduction

Estimation of the covariance matrix is one of the basic problems in multivariate analy-
sis, as the dependence structure between variables is of interest in almost every area of
science. For example, in all biological experiments, including agricultural ones, gene
expressions and the correlations between genes are of particular interest. To discover
possible structures of a covariance matrix, researchers often use heatmaps (see e.g.
Mieldzioc et al. 2021 and Carrién-Garcia et al. 2020), neural networks or mapping
(Gilson et al. 2020), a graphical lasso algorithm (Devijver and Gallopin 2018), as well
as algebraic methods (Filipiak et al. 2018) or statistical testing; the latter is used when
the researcher already has knowledge about the most reasonable possible covariance
structure. It should also be pointed out that in many applied problems in multivari-
ate analysis, estimators of the covariance matrix as well as its inverse are required.
When the sample size is too small relative to the number of variables, the unstructured
sample covariance matrix is singular or ill-conditioned. In such a case, the underlying
covariance structure allows us to reduce the dimension of the parameter space and
makes the estimation effective.

Several applications in mathematical statistics and data analysis involve linear struc-
tures of the covariance matrix defined as follows; cf. Anderson (1973).

Definition 1 The covariance matrix X has a linear structure if it can be expressed as a
linear combination of known symmetric m x m matrices Go, . . ., G that are assumed
to be linearly independent, i.e.,

z
Y = ZU,’G,’,
i=0

where o; € R are unknown parameters. It is also assumed that there exists at least one
combination of oy, ..., o; such that X is a positive definite matrix.

The linear space £ with the basis Go, . . . , G; will be called a linear structure space.

There is a wide literature on the estimation of covariance structures belonging to
quadratic subspaces (see Seely 1971 or Sect. 2 for definition), as it is known that the
projection of a sample covariance matrix onto the space of covariance matrices belong-
ing to a quadratic subspace is the best quadratic unbiased estimator of a covariance
structure; cf. Koziot et al. (2017). Moreover, Filipiak et al. (2021) showed that the max-
imum likelihood estimator (MLE) of such a covariance matrix can be obtained as the
projection of the MLE of an unstructured covariance matrix onto this quadratic space.
Both estimators are positive definite, since the orthogonal projection of a positive def-
inite matrix onto a quadratic subspace preserves positive definiteness; cf. Fuglede and
Jensen (2013).

When the structure space is not quadratic, the determination of the MLE requires
iterative methods (cf. Anderson 1973, Szatrowski 1980). These are usually time-
consuming, and the time needed to derive the estimator increases with an increase
in the dimension. Therefore, it is vital to develop fast methods for estimating struc-
tured covariance matrices.
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Following Ohlson and von Rosen (2010), a computationally simpler least squares
method based on the projection of an unstructured estimator onto a structure space
can be used. However, this method can lead to estimators that are not positive def-
inite (p.d.) or well-conditioned, and may even be indefinite; cf. Fuglede and Jensen
(2013). The projection onto the convex cone of non-negative definite matrices from the
structure space preserves nonnegative definiteness; however, this method is also time
consuming; cf. Filipiak et al. (2018). An appropriate method to restore the required
properties of the sample covariance matrix (estimator of the unstructured covariance
matrix) is the shrinkage method; cf. Ledoit and Wolf (2004). Nevertheless, in this
paper we work with structured matrices, and thus the shrinkage estimation method
has to be modified.

Note that all of the papers mentioned in the previous paragraph deal with structured
covariance matrices related to a vector of observations; however, in numerous experi-
ments the observation vector is partitioned into several subvectors, related to grouping
of observed variables into subgroups (for example when various kinds of variables
are observed) or to vectorization of doubly multivariate data, when observations are
additionally repeated at several times or under several conditions; for more details on
doubly multivariate models, see, e.g., Arnold (1979), Crowder and Hand (1990) or Lu
and Zimmerman (2005). Then in the structure of the covariance matrix, the partition
of the observation vector should be taken into account, and thus the covariance matrix
should be assumed to be partitioned into respective subblocks. Note also that in the
literature on doubly multivariate data the subblocks considered are usually of equal
dimensions and have a particular structure (for example the Kronecker product of two
matrices or a block exchangeable structure); nevertheless, in many cases it is more
reasonable to relax the equal dimensions condition, as in real-life applications the
number of repetitions may change together with the observed variables, or the sizes
of groups of variables may differ from each other.

For matrices partitioned into square subblocks such that they belong to a quadratic
subspace, the estimation techniques are the same as in the case of non-partitioned
blocks. In the case of rectangular off-diagonal blocks of a covariance matrix belonging
to quadratic subspaces, Yang et al. (2024) recently observed that taking the average of
the respective entries of the sample covariance matrix leads to uniformly minimum-
variance unbiased estimators of a covariance matrix with block-uniform structure
partitioned into four subblocks. Note that this technique is nothing else than the pro-
jection of the sample covariance matrix into the respective quadratic subspace.

Estimation of partitioned covariance structures that do not belong to a quadratic
subspace and can have rectangular off-diagonal blocks has recently been studied by
Markiewicz et al. (2024). However, since there the maximum likelihood estimator was
of interest, the method presented can be improved. Therefore, in this paper we give
an estimation technique based on another estimator of relevant structure. Following
Ohlson and von Rosen (2010) we consider a least squares estimator of a structured
covariance matrix, which is simply the projection of the sample covariance matrix onto
the space of covariance structures, and we adapt the shrinkage method to improve this
estimator such that the final estimator will be positive definite and well-conditioned
and will have good statistical properties. We show that an arbitrary quadratic subspace
of the space of covariance structures can be chosen as the space of target matrices (in
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short: target space); however, this choice influences the statistical properties of the final
estimator and it is therefore crucial to find a balance between the (well-)conditionality
of the result and its statistical properties.

