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1. Introduction

The habilitation thesis focuses on the analysis of relative-valued data,
known as compositions. This type of observations, traditionally defined as
D-part positive-valued vectors (Aitchison, |1982), appears in a broad range of
applications, ranging from geochemistry and the natural and health sciences
to, for example, eye-tracking research (see |Buccianti and Gozzi| (2021)), Gloor,
et al|(2017), Dumuid et al. (2020]) or Facevicova et al.|(2026)). An extensive
list of already well established applications, as well as the emerging ones, is
provided in |Coenders et al.| (2023). All of these applications share a common
property: the analysis of such positive-valued vectors focuses on their relative
structure rather than (or in addition to) their absolute values, which requires
specific statistical treatment. The main principles of (vector) compositional
data analysis will be introduced in Section [2]

In the traditional definition, each part of a compositional vector can be
understood as a category of an underlying factor (e.g. chemical elements,
age categories) and its value represents its relative contribution to the whole,
while the sum of these values is usually irrelevant and represents only one
of infinitely many equivalent representations of the same composition. This
definition can be further extended to the case where the relative structure
is constructed with respect to two or more underlying factors, leading to
the theory of compositional tables and cubes, described in [Facevicova et al.
(2018)) and |[Facevicova et al. (2023). A useful property of multi-factorial
compositions is that such objects can be orthogonally decomposed into in-
dependent and interaction components. This allows these components to be
modelled or analysed separately, leading to a more detailed understanding of
the phenomenon under study.

An introduction to analysis of two-factorial compositions will be given
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in Section [3] The theory of multi-factorial compositions, including their
definition, decomposition, real-valued coordinate representation and analysis,
is developed in the manuscripts [Facevicova et al. (2023), Nesrstova et al.
(2023)), [Facevicova et al.| (2021)) and Facevicova et al.| (2025), which form the
core of this thesis.

Similarly to classical multivariate data, their compositional counterparts
are also affected by the presence of outlying observations (Maronna et al.)
2019) or deviating cells (Rousseeuw and van den Bossche, 2018). As will be
discussed in Section 4], the nature of such anomalous observations differs from
that in the classical setting. In accordance with the fundamental definition
of compositional data, compositional outliers are typically characterised by a
distorted relative structure, that is, by unusual ratios between compositional
parts, rather than by atypically low or high observed values. An important
part of this thesis, therefore, deals with robust methods for compositional
data analysis. More specifically, it presents three approaches to the robust
analysis of vector (Rieser et al., [2023)), two-factorial (de Sousa et al., 2021)),
and time-dependent compositional data (Babek et al. 2022), when the last
paper further develops findings from Muehlmann et al.| (2021)).

The thesis builds on the results achieved by the applicant and her co-
authors, which are described in detail in the following manuscripts (listed in

chronological order):

Facevicova et al. (2026)
Facevicova, K., Vymazal, J., Popelka, S. Advancing eye movement
analysis through compositional modeling: A new perspective on Yarbus’
classic study. Behavior Research Methods, 58(6), 173 (2026). https:
//doi.org/10.3758/s13428-026-03054-5


https://doi.org/10.3758/s13428-026-03054-5
https://doi.org/10.3758/s13428-026-03054-5

Tang et al. (2026)
Tang, W., Facevicova, K., Nordhausen, K., Taskinen, S. A critical
comparison of handling zeros in high-dimensional compositional count
data. Chemometrics and Intelligent Laboratory Systems, 277, 105821
(2026). https://doi.org/10.1016/7.chemolab.2026.105821

Facevicova et al. (2025)
Facevicova, K., Filzmoser, P., Hron, K. Correspondence analysis from
the viewpoint of compositional tables. Statistical Analysis and Data

Mining, 18(4) (2025). https://doi.org/10.1002/sam.70023

Rieser et al. (2023)
Rieser, C., Facevicova, K., Filzmoser, P. Cell-wise robust covari-
ance estimation for compositions, with application to geochemical data.
Journal of Geochemical Exploration, 253, 107299 (2023). https://
doi.org/10.1016/j.gexplo.2023.107299

Nesrstova et al. (2023)
Nesrstova, V., Jaskova, P., Pavla, 1., Hron, K., Palarea-Albaladejo,
J., Géba, A., Pelclova, J., FaCevicova, K. Simple enough, but not
simpler: Reconsidering additive logratio coordinates in compositional
analysis. SORT, 47(2) (2023). https://doi.org/10.57645/20.8080.
02.9

Facevicova et al. (2023)
Facevicova, K., Filzmoser, P., Hron, K. Compositional cubes: A new
concept for multi-factorial compositions. Statistical Papers, 64(3), 955—

985 (2023). https://doi.org/10.1007/s00362-022-01350-8


https://doi.org/10.1016/j.chemolab.2026.105821
https://doi.org/10.1002/sam.70023
https://doi.org/10.1016/j.gexplo.2023.107299
https://doi.org/10.1016/j.gexplo.2023.107299
https://doi.org/10.57645/20.8080.02.9
https://doi.org/10.57645/20.8080.02.9
https://doi.org/10.1007/s00362-022-01350-8

Babek et al. (2022)
Babek, O., Fac¢evicova, K., Zidek, M., Sedlacek, J., Muehlmann, C.,
Nordhausen, K., Hron, K. X-ray fluorescence scanning of soft and wet-
sediment cores in terrestrial environments; A robust blind source sep-
aration approach. Journal of Geochemical FExploration, 243, 107106
(2022). https://doi.org/10.1016/j.gexplo.2022.107106

de Sousa et al. (2021)
de Sousa, J., Hron, K., Facevicova, K. and P. Filzmoser. Robust
principal component analysis for compositional tables. Journal of Ap-
plied Statistics, 48(2), 214-233 (2021). https://doi.org/10.1080/
02664763.2020.1722078

Facevicova et al. (2021)
Facevicova, K., Kynclové, P. and K. Macki. Geographically weighted
regression analysis for two-factorial compositional data. In P. Filz-
moser, K. Hron, J.A. Martin-Fernandez and J. Palarea-Albaladejo, ed-
itors, Advances in Compositional Data Analysis. Festschrift in Honour
of Vera Pawlowsky-Glahn. Springer, Cham, 2021. https://doi.org/
10.1007/978-3-030-71175-7_6

Muehlmann et al. (2021)
Muehlmann, C., Facevicova, K., Gardlo, A., Janeckova, H. and K.
Nordhausen. Independent component analysis of compositional data.
In: A. Daouia, A. Ruiz-Gazen, editors, Advances in Contemporary
Statistics and Econometrics. Springer, Cham, 2021. https://doi.
org/10.1007/978-3-030-73249-3_27

Facevicova et al. (2016)

Facevicova, K., Béabek, O., Hron, K., Kumpan, T. Element chemo-
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stratigraphy of the Devonian/Carboniferous boundary — A composi-
tional approach. Applied Geochemistry, 75 (2016), 211-221. https:
//doi.org/10.1016/j.apgeochem.2016.10.002

The in-text references to these manuscripts are highlighted in blue, and

their full texts are provided in Section [A]


https://doi.org/10.1016/j.apgeochem.2016.10.002
https://doi.org/10.1016/j.apgeochem.2016.10.002

2. Compositional data

2.1. Why should we care about compositional data?

As already mentioned in the Introduction, modern compositional data
analysis (CoDA) originated in geochemistry, which remains one of the prin-
cipal fields, where this type of data naturally occurs (see, e.g., [Buccianti
and Gozzi (2021); [Tolosana-Delgadol| (2012)), Facevicova et al.| (2016))). Since
then, CoDA has found widespread applications in many other research ar-
eas, including metabolomics (Koufil et al.,|2023), microbiome research (Gloor
et al., 2017), and time-use epidemiology (Fairclough et al., 2017). Recently,
eye-tracking research has emerged as another promising application area for
the methodology. In this context, the fundamental principles of CoDA are
demonstrated in [Facevicova et al. (2026) using a newly published dataset
(Popelka et al., [2026)). The dataset is based on a replication of the classical
experiment by A. L. Yarbus (Yarbus, [1967), which provided the first evidence
that eye movements reflect cognitive processes. It also serves as the running
example throughout this thesis.

In general, eye-tracking experiments are based on recording eye move-
ments, including the locations and durations of eye fixations and the transi-
tions between them (Duchowski, 2017)). One common approach to the anal-
ysis of such data is to evaluate the total time spent observing predefined
parts of the stimulus, referred to as Areas of Interest (AOIs). This measure
is known as the Total Duration of Fixation (TDoF). The running example
dataset contains information on the TDoFs recorded for seven AOIs during
repeated observations of the same painting by I. E. Repin (Figure (1)) under
seven different viewing instructions (Tasks). In total, the dataset comprises

recordings from 144 observers.
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Figure 1: Segmentation of I. E. Repin’s painting ‘They Did Not Expect Him’
into areas of interest. The numbers in brackets indicate the percentage of
the painting covered by each respective AOI.

For illustration, consider two observers (P74 and P101) who viewed the
painting under the same viewing instruction (Task). For simplicity, suppose
that the stimulus is partitioned into only three AOIs—Visitor, Persons, and
Background—instead of the original seven. Their eye-tracking recordings are
shown in the upper part of Figure 2l The circles represent individual fixa-
tions, with their sizes proportional to the corresponding fixation durations,
while the connecting lines illustrate the transitions between consecutive fix-
ations.

The same figure also presents scanpaths, i.e., graphical representations of

the sequence of fixations, and scarf plots, i.e., graphical representations of

the sequence of AOI visits (generated in [Vojtechovska and Popelkal (2026))),

for the same two observers. The lower part of Figure [2| clearly shows that the
first observer made substantially more fixations while viewing the painting
than the second observer, resulting in higher total fixation durations for each

AOL Specifically, the first observer (P74) spent 8323, 5353, and 4319 ms by
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Figure 2: Illustration of fixation distributions for two observers who differ in
total fixation duration but allocate their attention equally across AOIs.

observing the Visitor, Persons, and Background AOIs, respectively. For the
second observer (P101), the corresponding durations were 2187, 1377.3, and
1036 ms. An analysis based solely on the absolute fixation durations would
suggest substantially different viewing behaviour. However, these differences
may primarily reflect differences in individual viewing pace or attention span
rather than genuinely distinct viewing strategies.

A natural way to mitigate the influence of individual characteristics is
to replace absolute fixation counts or dwell times with relative measures.
Instead of analyzing the TDoFs per AOI, one can evaluate the proportion

of the total viewing time allocated to each AOI. For the observers from
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Figure , this yields the relative distributions (46.3 %, 29.7 %, 24 %) and
(47.5 %, 29.9 %, 22.5 %), which clearly reveal the similarity between the two
observers’ fixation patterns. Nevertheless, expressing the time distribution as
percentages and the consequent focus on its relative structure brings us to the
scope of Compositional Data Analysis (CoDA) (Aitchison, 1982; |Coenders
et al., 2023} [Filzmoser et al., 2018).

When the relative relationships between variables carry more informa-
tion than their absolute magnitudes, the application of classical statistical
methods — originally developed for unconstrained real-valued data — can yield
inaccurate or even misleading results. This issue can be in general caused
by the presence of spurious correlations between variables, which arise from
the constant-sum constraint: an increase in one component (e.g., the propor-
tion of fixations allocated to a given AOI) in the relative data representation
necessarily induces a decrease in the remaining components, even if no true
association exists between them. A second source of distortion lies, in some
cases, in the inappropriate use of Euclidean geometry, which is based on abso-
lute differences between values or observations, rather than on their relative
relationships (Pearson| |1896 — 1897} |Aitchison, |1982).

To illustrate this issue, consider again the time distributions of observers
P74 and P101. When analyzing relative data, the distance between two
observations should reflect only differences in their relative structure and
therefore remain invariant with respect to the chosen representation. How-
ever, the Euclidean distance between the considered vectors depends on the
chosen representation: when computed from the raw fixation times, the dis-
tance equals 80714.66, whereas for their percentage representation it is 1.97.
While this difference is expected due to the change of scale, it reveals that

Euclidean geometry does not respect the relative nature of the data. CoDA

13



offers a principled way to address this limitation. Its methodology is typically
based on log-ratio transformations, which extract the pure relative informa-
tion from each observation. Crucially, this is achieved without requiring
prior normalization to a constant sum, since CoDA treats compositions as
equivalence classes of positive vectors conveying relative information only.
As will be discussed later, compositional methodology relies on the so-called
Aitchison geometry, which yields a distance of 0.068 for the discussed pair
of observations, regardless of whether the compositions are expressed as raw
concentrations, proportions, or percentages. The resulting distance is there-
fore invariant with respect to scale or normalization, which should not alter
the inherent relative structure.

However, the choice of an appropriate analytical approach should always
be guided by the research question. In certain situations, a classical analysis
based on absolute information may be preferable to a compositional one.
Moreover, for certain types of research questions, a parallel analysis of both
the relative and absolute information contained in the data may provide a
more comprehensive understanding of the phenomenon under study. For a
more detailed discussion, see |[Facevicova et al.| (2016)) and Facevicova et al.
(2026)).

For the analysis of data carrying relative information, as introduced above,
there are several modifications of classical statistical methods that explicitly
account for the constrained nature of such data. For instance, the relative
structure can be accommodated through an appropriate parametrization of
multinomial or mixed-effects models (see, e.g., Vencalek et al.| (2020))). Com-
positional data analysis, however, provides a comprehensive and mathemati-
cally grounded framework specifically designed for this type of data. Beyond

hypothesis testing, CoDA allows for supervised and unsupervised learning
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as well as robust statistical inference. Moreover, the methodology has later

been extended to a broader class of relative-valued or distributional data,

including multi-factorial (Egozcue et al.| (2008) and [Facevicova et al.| (2023)))

and even functional compositions (van den Boogaart et al., 2014; |Pavlu et al.|

2023)). In this sense, CoDA does not merely adapt existing statistical tools

to relative data but provides a coherent geometric and algebraic foundation

for their analysis.

Figure 3: Collaboration network of organizations publishing research on com-
positional data analysis. The size of each node is proportional to the number
of publications, while the thickness of the links represents the strength of
collaboration. The collaboration network of Palacky University Olomouc
is highlighted. The network was generated using VOSviewer from records
retrieved from the Web of Science Core Collection on 29 July 2026.
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The field of compositional data analysis represents a vibrant and contin-
uously growing research area. Although a substantial portion of the ideas at
the early stages of CoDA development originated from the CoDA group based
in Spain, namely at the University of Girona and the Polytechnic University
of Catalonia, Figure |3 illustrates that Palacky University Olomouc has be-
come one of the major research centres contributing to the development of
CoDA. It is among the five most productive institutions publishing in this
field according to the Web of Science database, which reflects the long-term
contribution to the development of CoDA and provides the broader context

for the methodological contributions presented in this thesis.

2.2. Basics of compositional data analysis
2.2.1. Descriptive statistics

A compositional observation is commonly defined as a D-part vector
w = (x;,...,2p)" of positive components (x; > 0,i), where the essential
information is contained in the ratios between parts, rather than in their
absolute magnitudes. This general definition corresponds, for instance, to a
situation in which the total duration of fixations spent in D distinct AOIs is
recorded with the goal of understanding the relative distribution of attention
across these areas. In accordance with this perspective, the total sum of the
components is not relevant for the analysis. Normalizing the data to sum
to 1 (proportions) or to 100 (percentages) represents only two among many
equivalent ways of expressing the same relative information. The underlying
relative structure — i.e., the ratios between the parts — remains unchanged
regardless of the chosen normalization.

A fundamental principle of compositional analysis is scale invariance
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(Egozcue, |2009)), which ensures that rescaling should not affect the outcome
of the analysis. Nevertheless, using a common total can be practical for
numerical comparison between multiple compositions. To facilitate this, we
define the closure operation Gx(.) which rescales a given composition to an
equivalent one whose total equals a specified constant .

Specific features of compositional data, particularly the scale invariance
property, are captured by the Aitchison geometry (Billheimer et al., 2001;
Pawlowsky-Glahn and Egozcue, 2001) with Euclidean vector space proper-
ties. For compositions x,y & d) and a real constant «, these properties
result from defining the operations perturbation, powering, and the Aitchi-

son inner product,

v — / - e « o \/
ok *®(9€7y1a 7nyD) ) OJT"-*GXa%? 7xD> )
D D
7 1 9 y’L <1)
X,U'Elzﬁ E E R —ir —,
=1 =1 i Y
respectively.

As mentioned above, the traditional definition of a compositional vector
does not permit any of its components to be zero. However, zero values are
frequently encountered in practice and must be properly addressed before
applying compositional analysis. This issue can be handled either by merging
of categories or by applying suitable zero-imputation techniques, as discussed,
for example, in Tang et al| (2026)); Hron et al. (2010); Palarea-Albaladejo
et al.| (2007) and Palarea-Albaladejo and Martin-Fernandez (2008]).

The basic descriptive statistics of compositional data are compositional
(i.e., geometrical) mean, variation matrix and total variance. For a sample
of n D-part compositions organized in an n x D data matrix K. = (z;;) these

statistics are defined as follows:

17



The compositional mean is given by

n i/n
g =G (gi,---,9p)", where g; = (Hﬂ%) (2)

i.e., (the closure of) the component-wise geometric means across all observa-

tions. The D x D variation matrix M, = (¢;;) has elements given by

tin = Sy (2 (/1)) (3)

that is, each element represents the sample variance (S2) of the log-ratio
between the j-th and k-th components across the sample. Elements of the
variation matrix that are close to zero indicate pairs of compositional parts
for which x;; @ ¢ - x4, with ¢ © R being constant across all observations
1. In other words, these parts are nearly proportional, and their mutual re-
lationship remains stable throughout the sample. Conversely, large values
of ¢, indicate high variability in the corresponding log-ratio, reflecting sub-
stantial fluctuations in the mutual relative dominance of the two parts across
individual compositions. The classical estimator of the variation matrix is
obtained by estimating the variance of each pairwise log-ratio separately. A
robust alternative, based on the Qn scale estimator, was proposed in [Rieser
et al.| (2023)).

Finally, the overall level of variability captures the total variance, de-

fined as

., D D
. i
totrar() = o SN i (4)

=1 k=1
The total variance serves as a natural measure of similarity (or homogeneity)

within a set of compositions.
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A traditional way to visualize 3-part compositions is by means of ternary
diagrams (one example is given on Figure [5[ in Section . For higher-
dimensional compositions, visualization is typically based on log-ratio trans-
formations or on dimension reduction techniques, such as principal com-
ponent analysis (PCA), applied to the transformed data. More generally,
log-ratio transformations constitute the cornerstone of traditional composi-
tional data analysis, as they provide a real-valued coordinate representation
of compositions while preserving their relative information. Consequently,
they serve as the starting point for most multivariate statistical methods

developed for compositional data.

2.2.2. Working in coordinates

The classical methods of multivariate data analysis, such as hypothesis
testing, clustering, or classification (Anderson et al., [1994)), are typically
not directly applicable to compositional data. These methods generally rely
on absolute information carried by data, whereas for compositional analysis
the relative structure is of main interest, as outlined above. The standard
approach to overcome this discrepancy is to map compositional observations
into a system of real-valued coordinates, where the principles of Euclidean
geometry apply, like centered (clr) or isometric (ilr) log-ratio coordinates
(Pawlowsky-Glahn et al.| 2015).

One of the widely used options is the centered log-ratio (clr) transfor-
mation. This transformation expresses the dominance of each compositional
part relative to the overall geometric mean of the respective observation,
while logarithmic scaling ensures symmetry. Formally, the clr representation

of a D-part compositional vector is defined as
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T; ID .
cr(w) = (ho co e ) =WNle(w) =y, (5)
()

)I/ D and ® being a symmetric centering matrix. If

with g() = (z; - ... xp
the clr transformation is applied to each row of the compositional data ma-
trix K, i.e., to each individual observation, the resulting n x D matrix W can
be directly used in a wide range of standard multivariate techniques, such
as clustering or dimension reduction. Moreover, clr coordinates have a con-
venient interpretation in terms of mean relative dominance of the respective
parts. While the positive values represent the more abundant compositional
parts, negative values stand for those parts which are in a given composition
rather negligible.

Nevertheless, the clr transformation is subject to an inherent zero-sum
constraint that follows directly from its definition. Consequently, the covari-
ance matrix of clr-transformed data is singular, which prevents its direct use
in statistical procedures requiring a full-rank covariance matrix. For such
methods, an alternative coordinate system, namely the isometric log-ratio
(ilr) transformation (Egozcue et al., 2003} Egozcue and Pawlowsky-Glahn)
2005)), provides an appropriate solution.

Isometric log-ratio coordinates provide a (D — I)-dimensional real-
valued representation of a compositional vector » and are defined as

ilr(w) = Vie) =Wy =: z, (6)

=

where 'Y is the so-called contrast matrix with orthonormal rows. The ilr
transformation represents a flexible class of coordinate systems, whose spe-
cific form is determined by the choice of the contrast matrix '¥. Consequently,

the coordinates can be selected according to the objectives of the subsequent
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analysis or to facilitate their interpretation.
One of the most widely used systems of ilr coordinates is formed by bal-
ances, i.e., log-ratios between two groups of parts defined through a sequential

binary partition (SBP). In general, balances are computed as

2= o MCICTIRT ) for i=1,....D—1, (7)
ri+si g, ..., T)

(3

where the indices i;, . .., i,, and 4}, ..., 7, denote the parts assigned to the ()
and (—) groups in the respective step of the SBP. Additionally, two subclasses
of balances are particularly useful in practice. Pivot coordinates (Fiserova

and Hron| 2011), defined as

| D—1 i .
a=\p ,j_ﬂh:' xD for i=1,...,D—1, (8
—1 I8 —i
D\/Hj:i+7 L

are particularly attractive because their first coordinate z; quantifies the
relative dominance of the first compositional part z;. Backwards pivot
coordinates (Hron et al.; 2021)) are defined analogously, but emphasize the
last coordinate, which is given by 1/ §§1u (xp_:/xp). By permuting the parts
so that the variable of interest occupies the first or the last position in the
composition, pivot and backwards pivot coordinates can be advantageously
used, for example, in regression modelling.