The paper is organized as follows. In Sect. 2 we present the model in which a
structured partitioned covariance matrix plays a crucial role. The estimation method
and examples illustrating this method for particular covariance structure spaces are
given in Sect. 3. A comparison of the estimators obtained with the use of four different
target spaces based on a simulation study is presented in Sect. 4. Conclusions and
recommendations are given in the final section.

2 Model

Let us consider an experiment with n observations being m-dimensional random vec-
tors, X;, i = 1,...,n, which are mutually independent and identically distributed
with E(x;) = u, an m-dimensional mean vector, and D(x;) = X, a symmetric p.d.
covariance matrix of order m.

Assume that each x;, i = 1, ..., n, may consist of several subvectors, related to
the grouping of observed variables or to the vectorization of doubly multivariate data.
Then in the covariance matrix, the partition of the observation vector should be taken
into account, and thus X should be assumed to have a partitioned structure. Since in
many practical problems the dimensions of subvectors can differ from each other, we
assume that the diagonal blocks of the covariance matrix are p.d. matrices of different
orders, and as a consequence, the off-diagonal blocks are rectangular matrices.

For simplicity we assume that each x;, i = 1, ..., n, consists of two subvectors,
that is, x; = (y;, z;)’, where y; and z; are, respectively, p- and g-dimensional vectors
i X .
and hence ¥ = ZH 212), where ¥ 11 and X,; are p.d. matrices of order p and

21 222

q, respectively, while X7 is of dimension p x g. However, it is worth noting that
the estimation technique presented in the next section can be generalized to larger
numbers of subvectors.

Note that study of the dependence structure between two subvectors, that is the
specific structure of X7, might also be of interest; this problem has been studied
recently by, e.g., Janiszewska et al. (2020), Markiewicz et al. (2024), and Filipiak
et al. (2024). However, in this paper, we assume only that the structure of ¥ and its
subblocks is linear, since linear structures have numerous applications in mathematical
statistics and data analysis. Therefore, without loss of generality, we assume that the
matrix X belongs to a linear space S which can be decomposed into the sum of
orthogonal subspaces, i.e.,

S=8HSHS;, (1)
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where

s = (gg>eRfﬂ: AeAgR;,},
00

S, = (OB)ER%: BEBER;}, (2)

S3 = (g,g)eﬂ%;,: Cng]R{pxq},

and A, B are linear subspaces of the spaces of real symmetric matrices of order p, R},
and ¢, Rfj , respectively, and C is a linear subspace of the space of p x ¢ real matrices,
Rpxg-

The estimate of X € S is required to have the assumed structure, which can be
obtained by projection of the sample covariance matrix S = anlX (In — %ln 1;) X'
onto §, where X = (X1, ...,X,) is an m X n observation matrix, I, is the identity
matrix of order n, and 1,, is an n-dimensional vector of ones; cf. Ohlson and von Rosen
(2010). Note that the projection is simply the minimizer of the respective Frobenius
norm, i.e.,

Ps(S) = argmin||V — S|,
veS

where [|A]|> = tr (AA'). If {V},...,V,} is an orthonormal basis of S, then the
projection can also be expressed as

Ps(S) =) tr(ViS)V;. (3)
i=1

Filipiak et al. (2024) considered a particular linear space which is quadratic. Fol-
lowing (Seely 1971) a space S is a quadratic subspace of a linear space if for an
arbitrary matrix T € S also T?> € S. Assuming p = 3 and ¢ = 4, examples of
quadratic subspaces S of linearly structured partitioned matrices of the type under
consideration are
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(aoaaOOOO\
aayal0 0 0 O
a a ay0 0 0 O
3 0 0 O0Olbgpb b b ap,a,bg,beR},
0 0 0[bbyb b
0 0 O0(b bbyb
\000bbbb0)
(aoaa cC C C C\
aayal|c ¢ ¢ ¢
a a apglc ¢ ¢ ¢
] c c clbpb b b ap,a,bg,b,c e Ry¢,
c ¢c c|lbbyb b
c ¢c c|b bbyb
\ ¢ cc|lb bbb
and
( a a a «/§C C—«/§C —C\
a ap a 0 —2¢c O 2c
a a a —«/§C C «/§C —C
V3¢ 0 —Bc| by by by by |: ao,a, bo.bi,byceR},
c —2c¢ c| by by by b
V3¢ 0  Bc| by by by b
\  —c¢ 2 —c¢| b1 by b b))

to mention a few.

The advantage of considering a quadratic space is that the best unbiased estimator of
¥ e Sisthe projection of the sample covariance matrix onto this space; cf. Koziot et al.
(2017), Filipiak etal. (2021). Moreover, under the normality assumption, the maximum
likelihood estimator of ¥ € § is the projection of Sy, = %X (In - rl,ln 1;1) X', onto
this space, that is, P5(Symp); cf. Filipiak et al. (2021). It should also be mentioned
that the projection onto the quadratic subspace preserves definiteness (cf. Fuglede and
Jensen 2013), and hence the estimates obtained are positive definite (for n > m).

In the case of a non-quadratic linear structure space, the MLE is not given in an
explicit form and its determination is challenging and time-consuming; cf. Filipiak
et al. (2021), Markiewicz et al. (2024). In the case of unbiased estimation, Ohlson and
von Rosen (2010) studied the least squares method. This approach provides an explicit,
unbiased and consistent estimator, which is the projection of the sample covariance
matrix S onto the linear space S given in (2). However, if the structure space is not
quadratic, then the projection does not preserve definiteness; cf. Fuglede and Jensen
(2013). The estimator obtained by projection may be positive definite, but also singular
or even indefinite; see the example in Markiewicz et al. (2024). Therefore, to restore the
positive definiteness of the covariance matrix estimator, a method based on shrinking
can be used. A shrinkage estimation method for an unstructured covariance matrix was
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proposed by Ledoit and Wolf (2004); subsequently Markiewicz et al. (2024) proposed
its modification for structured matrices. Recall that the original shrinkage estimator
is defined as a convex combination of some target matrix and the estimator of an
unstructured matrix (usually S or Spp ), and the aim of this procedure is to improve
the properties of the estimator under consideration. In the literature, commonly used
target matrices are matrices proportional to the identity matrix or diagonal matrices;
cf. Hannart and Naveau (2014), Ikeda et al. (2016). The target matrix and shrinkage
intensity are chosen using the optimization criterion given by Ledoit and Wolf (2004).
However, it should be noted that when structured covariance matrices are considered,
this procedure does not produce a structured estimator. Therefore, the proposed modi-
fication involves replacing the estimator of a structured matrix by a relevant estimator
having the required structure, whose properties then have to be improved. Moreover,
the target matrix is not arbitrary but must belong to a subspace of the space of the con-
sidered structure; note that the most common target matrices—matrices proportional
to identity and diagonal matrices—belong to the quadratic subspace.

The detailed procedure for determining the positive definite estimator of X is given
in the next section.

3 Estimation of covariance matrix

As suggested by Ohlson and von Rosen (2010), we consider the least squares estimator
of a linearly structured partitioned X, which is the projection of a sample covariance
matrix S onto the space S, that is,

T1s = Ps(S),

where the projection is as defined in (3). To improve the definiteness of iLS, the
structured shrinkage method will be used. This means that the improved estimator of
¥, denoted by X, can be represented as

T =T+ (-0, 4)

where T is a positive definite target matrix and A € [0, 1] is a shrinkage intensity.
Moreover, since S must have the same structure as fLS, the target matrix must be
chosen from a subspace of S, say 7 C S.

To determine the optimal shrinkage intensity A and the optimal form of the target
matrix T € T, following Ledoit and Wolf (2004), the following quadratic risk function
will be minimized:

f(T) =E[IZ-2|?] (5)
subject to T eSas given in (4).
We can now prove the following theorem, which is both, a modification and exten-

sion of Theorem 2.1 of Ledoit and Wolf (2004), as it makes it possible to determine
the structured estimator of the covariance matrix and to relax the assumption that
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the target matrix is proportional to identity. Clearly, Theorem 2.1 in Ledoit and Wolf
(2004) is a special case of the following theorem.

Theorem 1 Let S be an m x m sample covariance matrix obtained from a random
sample of size n from the distribution with mean . and covariance matrix ¥ € S. The
minimum of the quadratic risk, i.e.,

min E[i—zz] biectto 3 = AT + (1 — MP<s(S) € S
rer o I | subject to + ( )Ps(S)

is attained at

E[ o (P%(9))] - IPs(Z)])?

T =P (2), A= .
7(>) E[tr (P1(S))] — [P7(Z)|2

Moreover, A € [0, 1].

Proof Let {Vy,...,V,}, V; € Ry,«xm, be an orthonormal basis of the space S of
dimension v. Without loss of generality, we assume that the basis of 7 C S consists
of the first k < v basis matrices. Then the target matrix T € 7 can be expressed as
T = Zf-;l «; Vi, and the quadratic risk given in (5) is a function of o, i =1, ..., k,
and A € R, i.e.,

f(,A = f(ar,...,0,A)
= 22tr (T?) + 201 — 1) tr (TE[Ps(S)]) + (1 — 1) tr (E[PE(S)])
—20.tr (TZ) — 2(1 — ) tr (ZE[Ps(S)]) + tr (Z?).

Since it is a convex function, its minimum is attained at the stationary point. Differ-
entiation of f (T, A) gives the following system of equations

ra; + (1 = ME[tr(V;Ps(S))] — tr(V; X) =0,
atr (T?) 4 (1 = 20)E [tr(TPs(S))] — (1 — ME [tr(P%(S))] (6)
—tr (TE) + E[tr(Ps(S)X)] = 0.
Since E(S) = X we obtain that
E[Ps(S)] = ) w(V,E[S)V; = ) tr(V;E)V; =Ps(Z) = Z, (7)
i=1 i=1
and hence

E [tr(V;Ps(S)]=tr(V; %), E[tr(TP5(S))]=tr(TX), E[tr(Ps(S)X)]=tr(X?).

Applying respective expectation to the first equation of (6) we obtain o; = tr(V; X),
i=1,...,k,andhence T = ZLI tr(V;X)V; = P7(X). Substituting this result into
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the second equation of (6) gives
v
E[tr (P5(9)] — > t2(V; %)
i=1

- .
E[tr (P%(9))] — X u?(ViZ)

i=1

A=

v k
Since > tr?(V;X) = |[Ps(X)||> and Y tr>(V; X) = ||P7(2)]|?, we obtain the form
i=1 i=1
of A given in the;\ statement of the theorem. Moreover, because T € 7 € S and
Ps(S) € S,also ¥ = AT + (1 — 1)Ps(S) belongs to S.
It is enough to show now that A € [0, 1]. From the orthonormality of V;, i =
1,..., v, we have

E[t (P3(©)|=E | u itr(ViS)V,--Xv:tr(VjS)Vj =E[Xv:tr2(v,~8)]
i=1 i=1

j=l1

®)

and from Jensen’s inequality, since the function under the expectation is convex,
vV v v
E [Ztr%viS)} > ) w(VES) =) u(ViE) = [Ps(D)]*.
i=1 i=1 i=1

Thus, the nominator in X is nonnegative. Moreover, since in the nominator we subtract
the norm of the projection onto &, while in the denominator we subtract the norm of
the projection onto 7 C S, we have A € [0, 1]. O

It is worth mentioning here that if 7 = &S, then in the above theorem A = 1 and
hence T = Ps(S), which does not need to be positive definite (or well-conditioned) —
unless S is a quadratic space, since projection of a p.d. matrix onto a quadratic space
preserves definiteness; cf. Fuglede and Jensen (2013).

To avoid the problem of the unknown expectation of tr(P%(S)) in Theorem 1,
from now on we will assume the normality of the vector of observations. Therefore,
assume that S = —-X (I, — 11,1/,) X', where X is a normally distributed matrix of
observations, i.e.,

X=(X1,...,Xp) ~ Nn (lﬂ;, X L.