The concept of ilr coordinates was extended to two-factorial composi-
tions in [Facevicova et al. (2018) and further generalised to multi-factorial
compositions in [Facevicova et al.| (2023)). In addition, [Nesrstova et al.| (2023)
introduces a modification of backwards pivot coordinates for two-factorial
compositions.

An important property shared by both the clr and ilr representations is
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that they preserve the algebraic and geometric structure of the simplex. In
particular, for two D-part compositional vectors »; and w5 and their clr and

ilr representations y;, yo and z;, z, it holds that

ik Mo =\ + Yo = Z; + Zo,
a+w=a-y=qua-z, 9)
M, We= = A, Yo=E = i, Zo=g.

These properties enable the application of classical multivariate statisti-
cal methods to compositional data. An overview of the basic methods in the
context of eye-tracking research is provided in [Facevicova et al.| (2026). The
log-ratio methodology is applied in [Facevicova et al. (2016) to obtain a better
understanding of the geochemical structure of the Devonian—Carboniferous
boundary. Finally, Muehlmann et al| (2021) and Babek et al| (2022) ex-
tend the methodology to blind source separation of iid and time-dependent

compositional data.
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3. Multi-factorial compositional data

The concept of vector compositional data can be naturally extended to
situations where the relative distribution is determined by categories of two
factors. In the running eye-tracking example, the same stimulus was re-
peatedly observed under different viewing instructions. When the total time
spent on the experiment is stratified simultaneously by task and by the visited
AOIs, the resulting data structure corresponds to the term compositional
table, as defined in [Egozcue et al.| (2008]).

Formally, an [ x J compositional table is defined as a two-dimensional
array of positive entries for which the relative structure is of primary interest.
Similarly to the vector case, we can write »: = (x;;), x;; >0, @ =1,...,1,

j=1,...,J and extend the basic simplex operations to

Ti1lYir - TigYiJg i ..o 7Yy

Wk yw =0 , = =0

« «
rnyn --- Trjyrg T ... x5y

i:ﬁzz ng; yzy

A key property of compositional tables is that they can be orthogonally
decomposed into an independent part (ied(x))) and an interaction part

(ivt(x)) (Egozcue et al., 2015)),

wo=ined(x) * int(x). (11)

In the eye-tracking example, the independent part describes the overall
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allocation of attention between AOIs and tasks separately, whereas the inter-
action part captures task-specific changes in the attention distribution across
AOIs. Part ied(x) mimics the situation of complete independence between
row and column factors and its cells are proportional to the product of row

and column geometric marginals

ind(w);; = gwie)gwe;), i=1,...,1, j=1,...,J. (12)

As discussed in (Genest et al| (2023), geometric marginals represent orthog-
onal projections of the original table to the considered row or column sub-
spaces and for purely independent structures these marginals coincide with
their arithmetic counterparts. The interaction part iet(x') quantifies the de-
parture from independence and has cells given by

Tij

Imt(b:/)ij — —g<x/:i.)g(p:’_.j) P 1 =

4
i

I =

”
i

L (13)

Consequently, the decomposition enables the independent and interaction
structures to be analysed separately. It is therefore advantageous to employ
a coordinate system that respects the reduced dimensionality of the decom-
posed parts. While the sample space dimension of a compositional table is
IJ — 1, it reduces to I + J — 2 for ind(x) and to (I —1)(J — 1) for int(x).
The first ilr coordinate system respecting this decomposition was proposed
for 2 x 2 compositional tables in |Facevicova et al.| (2014)). It was subsequently
extended to general I x J tables in |[Facevicova et al| (2016), and a fully gen-
eral ilr coordinate system was introduced in Facevicova et al. (2018). The
main idea is to define separate sequential binary partitions for the row and
column factors. These partitions result in the coordinates of ied(x), which

have the form of balances
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fore =1,...,] —1 and j = 1,...,J — 1. The combination of the row

and column partitions further defines sets of four subtables, A;;, B;;, Cj;
and D;;, which are subsequently used in the construction of the interaction

(odds-ratio) coordinates
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i=1,...,0—1,j=1,...,J—1, which form the ilr representation of it (x’).
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A more detailed step-by-step description of the coordinate construction is

provided in [Facevicova et al| (2018). Figure [ illustrates how the row and

column SBPs jointly determine the groups of cells entering the odds-ratio

coordinates.
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Figure 4: Graphical illustration of the relationship between the row and
column SBPs and the groups of cells involved in the construction of the
odds-ratio coordinates .

Later, a two-factorial analogy of backwards pivot coordinates (Hron et al..

2021)) was introduced in Nesrstova et al. (2023). Building on these develop-

ments, the same principles were subsequently generalized to multi-factorial
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compositions in [Facevicova et al. (2023)).

Compositional tables represented in ilr coordinates can then be analysed
using a wide range of statistical methods. Examples include geographically
weighted regression for spatially dependent compositional tables
et all, or robust dimension reduction (de Sousa et al. [2021). The

methodology also exhibits close connections with several classical multivari-

ate methods. [Facevicova et al.| (2025) reveals the relationship between the

clr representation of iwt(x’) and correspondence analysis. The same paper
also introduces the weighted version of the treatment of compositional ta-
bles. Further developments include the analysis of square positive matrices

(Egozcue and Maldonado, 2021; |[Nakamura et al., 2024} 2025) and the gen-

eralization of orthogonal decomposition to the multivariate distributions, in-
cluding the continuous case, through a proper choice of the reference measure

(Genest et al., [2023)).

26



4. Outlier detection and robust analysis of com-
positional data

Similarly to real-valued data, compositional data may also be affected by
the presence of outliers. However, the nature of compositional outliers differs
from that of their real-valued counterparts. While a classical outlier typically
exhibits unusually large or small observed values, a compositional outlier is
characterised by a distorted relative structure.

Consider again the eye-tracking example introduced in Section 2.1} In
addition to observers P74 and P101, whose observation times across the
three AOIs (Visitor, Persons and Background) are (8323, 5353, 4319) ms and
(2187, 1377.3, 1036) ms, respectively, let us also consider observer P64 with
observation times (7330, 4720, 1249.3) ms. From the perspective of classical
multivariate analysis, observer P101 would naturally be regarded as the most
extreme observation because of the substantially shorter viewing times. In
contrast, from the perspective of compositional data analysis, observer P64
appears to be the atypical observation, as the corresponding relative time
distribution, (55.1 %, 35.5 %, 9.4 %), differs markedly from those of P74,
(46.3 %, 29.7 %, 24 %), and P101, (47.5 %, 29.9 %, 22.5 %). This difference
is also apparent from the ternary diagram shown in Figure [5

Outlier detection and robust analysis of compositional data are typically
performed in log-ratio coordinates, where the ilr representation is generally
preferred over the clr transformation because the latter yields a singular co-
variance matrix (Filzmoser and Hron) |2008; Filzmoser and Gregorichl, [2020)).
Most existing robust methodology has therefore been developed as an exten-
sion of classical multivariate techniques applied to ilr coordinates, including

principal component analysis (Filzmoser et al. [2009), discriminant analysis
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Figure 5: Ternary diagram comparing the relative time distribution of ob-
servers P74 and P101 from Figure |2| and an additional observer P64.

(Filzmoser et al., [2011), and regression modelling (van den Boogaart et al.,

2021). The same principle is also employed in |de Sousa et al| (2021) and

Babek et al| (2022), which aim on robust analysis of compositional tables

and time dependent (vector) compositional data, respectively.
Nevertheless, alternative approaches that avoid the standard log-ratio co-

ordinate representation have recently attracted increasing attention. Among

them, [Scealy et al. (2015) proposed a robust principal component analysis

based on the power transformation, which provides an alternative representa-
tion of compositional data while avoiding the singularity of the clr covariance
matrix.

In some situations, particularly in high-dimensional settings, the row-
wise approach to robust data analysis outlined above, which downweights or

removes entire observations, may be overly restrictive. For this reason,

laf et al. (2009) introduced the cellwise contamination model, under which

only individual cells of the data matrix are assumed to be contaminated.

This model has stimulated the rapid development of cellwise robust statis-

tical methods. A comprehensive overview of this field is provided by
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maekers and Rousseeuw| (2026). Among the most influential contributions
are the work of [Rousseeuw and van den Bossche| (2018]), which introduced a
widely used method for detecting cellwise outliers (DDC), and [Raymaekers
and Rousseeuw| (2024]), who proposed a cellwise robust alternative to the

minimum covariance determinant (MCD) estimator (Rousseeuw), 1985)).

Table 1: Observation times of selected participants of the eye-tracking ex-
periment (in ms) and the corresponding pairwise log-ratios.

Participant | Visitor Persons Background I»(V./P.) = (V./B.) Ix(P./B.)
P74 8323 5353 4319 0.44 0.66 0.21
P101 2187 13773 1036 0.46 0.75 0.28
P64 7330 4720 1249.3 0.44 1.77 1.33

While the methodology for unconstrained data has advanced consider-
ably, extending the concept of cellwise robustness to compositional data is
substantially more challenging because a single contaminated cell propagates
to all log-ratio coordinates through the geometric mean. This issue is dis-
cussed in detail in [Templ (2026) and can also be illustrated using the running
eye-tracking example. A closer look at the time distribution of observer P64
and Table [I] reveals that it differs from P74 and P101 only in log-ratios in-
volving the Background AOI, whereas the log-ratio between the Visitor and
Persons AOIs remains comparable across all three observers. This provides
evidence that the main source of outlyingness is the relatively low attention
allocated by P64 to the Background AOI. Note that this information becomes
considerably less transparent after the clr transformation, because each clr co-
ordinate depends on all compositional parts. The clr coordinates of observers
P64, P74 and P101 are respectively (0.74,0.30, —1.03), (0.37,—0.08, —0.29)
and (0.40,—0.06, —0.34). 80 Other coordinate representations, such as ilr,
suffer from a similar problem. This example also illustrates why pairwise

log-ratios provide a natural basis for cellwise robust procedures: contam-
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ination affects only those log-ratios involving the corrupted part, whereas
unaffected log-ratios retain their original information.

Current approaches to cellwise robustness for compositional data there-
fore work primarily with the elemental information contained in pairwise
log-ratios. This strategy is adopted, for example, in Walach et al.| (2019)) and
Stefelové et al.| (2021), while a pairwise log-ratio-based algorithm for the ro-
bust estimation of the variation matrix is introduced in Rieser et al.| (2023).
Nevertheless, all currently available methods are designed for vector com-
positional data. The detection and treatment of cellwise contamination in
multi-factorial compositional data, introduced in Section [3| remains largely
unexplored and therefore represents a natural direction for future method-

ological research.
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5. Results

This chapter presents brief summaries of the eleven articles co-authored
by the applicant and listed in Section (1, which constitute the core of this
habilitation thesis and are organised according to their topic. Whenever pos-
sible, the proposed methodology is illustrated using the running eye-tracking
example. The full texts of all manuscripts are provided in the Appendix
(Section [A)).

The manuscript Facevicova et al.| (2023)) generalises the concept of com-
positional tables to multi-factorial compositions, Facevicova et al. (2025)
establishes the connection between compositional tables and correspondence
analysis and introduces weighted correspondence analysis in the framework
of Bayes spaces, and [Nesrstova et al.| (2023) generalises backwards pivot coor-
dinates to compositional tables. In addition, Facevicova et al. (2021) applies
the coordinate representation to modelling of spatially dependent data.

The manuscripts Muehlmann et al.| (2021]) and Babek et al.| (2022)) intro-
duce methods for blind source separation of independent and time-dependent
vector compositional data, respectively, with the latter providing a robust
methodology. Robust methods are also the focus of Rieser et al.| (2023) and
de Sousa et al.| (2021)). While the former proposes a cellwise robust estima-
tor of the clr covariance matrix, the latter develops a robust approach to
principal component analysis of compositional tables.

Additionally, the manuscript Tang et al.| (2026 addresses the problem
of handling zeros in high-dimensional compositional count data. Since the
methods discussed above generally assume strictly positive components, the
choice of an appropriate strategy for handling zeros is crucial for their appli-
cation.

Finally, the last two papers demonstrate the practical applicability of
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compositional data analysis. [Facevicova et al. (2016) applies the method-
ology to the geochemical analysis of the Devonian—Carboniferous boundary,
whereas [Facevicova et al. (2026) introduces compositional data analysis to
eye-tracking research. To the best of the applicant’s knowledge, this rep-
resents the first application of CoDA in this field and provides a promising

starting point for further methodological development.

5.1. Compositional cubes (Facevicova et al., [2023)

The first paper generalises the results of the applicant’s dissertation the-
sis, namely the manuscript Facevicova et al.| (2018)). As recalled in Section
compositional tables describe the relative structure determined by the cat-
egories of two underlying factors. In the eye-tracking setting, these factors
corresponded to the distribution of visual attention among the AOIs (row
factor) while performing different tasks (column factor) on a single stimulus.

The generalisation proposed in this manuscript introduces an additional
factor, thereby extending the representation to three dimensions. For exam-
ple, the same set of tasks may be performed on different devices, such as
a smartphone and a desktop computer. Such a three-dimensional object is
referred to as a compositional cube. Analogously to compositional tables,

compositional cubes admit an orthogonal decomposition of the form
wo=ied(e) *x iwt(x) = ied () * iwt™ () x it () * iwt () x wt"(x), (16)

where ind(x’) denotes the independent part, whose cells are determined by the
products of the corresponding geometric marginals. The components iwt™(x'),
iwt™ (o), iwt® (n) preserve the pairwise interactions between the corresponding

factors, whereas iwt™*(x’) captures the interaction shared by all three factors.
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The manuscript further shows that the cells of the pairwise interaction
components can be obtained analogously to the two-dimensional case, namely
as the interaction part of a compositional table obtained by averaging over
the remaining dimension. The proposed framework can be readily generalised

to relative structures defined by an arbitrary number of factors.

C,
Zi .

Figure 6: Schematic illustration of the groups of parts involved in the com-
putation of the individual ilr coordinates for compositional cubes.

The analysis of such complex objects can, similarly to classical compo-

sitional data, be based on their coordinate representation. The manuscript

Facevicova et al.| (2023)) introduces a new system of ilr coordinates (see Equa-

tion @) that respects the decomposition and admits a natural inter-

pretation in terms of balances between the categories of individual factors,
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log-odds ratios describing pairwise interactions, and log-ratios of odds-ratios
representing the highest-order interactions. This coordinate system not only
enables the analysis of the complete three-dimensional structure but also fa-
cilitates a separate investigation of its individual components. A schematic
illustration of the cells involved in the computation of the respective coordi-

nates is provided in Figure [6]

5.2. Correspondence analysis (Facevicova et al., 2025])

This manuscript establishes the connection between the analysis of com-
positional tables, introduced in Section [3| and correspondence analysis (CA),
a classical multivariate method for exploring and visualising relationships be-
tween two categorical variables represented by a contingency table. It builds
on the approach of (Greenacre, (2010), referred to hereafter as log-ratio anal-
ysis (LRA), which formulates CA as a method for analysing a sample of
I vector compositions with J parts. The method is based on the singu-
lar value decomposition of the doubly centered log-transformed data matrix
gnRE

N = (lv z;;), yielding the matrix with entries

LI
i

L B
S%RA =z — ?ZYD Tij — ‘jZA’D xij+;72270 zii.  (17)
i=1 j=i i=1 j=I

The manuscript shows that this matrix is mathematically identical to
the clr representation of the interaction table (13)), i.e., S*®* = it Con-
sequently, LRA and singular value decomposition of a clr interaction table
yield identical results, despite being based on different statistical models.
While LRA interprets K as a sample of I compositional observations, the

compositional-table approach treats the entire matrix as a single observa-
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tion.

In the context of eye-tracking, the two paradigms can be interpreted as
follows. LRA compares the relative allocation of fixation time across the
considered AOIs over a set of experimental tasks, treating each task as one
compositional observation. In contrast, the compositional-table approach
starts from the relative allocation of the total fixation time of a given observer
across both AOIs and tasks. Despite these different interpretations of the
data, both approaches lead to exactly the same ordination, illustrated in the

left panel of Figure [7]
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Figure 7: Results of unweighted and weighted correspondence analysis (CA)
applied to the distribution of fixation time across all tasks and AOIs for
a selected observer. The values in brackets refer to the explained variance
within the interaction part and the overall clr table, respectivelly.

Among other findings, the plot reveals that the attention distribution be-
tween AQIs is substantially more imbalanced in Tasks 2, 3, and 4 than in the
remaining four tasks. It also shows that the relative attention allocated to the
AOIs Maid, Man and Kids varies substantially across tasks, suggesting that

these AOIs may be potential task discriminators. The manuscript therefore
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demonstrates that two conceptually different statistical models lead to iden-
tical analytical results and provides a novel interpretation of correspondence
analysis from the perspective of compositional data analysis.

In addition to establishing this equivalence, the manuscript also intro-
duces a weighted framework for the analysis of compositional tables, thereby
extending the methodology proposed in [Hron et al| (2022)). Although this
framework is applicable to a broad range of methods for analysing com-
positional tables, the manuscript explicitly derives the equivalence between
weighted LRA, as defined by |Greenacre and Lewi (2009), and the SVD of
the weighted clr representation of the interaction table, where the weights
are given by the products of arithmetic row and column marginals.

An example of the resulting weighted correspondence analysis of the eye-
tracking data is shown in the right panel of Figure [7] In terms of explained
variance, the weighting reduced the influence of small proportions and re-
sulted in a more representative ordination of the overall clr table, while pre-
serving the discriminating roles of Tasks 2, 3, and 4 and the AOIs Maid and
Kids.

5.3. Backwards pivot coordinates (Nesrstova et al., 2023

This manuscript follows up on the work of Hron et al.| (2021)), which
introduced backwards pivot coordinates for vector compositional data. In
general, backwards pivot coordinates emphasise the role of the elemental
information, which, in the case of vector compositions, is represented by
pairwise log-ratios. The present manuscript extends this idea to composi-
tional tables, where, in accordance with their definition and decomposition
, the elemental information is represented by pairwise log-ratios of the

row and column geometric marginals together with four-part log-odds ratios.
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To this end, the manuscript introduces a system of orthonormal (ilr) co-
ordinates consisting of three groups of coordinates: row backwards pivot
balances (rbpb(x*D)), column backwards pivot balances (cbpb(x*)), and
odds-ratio backwards pivot coordinates (tbpc(x*D)). In each group, the first
coordinate highlights the contribution of the pivotal cell x; or its correspond-

ing row and column category:

Similarly to the vector case, multivariate methods such as principal com-
ponent analysis or regression modelling can be performed in this coordinate
system. Repeating the analysis under different permutations of the row and
column categories does not affect the numerical results (e.g., principal com-
ponent scores or fitted regression models), but enables their interpretation
with respect to all sources of the elemental information.

The second part of the manuscript develops a detailed interpretation of
principal component analysis and regression modelling based on backwards
pivot coordinates for both vector compositions and compositional tables. For
principal component analysis, it derives the interpretation of the composi-
tional biplot. For regression models with a real-valued response and compo-
sitional covariates, it explains the interpretation of the regression coefficients
when the covariates are represented in ilr coordinates. Analogous to classical
regression, each coefficient describes the effect of changing one ilr coordi-
nate while keeping the remaining coordinates fixed. The manuscript further

demonstrates how this interpretation can be translated into changes in the
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original compositional parts.
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Although the methodology is illustrated in the paper using movement
behaviour data, Figure [§] illustrates the methodology using the running eye-
tracking example. Among other biplot features, the length of the rays ap-
proximates the variability of the respective coordinate. For example, the left
panel of Figure [8] suggests that, among all pairwise log-ratios with the AOI
Man, the relative attention allocated to Man versus Background varies the
most across participants. On the other hand, the variability explained by the
first two components is rather small (approximately 20%), suggesting that
the biplot provides a substantially simplified representation of this particular

sample of 7 x 7 compositional tables.
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Figure 8: Compositional biplot based on backwards pivot coordinates of the
relative time distribution across Tasks and AOIs. To improve readability,
the left panel displays only the loadings of column backwards pivot balances
for the AOI Man, whereas the right panel shows the loadings of odds-ratio
backwards pivot coordinates for the same AOI and Tasks 1 and 7.
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5.4. Geographically weighted regression (Facevicova et al.,

2021))

This book chapter further develops the methodology for the analysis of
compositional tables by extending regression modelling to spatially depen-
dent data. It thus represents the first step towards the analysis of spa-
tially dependent multi-factorial compositional data. Specifically, it considers
a geographically varying relationship between a real-valued response and a
two-factor compositional covariate. Spatial heterogeneity is accommodated
through geographically weighted regression (GWR), where local models are
estimated by weighted least squares according to the spatial proximity of the
observations.

Similarly to ordinary regression models with compositional covariates
(Mtller et al, [2018), GWR cannot be directly applied to the original com-
positional parts because of their relative nature. The proposed methodology
therefore performs the local modelling in the ilr coordinate representation of

compositional tables and (15)). Formally, the model is given by

E(Y;@;) = Bio + 5:'3: +eeet 521—7251—7 + @C‘ch‘ +oe ic,J—TZiC,J—T
+ ZO]?ZZO}? +oeet z‘?[li:,J—:Zg[}ir,J—:- (19)
The coordinate representation and enables the separate mod-
elling of the effects associated with the row factor, the column factor, and
their interaction. Since the regression coefficients are estimated for the ilr co-
ordinates, the chapter derives their interpretation in terms of changes in the
original compositional table for a general system of ilr coordinates, extending

the results of Nesrstova et al| (2023]) beyond backwards pivot coordinates.
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The methodology is illustrated using data on the relationship between
the risk of falling into poverty and the demographic structure of Germany
in 2017, represented by a 2 x 3 compositional table. Owing to the skewed

distribution of the response, the application employs the simplified model
Ee (V)] = Bio + BZAZIA + Bf‘zzc + 55225 + ZOAI?ZZOAI? + %2@%, (20)

whose estimated local regression coefficients are also interpreted in detail in

the chapter. Selected parameter estimates are presented in Figure [9]

Figure 9: Maps demonstrating estimates of selected regression parameters of
the local regression models. The values in the centre of each region corre-
spond to the local t-value.

The proposed methodology combines geographically weighted regression
with the orthogonal decomposition of compositional tables, enabling the anal-
ysis and interpretation of spatially varying effects associated with both the

independent and interaction structures of the compositional covariate.
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5.5. Independent component analysis (Muehlmann et al.,

2021))

This manuscript extends independent component analysis (ICA) to com-
positional data, thereby linking compositional data analysis with the field of
blind source separation. It considers the case of independent and identically
distributed (iid) vector compositional observations. In the classical setting,

ICA assumes that the observed vectors » follow the linear mixing model

w=4Az+Db, (21)

where the latent components z are mutually independent and at most one
of them is Gaussian. Many popular ICA algorithms estimate the unmixing
matrix W by maximizing the non-Gaussianity of the recovered latent com-
ponents, W (x—b) = z, in contrast to principal component analysis (PCA),
which seeks orthogonal directions explaining the maximum variance of the
data. For whitened data, the ICA decomposition is identifiable up to a per-
mutation and sign changes of the components. The resulting latent variables
can subsequently be used for data visualisation, cluster identification, out-
lier detection, noise removal, or as a preprocessing step for further statistical
analysis.

The adaptation of ICA to iid compositional data naturally follows from
their coordinate representation. Since ICA begins by whitening the data,
a full-rank representation is required and the ilr coordinates @ therefore
provide a natural choice. Furthermore, different choices of the ilr basis cor-
respond only to orthogonal rotations of the coordinate system and therefore
do not affect the ICA solution itself, but only the representation and inter-

pretation of the recovered components. For a more natural interpretation in
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terms of the relative dominance of the original compositional parts, the ilr
unmixing matrix can subsequently be transformed to the clr representation

according to W, = W,,.'¥. The latent components are thus obtained as

2= Wy, (ilr(x) — b) = Wy, (Weir(e) — b), (22)

where the ilr unmixing matrix is estimated using any of the existing ICA

algorithms.

The methodology is in Muehlmann et al.| (2021) demonstrated using

metabolomics data from a newborn screening programme. This applica-

tion was further extended in Kouril et al.| (2023), where compositional ICA

enabled the detection of several rare inherited metabolic disorders. Figure
illustrates the output of compositional ICA for the eye-tracking example used

throughout this thesis.
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Figure 10: Scatterplots of selected independent components (ICs). The first
two components primarily reveal individual outliers, whereas 1C4 and 1C6
identify a group of observers sharing a similar pattern of attention distribu-
tion. The corresponding clr loadings for these four components are shown in
the right panel to facilitate their interpretation.
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5.6. Robust blind source separation (Babek et al., 2022)

This manuscript naturally follows Muehlmann et al.| (2021). While the
previous paper introduced independent component analysis, or more gen-
erally blind source separation (BSS), for iid compositional data, this work
extends the methodology to serially dependent compositional observations
while simultaneously introducing robustness against outlying measurements.

The development of the methodology was motivated by the analysis of X-
ray fluorescence (XRF) scans of siliciclastic sediment cores. The study com-
pares measurements obtained using a low-cost hand-held XRF device with
traditional laboratory measurements performed on dry powdered samples,
which provide higher accuracy but are considerably more expensive. Geo-
chemical concentrations are typically reported in ppm or wt.% and therefore
carry relative information. Consequently, as discussed in Section [2, composi-
tional data analysis provides the appropriate methodological framework for
their analysis.

In the considered application, two additional characteristics of the data
must be taken into account. First, hand-held XRF measurements are affected
by measurement noise arising from sample inhomogeneity as well as varying
water content and grain size, which may also result in outlying observations.
Second, the measurements are collected along the depth profile of a sediment
core and can therefore naturally be regarded as a serially dependent process.
To accommodate both aspects, the manuscript proposes a robust blind source
separation algorithm for compositional time series. Similarly to [Muehlmann
et al.|(2021), the methodology is based on the ilr coordinate representation
of the compositional observations, but instead of classical ICA it employs the
eSAM-SOBI algorithm (Ilmonen et al., [2015]), which exploits a collection of

lagged autocovariance matrices to recover the latent components. To increase
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robustness, these autocovariance matrices are estimated using robust proce-
dures. As in the iid case, the estimated ilr unmixing matrix is subsequently
transformed to its clr counterpart, providing a more natural interpretation
of the recovered components in terms of the original compositional parts.
Figure [11]illustrates the practical use of the proposed methodology. The
unmixing matrix is estimated solely from the hand-held XRF measurements
and subsequently applied to both the hand-held and powdered datasets. The
resulting latent components can then be directly compared across the two
measurement techniques. While e.g. the first recovered component differs
substantially between the datasets and therefore mainly reflects measure-
ment noise, the second component shows a high agreement, indicating that
it captures the underlying geochemical signal that can be reliably recovered
even from the less accurate but considerably cheaper hand-held measure-

ments.
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Figure 11: Selected latent components (IC) found by the robust BSS algo-
rithm applied to the hand-held XRF core-scan data (blue dots) and powder
XRF data (orange dots).

45



5.7. Cellwise robust covariance estimator (Rieser et al.,

2023)

The issue of robustness is further addressed in manuscript [Rieser et al.
(2023). As outlined in Section [4] a single corrupted cell in the raw composi-
tional data matrix affects the coordinate representation of the corresponding
observation through the geometric mean involved in the log-ratio transforma-
tions. Recall that, in the compositional setting, a cellwise outlier corresponds
to a distortion of the relative importance of the affected compositional part
rather than to an unusually large or small absolute value. The manuscript
therefore proposes a method for estimating the covariance structure in the
presence of compositional cellwise outliers.

The proposed approach avoids robustifying the clr covariance matrix di-
rectly. Instead, it exploits the elemental information carried by pairwise
log-ratios, which are affected by a cellwise contamination only locally. As
introduced in , the variances of pairwise log-ratios form the entries of
the variation matrix, one of the fundamental characteristics of a composi-
tional sample. Moreover, the variation matrix ¥ can be transformed directly
to the clr covariance matrix X", which forms the basis of many multivari-
ate methods for compositional data, including principal component analysis

(Filzmoser et al., 2018)). More specifically,

-~

ZCH _ _ISW]S, (23)

O |

where N denotes the centering matrix used already in (). The basic idea
of the proposed estimator is therefore to robustly estimate the individual
entries of the variation matrix using the Qn estimator (Rousseeuw and Croux,

1993) and subsequently obtain a cellwise robust estimate of the clr covariance
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matrix through .

Additionally, the manuscript introduces a regularised version of the esti-
mator intended for high-dimensional settings. A comprehensive simulation
study demonstrates that, particularly under cellwise contamination, the reg-
ularised estimator outperforms both the classical covariance estimator and
existing rowwise robust alternatives.

Classical Rowwise Robust Cellwise Robust
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Figure 12: Comparison of different estimates of the clr covariance matrix for
the first task of the running eye-tracking example.

The methodology is demonstrated in the manuscript using the well-known
GEMAS geochemical dataset (Reimann et al., 2014). For consistency with
the examples used throughout this thesis, Figure [12] illustrates the classical,
rowwise robust, and proposed cellwise robust estimates of the clr covari-
ance matrix for the first task of the eye-tracking experiment. The heatmaps
suggest the presence of anomalous observations in the original data, result-
ing in an overestimation of most entries of the clr covariance matrix by the
classical estimator compared with both robust alternatives. Although the
proposed method does not aim to identify specific outlying cells, the most
apparent differences are associated with AOI Furniture, whose clr coordi-
nates and, consequently, pairwise log-ratios with other AOIs appear to be
substantially affected by anomalous observations. At the same time, the

differences between the rowwise and cellwise robust estimates are relatively
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small, suggesting that the observed contamination is not limited to a small

number of individual cells or log-ratios.

5.8. Robust principal component analysis (de Sousa et al.,

2021))

This manuscript provides the first robust methodology for the analysis of
two-factorial compositional data by introducing a casewise robust approach
to principal component analysis (PCA) of a sample of compositional tables.
Classical PCA of compositional data is based on the spectral decomposi-
tion of the clr or ilr covariance matrix. Since the clr covariance matrix is
singular because of the zero-sum constraint, robust compositional PCA is
commonly performed in ilr coordinates using a robust covariance estimator,
such as the minimum covariance determinant (MCD), while the results can
subsequently be transformed to the clr representation to facilitate their in-
terpretation (Filzmoser et al., 2018).

The methodology proposed in (de Sousa et al. (2021) extends this prin-
ciple to compositional tables. The observations are represented in the ilr
coordinate system and , robust PCA is based on the MCD esti-
mate of the corresponding covariance matrix, and the resulting loadings are
transformed back to the clr representation. The key advantage of this ap-
proach is that the coordinate system respects the orthogonal decomposition
of compositional tables , allowing robust PCA to be performed either
for the complete tables or separately for their independent and interaction
components.

To facilitate the interpretation of the resulting compositional biplots, the
manuscript further derives the relationship between the clr representation

of the decomposed table and the corresponding two-factor pivot coordinates
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defined in [Facevicova et al. (2016)), i.e.

. I—1 r J—1 c
clr(ind(x))p = \/ ]—J‘Z;;(k) +4/ —]J‘ zy(l),

[—1)(J—i
czr(.'mt(..»;))kl:\/ ( ‘;SJ ) onu,

(24)

where the superscripts (k) and (/) indicate the permutation of rows and

columns, respectively, for which the cell [k, (] is moved to the pivot position

[,1].
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Figure 13: Robust covariance biplots based on the complete compositional
tables (left panel) and their decomposed parts (middle and right panels).
Observations are labelled by observers’ 1D, whereas loadings are labelled
according to the row and column position of the corresponding cell in the
compositional table.

Figure illustrates the results of robust PCA applied to the compo-
sitional tables corresponding to the attention distribution in the running
eye-tracking example. In addition to the robust PCA of the complete ta-
bles, the figure demonstrates the separate analyses of their independent and

interaction parts. For illustration, let us briefly focus on the left panel of
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Figure which, similarly to Figure[§] provides a two-dimensional represen-
tation of the set of 7 x 7 compositional tables. In this case, however, the rays
correspond to the relative importance of individual cells in the clr sense, and
the respective loadings are estimated robustly. The resulting biplot suggests
that the inter-participant variability is substantially driven by the relative
importance of cells [7, 3] and [3, 2], corresponding to AOI Kids in Task 7 and
AOI Furniture in Task 3, respectively. Nevertheless, similarly to the example
in Section the percentage of variability explained by the first two robust
principal components is very low. The resulting biplot therefore provides

only a limited representation of the overall data structure.

5.9. Zero-handling strategies (Tang et al., 2026

This manuscript contributes to the methodological treatment of compo-
sitional data in the presence of zero values. As already discussed in Sec-
tion [2], the traditional definition of vector compositional data, as well as its
multi-factorial generalisation, assumes strictly positive observations. Besides
violating this assumption, zero values also prevent the direct application of
log-ratio methodology. Moreover, even small positive values can substan-
tially affect subsequent analyses, as small changes in their magnitude may
translate into large changes in log-ratios. The manuscript therefore provides
a critical comparison of zero-handling strategies, with a particular focus on
high-dimensional compositional count data. The review is motivated by mi-
crobiome data, where observations are typically counts and their total is
determined by the sequencing and sampling process rather than represent-
ing a meaningful biological quantity, which motivates their compositional
treatment (Gloor et al., [2017)). At the same time, the number of measured

features is typically much larger than the number of observations, resulting
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in a high-dimensional and often sparse data structure.

More specifically, the manuscript compares several approaches to zero im-
putation, as well as direct modelling techniques for zero-inflated data and al-
ternative transformations that allow zero values to be retained. The methods
are compared both theoretically and empirically, using a high-dimensional
microbiome dataset and a simulation study based on real microbial compo-
sitions.

The empirical part focuses on a model-agnostic comparison of represen-
tative matrix-based imputation methods within the classical log-ratio frame-
work. Their performance is assessed not only in terms of reconstruction ac-
curacy, but also with respect to the preservation of covariance structure and
the results of downstream analyses, including PCA and clustering. An im-
portant finding is that the reconstruction accuracy alone does not necessarily
predict the quality of subsequent statistical analyses. Figure illustrates
one outcome of the simulation study, showing how the accuracy of selected
methods changes with an increasing proportion of zero values. Among other
findings, the results demonstrate the relatively low reconstruction accuracy
of the PLS-based imputation method (Templ et al., | 2016). This accuracy can
be substantially improved by applying a ceiling operation, while the resulting
imputed data nevertheless perform well in subsequent downstream analyses.

Overall, the results reveal a trade-off between accurate numerical recon-
struction and preservation of the underlying count structure, highlighting
the need for methods that simultaneously account for compositionality, zero
inflation, and the discrete nature of sequencing data. A better understanding
of zero-handling strategies is also an important prerequisite for the further
development of methods for multi-factorial compositions, where the occur-

rence of zero values poses an analogous methodological challenge and may
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be particularly relevant for count-valued data.
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Figure 14: Comparison of imputation methods under varying dimensionality
and missingness probabilities.

5.10. Application to geochemistry (Facevicova et al.,[2016)

This manuscript demonstrates the application of compositional data anal-
ysis to the geochemical characterisation of the Devonian/Carboniferous boun-
dary based on elemental geochemistry. The analysis is based on 1,884 samples
collected from 14 European sections, each described by the concentrations of
eighteen chemical elements. Using principal component analysis and Q-mode
clustering, i.e. clustering of variables or compositional parts, the manuscript
compares the results obtained from raw concentrations, log-transformed data,
and the compositional approach. Although compositional methodology pro-
vides the theoretically appropriate framework for geochemical data, the com-

parison shows that, for this particular application, analyses based on raw or
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log-transformed concentrations may still provide valuable complementary in-
formation. Rather than representing competing approaches, the classical and
compositional analyses therefore provide a more comprehensive interpreta-
tion when used together.

Principal component analysis and the corresponding compositional bi-
plots are primarily employed to explore differences between localities and
between geological layers within individual sections. Beyond the exploratory
analysis, the manuscript proposes a data-driven strategy for constructing
geochemical proxies capable of distinguishing the studied stratigraphic lay-
ers. The approach is based on the variation matrix (3), whose entries quantify
the variability of pairwise log-ratios between chemical elements. Since the
variation matrix measures the similarity of the relative behaviour of individ-
ual elements, it naturally serves as the input for Q-mode clustering, which
groups together elements exhibiting stable relative relationships throughout
the dataset.

Balances constructed between groups of elements belonging to dif-
ferent clusters subsequently serve as candidate geochemical proxies. Their
ability to distinguish individual geological layers is illustrated in Figure
which shows that the proposed balances clearly separate the four Hangenberg
event layers at the Kronhofgraben locality. In contrast, the corresponding
plots based on conventionally used geochemical proxies exhibit substantially
weaker separation. The proposed workflow therefore provides an objective,
data-driven procedure for constructing geochemical proxies while demon-
strating that compositional data analysis can yield additional geological in-

sight beyond that obtained from classical geochemical methods.
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Figure 15: Log-ratios defined based on the Q-mode clustering of measure-
ments from location Kronhofgraben.

5.11. Application to eye-tracking (Facevicova et al., [2026))

This manuscript represents the first systematic introduction of compo-
sitional data analysis to the eye-tracking community. It is conceived as a
tutorial, explaining the fundamental principles of vector compositional data

analysis and demonstrating them on a newly published dataset
, , which was briefly introduced in Section and which served
as a running example throughout the thesis. The principal research ques-
tion inherited from Yarbus’ original experiment is whether the viewing task

influences the observers’ visual attention strategy.

Similarly to [Facevicova et al.| (2016]), the manuscript compares analyses

based on absolute and relative information, emphasizing that the appropriate
analytical framework should always reflect the underlying research question.
While analyses of absolute fixation times are appropriate, for example, for
studying the overall complexity or duration of the observation process, the
compositional approach focuses on the relative allocation of visual attention

across the stimulus and is therefore better suited for investigating differences

o4



in viewing strategies.

The manuscript establishes a complete workflow for the compositional
analysis of eye-tracking data, covering descriptive statistics, exploratory meth-
ods, hypothesis testing, and regression modelling. It introduces the principal
tools of descriptive compositional data analysis, including ternary diagrams,
the compositional mean and covariance structure, the variation matrix, and
total variance. It further demonstrates the use of multivariate methods
such as principal component analysis, cluster analysis, discriminant analysis,
MANOVA, and regression modelling within the CoDA framework, providing
guidance on the interpretation of their outputs. To facilitate the adoption
of the methodology by the eye-tracking community, the complete analysis
is accompanied by publicly available R code. Although methodological pre-
sentation is the primary aim of the paper, the analyses consistently reveal
substantial differences in attention allocation across the experimental tasks,
both when absolute fixation times and their compositional representation
are analysed. Figure [16]illustrates one example by comparing the effect of
the viewing task on the relative and absolute time allocated to the Area of
Interest Man.

The manuscript thus establishes compositional data analysis as a compre-
hensive methodological framework for the statistical analysis of eye-tracking
data. At the same time, it naturally opens the way to further methodological
developments presented in this habilitation thesis. In particular, repeated
observations of the same stimulus under different experimental conditions
can be represented as compositional tables, allowing the application of the
methods introduced in [Facevicova et al. (2018), Facevicova et al.| (2023),
Facevicova et al.| (2025), |[Nesrstova et al| (2023), and de Sousa et al.| (2021).

Likewise, the presence of atypical observers or measurement artefacts mo-
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Figure 16: Estimated fixed effects of the linear mixed-effects model for the
relative (left) and absolute (right) time spent in the AOI Man across task

types.

tivates the use of robust compositional methods, such as those proposed in

Rieser et al.| (2023). The paper therefore not only introduces CoDA to the

eye-tracking community but also establishes a foundation for transferring a
broad range of advanced compositional methodology to this rapidly develop-

ing research field.
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6. Summary of the main results and future re-
search directions

This thesis is based on eleven scientific publications co-authored by the
applicant, comprising theoretical, methodological, and applied contributions
to compositional data analysis. Their common theme is the analysis of
relative-valued data, with particular emphasis on the methodology of multi-
factorial compositions.

A substantial part of the presented research contributes to the develop-
ment of the theory of compositional tables. The manuscripts Facevicova et al.
(2021)), [Facevicova et al.| (2023)), Nesrstova et al.| (2023)), and |de Sousa et al.
(2021)) extend the original framework introduced in Section |3| towards regres-
sion modelling, interpretation, robust dimension reduction, and the analysis
of general multi-factorial compositions. In turn, [Facevicova et al.| (2025)
establishes a theoretical connection between the interaction part of a com-
positional table and correspondence analysis, thereby linking compositional
methodology with a widely used multivariate statistical technique.

Another research direction concerns the development of statistical method-
ology for vector compositional data with clear potential for future exten-
sion to multi-factorial compositions. This includes blind source separation
(Muehlmann et al.|(2021), Babek et al.|(2022)) and cellwise robust covariance
estimation (Rieser et al| (2023)), both of which naturally motivate further
methodological developments in the multi-factorial setting. Finally, Face-
vicova et al| (2026) introduces compositional data analysis to the field of
eye-tracking research. Besides demonstrating the advantages of CoDA for
analysing visual attention distributions, it establishes a new application area

in which many of the methods presented throughout this thesis can be further
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developed and applied.