Then we can compute the expectation from the formula for optimal A and thus prove
the following.

Proposition 2 Let S be the m x m sample covariance matrix obtained from a random
sample of size n from the multivariate normal distribution with mean | and covariance
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matrix ¥ € S. For T C S the minimum of the quadratic risk, i.e.,
min E [||§ - ):||2] subjectto & = AP7(Z) + (1 — A)Ps(S) € S
€
is attained at

2 i tr ((V;X)?)
A= i=1 ’

2 -_thr ((ViZ)?) + (1 = D(IPs(D)1? = IIPT(2)]1?)

where v is the dimension of S.

Proof Under the normality assumption, matrix S has a Wishart distribution with m
degrees of freedom, i.e.,

s~Wm(n—1 ! z).

* n—1
Therefore, since (8) holds, we may use the formula
E [tr(AW) tr(BW)] = ntr(AQBR) + n tr(A'QBRQ) + n? tr(AR) tr(BR)

for W ~ W, (n, ), g < n (cf. Gupta and Nagar 2000, Theorem 3.3.15), and then

E[tr (P3(9)] = -2 Xv:tr (viz)?) + Zv:trz(v,-z).
i=1 i=1

Substituting this expectation into the formula for A given in Theorem 1 and observing

v k
that 3" tr2(V; ) — Y. tr?2(V; Z) = |Ps(Z)||> — [[P7(X)||?, we obtain the form of A
i=1 i=1
given in the proposition. |

Note that both the target matrix P7-(¥) and the optimal A depend on unknown X.
Therefore, to obtain a X in the form (4) which is an estimator of X, we replace X by
the sample covariance matrix S. Then

T =0P7(S) + (1 - MPs(S) )

with

2 i tr[(V;S)?]
’)': _ i=1

(10)

2 ; t[(ViS)21 + (n — D(IPsS)1? — [P (9)[1?)
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will be called a structured shrinkage estimator of X.
In the following result, we show the statistical properties of the estimator given in
(9) with A as in (10).

Theorem 3 Let ¥ as givenin(9), withT C S and . as defined in (10), be the estimator
of X € S undernormality. Then it is consistent and asymptotically unbiased. Moreover,
if T =8, then X is an unbiased estimator of X.

Proof Consistency.
Let us consider the sample covariance matrix S as a function of sample size, n,
and let us denote S(n) by S,. It is known that it is a positive semi-definite matrix

. . . . ) P
and a consistent estimator of the covariance matrix X, that is S,, —— X, where
n—oo

L, denotes convergence in probability [cf. Ohlson and von Rosen (2010)]. Therefore
P (S,) —— P7(%) and P5(S,) ——> Ps(X) = ¥ (the latter equality follows
n— oo n—oo
from the structure of £ € S), and |[Ps(X)|]? < oo, |[PT(X)|]* < oo.
Assume first that ¥ € 7 € S. Then T = Pr(S,) LN P7(X) = X and hence
n—oo

3 is a consistent estimator of X.
Assume now that X ¢ 7. This implies that

P
PS> = [IPTS)II —— [Ps()II” — [[Pr(D)]I* > 0.

Moreover, tr((ViSn)z) L) tr((ViZ)Z) < 00. Hence,
n—oo

2 tl(ViS,)*]
Ty = =1 L0 an

23 wl(ViSi)?]+ (1 = DAPs I = IPTS)IR) "7

and the consistency of ¥ follows.

Unbiasedness.
Let7T =&.Then X = Ps(S,) and unbiasedness follows from (7).
Let 7 C S. Note that

k v v
Ps(S,) = > tr(ViS)Vi+ Y u(ViS)Vi =P7(S,) + > tr(ViSy)Vi,

and hence
. k

Iim E[X] = E[ lim
n— oo n—oo P—

1

r(ViS)Vi + lim (1 =7, lim Y tr(V,-Sn)Vi].

1 =00 —k+1
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Moreover, from (11) we can further write

R k v
E[X] _)Log E|: lim Ztr(ViSn)Vi + lim ) tr(ViSn)V,-:|

= E[ lim Z tr(V;S )V,:| = lim E[Ps(S,)]

I’l—)OO

and asymptotic unbiasedness follows from (7). O

It can easily be seen from (9) that to achieve the positive definiteness of T or to
improve the conditioning of the positive definite P5(S), the space 7 should have strong
algebraic properties. Recall that a matrix is ill-conditioned when its condition number,
which is simply the ratio between the largest and the smallest eigenvalue, is higher
than some predefined «(, depending, among other things, on the matrix dimension.
Therefore, we prove the following lemma.

Lemma 1 Let X as given in (9) be the estimator of X.. A necessary condition to achieve
positive definiteness or improve the conditioning of X is for T to be a quadratic
subspace.

Proof Assume that Ps(S) is indefinite. To achieve positive definiteness of ¥, the target
matrix P7-(S) must be positive definite. Since a projection preserves definiteness if
and only if the space onto which we project is quadratic (cf. Fuglede and Jensen 2013,
Theorem 1), the claim follows.

Assume that Ps(S) is p.d. and is ill-conditioned. Since the condition number of
the projection onto the quadratic space is not lower than the condition number of
the projected matrix (Filipiak et al. 2024, Proposition 2.2), a necessary condition to
improve the conditioning of ¥ isfor T tobe a quadratic subspace of S. O

It is worth mentioning here that if 7 = S and S is a quadratic space, then T =
P7(S) is the best unbiased quadratic estimator of the covariance structure X; cf. Koziot
et al. (2017). Note that the structure space contains at least one quadratic subspace,
namely the space of matrices proportional to the identity matrix. However, there may
be more quadratic subspaces available (for example diagonal matrices, block-diagonal
matrices, a quadratic space of block matrices with nonzero off-diagonal blocks—see
examples in Sect. 2); a general characterization of quadratic subspaces of partitioned,
linearly structured matrices is given in Filipiak et al. (2024).