Despite the substantial methodological progress achieved in recent years,
the analysis of multi-factorial compositional data remains an active research
area with several open questions. One important topic concerns the treat-
ment of zeros, where the recent work of Tang et al.| (2026) provides a promis-
ing starting point. Another natural direction is a deeper investigation of the
relationship between multi-factorial compositions and log-linear or multino-
mial regression models. For example, |Facevicova et al.| (2026) points out the
close connection between log-linear mixed-effects models and the mean clr
interaction table, suggesting that these approaches deserve a more systematic
comparison. Further opportunities arise from methodological links with ten-
sor data analysis (Kolda and Bader, [2009)), while additional extensions may
emerge through connections with fields such as ecological inference (Rosen
et al., [2001) or dependence measures based on distance correlation (Székely
et al., 2007)). Together, these directions demonstrate that the methodology
of multi-factorial compositional data analysis is still far from complete and
continues to offer numerous opportunities for further theoretical development

as well as new interdisciplinary applications.
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Abstract

Compositional data are commonly known as multivariate observations
carrying relative information. Even though the case of vector or even two-
factorial compositional data (compositional tables) is already well described
in the literature, there is still a need for a comprehensive approach to the
analysis of multi-factorial relative-valued data. Therefore, this contribution
builds around the current knowledge about compositional data a general
theoretical framework for k-factorial compositional data. As a main find-
ing it turns out that, similar to the case of compositional tables, also the
multi-factorial structures can be orthogonally decomposed into an indepen-
dent and several interactive parts and, moreover, a coordinate representation
allowing for their separate analysis by standard analytical methods can be
constructed. For the sake of simplicity, these features are explained in detail
for the case of three-factorial compositions (compositional cubes), followed
by an outline covering the general case. The three-dimensional structure is
analyzed in depth in two practical examples, dealing with systems of spatial
and time dependent compositional cubes. The methodology is implemented

in the R package robCompositions.
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1 Introduction

Consider a data set where the relative structure of parts is of interest. As an example,
the age structure of all employees in a given country are to be analyzed. In this case,
the ratios between the parts shall be considered for the analysis rather than the absolute
values, which are mainly influenced by the size of the country and by other external
factors. As it will be shown later, this situation has already been studied extensively
in the classical framework of compositional data analysis (Aitchison 1982, 1986).
However, when the data structure is determined according to more than one factor,
e.g. one can study the employment structure from the perspective of age and gender
of employees, the classical theory needs to be properly adjusted in order to cope with
these more complex structures. The first attempt towards this goal has been considered
by the proposal of compositional tables, two-factorial compositions (Facevicova et al
2018). Nevertheless, also structures formed by three or even more factors are likely to
occur in practice. For instance, in addition to gender and age, one could be interested in
analyzing the employment structure according to full-time and part-time employment.
Therefore, the manuscript introduces a general framework of dealing with multi-
factorial compositional data, hereby extending the concepts and developments for
compositional tables.

The goal of compositional data analysis is to process data which carry relative
information. This resulted in a concise methodology with a wide range of possible
applications, see, e.g., Pawlowsky-Glahn et al (2015), Filzmoser et al (2018) and
references therein. A D-part composition is defined as a vector with positive compo-
nents (parts) X = (xi,...,xp)’, where the real information content is in the ratios
between these parts rather than directly in the measured absolute values. In other
words, compositional data describe quantitatively relative contributions of parts on a
whole. Consequently, compositional data are scale invariant and can be represented
without any loss of information as observations with a prescribed sum of the parts,
e.g. in proportions (sum 1) or percentages (sum 100). Accordingly, the sample space
of (representations of) compositional data is traditionally considered to be the D-part
simplex S? = {x = (x1,x2,...,xp) | x; > 0,Vi, Y, x; = « }. Note that the con-
stant k > 0, representing the sum of the compositional parts, can be chosen arbitrarily,
and it reduces the dimensionality of the sample space to D — 1. Specific features of
compositional data, particularly the scale invariance property, are captured by the
Aitchison geometry (Pawlowsky-Glahn and Egozcue 2001; Billheimer et al 2015)
with Euclidean vector space properties. For compositions X, y € S? and a real con-
stant o, these properties result from defining the operations perturbation, powering,
and the Aitchison inner product,

X®y=Cxy,....xpyp), a®x=C(xf‘,...,x%)/,

LA ey, S Vi (1)
(X,Y)A—E;; Hx—j Hy—j,
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respectively, where C denotes closure and constitutes the equivalence classes of com-
positional data, which differ only by the sum of their parts k. As a consequence, a direct
application of traditional multivariate statistical methods that rely on the Euclidean
geometry in the real space (Eaton 1983) is not appropriate. Even though it would be
possible to adapt them to the Aitchison geometry, it is more sensible to find a way how
to express compositional data isometrically in the (D — 1)-dimensional real space and
proceed there, just by taking into account the specific interpretation of the new vari-
ables. In the compositional data analysis context this refers to isometric log-ratio (ilr)
coordinates (Egozcue et al 2003), which are orthonormal with respect to the Aitchison
geometry. The main idea is to find a system of D — 1 orthonormal basis vectors e; of
SP where the new coordinates z = (z1,...,2p-1) € RP-1 are obtained as

7i = (X, e)a, for i=1,...,D—1. )

Since there does not exist a canonical basis on S, an option is to use such an ilr
coordinate system which has an advantageous interpretation under the given problem
setting. From the definition, any ilr coordinate is a log-contrast, i.e. a linear combination
& Inx;+---+&pInxp with Zil & = 0. One popular approach for the construction
of orthonormal coordinates was defined in Egozcue and Pawlowsky-Glahn (2005). The
aim is to construct a sequence of binary partitions of groups of compositional parts in
order to obtain coordinates that are interpretable in terms of balances between these
groups of parts. Accordingly, sequential binary partitions (SBP) are based on a system-
atical splitting of the compositional vector into two non-overlapping subcompositions,
and the generating process ends after D — 1 steps when each subcomposition is formed
by only one part. The i-th step of the partition produces one vector of log-contrast

coefficients &, = (&1, ..., & p)’ with r; parts &1 = m at the positions cor-
responding to parts from the first subcomposition formed by this step (denoted with
+), s; parts §_ = —_/ 5 (r: er,- 5 at the positions related to parts from the second sub-

composition (denoted with —), and O elsewhere. The coefficients are closely linked
to basis vectors through the relation e; = exp(&;), and the resulting coordinates can
be obtained from Eq. (2) or, without the need of enumeration of e;, directly as the
log-contrast

D
Z,-:Zgijmxj, for i=1,...,D—1, 3)
=1

or
z = VIn(x), 4)

where the contrast matrix V of order (D — 1) x D has rows formed by &;. With this
notation it is possible to express the ilr coordinates (balances) by
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risi g(Xiys vy Xi) .
Zi = In . for i=1,...,D—1, 5)
ri + 8 g(xii""’xié,-)

where g(.) stands for the geometric mean, and the values iy, ..., i, and i i, ol ;i

label the parts from the first (+) and the second (—) subcomposition, respectively.
Equation (5) reveals that SBP produces coordinates in form of log-ratios between
mean representations of two groups of parts, which has led to the name “‘balances”.
Particularly, in the case of vector compositional data, balances allow for a simple
and natural interpretation, and for this reason they are frequently used in applications
(Pawlowsky-Glahn et al 2015).

Although balances form a flexible class of orthonormal coordinates for vector com-
positional data, a further challenge is to develop a coordinate representation for the
case when the whole is distributed according to two or more factors. The case of
two-factorial compositional data (Egozcue et al 2008, 2015), referred to as compo-
sitional tables, has been intensively studied in Facevicova et al (2014, 2016, 2018),
and a general coordinate representation has been derived, which enables to decompose
compositional tables into independent and interactive parts. Accordingly, the resulting
ilr coordinates have the form of balances between two groups of parts (independent
part) and log-odds ratios (interactive part), and they respect the dimensionality of the
decomposed parts.

More specifically, compositional tables refer to a setting where the relative structure
of the data is determined by two factors. Accordingly, not only the relations within
each factor, but also relations between them need to be analyzed. As an example
consider an employment structure in a given country, distributed according to the age
of the employees and their gender. Three types of questions arise: Is the proportion
of females among the employees comparable to the proportion of males? Does any
of the age groups outbalance? Does the age structure of the employees depend on
their gender? The first two questions focus exclusively on one factor, suppressing the
effect of the other one. The last question, on the other hand, links information from
both factors together. When the within-factor structure is analyzed, the effect of the
other factor can be suppressed by averaging across all its levels. This results in a
standard compositional vector, and balances are then a natural way of its coordinate
representation. Particularly, consider a table formed by two factors, a row factor with
I levels, and a column factor with J levels. The whole information about the relations
among the I levels of the row factor is preserved in / — 1 coordinates of the form

1/s;
1 J I:g(Xilo) o .g(Xisi.)iI
= ——, for i=1,2,...,1—1, (6
S; + 1 /1i
g(xiio) e g(xi;io)
where s; and #; correspond to the respective step of the SBP performed on the levels
of the row factor. The indices (iye, ..., i5®) and (i io, R ir/,- o) specify the rows, and

g(-) is the geometric mean. Similarly, relations among the J levels of the column
factor are preserved in the J — 1 balances
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1/u;
vl |:g(x°j1)"'g(x‘jui):|
Zj-z : In : o for j=1,2,...,J—-1, (7)

v 1/vj
4 [g(X.j;)---g(X.j;j)] '

constructed with respect to the SBP of the levels of the column factor, where the
indices (o1, ..., j,;) and (e, ..., ojéj) specify the included columns.

The relations between two factors are traditionally described by odds ratios (Agresti
2002). This concept can be adapted to compositional tables, because the last group
of coordinates has the form of log-odds ratios between four groups of parts. These
groups are uniquely defined by row and column SBPs and represented by geometrical
means of their parts. More specifically, these (I — 1)(J — 1) odds ratio coordinates
are given by

| Aij || Dij | | g(Xa,;,)8(Xp;;)

Z.C}R = n (8)
| Aij | + 1 Bij | +1Cij | +1Dij | gXp;)8Xc;;)

<

fori=1,2,...,I-1landj =1,2,...,J—1,where A;;, ..., D;; areindices of parts
in each group defined by the i-th and j-th step of row and column SBP, respectively,
and | A;j |, ..., | Dj; | are the numbers of parts within these groups. The construction
and interpretation of this coordinate system is discussed in detail in Facevicova et al
(2018).

An important feature of compositional tables is the possibility of their orthogonal
decomposition. In the special situation when there exists no relationship between
row and column factors, all parts of the compositional table would be formed by the
product of row and column marginals. This leads to the so called independence table.
The orthogonal complement to the independence table is called interaction table.
Since the previously introduced coordinate system respects this decomposition, the
independence table is characterized by row and column balances, and the interaction
table by odds ratio coordinates, and it is possible to analyze each part separately.

Even though the structure of compositional tables is already well described in
the literature, a comprehensive approach for the analysis of multi-factorial relative-
valued data is still lacking. Thus, the framework of compositional tables is extended to
a general theory to work with k-factorial compositional data. Besides other findings, it
turns out that also the multi-factorial structures can be decomposed orthogonally into
an independent and several interactive parts and, moreover, a coordinate representation
allowing for their separate analysis is provided. Although all considerations in the next
section (Sect. 2) are presented just for the case of three-factorial compositional data
(called compositional cubes in the following), they can be easily generalized to the
case of more than three factors.

The construction and interpretation of the proposed coordinate system is explained
on an illustrative example in Sects. 2.1 and 3, which also introduces the function
implemented in the R package robCompositions (Templ et al 2011). The coor-
dinates are used for the analysis of the employment structure of the European OECD
countries, and a graphical comparison of the countries as well as a spatial cluster-
ing are provided. Moreover, the main sources of differences between the clusters are

@ Springer



960 K. Facevicova et al.

investigated by robust principal component analysis. Based on an example of Austrian
mobility data, a strategy for the analysis of multi-factorial time series is presented in
Sect. 4. The final Sect. 5 concludes.

2 Compositional cubes

In this section we simplify the main findings derived in Facevicova et al (2018) for
the two-factorial situation, and consequently generalize them to the multi-factorial
case. Consider a relative structure formed according to three factors with 7, J and K
levels, respectively. Such a situation can be represented with a compositional cube and
written in the form

X111 -0 X1J1 X11K T X1JK
X oo X1Ji XK - XIJK

where x;j; > 0, Vi, j, k. The vertical lines separate the levels of the third factor, called
slices in the following. Since compositional cubes form a special case of the concept of
(I - J - K)-part vector compositional data, all basic definitions can be accommodated
for this case.

The sample space of compositional cubes is a subset of the ({ - J - K)-part simplex

1,J.K

1JK S
SR =dx= 1, .. xgk) | xije > 0, Vi, Lk Z Xijk =k ¢, (10)
i, j.k=1

which includes only those (I - J - K)-part compositions, which can be recorded into
the form of a three-factorial structure with I rows, J columns and K slices. The basic
operations of the Aitchison geometry (as given in Pawlowsky-Glahn and Egozcue
2001) modify to

x®y = Cxijk - yij) ey and a O x =C(xf); 75, D

and they result again in a compositional cube. The Euclidean vector space structure
of the Aitchison geometry is completed by defining the Aitchison inner product for
cubes

1

xijk )’ijk
(X, y>A _ In In _—. (12)
2I1JK i% i/JZ/,k/ Xl'/j/k/ yl'/j/k/
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2.1 Example: employment structure

The proposed approach will be illustrated with an example where the analysis of the
employment structure in several countries is of interest. For this purpose, data from 32
European members of OECD were collected at http://stats.oecd.org. For each country
in the sample, an estimated number of employees in the year 2015 was available.
The data were structured according to gender and age of the employees and the type
of their contract. More specifically, we distinguish males (M) and females (F), young
(category 15-24), middle-aged (25-54) and older (55 +) employees, and full-time (FT)
and part-time (PT) contracts. The data at hand thus form a sample of 32 cubes with two
rows (gender), two columns (type of contract) and three slices (age), which allow for
a deeper analysis of the overall employment structure, not just from the perspective
of each factor separately, but also from the perspective of the relations/interactions
between them. Besides the global aspects of the employment, the analysis aims also at
revealing the national specifics of the countries contained in the sample. An example
of one cube from Czech Republic is displayed in Table 1, and a graphical overview of
the cubes is depicted in Fig. 1.

Obviously, the counts in the cells of the cubes depend on the population size of
the country. When the analysis of structural patterns of the employment in several
countries is of interest, the compositional approach appears as appropriate, because
the population size is not relevant in this approach.

2.2 Decomposition of compositional cubes

Egozcue et al (2008) proposed a decomposition of a compositional table into an
independent and an interactive part (still a compositional table), which are mutually
orthogonal; their perturbation again leads to the original compositional table. The
independent part mimics the independence of the factors. As in the standard case of
contingency tables, an assumption of independence means that the whole informa-
tion about the relative structure of both factors is preserved in the row and column
marginals, and each entry of the table can be obtained as their product. In the compo-
sitional case, the only difference is that the arithmetic marginals are replaced by the
geometric ones. When the factors are not independent, and the compositional table
does not equal to the independence one, another table needs to be introduced. The
interaction table, simply defined as a residual resulting from the difference between
the original and the independence tables in the sense of perturbation, preserves the
whole information about the relations between the factors and becomes mainly impor-
tant when these relations are analyzed. A similar idea can be utilized also in the case
of compositional cubes, but due to the presence of pairwise and whole interactions, it
is possible to further decompose the interactive part of the cube into additional four
cubes, each preserving information about another source of association between the
factors.

Similar to the case of compositional tables, also parts of the independence composi-
tional cube are formed by the product of row, column and slice (geometric) marginals
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Table 1 Example of one cube from the sample analyzed in Sections 2.1 and 3: employment structure in the
Czech Republic in 2015 (in thousands of employees)

Gender 1524 25-54 55+

FT PT FT PT FT PT
Female 104.756 17.128 1618.415 90.505 317.031 56.355
Male 169.851 11.165 2127.849 22.759 467.212 38.208

Fig. 1 Graphical representation
of the cube structure used in
Sects. 2.1 and 3. The rows
represent the gender of the
employees, the columns the type
of contract (FT: full-time, PT:
part-time), and the slices
separate different age groups

Female

Male

ind
Xijk = 8(Xiee)g(Xeje) g (Xeek), (13)
where dots in the index indicate an aggregation over the respective factors. For exam-
ple, the notation g(X;ee) Stands for the geometric mean of all parts in the i-th row of the
cube, i.e. (]_[]J.:1 ]_[f:1 xijk)1/7/ K . In case of perfect independence of all three factors,
the original cube would be equal to the independence one. Otherwise, all associations
between the factors are preserved in the interactive part

Xint =X Xind‘ (14)

As mentioned above, the interactive part can be further decomposed. First, the
relations between row and column factors are analyzed. Aggregation over values of
the slice factor eliminates its impact and reduces the three-dimensional structure to
a system of K similar compositional tables, forming K slices of a cube. According
to Egozcue et al (2008), the interactive part of a table is extracted by a division of
its parts by the respective geometric marginals. These considerations result in the
compositional cube int™ (x) with cells

g(Xije)

_ 15
g(Xi..)g(X-jo) (1>

int™ (x);jx =

From (15) it follows that the int"(x) is actually formed by K equal slices (com-
positional tables). Moreover, the row and column geometric marginals (that means
compositional tables resulting from an aggregation of cube cells by geometric means
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across the respective direction) are uniform, which underlines the favorable structure
of the proposed decomposition. The system of marginals is completed in the direction
of slices, whose respective marginal table corresponds to (15). In order to extract the
pure interaction between row and slice factor, the effect of the column factor needs
to be filtered out using the geometric mean, and similarly as int™(x), the row-slice
interaction cube int™ (x) has parts

g(Xiok)

_ 16
g(Xioo)g(Xook) ( )

int"™(x);jx =

Similar to the case of int™(x), also this cube has uniform marginals. This property
holds for the row and slice directions and the marginal table computed across the
columns equal to (16). Finally, interactions between column and slice factors are
contained in the cube int® (x) with cells

g(Xojk)

TR 17
g(xojo)g(xook) (17)

int® (x) ijk =

Since this cube is formed by 7 identical rows, also row marginals equal to a table with
parts (17), however the column and slice marginals are again uniform, i.e., they are
composed by the same positive elements. All pairwise interaction cubes are orthogonal,
but since there was always one factor omitted from the consideration, the information
about the interactive part of the original cube is still not complete. The structure of a
compositional cube is completed by considering mutual interactions between all three
factors. This corresponds to the cube

int™ (x) = x™ © int™(x) © int™(x) © int*(x) (18)
with parts

int™s (X)ijk _ xijkg(xioo)g(xojo)g(Xook) ) (19)

8(Xije)g(Xe k)8 (Xiek)

Also this cube has an advantageous structure from the perspective of the marginal
tables, which are in this case uniform in all three directions. Note here that a similar
property holds also for the interactive part of a compositional table, where row and
column marginals are from their construction uniform. Such a decomposition of the
multi-factorial data can be very useful for an in-depth analysis of the data structure, as
demonstrated in Facevicova et al (2016, 2018); Facevicovd et al (2021) for composi-
tional tables. For instance, in the example from Sect. 2.1, the cube int™ (x) preserves
interactions between the gender of employees and the type of their contract. The infor-
mation on relations between these two factors is then completed by int"*(x), which
involves also the effect of age, which was suppressed in int™ (x). Moreover, from the
decomposition it follows that for those interactions, for which the respective cubes
in the interaction part are constructed, the respective marginals are uniform, i.e., the
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information is fully captured by these cubes and does not propagate further. Conse-
quently, vector (one-factorial) geometric marginals occur in the decomposition indeed
only in the independent part, as expected, and more-dimensional nontrivial marginals
(here in form of compositional tables) are left for bifactorial interaction cubes.

On the other hand, if each part of the decomposition is considered separately, two
challenges need to be taken into account. At first, the dimensionality of the original
cube sample space is decomposed as well. More specifically, the overall dimensionality
IJK — 1 turns to I + J + K — 3 for the independence cube xd (-1 =1)
for cube int™(x) (and similarly for the remaining cubes related to paired interactions)
and, finally, the dimensionality of the sample space of cube int™*(x) is (I — 1)(J —
1)(K — 1). The altered dimensionality, corresponding to each of the cubes from the
decomposition, can cause computational problems when an arbitrary ilr coordinate
system (primarily designed for vector compositional data) is used for the representation
of independence and interaction cubes. For example, this can be the case for robust
statistical analysis (de Sousa et al 2021), but also in general it is desirable to assign
to each of the cubes from the decomposition such a number of coordinates (out of
the total number /J K — 1 of them) that reflects their respective dimensionality. The
second problem concerns the interpretation of the results. Even though it is usually
possible to convert the results back to the simplex, it is convenient to proceed with
the analysis in some well-interpretable coordinates. Obviously, balances, defined as a
log-ratio between two groups of parts, are not able to capture the multi-factorial nature
of the compositional cubes. Although they can help to describe the relative structure
of each factor separately, for a description of interactions we need to construct some
alternative coordinate system. The construction of such orthonormal coordinates is
presented in the following section.

2.3 Coordinate representation of compositional cubes

In this section we will focus on a possible coordinate representation of three-factorial
compositional data, compositional cubes, which simplifies substantially the construc-
tion of ilr coordinates for compositional tables proposed in Facevicova et al (2018).
A deeper understanding of the structure of this coordinate representation allows its
generalization and application to compositional data describing relationships given by
more than three factors. In order to keep the construction as simple as possible, we
consider a vectorized version of the cube

VEC(X) = (X1115 X112 « -« s X1TK s X2015 -« s X2JK s v os XI115 - X17k) « (20)

As it was already suggested, balances can help to describe the relative structure
within each factor. For this purpose, the whole rows, columns and slices (each rep-
resented by the geometric mean across all levels of the remaining factors) should be
taken. After I — 1 steps of the sequential binary partition applied on the levels of the
row factor (SBPr), a system of I — 1 vectors &; (of length /J K) is obtained. The i-th

generating vector has entries &/, = /m at positions corresponding to parts
from the s; rows of the cube x, which were in the respective step assigned to the +
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group, and §;_ = — /m at positions corresponding to parts from the #; rows
assigned to the — group, and zero elsewhere. The first group of coordinates is thus
simply formed by row balances, which characterize the structure of the row factor
when the influence of the other factors is suppressed,

1/s;
SitiJK [g(xiloo) te g(xisi 00)]
z; = —I—t In i for i=1,2,....,1—1. (21
S i i
! ! I:g(xiioo) e g(xit/ioo)]
An example can be seen in Sect. 3.1, where this first set of coordinates results in
balance between male and female employees, regardless of their age or type of the
contract. A similar construction can be made for column and slice factors. In the first
case, a sequential binary partition of the whole columns (SBPc) results in a system

— ¢ wi i c _ /Y o ge __ )Y
of J — 1 vectors ’g‘j with entries $j+ = /uj(uj+vj)[](, $j_ = /v,-(uj+vj)ll< and 0,

always corresponding to parts of u ; columns from the + group, v; columns from the
— group, and columns not included to the respective step of SBPc. The inner structure
of the column factor is preserved through column balances

1/uj
¢ _ [ujv;IK [g(x'ﬁ')"'g(x'ﬁv°)] .
7% = In -, for j=1,2,...,J—1,22)
J uj+vj 1/vj
[g(X.j{.) - ~g(X.j,;j.)]
which form the second group in the coordinate system representing the whole com-

positional cube x as well as its independent part x4, The third group describes the
structure of the slice factor. A sequential binary partition of the whole slices (SBPs)

now determines the final system of K — 1 vectors &} with entries & L=/ m ,

&_=—./ nk(mkmw and 0, corresponding to my slices from group +, ny slices from
group —, and the remaining slices not included in the k-th step, respectively; the slice

balances are
entr) 8 Cant)]
1J [g Xeoki )+ 8 Xeok,, ]
g = | T gy S for k=1,2,..., K —1. (23)
my + nk 1/ni
I:g(xook/l) te g(xook;lk )]

Note here that the row, column and slice balances form a complete coordinate
representation of x'"4, since their number equals the dimensionality of the indepen-
dence table. All the remaining (I — 1)(J — 1)(K — 1) coordinates, completing the
orthonormal coordinate system of xind (e.g. those given by Egs. (24)—(27)), are zero.

When row, column and slice SBPs are defined, we can immediately construct the
remaining elements of the coordinate system of the cube x, which also correspond to
coordinates of x™. For this purpose the normalized Hadamard (entry wise) product

(o) of the vectors &;, &5 and &; and Eq. (3) is used. The vectors &;; = &; o &9,
i=1,....,1—1,j=1,...,J — 1determine (I — 1)(J — 1) coordinates of type
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o = | Aij || Dij | n 8(x4,;)8(Xp;;) 24)
| Aij | +1Bij | +1Cij | +1Dij | g(xp,;)gXc;)’
fori =1,2,...,I—1landj =1,2,..., J—1,capturing the interactions between row

and column factors, which through the geometric mean suppress the influence of the
slice factor. Obviously, these coordinates are formed by four groups of parts (denoted
as A, B, C, D and represented by their respective geometric means), and they can be
interpreted in terms of a log-odds ratio, which is also used in a standard statistical
analysis of two-factorial data (Agresti 2002). This system of coordinates, composed
into the (/J K — 1)-component vector z© with zfj on the positions (I — 1)(J — 1)
corresponding to int™(x) and zeros elsewhere, thus allows for the analysis of the
relations exclusively between row and column factors.

The Hadamard product &/ of " and &/,i =1,..., I —1,k=1,..., K —1,leads
to coordinates

Al |l D), g(x4r )g(Xpr )

Zfi _ - | ik || | ln ik ik , (25)
|Ak|+|Bk|+|ck|+|D | e(xp)e(xcr)

fori =1,2,...,I—landk =1, 2,..., K — 1, which capture the information about

the relations between row and slice factors, when the influence of the column factor
is suppressed. Similar to the case of z', also coordinates contained in the respective
vector z™ can be interpreted in terms of a log-odds ratio and are utilized, when the
relationship between row and slice factors is of primary interest.

Finally, the Hadamardproducts of&j and&},j=1,...,J—-Lk=1,...,K—1
lead to vectors ’g‘ - and coordinates

| A% D | 8(Xar)8(Xpy,)
= n
kT A I+ BRI+ 1 CR I+ 1Dy | g(Xpy)g(Xer)

CS

; (26)

forj =1,2,...,J —1landk =1,2,..., K — 1. The system of these coordinates
¢S completes the odds ratio-type coordinates with those concerning relations between
column and slice factors.

To complete the original data structure, also full interactions between all three
factors need to be contained in the coordinate system. The remaining (I — 1)(J —
1)(K — 1) coordinates are determined by the Hadamard product of all three types of
Vectors,‘.;'f.,g‘j" and&p,i=1,....,I—-1,j=1,...,J—1Lk=1,...,K—1,and
have the general form

Jres 8(Xay )8 (Xpy )8 (X )8 (Xgy )
le Ql]k (X m ) (X " ) (X " ) (X " ) ’ (27)
g Bijk g Cijk g Eijk g Hijk
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fori=1,2,...,1—1,j=1,2,...,J —1l,andk=1,2,..., K — 1, where

" "
ot~ | AV 1 H |
gk = " " " 11 /" " " "o
P A L+ B 1A TG T H I Dy L T E 1 T Fp L 1 G T+ T H |

(28)

is a constant ensuring orthonormality of the coordinates. Even though the interpreta-
tion of this last group of coordinates may be a bit tricky (one possible interpretation
is in terms of a log-ratio of two odds ratios), their definition is necessary to complete
the system of /JK — 1 orthonormal coordinates of the original table x. Moreover,
when a sample of compositional cubes is available, these coordinates can be used for
instance to test for the presence of full interactions.

For an easier understanding of the coordinate structure, especially the assignment
of parts into groups, Fig. 2 provides a graphical representation of each type of pro-
posed coordinates. Moreover, the specific system of generating vectors, respective
coordinates, and their interpretation is given in Sect. 3.1.

Besides the benefits of the proposed coordinate system in terms of interpretation, it
is important to point out that the coordinates reflect the dimensionality of the sample
space of the decomposed parts to which they are assigned, and thus allow to ana-
lyze these parts separately. Of course, each decomposed part is still a cube of the
same dimension as the original one (with I rows, J columns and K slices) and its
coordinate representation must contain /J K — 1 components, but the structure of
the vector of coordinates follows the one introduced for z'¢ of the interaction cube
int™(x). More specifically, e.g. the cube int™(x) is represented in the proposed sys-
tem with coordinates zfj and the remaining coordinates defined in this section equal
zero. Accordingly, with respect to the decomposition described in Sect. 2.2, for the
coordinate representation z of the original compositional cube the following relation
holds,

7 = ZI‘ + ZC + ZS + Zrc + Zl‘S + ZCS + ZI‘CS. (29)

Even though the interpretation of the coordinate system is determined by the initial

SBPs, any other relationship within the compositional cube is reachable through a

transformation matrix T, whose rows are formed by coefficients of the respective log-

arithmized parts of vec(x) in the desirable log-ratios. According to (4), the vectorized

form of a compositional cube vec(x) is equal (after closure) to exp(V’z). Therefore, a
system of log-contrasts representing a given compositional cube equals

z¥ =TV'z. (30)

An example of such a transformation for the coordinates constructed in Sect. 3 is
provided in Appendix.

2.4 General properties of multi-factorial compositional data

The findings from Sects. 2.2 and 2.3 can be directly extended to a general k-factorial
case. k-factorial compositional data are formed by a k-dimensional array of positive

@ Springer



968 K. Facevicova et al.

Fig.2 Graphical representation of groups of parts involved in each type of coordinates forming the whole
coordinate system designed for compositional cubes

entries, representing a relative structure given by the levels of k constituting factors.
Also such a complex structure contains its independent and interactive parts, where
the independent part is equal to the product of (vector) geometrical marginals. The
sources of interactions are given by the relations between pairs, triplets, quaternions,
etc. of constituting factors, and therefore the interactive part can be further orthogonally
decomposed to objects carrying information about each of these sources. The main
principle is based on aggregation over the redundant dimensions and expression of
interactions within the resultant object. In the case of compositional cubes we have seen
that pairwise interactions actually correspond to the interactive part of a compositional
table formed by geometric means computed across the levels of the third factor, see
e.g. Eq. (15). Similarly, in the case of a four-factorial compositional object, all sources
of interactions between a selected triplet of factors can be reached by a decomposition
of a cube given by an aggregation over the remaining fourth dimension. When we vary
over the fourth dimension, all pairwise and three-way interactions are extracted and,
finally, by subtraction of all these parts together with the independent one, the object
preserving the full interactions is reached (similar as in the Eq. (18)).
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Section 2.3 shows that the whole coordinate representation of a compositional cube
is determined by three systems of SBPs, separately given for the levels of row, col-
umn and slice factors. Similarly, also k-factorial compositions can be represented in
orthonormal coordinates. Balances between levels of the individual factors charac-
terize the independent part of the object. Log-contrasts obtained from the Hadamard
product of pairs, triplets, etc. of SBP basis vectors & and Eq. (3) then represent the
respective sources of interactions.

3 Example: employment structure—continuation

Let us go back to the employment structure data set introduced in Sect. 2.1. According
to the proposed methodology, each cube from the sample can be represented by a
system of coordinates (Sects. 3.1 and 3.2), which allows for a deeper analysis of the
structural patterns (Sect. 3.3).

3.1 Coordinate representation
Following Section 2, the row, column and slice SBPs need to be determined prior to

the construction of coordinates. For the factors “type of contract” and “gender”, only
their two levels need to be separated. Consequently, the first two generating vectors

arc
T 1 /
£ = E(l’l’1’1’1’1’_1’_1’_1’_1’_1’_1)

/1
5(1:: E(l’ 1’ 17_15_13 _13 19 1’ 1’_15_1’_1)/’

where the components of these vectors correspond to the cells of the vectorized form
of the cube,

and

/
vec(X) = (X111, X112, X113, X121, X122, X123, X211, X212, X213, X221, X222, X223) .

There are more options for the slice SBP, where the analyst can decide which age
group has to be separated first. Here, the youngest group was firstly separated from
the remaining two groups and, in the next step, the middle-aged group (25-54 years)
from the oldest. The other options, starting with the separation of the middle-aged
or the oldest group, respectively, would lead to similar results (in terms of presence
of interaction between factors), but they would slightly alter the interpretation. In the
presented case, the generating vectors are

1
& = \/;(1, -0.5,-0.5,1,-0.5, -0.5, 1, —0.5, 0.5, 1, —0.5, —0.5)’
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1
g; = \/;(O’ 15 _1’05 1’ _1; Oa 17 _1905 1’ _1)/

Following the construction from Sect. 2, the Hadamard product of the above derived
generating vectors leads (after their normalization) to the remaining system of vectors.
Particularly,

11_,/ S(L 1L, 1, =1, —1,=1,1,1,1) &} 0 &S,

11_\/7(1 —-0.5,-0.5,1,-0.5,-0.5, -1,0.5,0.5, —1,0.5,0.5)" o &} o &,

and

12_\f(o 1, —1,0,—1,1,0,—1, 1) o &' 0 &3,
£S3 = f(l ~1,0.5,0.5,1,-0.5, =0.5, —1,0.5,0.5)" o< £ o &},
12_\/7(01 ~1,1,0,1,—1,0, =1, 1) o & 0 &5,

res \/;(1,—0.5,—0.5, ~1,0.5,0.5,—1,0.5,0.5,1,—0.5,—0.5)" o< £ 0 £$ 0 &3,

1
2 = \/g(o’ 1,-1,0,—1,1,0,=1,1,0, 1, =1)" oc &} 0 &7 0 &3. (31)

Finally, according to Eq. (3), these vectors lead to a system of 11 orthonormal
coordinates:

8(X1a0) s _ \/Z 8(X101)v/8(%262)8(X203)
\/_ln g(X2ee) 1 =3 In g(X241)v/8(X142) g (X143)
8(Xels) /17, 8(X162)8(X2e3)
«/_ln g(Xa2e) Z€S2 V2 In 8(x262)g(X143)
_ 8(Xee)  cs _ \/Z 8(Xe11)v/8(X%e22)8(%e23)
Zl - fl V8(Xee2) 8 (Xee3) = In 8(Xe21)v/8(Xe12)8 (Xo13)
3 = V2In {55 =11 Sty
7" fln 8(X11e)8(Xa2e)  res /1 g, X111X221/X122X123/ X212X213
11 - g(x120)g(x210)  “111 7 V 6 7 xp1x121/X112X113/X222223
Zes — 1 ]n X112X222X123X213
112 8 T X122X212X113%223

A graphical representation of these coordinates is provided in Fig. 3.

3.2 Interpretation
The interpretation of the coordinates can be discussed on the example of the data

from the Czech Republic, see Table 1. The set of row, column and slice balances (as
a subvector of z) corresponds to
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Fig. 3 Graphical representation of the groups of parts involved in particular coordinates. Yellow parts
constitute the numerator, green the denominator and white parts are not included in the respective log-ratio.
(Color figure online)

(24,25, 23, 25) = (0.304,4.672, —2.487,1.097) .

These numbers are interpretable, as usual for balances, in terms of a dominance of
either the group of cells in the numerator (positive value) or denominator (negative
value) of the respective log-ratio. Accordingly, in the Czech Republic the proportion of
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female employees slightly dominates over the proportion of males (z/), and full-time
contracts clearly dominate over part-time contracts (z{). The slice balances contain
information about the age structure of the employees. Due to the high negative value
of coordinate z} it can be concluded that the youngest employees are outbalanced by
those from the middle age and older groups; within these latter groups, employees aged
between 25 and 54 years prevail (coordinate z3). More specifically, the ratio between
female and male employees is 1.19 (without the normalizing constant and logarithm),
full-time contracts prevail the part-time almost by a factor of fifteen, the group of 25
+ employees is about 4.6 times bigger than the group of youngest ones and, finally,
there are about twice more employees aged between 25 and 54 than the oldest ones
(55 +). Another possible interpretation is in terms of an average log-ratio between
the given groups of employees across all combinations of the remaining factors. E.g.,
if the coordinate zj is divided by its normalizing constant V3, it turns out that the
average log-ratio between female and male employees across all combinations of age
groups and types of contract is 0.176. An important source of information are odds
ratio coordinates, which for the Czech Republic result in

(21, 25, 205, 253, 255) = (—0.965, —0.249, 0.391, —0.528, 1.128).

Coordinate 7} compares the type of contract of male and female employees, and the
negative value indicates that the proportion of males with full-time contract, com-
pared to those employed on part-time, is higher than the same proportion of females
or, alternatively, that the proportion of females is higher within employees with a
part-time contract than within those with a full-time contract. The raw odds ratio
between these four groups (formed by the geometric mean across all age groups)
equals 0.33 (exp(—0.965./4/3)) and the mean log-odds ratio across the age groups is
—1.12 (—0.965./4/3). Coordinates z}} and z}%, compare the age structure of male and
female employees and complete the information carried by the balances z|, z}, 25.
The coordinate z| reveals that the youngest group (15-24) is dominated by older
employees—the coordinate z}’, adds that this dominance tends to be slightly higher
for male employees. On the other hand, the value of the coordinate z}’, indicates that
the dominance of the age group 25-54 over 55 + tends to be higher for females. Also
the coordinates 77} and z{5 can be interpreted in the sense of odds ratios, by comparing
the proportion between full- and part-time contracts in several age groups. The last
group of coordinates is formed by 2|, and zS,, for the Czech Republic with val-
ues 0.124 and —0.310, respectively. These coordinates inform about mutual relations
between all three factors and their interpretation becomes a bit tricky. Despite of this
complexity (comparable to the complexity of double interaction terms in regression
models), the interpretation in the sense of a double odds ratio is still possible. For
instance, it was already derived that females are employed more often part-time than
males; due to a positive value of z|7 it can be concluded that this relation differs
according to the age of employees, specifically it becomes less visible in the youngest
group. The proposed system of orthonormal coordinates is appropriate for the further
statistical analysis of the relations within each cube. For a more detailed interpreta-
tion, the function cubeCoordwWrapper of the R package robCompositions
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z17r z1”c z17s z2/\s z11%rc z117rs z12Nrs z11/cs z12~cs  z111%rcs  z1127rcs

Fig.4 Boxplots of the coordinates describing the employment structure

Table 2 List of sample means, standard deviations, and 95% bootstrap confidence intervals for the mean
of the coordinates describing the employment structure

Mean SD CI Mean SD CI
7 0.171 0.322 (0.064, 0.271) 0 —0.182 0.164  (—0.235,—0.124)
z§ 3.246 1.289 (2.849, 3.697) 5 0.230 0.217 (0.158, 0.307)
73 —2.102  0.638 (—2.323, — 1.903) 4t — 0.591 0.490 (- 0.752, — 0.426)
&) 1.666 0.411 (1.538, 1.809) 755 0.631 0.286 (0.537,0.724)
71 —0.812  0.333 (= 0.919, — 0.701) 2% 0.179 0.222 (0.108, 0.255)
25 —0.134  0.135 (—0.182, — 0.087)

also allows to compute all coordinates without the normalizing constant and therefore
to easier quantify the respective relations.

3.3 Statistical analysis

Since a sample of 32 compositional cubes is available, this sample can be investigated
in the light of the relative structure. Due to the geographical and economical proximity
of some countries, the assumption of independence of the observations seems not to
be sufficiently met in this case, and even though the proposed coordinate system is
in general designed to allow for any statistical processing, this prevents from using
standard inference here. First of all, the behavior of the coordinates in the sample can
be described using boxplots, see Fig. 4, and 95% bootstrap confidence intervals for
the means (both computed by cubeCoordWrapper), which are collected together
with the sample mean values and standard deviations in Table 2.

The scale of the different coordinates presented as boxplots in Fig. 4 is comparable
since it always refers to the log-ratios of the employment data. It is obvious that the
countries in the sample differ mainly in the coordinate z{, comparing the proportional-
ity of full-time and part-time contracts. Larger differences are also visible in coordinate
z}, where negative values for all countries are obtained, and thus employees older than
25 years dominate. According to the bootstrap confidence intervals shown in Table 2,
the effects of the different factors and factor combinations represented by the coor-
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21 shoa balance
— | —
- & 2

Fig.5 Values of the coordinate zf representing the log-ratio between full-time and part-time contracts (left)
and the coordinate zi, which represents the log-ratio between the youngest group of employees and the rest
(right)

dinates are all significant. Thus, not only the previously mentioned simple balances
between the factor levels but also interactions between factors strongly influence the
overall employment structure.

Besides these general statements, the coordinate representation also allows for a
graphical visualization of the regional patterns. For example, the values of the most
variable coordinates z{ and zj are shown in Fig. 5. From the left map it is clearly
visible that high values of coordinate z{, and therefore a big dominance of the full-
time contracts, are typical for countries which used to be under the influence of the
former Soviet Union. On the other hand, the highest negative values of the coordinate
z}, and therefore the biggest prevalence of the older group of employees (25 +), are
typical for the southern countries like Italy, Greece or Spain.

Even though the simple balances z{ and z} already carry an important piece of infor-
mation about the employment structure, they suppress the influence of the remaining
factors, as described in Sect. 2.3. The possible deviations from the independence
between factors are preserved in the coordinates z|5—z],, and the main sources of
variability in this regard can be found e.g. by using principal component analysis
(PCA) applied on this set of coordinates. Moreover, since the proposed coordinate
system respects the dimensionality of the interactive part of the cube, also a robust
version of PCA, based on the minimum covariance determinant (MCD) estimates of
location and covariance, can be used. This idea was intensively described for the case
of compositional tables in de Sousa et al (2021). Note that even though the data can
suffer from the presence of a spatial dependence, here classical PCA was used to reveal
the main sources of variability. The geographical aspect will be of interest in the later
part of the analysis, which is devoted to clustering. The biplot based on the first two
robust principal components is shown in Fig. 6. According to this result, we can say
that the main sources of differences between the countries in the sample, in terms of
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deviations from independence, are the coordinates 2| and z{}. The left map in Fig.
7 visualizes the values of the coordinate z| . This coordinate is negative for every
country in the sample, and therefore the FT/PT ratio is always higher within male
employees compared to females. The biggest differences appear in the Netherlands,
Belgium, Germany, Austria and Italy; this can be caused e.g. by the popularity of
part-time contracts for female employees. On the contrary, in the countries from the
eastern part of Europe, where part-time contracts are not very popular in general (see
Fig. 5), the difference is less visible. The right map in Fig. 7 shows values of coordinate
z{]- Also this coordinate is mostly negative, the FT/PT ratio is therefore higher for
the older group of employees (25 +). Or, conversely, we can say, that the part-time
contracts are mostly popular in the age group 15-24. This difference is mostly visible
for Denmark and the Scandinavian countries, followed by the Netherlands, Spain and
Slovenia. In the remaining countries, the effect of age on the FT/PT ratio is rather
negligible.