It is worth recalling that in the original shrinking method proposed by Ledoit and
Wolf (2004) a matrix proportional to the identity matrix was chosen as the target matrix.
Note that the space of matrices proportional to identity is the smallest quadratic space.
Moreover, it is a subset of every S, and thus such a choice of target space can be seen
as a special case of 7 as given in this paper.

The main goal of the estimation method presented was to achieve positive definite-
ness of /E\; note, however, that even if 7 is a quadratic subspace of S, the estimate
obtained may still be indefinite or ill-conditioned (in Lemma 1, the quadracity of 7" is
only a necessary condition). Since 2 is a shrinkage intensity, its estimate A must belong
to the interval [0, 1]. IfA = 1, then T = P (S), which is a p.d. matrix with a condition
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number that does not exceed the condition number of S. If X is relatively small, it may
be that the indefiniteness of Ps(S) significantly influences the definiteness of T. In
such cases, we propose to rescale A by (1 + n), where 7 is chosen as small as possible
to guarantee the positive definiteness and well-conditioning of the structured estimate
of X. This modification improves T while maintaining the balance between the p.d.
P7(S) and indefinite P5(S). Summing up, for 7 being a quadratic subspace of S, the
final estimate has the form

T =AP7(S) + (1 — HPs(S) (12)

with = A ity = APT(S) + (1 - A)PS(S) is a well-conditioned p.d. matrix and
= (1+ n)k ne@,1), 0therw1se In our simulation studies presented in Sect. 4, we
are looking for 7 = u - 1073 with the smallest integer u that guarantees the required
maximal condition number (kg = 300). It has been observed that this additional
adjustment depends on the condition number of the true X: a higher «(¥) implies
more cases when additional improvement is applied.

In the following two examples we illustrate the proposed estimation technique with
the use of four quadratic subspaces. The same examples will be used in simulation
studies in Sect. 4. Note that the second example is based on the real data dependence
structure.

Example 1 Let us consider a vector of observations which is divided into two subvec-
tors of dimensions p and g respectively. Such a situation may occur, for example, in
experiments where two types of variables are observed. It is not necessary to have inde-
pendent subvectors and thus the off-diagonal block of partitioned ¥ may be nonzero.
Assume, moreover, that the dependence between the components of each subvector is
the same for each pair; that s, the off-diagonal block is proportional to 1, l/q. Addition-
ally, assume that within each group the dependence between every pair of components
is the same. Such a structure is illustrated in Fig. 1 (first column), and the space of
such structures will be denoted by S(,). Note, however, that a stronger dependence
between “nearest neighbors” is a reasonable assumption which may appear in many
applications. Then, the covariance structure can be represented as in Fig. 1 (second
column) and the space of such structures will be denoted by S;). Moreover, a stronger
dependence between the last variable of the first subvector and the first variable of
the second vector (see Fig. 1, third column) may be of interest, and the space of such
structures will be denoted by S. Note also that S¢;) C Sy C S.

Due to (1), the spaces under consideration can be expressed as the sum of orthogonal
subspaces as given in (2) with

p—1
A = Faol, +aH +aZH,~7p : ap,ai,a € Ry,

i=2

¢! (13)
B={boly+bH4+bY Hiy: bob.beRY,

=2

C = {clplél + (c1 — c)ep,pe’l’q : c,cl € R} ,
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Fig.1 Visualization of covariance structures: S, the same dependence between the pairs of components of
subvectors and the same dependence between components of different subvectors; S(p) additional noise on
the first sub- and super-diagonals within each block; S additional noise on the first sub- and super-diagonals
of the whole covariance matrix

where H; ,, 1s an m x m binary matrix with ones on the i-th super-diagonal and sub-
diagonal, and e, ,, is the uth column of I,,. Obviously, ¢; = ¢ in spaces S(,) and S,
and a; = a, by = b in space S(,). The basis of S consists of 8 orthonormal matrices,

{V1, ..., Vg}, in particular
[ Q10 1
_ Q20 _ 1 /
V2=1{ 0)’ Qz_ﬁ@ plplp)
00 1
V= 0Q3>, Q= 11,1,
{00 ] ,
Va= 0Q4>’ = 7 (L - 311
0 Qs (14)
Vs=lq; 0 ) Qs = 7yl
_(Qs0 _ 1 2
V6 — (0 0>’ Q6 — 2])-}_%_6 (HLP + ;(Ip — lpllp)) s
00 1
V7 = , = —— (H;,+ 2(I 11’ ,
! 0Q7> @ /2q+;‘—6( b4 ‘1( )>

0 Qs
Vg = (Qé 0 ), Qg = —le (ep,pei,q plq lpl’q)
V rq

Observe that n%lm 1, and I, — n%lm 1), are idempotent matrices. Moreover, the
matrices V;, i = 1, ..., 5, are strongly orthogonal (i.e., V;V; = 0,i # j). Due to
Seely (1971), such matrices span a quadratic subspace (more precisely, they span the
space S(y)). Thus, any subset of the matrices V;,i =1, ..., 5, also spans a quadratic
subspace, and the following two quadratic subspaces can be taken as the quadratic

@ Springer
162:31360



On estimation of a partitioned covariance matrix... Page150f26 98

target spaces in the structured shrinkage estimation method:
4
Ta = { aiVi: o eR,i= 1,2,3,4}’
i=1
15
Ts = { aiVi: o €eR,i= 1,2,3,4’5}-
i=1

Another quadratic subspace of S is

7}1 = {O[IWI —|—O{3W3 . (047 (S R, l = 1, 3},

1
—1,0 0 o0
W, =|[ve? and Wy= {4 1 |
0 0 R
Then the basis {V1, ..., Vg} of S given in (14) must be transformed accordingly, and
it will now be represented by {W1, ..., W4, V5, ..., Vg} with

where

= (VP—1Qi—Q2) 0 0 0

p 1 2

W, =| V7P d Wy=

? ( 0 o) M TN Z(Va-TQ - Q) )
where Q;,i =1, ..., 4, are the same as defined for the corresponding matrices V;.