Robust PCA generates some clusters of countries with similar characteristics in
terms of deviations from the independence of the factors. For example, Finland, Swe-
den, Norway and Denmark have high values on the first component, Romania, Croatia,
Bulgaria and Macedonia have high values on the second principal component. A nat-
ural question is, whether it is possible to obtain geographically compact clusters of
countries with similar employment structure and what are the main features defin-
ing these clusters. For this purpose, a clustering method based on two dissimilarity
matrices was used Chavent et al (2018). In this method, the first matrix measures the
dissimilarity between the numerical variables, in our case the coordinates z|-z|7,,
and the second provides information about neighboring countries. The result is shown
in Fig. 8. The first cluster is formed by the Scandinavian countries and Slovenia, with

high negative values for z{} and very low, (almost zero) values for coordinate z|.
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Fig.7 Values of the coordinate zrlcl , comparing the FT/PT ratio between female and male employees (left),
and the coordinate z?l , which compares the same ratio but between the youngest group of employees and
the rest (right)

This shows that these countries are characterized by a high popularity of part-time
contracts within the youngest group of employees (see the right map on the Fig. 7 for
comparison), which moreover holds despite their gender. The second cluster includes
countries from Western and Southern Europe, such as Austria, Germany, France, Italy
and Spain, with high popularity of part-time contracts for female employees. This
property is represented with high negative values of coordinate z| and is clearly
visible in Fig. 7. Finally, the Baltic countries and Russia form another compact clus-
ter. They are characterized by a low difference in the ratio between female and male
employees within the middle age (25-54) and the oldest (55 +) group (z7’ close to
zero) and also by a small difference in the same ratio within the employees for full-time
and part-time contracts (z}] close to zero).

4 Example: mobility data

In the second example, the interest is in the change of the mobility behavior of people
in Austria within the time period February 3rd until August 2nd, 2020, thus during the
first period of the COVID’19 pandemic. Mobility is measured through the radius of
gyration (ROG), a time-weighted distance of the daily movement locations of mobile
phones to the main location of the phone owner, see Heiler et al (2020a, b) for details.
The phone owners are classified with respect to gender and five age groups (15—
29, 3044, 45-59, 60-74, 75 +). The mobility of each group is represented by the
respective median value of ROG. This dataset was already analyzed in Heiler et al
(2020a), where the relative differences in the mobility between the age groups were
studied through the clr coefficients. This compositional analysis showed an interesting
change in the behavior of the youngest (15-24) and oldest (75 +) part of the population
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Fig. 8 Result of spatial clustering based on coordinates z}7 2|7, representing the interactive part of com-

positional cubes

during the lockdown period from March 16th to April 6th, 2020 (weeks 12, 13 and
14). The current results are based on the separate analysis of males and females, when
a more complex insight can be reached by a simultaneous study of the age and gender
structure. Moreover, when the daily records are aggregated according to the part of
the week, the relative differences in mobility over weekdays and weekends can be
taken into account. The data at hand can therefore be understood as time series of
26 compositional cubes, each representing the relative mobility structure within one
week from weeks 6-31 of 2020. The row levels are formed by gender (F—female,
M-—male), the columns by the parts of the week (WD—weekdays, WE—weekend),
and the slices represent the different age groups.

Prior to the main part of the analysis, the SBP of the slice factor needs to be defined.
With respect to the findings in Heiler et al (2020a), a separation of the economically
active (15-59) and non-active (60 +) population seems to be advisable in the first step.
The results of the simple clr-based analysis of Heiler et al (2020a) help to define also the
remaining steps of the SBP: In the second step, the youngest group is separated from
those aged between 25 and 59, and the third step focuses on the relative dominance of
group 30—44 over 45-59. Finally, the relative dominance of mobility within the age
group 75 + over 60-74 is highlighted by the last step of the slice SBP.

Based on this coordinate representation, some interesting patterns and their sources
can be revealed by PCA. As the main aim of the analysis is to illustrate the principles of
working with multi-factorial compositional data, the classical approach was applied
here. Note, however, that considering the time dependent nature of the data would
lead to more accurate results. Figure 9 shows biplots based on the first four principal
components, describing 98% of the whole variability.

In order to show the whole structure of the PCA results, the loadings of all PCs are
collected in Fig. 10. However, the vast majority of the variability (98%) is explained
by the first four principal components, whose values are always mainly driven by a
single coordinate:
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Fig. 9 Biplots based on the first four principal components computed for the mobility data. The numbers
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Fig. 10 Loadings of the principal components computed for the mobility data
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Fig. 11 Selected balances (without the normalizing constant) computed for the mobility data and their
development over time. The red dashed lines define the first lockdown period in Austria

e PC1—z{, log-ratio between weekdays and weekend mobility, aggregated over all
gender and age groups,

e PC2—zj, log-ratio between mobility of economically active and non-active pop-
ulation, aggregated over all other categories,

e PC3—z3, log-ratio between mobility of age groups 15-29 and 30-59, aggregated
over all other categories,

e PC4—z{], log-odds-ratio comparing economically active and non-active mobility
ratio over weekdays and weekends, aggregated over gender.

The main source of variability is given by the ratio between weekdays and weekend
mobility (z{). As it is visible in Fig. 11, this log-ratio was varying over the whole
studied period but it was also atypically high during weeks 11 and 12 preceding the
lockdown period. This gives an evidence on a decrease of the weekend mobility.
The second principal component helps to detect typical characteristics for the weeks
during and immediately after lockdown (weeks 12—17). When the relative mobility
of the economically active population, quantified by z}, was among the lowest during
lockdown, mobility of the oldest group 75 + was nearly comparable to the mobility of
the population aged between 60 and 74 (coordinate z; ). Moreover, based on coordinate
z{], Fig. 12 shows a remarkable difference in the economically active and non-active
population mobility ratio during weekdays and weekends, when the former tends to
be higher during lockdown. The weeks from the end of the observed period (weeks
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Fig. 12 Selected odds-ratio coordinates (without the normalizing constant) computed for the mobility data
and their development over time. The red dashed lines define the first lockdown period in Austria

24-31) are nicely separated by the third principal component. The relative mobility
of the youngest group 15-29 is among the lowest in comparison to the mobility of
group 30-59 (z3). Moreover, quite stable and high values of coordinate z}}, comparing
the ratio between the economically active and non-active population for females and
males, are typical for this period. Finally, PC4 characterizes the behavior during the
weeks 16-22 immediately following the lockdown, with the only exception of week
20. According to the respective loadings, the exclusion of weeks 16-22 is not only
driven by relatively low values of z{}, but also by a mixture of other phenomenons.
For these weeks we observe a high relative dominance of mobility of group 15-29 over
the mobility of those aged between 30 and 59 (z3), and a high relative dominance of
the mobility of group 3044 over group 45-59 (z3).

5 Conclusions

It has been demonstrated that the concepts developed for two-factorial compositional
data can be extended to compositional cubes, and even to the general k-factorial case.
The fundamental idea is to investigate the relative data structure in terms of log-ratios
between different factors and factor levels. One advantage of such an approach is scale
invariance, which is particularly useful when the reported values of the observations are
not comparable (in our example caused by different population sizes of the countries)
or if the relative structure is of main interest.

It has been shown that each compositional cube can be decomposed into its inde-
pendent and interactive parts. Furthermore, the interactive part can be decomposed
into cubes representing the pairwise factor interactions and the interaction between
all three factors. It turned out that the components of the interactive part have an
advantageous property of uniform marginals and, moreover, that the principle of the
decomposition can be directly extended to the general case of k-factorial composi-
tions. Since the commonly used systems of orthonormal coordinates are not able to
sufficiently describe the multi-factorial nature of cubes and respect the possibility of its
decomposition, an alternative system has been proposed. Moreover, this system can be
constructed in a flexible manner, basically according to the needs or expert knowledge
of the analyst: There might be a certain hypothesis on the relations between factors
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and/or factor levels, and based on the principle of sequential binary partitions (SBPs),
these combinations can be reflected by the constructed coordinates. Even though the
proposed coordinate representation allows to describe the overall relations between
factors, similar as in the case of the well developed theory for the analysis of vector
compositional data, it is also possible to use them for further analysis with standard
statistical methods, or to perform statistical inference with the coordinates, for exam-
ple, by constructing bootstrap confidence intervals for the mean, in order to determine
if the effect conveyed by the coordinate is significant. A proper coordinate representa-
tion of the multi-factorial compositional data can therefore be understood as a first step
in the analysis, possibly followed by other advanced statistical methods. For example,
regression methods with compositional regressors with or without the total (Coenders
et al 2017), or any other proper methods of one-factorial (vector) compositional data
analysis (Pawlowsky-Glahn et al 2015) can be used (after its possible adaptation to
the more complex structure of coordinates).

The idea of modeling interactions between factors using the normalized Hadamard
product of vectors, derived from SBPs at the single factor level, works equivalently for
a higher number of factors. Therefore, the approach presented here for compositional
cubes can be extended in a straightforward manner to higher-order arrays.
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Appendix

The SBPs defined in Sect. 3.1, lead to the following contrast matrix,
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The rows of the matrix correspond to coordinates z specified in Sect. 3.1, and they
are ordered in the following way,

_ (.r ¢ .S .S _rc _rs _rs _cs _cs _rcs _rcs )/
Z—(Zl,Zl,Z1,ZQ,Z]lyZ]1,112,111,212,2111,2112)

The columns correspond to parts of In [vec(x)]. Vector vec(x), the vectorized form of
the compositional cube, consists of parts

/
vec(X) = (X111, X112, X113, X121, X122, X123, X211, X212, X213, X221, X222, X223) .

An alternative partition can be defined for the slice factor—the age of the employees.
If the relative dominance of the oldest group over the remaining two is of interest, one
can separate this group from the rest first, when defining the slice SBP. The second
step can then separate the middle-aged group (25-54 years) from the youngest, which
leads to the coordinate quantifying the relative dominance of employees aged between
25 and 54 years over those younger than 25. This strategy would alter the structure of
the generating vectors, which now result in

1
1= \/;(—0.5, -0.5,1,-0.5,-0.5,1,-0.5, -0.5, 1, —0.5, —0.5, 1)’

and

S =,=(-1,1,0,—-1,1,0,—1,1,0,—1,1,0) .

The generating vectors which are not related to the values of the slice factor remain
the same as in Sect. 3.1. More specifically,

rl* — gli, Cxk gC ICkx __ @IC

1 —S1» S1 —S1-
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All the remaining vectors change as follows:
£ = \/g(—o.s, -0.5,1,-0.5, —0.5,—1,0.5,0.5, —1,0.5,0.5,— 1) o &}*0 &%,
£ = \/g(—l, 1,0,—1,1,0,1,-1,0,1, —1,0) o< &% 0 &5,
EY = \/g(—O.S, —0.5,1,0.5,0.5, -1, —0.5, —0.5,1,0.5, 0.5, —1)" oc £5* 0 &5*,
= @(—1, 1,0,1,—1,0,—1,1,0, 1, —1,0) o £* 0 &5,
= \/g(—o.s,—o.s, 1,0.5,0.5,—-1,0.5,0.5,—1,—0.5,—0.5,1) oc 7" 0 &{* 0 &,
&y = \/g(—l, 1,0,1,—1,0,1,—1,0, =1, 1,0) o & 0 £* o0 £5".

The new system of coordinates z* can be obtained through the Eq. (4), with the contrast
matrix
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or, alternativelly, as a rotation of vector z. According to (30) the rotation matrix equals
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10 0 00 0 0 O 0 0 0
01 0 00 0 0 0 0 0 0
1 3

00 -1-/30 0o 0o o 0o 0 0
00—/2 Yo o o o o o o0
00 0 01 0 0 0 0 0 0
v |00 0 00 _%_ﬁ 0 0 0 0
“Joo o o0-J3 L 0o o o o

1 3
00 0 00 0 0o -5-/T 0o o

3 1
00 0 00 o0 o0-/3 L 0o o
1 3
00 0 00 0 0o 0o o0 -}-/3
00 0 00 0 0 0 0-/3 %

In both situations, the coordinate system z*, highlighting the relative dominance of
the oldest group of employees, is formed by the following eleven coordinates:

I 8(X1ee) IS [ 8(X143)v/8(X201) & (X242)
=3I £ Gr = 2(%203) Vg (X1aD)g (X102)
cx __ g(Xele) rs* 17, 8(X1e2)g(X2e1)
=3I {5 2 =2 I )

25 = f —8(ee3)  osx _ [ g(Xe13)v/8(Xe21)8(Xe22)
1 g(Xool)g(XQOZ) 11 g(X023)\/g(Xoll)g(Xo]2)
sk _ g(Xee2) Ccsk 11, 8(Xe12)8(Xe21)

Z2 \/_ln (Xocl) le - 1 g(X.u)g(onz)

= N e x20)g(x2e)  Cl11 = X123X213/X111X1124/X221X222

LIk X112X200X121X211
112 X122X212X111%221

res f 8(X116)8(X228)  _resk \/Iln X113X2234/X121X1224/X211X212
- 6
1
8
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Abstract

Correspondence analysis (CA), a well-known method for analyzing the
relationships between rows and columns of a table, has been reformulated to
link to the logratio methodology of compositional data by using the limiting
case of the power transformation. The resulting methodology investigates
relative rather than absolute information, and it is invariant with respect to
rescaling rows or columns. The latter properties also hold for the analysis of
compositional tables, where the table is first decomposed into an indepen-
dent and an interaction part. It is shown that the analysis of the interaction
part is equivalent to CA, but in addition, the variance contributions can be
determined. Both concepts also allow for an inclusion of weights to sup-
press undesirable variance, and it is shown that the equivalence between
weighted CA and the analysis of weighted compositional tables again holds.
This equivalence allows us to make use of the mathematical framework of
weighted compositional tables, the so-called Bayes spaces, to get a deeper
understanding of CA and to construct extensions to multi-factorial tables

(cubes, etc.).
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ABSTRACT

Correspondence analysis (CA), a well-known method for analyzing the relationships between rows and columns of a table, has

been reformulated to link to the logratio methodology of compositional data by using the limiting case of the power transformation.
The resulting methodology investigates relative rather than absolute information, and it is invariant with respect to rescaling rows

or columns. The latter properties also hold for the analysis of compositional tables, where the table is first decomposed into an
independent and an interaction part. It is shown that the analysis of the interaction part is equivalent to CA, but in addition, the

variance contributions can be determined. Both concepts also allow for an inclusion of weights to suppress undesirable variance,
and it is shown that the equivalence between weighted CA and the analysis of weighted compositional tables again holds. This

equivalence allows us to make use of the mathematical framework of weighted compositional tables, the so-called Bayes spaces,
to get a deeper understanding of CA and to construct extensions to multi-factorial tables (cubes, etc.).

1 | Introduction

Correspondence analysis (CA) is a prominent method in
exploratory data analysis, with the aim to analyze the relation-
ships in a contingency table with either discrete-valued or con-
tinuous entries [1-3]. The main idea is to subtract the product
of row and column marginals from the proportional representa-
tion of the contingency table (referring to the “correspondence
matrix”), rescale it to the totals of the marginals, and proceed with
a singular value decomposition (SVD). This yields row and col-
umn information of the table, which can be visualized in order to
study their relationships.

An interesting case is studied in Greenacre [4], where in a first
step the elements of a / xJ contingency table X = (x;) are

transformed with the Box-Cox transformation [5] with power
parameter a,

[}

In X5, a=0.

(1/a)<x‘.’.—1>, a>0, W

If « approaches zero, CA is essentially (in the limiting case) based
on log-transformed data, and this provides the link to a compo-
sitional data analysis of the table [4]. Generally speaking, com-
positional data are understood as observations carrying relative
information [6], and also CA makes use of a decomposition of
a specific kind of relative information. If log-transformed data
are used, an SVD of row- and column-wise centered data allows
to construct the so-called compositional biplot [7], with the goal

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.

© 2025 The Author(s). Statistical Analysis and Data Mining published by Wiley Periodicals LLC.

Statistical Analysis and Data Mining: An ASA Data Science Journal, 2025; 18:70023

https://doi.org/10.1002/sam.70023

1of11



to visually study the relationships between rows and columns of
the table.

In the context of compositional data, row centering is presented
by the so-called centered logratio (clr) coefficients [6], defined for
the ith composition x;, that is, the ith row of a table X with entries
xij(i= 1,....7andj=1,...,J),as

@)

X; .
clr(x;) = In —% | ...,lnL .
7 7
\J/ Iy VITxy

With the clr coefficients, the compositional data are moved iso-
metrically from their original sample space, endowed with the
Aitchison geometry, to the real space (see, e.g., Pawlowsky-Glahn
et al. [8]), where indeed standard SVD after (column-)centering
results in a meaningful representation of loadings and scores in a
biplot. Since logarithms of ratios are involved, this kind of proce-
dure is generally known under the name logratio approach (see,
e.g., Pawlowsky-Glahn et al. [8], Greenacre [9], and Filzmoser
et al. [10]).

Recent developments in compositional data analysis, however,
enable to proceed further with this limiting case. In particular,
the concept of compositional tables opens up new possibilities
also for the analysis of relative information in contingency
tables [11-13]. As an example, a simple compositional table
could be the number of employed people in a region, where the
rows are determined by part-time and full-time employment,
and the columns by males and females. If one is interested in
comparing and analyzing different regions, relative rather than
absolute information needs to be considered, as the absolute
numbers would essentially be determined by the population size.

To make the link to the mentioned limiting case of correspon-
dence analysis as presented in Greenacre [4, 14], in this paper
only one table is considered, and the interest is again in identify-
ing relationships between rows and columns. More specifically,
the possibility of a decomposition into two tables, an indepen-
dent and an interaction part, will be utilized. The former assumes
independence of the row and column factors and consists of a
product of the respective marginals, and the latter contains the
information about their interaction and is numerically equal
to the matrix used in correspondence analysis. However, the
construction of the interaction table enables to completely filter
outin a geometrically meaningful way the independent part from
the original table, and thus provides direct pathways to analyzing
the remaining interactions. Besides the description of CA from
the perspective of compositional tables, the paper also introduces
anew mathematical framework for weighting parts of a composi-
tional table and, consequently, for weighted CA, and establishes a
solid foundation for an extension to the multi-factorial problem.

The structure of the paper is as follows. In the next section,
a key relationship between double-centered log-transformed
data and the interaction part of a compositional table (corre-
spondence table) is derived. In Section 3, we generalize the
findings to weighted versions of the methods and investigate
their equivalence. Section 4 shows that the important property of
distributional equivalence also holds for the logratio approach.

Numerical experiments which reveal the advantages of using
weights are presented in Section 5, and the final Section 6
concludes and provides an outlook to further extensions.

2 | Unweighted CA

This section recalls classical (unweighted) CA as well as logratio
analysis (LRA), performing CA on log-transformed data. More-
over, we present the concept of compositional tables and show
the link to LRA.

2.1 | Logratio Analysis (LRA)
Let the I x J contingency table X = (x;) be given, either in form
of counts or as continuous numbers, and let P = X/n,n = 3, i X
be the respective matrix of proportions. Classical CA is typically
based on an SVD of the residual matrix

S =D V2(P —rc')D; 2, 3)

where r=P1, and ¢ =P'l; are vectors of row and column
marginals of P, with 1, a vector of / values of 1, and D, = diag(r)
and D, = diag(c).

If the rows of the matrix X represent realizations of a J-part com-
positional vector, that is, a vector with positive values carrying
relative information [6], the unweighted LRA is given by an SVD
of the double-centered matrix L = (ln xij) [15]. Row-wise center-
ing of L can be understood as the clr transformation of the rows
of X [8], where the entries of clr(xi), i=1,...,1,aregiven as

J
~ 1 .
yij:lnxij—jzmxij, j=1,...,J.
Jj=1

After additional column centering we obtain the matrix S'R4
with entries

J T J
1 1 1
s%]iRA :lnx,-j— —Zlnxij— —Z lnxU— —Zlnxij
Jj:1 I 4 Jj:1

i=1

I J IJ
1 1 1
zlnxij - YZlnxij - 721nxij + EZZIHXU, 4)
i=1 j=1 i

i=1 j=1

which is subsequently decomposed with SVD. The matrix S'®4
has mathematically the same entries as the clr representation of
the so-called interaction table, which is introduced in the follow-
ing section.

2.2 | Compositional Tables

The two-factorial extension of the concept of compositional
data to compositional tables [11, 12] treats X = (xg) as one data
object, which follows the idea of CA. A convenient property of
the approach is that the table X can be orthogonally decomposed
into an independent and an interactive part with respect to the
Aitchison geometry [11]. This can be written as X = X @ X",
with @ standing for the entry-wise product, known in the
compositional context as the operation of perturbation.
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The independent table X' follows the situation of independence
between row and column factors, and its entries are given as the
product of the geometric marginals,

Thus, the geometric marginals replace the arithmetic marginals
r and c used in classical CA, see Equation (3). The geometric
marginals have an important property: they are orthogonal pro-
jections of the compositional table on the information contained
in its rows and columns, see Genest et al. [16] for more details.
Note that in case of truly independent row and column factors,
both the arithmetic and geometric marginals are equivalent [11],
which underpins the reasonability of their definition.

The remainder of X is contained in the interaction table X™ with
entries

This table carries information on associations between row and
column factors. Therefore, it can serve as a natural compositional
alternative to matrices used in classical CA (matrix of standard-
ized residuals or matrix of Pearson contingency ratios).

The clr representation of a compositional table X, Y := clr(X), has
components
14
yU:lnxU—ﬁZZlnxij (5)
i=1 j=1

and the orthogonal decomposition still applies, as Y can be
decomposed into Y™™ 4+ Y™, The matrices Y"® and Y'™* are the
clr representations of X" apnd XM with entries given as

i_nd int _ ind

Vit =%.+y; and yt =y - ppc

The clr representation turns the geometric marginals of X into
the (scaled) arithmetic margins of Y, which can be written as

and
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The entries of Y™ are thus equal to

W=y = =y ==Y,
14 13 14
:lnxij—Yzflnxv—jzllnxij+ﬁ;;lnxv. 8)
= J= i=1j=
Equations (4) and (8) reveal that
SLRA — Yim (9)

and thus LRA is equivalent to an SVD of the clr-transformed
interaction table. However, the equivalence is achieved just

numerically, but from a mathematical perspective the models are
not the same. While the former approach understands X as a real-
ization of I observations, the latter treats the entire matrix X as
one observation.