In the literature on the shrinkage estimation of covariance matrices, the most com-
mon choice of target matrix is a matrix proportional to the identity matrix; see e.g.
Ledoit and Wolf (2004). Therefore, let us now assume the target space to be

Ti={al,: aecR}.

Transforming the basis of S given in (14) accordingly, we can propose another
basis of S as {Uj, W, Uz, Wy, Vs, Vg, V7, Vg}, where

I 0
_ 1 _ q p
U = —ﬁlm and Usz = /pq—l—pz ( _glq) .

Projecting the sample covariance matrix S onto § and 7;, i € {4,5,11,1}, and
computing optimal intensities A; following (10), we obtain four shrinkage estimators,

T =MPES) + (1 —2)Ps(S), i€ {4,511}
If for a given data set the estimate f,- ,i € {4, 5,11, 1}, isindefinite or ill-conditioned, the
final estimate should be calculated by numerical adjustment of the shrinkage intensity,

as given in (12).
Finally, note that 71 C Ty C 72 C 7s. O
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Fig.2 Visualization of three structure spaces such that Si;) C Sand S,y C S

Example 2 Ritchie et al. (2023) considered metabolic biomarker data quantified by
nuclear magnetic resonance (NMR) spectroscopy for approximately 121,000 UK
Biobank participants, comprising absolute concentrations and ratios of 249 circu-
lating metabolites, lipids, and lipoprotein subfractions. The authors identified and
characterized additional sources of unwanted technical variation influencing individual
biomarkers in the data available to download from UK Biobank, developed a proce-
dure to remove this unwanted technical variation, and demonstrated that it increases
the signal for genetic and epidemiological studies of the NMR metabolic biomarker
data in the UK Biobank. The pairwise Pearson correlation coefficients between the
325 biomarkers after removing technical variation are presented in Fig. 3(C), p. 9,
of the afore mentioned paper. Focusing on correlation structure between biomarkers,
particularly among lipid percentages and lipids in VLDL, we can observe strong cor-
relation, which is a typical property for this type of data; cf. Ritchie et al. (2023). Yang
et al. (2024) used the correlation matrix presented by Ritchie et al. (2023) as a starting
point for graphical identification of the covariance structure and, assuming particular
structure (which in our notation belongs to the quadratic subspace 7s), determined the
maximum likelihood estimator of this structure using the so-called block Hadamard
product; however, this estimator can also be obtained as the projection of ”n;lS onto
Ts; cf. Filipiak et al. (2021).

Motivated by this example, we take into account the correlation structure between
lipid percentages and lipids in VLDL to assume particular covariance structures (see
Fig. 2) and then we illustrate the estimation method presented using four quadratic
target spaces.

Due to (1), the spaces under consideration can be expressed as the sum of orthogonal
subspaces as given in (2) with

p—1
A= 1 aoIp—I—aZHi,p : ap,a €R,
i=1

/ = (15)
B = {boly +bi(eg 4€, 11, +€ut1.4€, ) +b> Hig: bo,bi,beRY,
i=2

C = {Clplil —cllpe’l,q : c,cy € R},
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with H; , and e, defined as in Example 1, and with g; being the variable index such
that the dependence between ¢; and g; + 1 is stronger than between other variables
(in Fig. 2 we have ¢g; = 2). Note also that ¢c; = 01in S(,) and b1 = b in S().

It can be seen that the dimension of § is 7, while both considered subspaces have
dimension 6. In particular, the basis of all these spaces contains the matrices V;,

i =1,...,5,defined in (14), and the remaining two basis matrices of S have the form
00 | 2 /
V6=< ) Qs = ———— (eg;.q¢, +e,11.9€ ——(11 —I)>,
i:4%qi+1,q T *qit+1.9%qgi.q (g—-D\"qa7q 4
0 Qs Vz_q(q4—l) < 74
0 Qy 1 / 1y 1/
V7=( ) ),Q7z—<1e —-11).
0 2pq—) \"Pl,g q Pq
Q; /%

Clearly, the basis of S(,) (Sp)) is the same as the basis of & without V7 (V).

Since V;, i = 1,...,5 span the quadratic subspace, we can consider the same
target spaces (74, Ts, Ti1 and 7p) as in Example 1.

Projecting the sample covariance matrix S onto S;, where j € {0, (a), (b)} and
So = S,andonto 7;, i € {4, 5,11, I}, and computing optimal intensities /):lj following
(10), for each space S; we obtain four shrinkage estimators of X € S; of the form

2 =3P + (1-%)Ps, ().

Similarly as in Example 1, if for a given data set the estimate flj ,1 € {4,5 11,1},
Jj €10, (a), (b)},1s indefinite or ill-conditioned, the final estimate should be calculated
by numerical adjustment of the shrinkage intensity, as given in (12). |

4 Simulation study

The main objective of this section is to verify how the choice of the target space affects
the properties of the structured shrinkage estimator. For various spaces of covariance
structures and four quadratic target spaces, we compare conditioning of the estimates,
with particular emphasis on the additional adjustments resulting in a ¥ different from
¥, and we compare the empirical risk (average loss) based on three loss functions:
Stein loss, inverse Stein loss, and quadratic loss (cf. Ledoit and Wolf 2021), defined
respectively as

Ls () = Lr (z7'8) —tog[Z'E[] - 1.
Lis (£) = L[ (2571 —tog [EE71[] - 1,
Lo (%) =u[(=7'E ~1,)7]
(cf. Anderson 2003), as well as the squared Frobenius norm f(X) = ||§ — X%

We perform Monte Carlo simulation studies in which we generate 1000 datasets
from Ny, 100(0, X, I100), where £ € S as given in Example 1 of the previous section
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or X €S, j €{0,(a), (b))} as given in Example 2. As target spaces, we consider
Ti, T, T4, and Ts, as they are quadratic subspaces of each considered linear structure
space. Recall, moreover, that 71 C 7i1 C T4 C 7Ts. The values of the parameters p and
q (such that p + g = m) as well as the exact forms of X are specified in the following
examples.

In the first example, our main goal is to show that the strength of the noise on the
first sub- and super-diagonals does not have a significant influence on the analyzed
functions, unless the covariance matrix X is close to a singular matrix. Moreover, as
expected, the increase in the dimension of the matrix also increases the values of all
of the functions analyzed.

In the second example, we consider three linear structure spaces, and we show that
if the noise is present only in the off-diagonal block of the covariance matrix, then the
values of all analyzed functions do not differ significantly depending on the choice of
target space.

Our aim is to identify the target space that gives the estimate with the lowest
condition number and the smallest value of empirical risk and squared Frobenius
norm. We observe the behavior of the estimates with respect to the dimension of the
data set (p, ¢), and the conditioning of X.

Example 1

Consider (p, q) € {(3,4), (6,10)} and S of the form shown in (1) and (2), where
A, B and C are as given in (13). We assume ag = 15,a =2,bg = 11,b =1.5,¢ =3
and various levels of noise on the first sub- and super-diagonals as presented in the
following three setups:

(@) by = 3,c; = 0.5 and various a; € {6.5,7,7.5,8,8.5,9,9.5, 10, 10.5} for
(p,q) =@3,4)and a; € {4.5,5,5.5,6,6.5,7,7.5, 8, 8.5} for (p, q) = (6, 10),

(b) a; = 8,c; = 0.5 and various by € {2,2.5,3,3.5,4,4.5,5,5.5, 6} for (p,q) =
(3,4)and by € {1.5,2,2.5,3,3.5,4,4.5,5,5.5} for (p, q) = (6, 10),

(¢c) a1 = 8,b1y = 3 and various c¢; € {5,5.5,6,6.5,7,7.5,8,8.5,9} for (p,q) =
(3,4)and c; € {5.5,6,6.5,7,7.5,8,8.5,9,9.5} for (p, q) = (6, 10).

Then for each dataset we determine fi using the formula (9) with /):i as given in (10),
i € {I,1I, 4, 5}, and we compute its condition number. If it exceeds 100, or if fi is
indefinite, an additional adjustment is used. As a result, we obtain 1000 structured
shrinkage estimators F computed via (12). Finally, for each set of parameters and
each target space, the averaged condition number is calculated, as well as the empirical
risks related to three loss functions (the values of the loss functions averaged over 1000
trials) and the averaged squared Frobenius norm.

Figure 3 show the averaged condition number for (p, q) = (3, 4) (first column)
and (p, g) = (6, 10) (second column), with respect to the values of aj, by and ¢y in
the setup of the corresponding parameters [(a), (b) and (c)], and the target space used
in the structured shrinkage estimation method. It can be observed that choosing the
target matrix from a larger space significantly reduces the condition number of the
estimate (the pink line is always the lowest). Moreover, there is always a significant
difference between the pink line and the remaining ones, which means that taking into
account a nonzero off-diagonal block of the target matrix significantly improves the
conditioning of the final estimate. On the other hand, the condition number for 7s is
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Setup (a) Setup (b) Setup (c)

(p,q) = (3,4) (p,q) = (3,4) (p,q) = (3,4)

ACN ACN

ACN
3
20 20
10
10 10
9
1

(p,q) = (6,10) (p,q) = (6,10) (p,q) = 7(6, 10)

ACN ACN ACN
100 a0
50 20

6 7 8 2 3 4 5 6 7 8 9
at b_1 o1

Fig. 3 The averaged condition number (ACN) of the structured shrinkage estimator with respect to the
parameters a (setup (a)), b1 (setup (b)), and ¢ (setup (c)) (in columns), parameters (p, g) € {(3, 4), (6, 10)}
(in rows) and the choice of the target space: T1—red, Tij—green, T4—blue, T5—pink line. The black line depicts
the condition number of X

farthest from the condition number of X, which is in fact not surprising, as projecting
into a quadratic subspace decreases the condition number of the projected matrix, so
a larger quadratic subspace implies a larger decrease in the condition number.

We can also observe that the choice of parameter setup (related to (p, g) as well as
ai, by, c1) does not affect the results significantly, but increasing ai, b1 and c; in the
corresponding setups increases the conditioning of the estimates. This may be caused
by the conditioning of ¥, which also increases in the case considered (black line).
From the graph for (p, g) = (3, 4) and the setups (a) and (b), it can also be observed
that the choice of the largest target space is the least sensitive to conditioning of X.

Finally, during the simulations, we observed that the frequency of adjusted estimates
increases with the conditioning of X, which may explain the increase in the averaged
condition number at the end of each domain. It is also noteworthy that the smallest
number of adjusted estimates ¥, was observed for target matrices belonging to 7s.

In Fig. 4 the empirical Stein risk, the empirical inverse Stein risk and the empirical
quadratic risk are presented together with the averaged Frobenius norm of the differ-
ence ii — X depending on the parameters (p, ¢) (in columns) and setups (a), (b) and
(c) (in rows). The same colors as previously are used to denote estimates obtained via
the target matrix from the corresponding quadratic subspace. Similarly as for the con-
ditioning of the estimate, it can be observed that the choice of parameter setup does not
influence the statistical properties significantly, while the ordering of the color lines
is reversed. Moreover, similarly as in the previous case, the pink line related to the
target matrix from the space 7s differs significantly from the remaining lines in each
graph, while the remaining functions almost overlap if risks are taken into account.
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This similarity may be caused by the commutativity of these three quadratic spaces;
for more details about commutative quadratic spaces see, e.g., Seely (1971). Never-
theless, since all of the lines are almost parallel, we may conclude that the increase in
the risk and the distance between the estimates and the true covariance matrix does not
depend on the choice of target space. Note also that the conditioning of ¥ influences
the risk.