For both the independent and the interaction table, the clr
coefficients can also be derived directly from the elements of the
original input table X as

ind _ I —g(x"‘)g(x‘j), Y=y =y =1n _uslx) (10)

(
g(x:.) (x,j)

de Sousaetal. [17], where g ( x__) stands for the geometric mean of
the entire compositional table. Moreover, Y™™ has uniform (zero)
marginals and is thus margin free as mentioned in Greenacre [4]

(Result 1).

Due to the orthogonality of the independent and interaction
tables, Pythagoras’ decomposition of squared norms holds [16].
Specifically,

v = ||+ e ()
where || - || is the usual Frobenius norm of a matrix. Accord-
ingly, by computing

L
RI(X) = i 12)

also known under the term “simplicial deviance” [11], one
can easily (and in a mathematically justified way) decipher the
amount of information stored in the interaction table.

2.3 | CA of a Compositional Table

The equivalence of the double-centered matrix S'** and the
clr-transformed interaction table Y™, see Equation (9), implies
that CA is obtained by an SVD of the interaction table,

Y™ = UDV', (13)

with orthogonal matrices U and V, and the (rectangular) diag-
onal matrix D = diag(d,, ...,dp) with D = min{Z,J}. Double
centering of Y guarantees that the columnsu,; of U,i =1, ..., D,
and the columns v; of V, j =1, ..., D, have zero totals, so they
can be perceived as clr transformations of the respective row and
column compositions. The SVD can then be written as

D

Yint = deukv;ﬂ

k=1

which results in a univariate decomposition of the interaction
table (which could possibly be back-transformed to the original

space). Clearly,
D
. 2
et - 2

and therefore d; = d}/ 21?:1 d} can be considered as proportion
of information (variance) explained by the kth factor —of course,
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within the interaction part. By considering Equation (11), one
can however relate the factors also to the overall table through
d?/|IY||%. Finally, plotting the first two columns of U and V, pos-
sibly rescaled by \/d_1 and \/d_ , together in a planar graph then
informs about interactions between row and column factors, as
in classical CA.

3 | Generalization: Weighted CA

In real-world applications, the information on the actual data
structure can be blurred due to problems related to sampling of
the initial data matrix. The structure can be affected by measure-
ment errors, unbalanced sizes of samples defining the rows, or
the presence of cells with low observed value; see, for example,
the example in Greenacre and Lewi [15, sec. 2]. Also, in recent
work, weighting of rows and columns in CA is proposed and
considered useful [18]. In the logratio context, weighting can be
used to give less importance in the analysis to components with
small proportions that often have high variance on the logratio
scale [4, 15, 19]. In the following, we will compare weighted
CA/LRA with a weighted CA version for compositional tables.

31 | Weighted CA and LRA

Weighting in CA is commonly carried out by introducing row
and column weights (typically row and column arithmetic
marginals) in the double-centering stage. The vectors r and ¢
forming the correspondence matrix SCA see Equation (3), are
computed with respect to given weights. Consequently, weight-
ing propagates also into the approximation stage, so that fitting
is done by weighted least squares [15]. According to Greenacre
and Lewi [15], weighted CA can alternatively be motivated by
a matrix Q = (qy) of Pearson contingency ratios g; = nx;/x; x ;,
with x; = Z Xy X = > Xy, Vi, j. With the weights in form of
the row and colurnn marginal vectors r and ¢, and the matrices
D, = diag(r) and D, = diag(c), see also Equation (3), one can
carry out an SVD of Di/Z(II -1,r)Q(1, - (:I’J)Di/2 to perform
a weighted CA, which then is equivalent to the weighted form
of LRA. There are also other important contributions on the
equivalence between correspondence analysis and weighted
LRA indices: Greenacre [4] provided an empirical description
of the respective transformation, Choulakian [20] later pre-
sented a mathematical formulation and proof, referring to it as
Greenacre’s Theorem, and Greenacre [14] subsequently offered
an alternative mathematical formulation with a similar proof.

The weighted LRA starts with double centering of L by weighted
means. When w, and w, are vectors of normalized row and col-
umn weights (1/w, = 1w, = 1), weighted LRA is based on an
SVD of the matrix

SV = D,/2(1, - 1,w,)L(I, -~ w,1})D;/? 14
with D, and D,, being diagonal matrices of weights. The result
remains unchanged if a constant is added to the rows or columns
of L, as it vanishes through the double centering. The matrix L
is therefore equivalent to the matrix of log-transformed Pearson
ratios g;. Moreover, since a logarithm of x can be approximated
by x — 1 via Taylor approximation, the matrix log(Q) is similar to

Q-1,1/, if all g; — 1. Finally, the shift by 1,1/, again vanishes
through the double-centering and the weighted LRA and CA
approaches are therefore equivalent if the observed and expected
values (nearly) coincide, that is, if the analyzed structure is rather
independent. The detailed derivation is given in Greenacre and
Lewi [15]. Additionally, the weighted LRA is also equivalent to
spectral mapping, described, for example, in Lewi [21], and to the
weighted version of CA of a compositional table as detailed below.

3.2 | Weighted CA of a Compositional Table

Let W = (wj) be an I x J matrix of positive weights satisfying
wy = wi - w;f , that is, of a structure which is in agreement with
weighted LRA [15] and which also corresponds to the product
reference measure as used in Genest et al. [16]. Among other
options, the vectors of weights w” and w* can be given by the
arithmetic or geometric marginals, and possibly rescaled to unit
sum. However, the rescaling would affect merely the scale of the
final result, not the (weighted) data structure itself.

The mathematical framework for the weighted analysis of com-
positional tables, and consequently for the weighted CA of a
compositional table, is provided by Bayes spaces [22, 23]. The fun-
damentals of the weighted analysis of vector compositional data
are given in Hron et al. [19] and can be directly generalized to
the two-factorial case, as described here. Weighting in the Bayes
space framework is in general understood as a shift, in compo-
sitional terms a perturbation-subtraction (denoted as &) of the
object with weights. More specifically, for a compositional table
X and a matrix of weights W, the weighted compositional table
X" =X © W has elements

x;.V = x;/wy (15)
and it is represented in a weighted Aitchison geometry which
honors scale invariance of the table and its weights. The scale
of the weights only propagates in metric concepts, like in the
weighted Aitchison distance between two tables X" and 2" =

(4,”) = (zy/wy),
d(x¥.,z")} ZZZZwyw,,

= —
22, 121 =1 Ul 1j=1i'=1j'=

2
xi?/ z;,‘/
x| In w In =72 5 (16)
X’,,j, Zl.,j,

depending on rescaling of W by ¢ > 0, the sample space of the
tables either shrinks (¢ < 1) or expands (¢ > 1). Note that the
weighted Aitchison distance (16) corresponds to quite an extent
to the heuristic approach to weighting the distance in compo-
sitional data analysis, cf. Greenacre and Lewi [15, sec. 2]. The
main difference is the initial shift of the correspondence table
by the compositional table of weights, which can be understood
as shifting the data to a new representation where the matrix
of weights plays the role of the new origin. Accordingly, the
weighted observations now indicate how much they differ from
the a priori information represented by the weights. This gives
an additional theoretical frame to the setting from Greenacre
and Lewi [15] which enables to generalize, for example, the
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Pythagoras’ decomposition or the distributional equivalence
from the unweighted case [16, 24]. Despite differences in the
weighting pipeline, the final effect is of course the same: cells
having higher weights yield more emphasis in the analysis,
compare with Talska et al. [24] and fig. 2 therein.

The weights propagate into clr coefficients of the whole table
as well as its independent and interaction parts. The entries are

given by
W

\/_ln 17)

gW xW

\/

8w w xW

1ndW ) J
= ,/w ln—
g w2 ’

th \/_,jln ij Ew (x' .
W(ka)gW<x3’)

where the weighted geometric mean of X is defined as

;i In
Sy, ZZw K )

and likewise for row and column geometric means. Note that
such definition of marginals corresponds, up to normalizing with
the sum of weights, to weighted arithmetic marginals in the
log-scale as defined in Greenacre and Lewi [15, sec. 2, Step 1]
or Choulakian et al. [25]. The rescaling by \/w_lj guarantees that
the resulting weighted clr coefficients are represented in the
(unweighted) Euclidean geometry, and are thus ready for fur-
ther processing using ordinary tools of multivariate statistics [19];
compare also with Greenacre and Lewi [15, sec. 2, Step 2]. The
entries of the interaction table are (up to rescaling by \/F,-j)

=

18)

g (x7) = exp(

J
1 int, W 1 c
—y,; " =lnx; wiInx; — - ) wilnx
wy; y ’ Z Z,Lle» th J
+ ZZW w' lnxU (19)

Z,l rzj 1w i=1j=

and they play an essential role in CA. Moreover, if we denote
sums of the weights w” and w* by s, and s,, respectively, and
their normalized versions asw, = w'/s, and w, = w¢/s,, the clr
representation of the weighted interaction table turns to

Y™ = /55, - D)/*(I-1w,)L(I-w,1')D}/?
=1/5,5, . SWLRA (20)

Therefore, the weighted version of CA based on a
log-transformation (LRA) and the decomposition of a com-
positional table are equivalent.

It follows directly from the general case [16] that the weighted

independent and interaction parts are again orthogonal, and
therefore Pythagoras’ decomposition

e = e I+ e en

holds, similar as in Equation (11). Here, a key component is the
use of the product reference measure, which is essential also
for derivations performed in Genest et al. [16]. Consequently,
Equation (21) can be used for diagnostics related to an ordinary
SVD of YY", analogously as in Section 2.

3.3 | Choice of Weights and Implications

The most appealing case of weighting is definitely the one with
the standard arithmetic marginals of the original contingency
table or its proportional representation, the correspondence
matrix, as w] and wj. Due to scale invariance of weighting in
compositional tables, both representations are now equivalent
and the rescaling results just in a shrinkage or an expansion of
the weighted space [19]. There are good reasons for weighting
in the logratio CA: due to the logarithmic scale, row or column
factor instances (variables) with small presence engender large
variability, which is often a rather undesired effect [15]. The
weighting also combines advances of both approaches: simple
interpretability of arithmetic marginals as weights is comple-
mented by geometric marginals (i.e., arithmetic margins in the
logarithmic scale) which are necessary to develop both important
theoretical and practical consequences of the decomposition into
independent and interactive parts.

4 | Distributional Equivalence of the Logratio
Approach

Distributional equivalence is a natural requirement for CA and,
more generally, for analyzing any ratio-scale data, including
compositional data and compositional tables. In the former
case, this requirement was already emphasized in the seminal
work on CA [1], and it was further elaborated by Greenacre and
Lewi [15], who used the formulation: If two columns (resp., two
rows) have the same relative values, then merging them does not
affect the distances between rows (resp., columns). An important
aspect is what we understand under merging in the context
of ratio-scale data. As the logarithm naturally moves the data
from the ratio-scale to the interval-scale [26], the simple aggre-
gation should be done there, possibly rescaled by the number
of components. In the original scale this is just the geometric
mean, which is promoted in the literature also for a geometric
reasoning [27]. Likewise, in CA, the distributional equivalence
is related to an amalgamation of rows/columns in case of their
proportionality, which should be done again for similar reasons
in the log-scale. Due to scale invariance of compositional tables,
from the perspective of the original scale, it is equivalent if the
aggregation is done in the log-scale or in the clr space. Then, if
any two rows (or columns) of a compositional table carry the
same relative information, or in other words, if they are a con-
stant multiple of each other, it is expected that the logratio CA
keeps unchanged irrespectively whether these rows (columns)
are aggregated.

In case of compositional data, replacing two compositional parts
with their respective geometric mean essentially means that the
information contained in the ratio between these two parts is
removed, and even more, it can be considered as the orthogo-
nal projection of the original composition to the subspace of the
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remaining information [28]. Consequently, when considering a
sample of compositional data, distances among the original com-
positions and among their aggregated counterparts remain the
same. It is only important to keep the original dimensionality of
the data; otherwise, the subcompositional dominance [8] neces-
sarily applies.

The thoughts of Greenacre and Lewi [15] on distributional equiv-
alence can also be reinterpreted to the case of compositional
tables. In particular, in case of proportional rows (columns), the
interaction part should remain unchanged irrespectively whether
these rows (columns) are aggregated or not. This can be eas-
ily demonstrated. Without loss of generality., let the first two
rows of the compositional table X = (xij) be proportional, which
means that Xy = clej foranyc>0and j =1, ...,J. If each of
these rows is replaced by \/m = cxy;, from the scale invari-
ance property it directly follows that the column marginals are
the same as in the non-aggregated version of the table. For row
marginals we need to consider that

The row geometric marginals for a table, where the correspond-
ing elements of the first two rows are replaced by their geo-
metric means, can then be expressed as perturbation of the
original column geometric marginal by the I-part composition
(c,1/¢,1, ...,1). From the Yule perturbation property (cf. Genest
et al. [16, Proposition 7]) it then follows that the interaction table
remains unchanged.

Similarly, the same arguments can also be made for the weighted
case, with wy = w;w;, i=1,...,1,j=1,...,J. By the aggre-
gation of rows we now understand their replacement by the
weighted geometric mean, and from the equality

2w}

1
w) wh | W+t 2
1 2 1 2 T r
x XV =X = xW
1j 1j 1j

it follows that the weighted column marginals are the same irre-
spective of the row aggregation. For row marginals, we need to
consider that

1
2w\ 2 2 w
() = g, (xV)

and that the geometric mean of an aggregated row equals
gy (xi"’) The aggregated row marginals can therefore be
obtained by the perturbation of the non-aggregated ones by
(¢’.¢'/c2,1, ..., 1), which again results in an equivalence of the
respective interaction tables. Finally, the proportionality of the
rows can be still traced back to the original (unweighted) table,
since

Xy exy;

V= = =2l

X5, .
2j 1j
wy; wy;

5 | Numerical Experiments

In this section we aim to complement previous work by
Greenacre and Lewi [15] and compare the stability of the results
for the unweighted and weighted version of LRA. Accordingly, we
perform an SVD of the matrices Y™ and Y%, For the weights
we will use the arithmetic marginals of the original table.

5.1 | Bootstrapping Tables

The main idea is to draw bootstrap samples from the original
table X = (xy) where we assume that x; are integer-valued.
Eachentryi=1,...,7 and j =1, ...,J is replicated X times,
forming the rows of a data matrix in “long format,” with
n= 2:‘, ; X;j TOWS. Then we draw a bootstrap sample, that is, n
observations with replacement, and the resulting long format
representation is aggregated to a table format, with the same
rows and columns as the original table. Call this bootstrapped
table X?, for b = 1, ..., B, where the number of bootstrap tables
B can be large (e.g., 1000). The unweighted version for the
original table results in a decomposition of the interaction table
with the singular vectors arranged in U and V, respectively, see
Equation (13), and similarly, we obtain the matrices U® and
V? for the interaction table of the bootstrapped table. For the
weighted version we obtain the interaction table YW gsee
Equation (20), and the orthonormal matrices U" and V? with
the left and right singular vectors, respectively. Equivalently,
we obtain for each bootstrapped weighted interaction table the
corresponding matrices with the singular vectors U"** and V2.

5.2 | Comparison by the Principal Angle

The results are compared by the principal angle between sub-
spaces, as introduced in Bjérck and Golub [29] and implemented
as the function angle () in the R package rospca [30]. Denote
by U and VY two orthonormal bases, where the number of basis
vectors in U is less or equal the number of basis vectors in V.
Then, the principal angle 0 between the corresponding subspaces
is computed as

.1 _ /
oV, V)= (GmaX(’(rI/z vvp), @)

where o,,,, corresponds to the largest singular value of the pro-
jected matrix [29]. Here, the angle was already scaled to the inter-
val [0, 1], where 0 means that the smaller subspace is embedded
in the bigger one (or they span the same space).

In the following experiments, we compare the angle of the results
for the original (weighted) table with those for the bootstrapped
(weighted) tables, where we use all singular vectors in the first
case, but only the first two singular vectors in the second case.
Thus, the idea is to see whether the results usually shown
in a 2D plot for the bootstrapped version are related or even
embedded in the space spanned by the results of the original
data version. Note that the angle will be 0 when comparing the
singular vectors of the smaller dimension of X, and thus we will
report max(0(UU? ), 0(V,V?.)), and similarly for the weighted
versions.
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TABLE 1

Data derived from the Spanish national health survey.

Age group Verygood Good Regular Bad Verybad

16-24 243 789 167 18 6
25-34 220 809 164 35 6
35-44 147 658 181 41 8
45-54 90 469 236 50 16
55-64 53 414 306 106 30
65-74 44 267 284 98 20
75+ 20 136 157 66 17
5.3 | Spanish Health Survey Data

This data set originates from a Spanish health survey and it was
analyzed in Greenacre [31]. Table 1 presents the data that have
been used for CA. The rows refer to different age groups, and
the columns refer to the health status as perceived by the 6371
respondents, with the corresponding frequencies in the cells. In
contrast to the analysis presented in Greenacre [31] based on the
frequencies, we are here interested in relative information, and
thus treat the table as a compositional table. Some categories con-
tain small frequencies, which can introduce a lot of undesirable
variability in an unweighted analysis.

Figure 1 presents the results from unweighted and weighted
LRA. There are several changes visible, such as an exchange
of the positions of “Very bad” and “Regular,” but also of
“55-64" and “65-74.” The bootstrapped tables will introduce
even more uncertainty in the categories with small frequen-
cies, and the stability of the results will be investigated in the
following. It is also interesting to compare the explained vari-
ances, shown along the axis legends in the plots of Figure 1:
The first numbers refer to the explained variance within the
interaction parts, while the second numbers refer to the propor-
tion of explained variance from the overall (weighted) clr table.
In the latter case, weighting here leads to a much higher vari-
ance proportion because the weights shift the information to

Unweighted LRA

- 16-24 Very bad
=}
o~ 45-54
N
™
g. Regularss_64
= o
& S T|veiygosd Good 75+
<
2 65-74
2 35-44
E w
8 < 25-34
Bad

T T T T T T T
-06 -04 -02 00 02 04 06

Component 1 (97.6/16.8%)

FIGURE 1

a new origin which removes a lot of the information from the
independent part.

Figure 2 presents the results from the bootstrap experiments, as
described above. It can happen that zero frequencies occur in a
bootstrap table. Such values were replaced simply by 2/3 to add
minimum possible variance [32]. The boxplots in the left plot
compare the angles of the unweighted LRA with the weighted
version, and it can be seen that the angles are clearly smaller for
the weighted LRA. The right plot shows for each bootstrap repli-
cation the difference of the angle between the unweighted and the
angle of the weighted version as boxplots, together with notches
for confidence intervals around the median. The boxplots are split
up into bootstrap experiments where the smallest value in the
bootstrapped table was 0, 1, 2, and so forth, which is shown on the
horizontal axis. This reveals that the medians of the differences
are positive, and that they tend to be higher if the smallest value
is smaller. Thus, weighting stabilizes the results, particularly if
there are small frequencies involved.

5.4 | Further Data Sets

We investigate for several other data sets known from the CA liter-
ature the stability of the results based on the bootstrap procedure
as described above. For the choice of the data sets, we consid-
ered different aspects, such as the dimension of the table, values
close to zero, low counts in some rows or columns, and so forth.
Of course, here we consider the table information as composi-
tional. As before, we will present the results from the bootstrap
procedure in terms of the difference between the angle of the
unweighted and the weighted version, see Figure 3.

Stores: Age distribution in food stores, used in Chapter 15 of
Greenacre [3]. This small data set with counts consists of 5 stores
(rows) and 5 age groups (columns). The counts are relatively
balanced among the cells, with the smallest value of 8 and the
largest of 69. The weighted version shows a slight improvement
in stability of the results when compared to the unweighted
version (see Figure 3).

Weighted LRA

16-24
Regular
w
—~ o 7]
X
2 45-54
hy Very good a _
't, v Very bad65 74
~ 2 75+
5
8 Good 55-64
00
g 35-44
3 v
o 3 25-34
Bad

T T T T T T T
-06 -04 -02 0.0 0.2 0.4 0.6

Component 1 (97.7/92.4%)

Spanish health data: Results from unweighted (left) and weighted (right) LRA.
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Spanish health data: Angles for unweighted and weighted LRA based on 10.000 bootstrap samples (left), and the difference of the angles
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FIGURE 3 | Further data sets: Difference of the angles of the unweighted and the weighted version, based on 1000 bootstrapped tables.

Health2: We consider again the Spanish health data from Table 1,
but aggregate the categories “Bad” and “Very bad” in order
to avoid small counts. Figure 3 still reveals a clear advantage
of weighting, possibly because the categories “Very good” and
“75+4” have a large variability.

Cups: A data set originating from the analysis of Roman glass
cups, see Greenacre and Lewi [15], available as data cups in the
R package easyCODA: concentrations of 47 observations for 11
chemical elements. The element “Mn” has very low values due to
detection limit problems. This data set was used in Greenacre and
Lewi [15] to illustrate the usefulness of weighting. We multiplied
the concentrations, reported in % with 2 digits, by 100 to pro-
duce integers in order to make the data suitable for our bootstrap
procedure. The results in Figure 3 indeed show a huge advantage
concerning the stability of the results when using weighting.