Finally, observe that the average Frobenius norm of the difference between the
estimate and the true covariance matrix is resistant to changes in the values of the
parameters ai, by, and ¢ and increases slightly with the dimensions.

The variance of the resulting condition numbers, losses and squared Frobenius
norms was also examined. The results for each parameter setup and for (p, ¢) = (3, 4)
are presented in Fig. 5. It can be observed that the variability of matrix conditioning
for 75 is always the lowest, while for the loss functions and the squared Frobenius
norm, the variance is usually the highest. For the remaining target spaces, there is no
significant difference in variability. Similar results were obtained for (p, ¢) = (6, 10)
and thus are not reported here. |
Example 2

Consider (p, g) = (8,5) and S of the form shown in (1) and (2), where A, B and
C are as given in (15). In other words, we study the structures illustrated in Fig. 2 with
ap=1,a=03,bp=1,by =0.7,b =0.4,c; =0and c = 0.2.

For each dataset we determine flj using formula (9) with ’):l] as given in (10),
i € {l,11,4,5}, j € {0, (a), (b)} and we compute its condition number. If it exceeds

100, or if f{ is indefinite, an additional adjustment is necessary. As a result, we obtain

1000 structured shrinkage estimators flj computed via (12). Finally, for each S; and
7T; the averaged condition number is computed, as well as the empirical risks related
to three loss functions (the values of the loss functions averaged over 1000 trials) and

the average squared Frobenius norm of the difference between il’ and X; these are
given in Table 1.

Similar conclusions can be drawn here as from Example 1. For all three structures
of X the conditioning of the structured shrinkage estimate is the lowest if the largest
quadratic target space is considered. However, the condition number of 75 is closest
to the condition number of X (13.97 for §(,), 8.21 for ), and 13.32 for &), which is
not surprising, as projecting onto a quadratic subspace decreases the condition number
of the projected matrix, so a larger quadratic subspace implies greater reduction. For
the risks considered and the Frobenius norm, the lowest values are obtained for the
smallest quadratic target spaces, 71 and 7yr.

When considering the variability of the computed estimators, for conditioning the
variability for 75 is the lowest, and the same holds for the inverse Stein risk, while for
the remaining functions there are no significant differences in variability (except for
spaces S(,), S with target space 75, where the quadratic risk variability is significantly
higher than for the remaining target spaces).

Finally, note that in the case of space S, the values of all analyzed functions do
not differ significantly depending on the choice of the target space. However, in this
space, the choice of 75 is optimal, as all of the values are then the smallest. This may
be because in this case the covariance matrix X seems to be the least divergent from
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Setup (a) with (p,q) = (3,4) Setup (a) with (p,q) = (6,10)
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Fig.4 Empirical Steinrisk (SR), inverse Stein risk (ISR), quadratic risk (QR) and average squared Frobenius
norm (ASFN) for (p, g) = (3, 4) (left) and (p, g) = (6, 10) (right) depending on the value of (a) ay, (b) b1,
(¢) ¢, and the target space used in the shrinkage method: red line—target matrix from 7y, green line—target
matrix from 77y, blue line-target matrix from 7y, pink line-target matrix from 75
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Fig. 5 Variance of: Stein loss (SL), inverse Stein loss (ISL), quadratic loss (QL) and squared Frobenius
norm (SFN) for (p, ¢) = (3, 4) depending on the value of (a) ay, (b) b1, (c) c1, and the target space used
in the shrinkage method: red line-target matrix from 77, green line—target matrix from 7yy, blue line—target
matrix from 7y, pink line—target matrix from 75

Ts. This observation is also confirmed if we consider space S with little noise, that is,
b1 = 0.5, c; = 0.1. The corresponding results are given in Table 2.

171:19990
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Table 2 Averaged condition number, empirical Stein risk, inverse Stein risk, quadratic risk, and averaged
squared Frobenius norm (with respective standard deviations in parentheses) depending on target space for
¥ e Swithby =0.5,¢1 =0.1

(%) Ls (?:) Lis (?:) Lo (E) 7%
o 7.810 (1.807) 0.009 (0.003) 0.009 (0.004) 0.236 (0.098) 0.675 (0.462)
o 7.813 (1.808) 0.009 (0.003) 0.009 (0.004) 0.239 (0.099) 0.678 (0.463)
Ta 7771 (1.748) 0.009 (0.003) 0.009 (0.003) 0.252 (0.106) 0.765 (0.516)
Tz 6.997 (1.100) 0.008 (0.003) 0.008 (0.003) 0.225 (0.077) 0.674 (0.481)
0

5 Conclusions

In this paper, we have proposed a method for the estimation of a partitioned covariance
matrix with different block sizes, which does not belong to a quadratic subspace. The
method is quick and gives an estimate which has the required structure and which is
positive definite and well-conditioned. Moreover, it can be easily extended to matrices
suitable for the partition of observation vectors into more subvectors than two.

It should also be emphasized that the choice of quadratic target space plays an
important role in estimation. As can be observed, there is a difference between statis-
tical and algebraic properties depending on the target space: the quadratic subspace of
block-diagonal matrices, or the quadratic subspace of partitioned matrices with non-
zero off-diagonal blocks. Moreover, for block diagonal target spaces the statistical
properties of the proposed estimators do not differ significantly, while the condition-
ing might improve slightly. Nevertheless, when the structure of the true covariance
matrix is close to the structure from a quadratic subspace, then the choice of target
matrix from that quadratic subspace seems to be the most suitable.

Summing up, if the researcher is interested in an estimator which is well-
conditioned, then the quadratic space closest to the considered structure should be
selected as the target space. On the other hand, if statistical properties are of main
importance, a target space being a commutative quadratic subspace of the relevant
structure space should be considered.
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