News: Data about the news interest in Europe, see Chapter 19 of
Greenacre [3]. The table consists of 34 countries (rows) and 18
categories (columns), and the frequencies are in the range from
18 to 652. There are no issues with small frequencies or big vari-
abilities of values for single categories, and thus the results in
Figure 3 are not in favor of any of the methods.

Galton: This data set originates from Galton [33], where the
body heights of parents and their children are studied. We use
the data as aggregated in tab. 1 of Cuadras and Greenacre [34],
resulting in a 9 x 12 table, with 20 cells containing zeros, which
are replaced by 2/3. There are several other cells with small
frequencies, distributed among several categories. This is a diffi-
cult situation, and here weighting by arithmetic marginals even
leads to slightly more instability compared to the unweighted
version.
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FIGURE4 | Further data sets: Simplicial deviance of the unweighted (U) and the weighted (W) version, based on 1000 bootstrapped tables. The

simplicial deviance for the original data is shown by horizontal lines.

Fish: Morphological data on Arctic charr fish, available as data
fishin the R package easyCODA. We use the 26 morphological
measurements for the 75 observations, and multiply the values
by 100 to create integers, making them suitable for our bootstrap
procedure. There are no particularly small values or categories
with large variances in the table, and accordingly, the boxplot
shows only a marginal advantage of using weights.

Figure 4 presents the simplicial deviances of the unweighted (U)
and weighted (W) versions. The horizontal lines are the values for
the original data, and the boxplots present the results of the 1000
bootstrapped tables. In all cases we can see a clear advantage of
weighting, which allows to shift much more information to the
interaction table.

6 | Summary and Conclusions

CA is generally considered an exploratory data analysis tool. The
method is motivated by an algorithm, and there is still a con-
tinuous discussion about its mathematical background; see, for
example, Breitung [35]. The aim of this paper was to show that
the link to the logratio methodology [36] as its limiting case,
Greenacre [4] can contribute to build a solid theoretical frame-
work for CA. We have shown that the unweighted LRA, which
performs an SVD of the centered logratio represented composi-
tions [4], is equivalent to an analysis of a compositional table. In
the latter case, the whole table is considered a composition, and
it is not treated as a sample of compositional data. Moreover, the
orthogonal decomposition of a compositional table into its inde-
pendent and interaction parts enables us to assess the explained
variability not only within the interaction part (corresponding in
the jargon of CA to contingency ratios) but also within the whole
(logratio) correspondence table.

Compositional data, and also compositional (correspondence)
tables as their two-factorial decomposition, are characterized by

the property of scale invariance [8]. The possibility of approach-
ing unweighted or weighted LRA with power transformation
by different representations of the same contingency table (cf.
Results 1 and 2 in Greenacre [4]) indicates that scale invariance
in a truly compositional sense is not the main strength of CA.
Weighting with compositional tables is achieved instead through
a change of the reference measure in the respective Bayes space.
This leads to the usual choice of weighting in CA with row and
column (arithmetic) marginals to new insights, and to a natural
increment of the explained variance within the whole table. On
top of that, weighting with compositional tables is equivalent to
the weighted CA.

The reformulation of CA using compositional tables also guaran-
tees distributional equivalence for both the unweighted and the
weighted case, while the unweighted CA so far lacked this fea-
ture. Clearly, the aggregation in distributional equivalence needs
to be reformulated in terms of the geometric mean, as it is the
case for the marginals in a compositional table, and in general
as a measure of central tendency in a truly ratio-scale analysis;
however, it is merely nothing but the usual aggregation in the
log-scale, from the viewpoint of the original scale [16, 26]. Still,
for the weighted case also the usual arithmetic marginals play the
important role in providing the absolute (interval-scale) informa-
tion, which is essentially their role in data analysis. Herewith, the
benefits of both concepts of marginals can be utilized.

The whole concept can be easily extended to the case of k-factors,
k > 2, known under the name compositional cubes [37]. They
represent the discrete version of the orthogonal decomposition
of multivariate densities [16]. Due to the orthogonality of the
decomposition, the explained variance of all possible combina-
tions of factors can be assessed which is of particular importance
in high-dimensional settings.

Of course, with the logratio approach, the problem of zeros
naturally occurs, which needs to be carefully considered. The
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zeros in contingency tables can be, however, treated as so-called
count zeros where a reasonable imputation by non-zero values
is adequate, and approaches for this purpose are available [38].
Moreover, the effect of the imputation (and presence of zeros
in general) is naturally downweighted in the weighted logra-
tio CA by lowering the respective marginal values. Still, dealing
with zeros in the logratio CA is one of the next challenges to be
addressed.

Overall, the logratio approach to CA opens up many new poten-
tial avenues for how the field can be further developed. The R
source codes for both weighted and unweighted CA using the
compositional tables methodology and for the numerical experi-
ments are available at https://github.com/kfacevicova.
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Abstract

Compositional data, multivariate observations carrying relative informa-
tion, are popularly expressed in additive logratio coordinates which are easily
interpretable as they use one of the components as ratioing part to produce
pairwise logratios. These coordinates are however oblique and they lead to
issues when applying multivariate methods on them, including widely-used
techniques such as principal component analysis and linear regression. In
this paper we propose a way to redefne alr coordinates with respect to an
orthonormal system and we also extend the idea to the case of compositional
tables. The new approach is demonstrated in an application to movement

behavior data.
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Abstract

Compositional data, multivariate observations carrying relative information, are popu-
larly expressed in additive logratio coordinates which are easily interpretable as they
use one of the components as ratioing part to produce pairwise logratios. These coordi-
nates are however oblique and they lead to issues when applying multivariate methods
on them, including widely-used techniques such as principal component analysis and
linear regression. In this paper we propose a way to redefine alr coordinates with respect
to an orthonormal system and we also extend the idea to the case of compositional ta-
bles. The new approach is demonstrated in an application to movement behavior data.

MSC: 62H25, 62J05.

Keywords: Compositional data, compositional tables, regression, principal component analysis.

1. Introduction

Compositional data analysis concerns extracting knowledge from data carrying rela-
tive information (Aitchison, 1986). Technically this involves the representation of the
original components in logratio coordinates which are, fairly naturally, desirable to be
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somehow interpretable in terms of the original components to facilitate scientific insight.
Following on the early additive and centred logratio transformations (alr and clr respec-
tively) proposed by Aitchison (1986), formal developments in the last two decades, cru-
cially the characterisation of the sample space for compositional data (the simplex) as an
Euclidean space, have led to the popularisation of so-called isometric logratio (ilr) coor-
dinates (Egozcue et al., 2003). IIr coordinates have been recently re-coined orthonormal
logratio (olr) coordinates to more precisely honour their particular geometrical proper-
ties. Any of these logratio representations aim to map the data into real space so that
ordinary statistical methods can be applied for analysis. They are all connected to each
other by algebraic manipulation and, depending on the method and the purpose of the
data analysis, they can be used indistinctly and lead to the same results. However, the
olr representation has been in recent times favoured since it is directly deducted from
the geometrical structure of the simplex as real-valued coordinates with respect to an
orthonormal basis. In first instance this is technically consistent with the own geometry
of the simplex but, beyond that, it overcomes some difficulties and inconsistencies with
the alr and clr representations (see e.g. Pawlowsky-Glahn et al. (2015)). Even so, some-
times practitioners find the interpretation of olr coordinates challenging in real-world
applications. Particular classes of olr coordinates have been proposed aiming to over-
come this difficulty. These include so-called balances, which are the flagship approach
and roughly interpreted as comparisons between subsets of components (Egozcue and
Pawlowsky-Glahn, 2005), and pivot coordinates (Filzmoser, Hron and Templ, 2018),
which are aimed at synthesising all the relative information of a component against all
the others in a single coordinate.

Even so, some criticism has been recently brought out questioning the role of bal-
ances in compositional data analysis and the actual relevance of orthonormality of logra-
tio coordinates in general (Greenacre, 2019b, 2018, 2019a). It is argued in these works
that balances result from some form of mathematical funambulism and that orthonor-
mality is not that much necessary and, if required, it can be closely approximated by a
much simpler logratio coordinate system. One of these simpler systems is obtained by
just using alr coordinates, which result from just dividing all components by one of them

(the ratioing part). Specifically, for a D-part composition x = (x1,...,xp), and xp being
the rationing part up to a possible permutation, alr coordinates are given by
alr(x) = <1nxl,...,lnxD_l>. (1
XD XD

These logratios are sometimes even identified with the original compositional parts in
some fields where the scientific community widely accepts the role of xp as reference
or normalizing part. On the down side, however, they do not preserve distances and
angles when moving from the simplex to the real space (they refer to an oblique instead
of orthonormal coordinate system) (Pawlowsky-Glahn, Egozcue and Tolosana-Delgado,
2015). This causes problems for both PCA, which is only orthogonal equivariant (Hron
et al., 2021), and regression analysis, where the regression coefficients lose their stan-
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dard interpretation (Coenders and Pawlowsky-Glahn, 2020). One recent attempt to pro-
vide a reasonable alternative is found in Hron et al. (2021), which aims to maintain
orthonormality while enabling the use of simpler pairwise logratios. They are called
backwards pivot coordinates in reference to their relationship with pivot coordinates.
Hron et al. (2021) also demonstrate that orthonormality really matters when popular sta-
tistical methods such as principal component analysis or regression analysis are applied
to compositional data.

In this paper we present backwards pivot coordinates as a valid alternative to addi-
tive logratio coordinates, stressing the associated gains in interpretability in the context
of principal component analysis (PCA) biplots and regression analysis. Furthermore, we
extend the concept to two-factorial compositions, a.k.a. compositional tables (Egozcue
et al., 2015; Facevicova et al., 2018), for which to our best knowledge no appropriate
counterpart to alr coordinates is available. In Section 2, backwards pivot coordinates
and their extension to compositional tables are introduced. The subsequent sections 3
and 4 are devoted to the development and interpretation of PCA and regression analysis
in terms of backwards pivot coordinates. Section 5 demonstrates an application using
movement behavior data in the form of both standard vector compositions and composi-
tional tables. Finally, a synthesis of the presented material is outlined.

2. Backwards pivot coordinates and beyond

Proper choice of logratio coordinates is fundamental for reliable analysis of composi-
tional data. Here we briefly review current approaches for ordinary vector compositional
data and then proceed to the more general setting of compositional tables.

2.1. Vector compositional data

It is common in compositional data analysis that different logratio representations are
used for different purposes. Thus, clr coefficients of the form

— (1 X
clr(x) = (lng(x)’ lng(x)’”" lng(x)) 2)

are commonly used to produce compositional biplots (Aitchison and Greenacre, 2002),
where g(x) stands for the geometric mean of the parts of the composition x. Although
clr coefficients are isometric with respect to the so-called Aitchison geometry of the
sample space of compositions and are easy to interpret (the original components are
symmetrically represented with respect to the overall geometric mean at the observa-
tion level), they lead to singular covariance matrix in the clr-space and, thus, hinder the
use of methods that require regular covariance matrices. Using olr coordinates over-
comes this issue and reflects the actual D — 1 dimensionality of compositions. However,
there are infinitely many possibilities to construct olr coordinates (although they are all
related by orthogonal rotation) and, as mentioned above, some special cases such as
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balances (Egozcue et al., 2005) and pivot coordinates (Filzmoser et al., 2018) facilitate
interpretability.

A pivot coordinate system allows to aggregate all the relative information about a
given compositional part in the first coordinate (the pivoting coordinate), including the
possibility of defining weights for the logratios aggregated therein (Hron et al., 2017).
This idea is extended by Hron et al. (2021) to define backwards pivot coordinates (bpcs),
where a pairwise logratio plays the role of pivoting coordinate. Using bpcs allows to
easily capture the information conveyed in alr coordinates while fulfilling orthogonality.
Specifically, D — 1 bpc systems can be written in the form

(1) ! x@l
b i = 1 ’ i=1,...
j=1%]

D—1, 3

where x(!) = (xgl), e ,xg)), 1 €{1,...,D— 1}, stands for the permutation of the parts in x

so that the /-th part is placed at the second position and the rationing part (e.g. xp for the
sake of simplicity) is placed at the first position. That is, x) = (XD, X1, X1, -y X1, X141,
...,xp—1). Then the pairwise logratio of interest (pivoting coordinate) is given by

llxél)_llxl 4
T @

1

bpe(x), =

Consequently, by varying the part of interest x;, which is placed at the second posi-
tion in the respective permuted vector x(), all alr-like coordinates can be obtained.

Following Miiller et al. (2018), the requirement of orthonormality can be even re-
laxed in regression analysis by replacing it by just orthogonality, which in practice means
to remove the normalizing constants in (3). This helps to simplify interpretation of re-
gression coefficients. A bpcs representation (3) without normalizing constant /i/(i + 1)
will be denoted in the following by z(x(l) ). Orthonormality is however important e.g. for
principal component analysis because here it guarantees that the total explained variabil-
ity coincides with that based on the clr (or any other olr) representation.

2.2. Compositional tables

Although for vector compositional data the use of non-orthonormal coordinate systems
such as alr can be argued on the basis of practical convenience, this is no longer the case
for compositional tables (Facevicova et al., 2018) nor multi-factorial compositional data
in general (Facevicovd, Filzmoser and Hron, 2023; Hron, Machalovd and Menafoglio,
2023). For these latter, the concept of orthogonality is crucial for their decomposition
into independent and interactive parts and preserving their respective dimensionality.
Moreover, while in ordinary compositional data the most basic information is con-
tained in the pairwise logratios, compositional tables (comprising / rows and J columns)
involve two types of elemental objects. On the one hand, the within-factor structure is
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given by (é) (or (g)) pairwise balances between the respective row (column) levels. On
the other hand, the interactions between rows and columns are then naturally preserved
in (é) (g) simple (four-part) log odds-ratios, which represent the elemental source of in-
formation also by contingency tables (Agresti (2013), Ch. 2.4). This needs to be taken
into account for construction of any logratio coordinates aimed to generalize the concept
of alr coordinates (in the form of bpcs) to multi-factorial compositions.

With the aim of defining a coordinate system highlighting a specific source of ele-
mental information, we introduce x*) as a permuted version of the original composi-
tional table x. Within this table, normalizing row and column (let say the /-th row and
the J-th column for the sake of simplicity) are placed at the first position followed by the
k-th row and the /-th column at the second position in the respective dimensions. Con-
sequently, the part x;;, placed at the position [1,1] in x(k0), plays the role of normalizing
part xp, while the part x;; (at the position [2,2] in the respective permutation) represents
the pivoting part (denoted x; in the vector case). There are in general (I —1)(J —1) of
such permutations, and then there is a coordinate system for each of them, following the
idea of vector bpcs and coordinates defined in Facevicova et al. (2016). It can be defined
as follows.

The elemental information on the row factor is contained in the first coordinate from
the set of row backwards pivot balances (rbpb)

; (k1)
iJ In g(xi+lo)

)

That is, it is in the pairwise row balance

(ki)
rbpb(x)); = \/7 mé (XZI:I ) _ \/7 In E%ke). )
27 g(xiy)y V2 s

Note that here g(x;,) stands for the geometric mean of elements in the i-th row of

a table. Using the geometric mean to represent the rows guarantees that rbpbs can be
considered an orthogonal projection of the compositional table that accounts for relative
information conveyed solely by the rows (Facevicova et al., 2016). This involves fur-
ther benefits, including the Pythagorean decomposition of the overall variability while
respecting independence and interaction structure of the table. Similarly, g(x,;) is used

for the definition of column backwards pivot balances (cbpb) that concerns the inner
structure of the column factor as

rbpb(x*)); = 1. 5)

JI g(x, j+1

J* ( L g(XE'Z”))

cbpb(x*)); = 770 J =L J = L (7
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Thus, the pairwise column balance computed for each row-column permutation (k/) is

given as
(k)
I 8 (X ) 1 8 (Xol)
cbpb(x* D), = \/71n 02/ — \/71n (8)
27 gy V2 s(xe)
and carries information on the ratio between the /-th column of interest and the normal-
izing column (the J-th column).
Typically, the main interest lies on the relationships between factors. For this pur-

pose, the balances (5) and (7) are accompanied by the system of odds-ratio (referred to
as table) backwards pivot coordinates

A N NN ()
(ki) ij ( et Ty onn ) X1, j+1
e = A T DG D ™ N D
( m=1 xm,j+1> (H{z:l it n)
fori=1,...,/—1and j=1,...,J — 1. The analysis is again focused on the first coor-

dinate, the simple log odds-ratio, which here represents the interaction between the first
two rows and columns of the respective permutation (kl), i.e.

(ki) (kI)

1 X1 X 1 X1J Xkl
tbpe(x*)); = ~In =L 222 — _p . (10)
( ) 2 x(lgl)xgil) 2 X[1XkJ

The proposed sets of coordinates (5), (7) and (9) can be analyzed also separately
when only a specific source of information is of interest. Following Egozcue and Paw-
lowsky-Glahn (2008) any compositional table can be decomposed orthogonally onto its
independent and interactive parts. In our setting, the former is represented by (5) and
(7), while the latter is accounted for by (9). Finally, omitting the normalizing constants
can also lead here to a more straightforward interpretation in e.g. regression analysis.
These orthogonal alternatives to (5), (7) and (9) will be denoted by ,z(x(kl)), Cz(x(kl))
and tz(x(kl )) following on the notation introduced in the previous subsection.

To facilitate the understanding of the construction of coordinates (for both composi-
tional vectors and tables), Supplementary Material B contains a thorough description of
the process together with a graphical illustration.

3. Principal component analysis

Principal component analysis (PCA) is a well-known multivariate technique that aims to
reduce the dimension of a data set through the construction of mutually orthogonal linear
latent variables (principal components, PCs), which are fundamentally defined by ma-
trices of loadings (coefficients of the linear combinations of the original variables) and
scores (the values of the principal components) (Johnson and Wichern, 2007; Varmuza et
al., 2009). The ordinary formulation of PCA and the associated biplot display for com-
positional data is based on clr coefficients (Aitchison and Greenacre, 2002). Following
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on the strategy introduced in Kynclovd, Filzmoser and Hron (2016), backwards pivot
coordinates can be used for compositional PCA by combining first coordinates from the
D — 1 bpc coordinate systems (3) (Hron et al., 2021). The final matrix of loadings is
obtained as a combination of rows from all the D — 1 loading matrices, picking out from
each the row corresponding to the first bpc. This approach is feasible due to the fact that
the resulting matrices of scores are the same for all D — 1 bpc systems. Key features of
this representation are the following: (1) the associated biplot display retains (visually)
all the properties of ordinary clr-based PCA biplots; (2) the first coordinate of the /-th
backwards pivot coordinate system conveys information equivalent to the analogous /-th
alr coordinate; and (3) unlike a biplot based on oblique alr coordinates, the results are
invariant to orthogonal rotations. In the following subsections we detail the technical
formulation of bpc-based PCA biplots for vector compositional data and generalize it to
compositional tables.

3.1. Preliminaries

Before we proceed, we briefly summarise the main elements of the theory of PCA and
the biplot display that will be required later on. Given a real matrix X, xp, where n is
the number of observations and D stands for the number of variables (assumed to be
centered). PCA is commonly performed through singular value decomposition (SVD):

X =UDV/, (11)

where U,,«p is an orthogonal matrix, Dpy; is a matrix of singular values on diagonal,
arranged in descending order (i.e. dy; > day > ...dy > 0, k < min(n,D)) and Vpyy is
an orthogonal matrix of loadings. As noted above, the scores are the values of new PCs
and the loadings are the coefficients describing the importance of each variable on each
PC. The singular values in D are the standard deviations of the scores (Varmuza et al.,
2009). The biplot display (Gabriel, 1971) results from an alternative decomposition of
X as

X =GH, (12)

where G = vn—1U and H = ﬁVD. The rows of matrix G,«p carry information
about the observations, while the information about the variables is contained in the
rows of Hp.. The biplot is commonly based on the first k = 2 PCs (those retaining
most of the variability of the original data set) and, therefore, only the first two columns
of the matrices G and H are used. Hence, equation (12) holds only approximately (unless
X is of a rank two or less). This gives rise to the biplot graph where observations are
represented by points (with coordinates determined by the PC scores) and variables are
represented by arrows from the origin (with angle determined by the loadings vector).
In the compositional case, X is replaced by Y = clr(X), which can be (after column-
wise centering) decomposed as in (12). The matrix G still represents the observations
in the PC system, whereas H now carries information about the importance of the clr
coordinates. Following Aitchison and Greenacre (2002) and known properties of the
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classical (non-compositional) biplot, general properties of the compositional (clr-)biplot
are listed below (note that vectors with indexes ie and e refer, respectively, to the i-th
row and j-th column of a matrix; all vectors are considered as columns):

* The inner product between the rows of G and H (from the decomposition of Y)
approximates the clr coefficients:

x,‘j

8(Xie)

ghhj,~y;=1In

* The length of the rays approximate the variability of clr coefficients corresponding
to the parts x;, j =1,...,D:

X
h,.|? ~ var(y; :ﬁr<lnj>
|| J || ( ]) g(X)

* The length of the links between the vertices of the rays approximate the variability
of a pairwise logratio formed by the respective parts:

1 X;
2 o T = i
je —hjal|” ~ —— (Yoi = ¥ej)" (Yoi —¥e;) = Var (lnxj)

* The projection of the i-th score onto a link approximates the difference between
the respective clr coefficients (i.e. logratio between x;; and x;;):

AL/ P S P

g(Xie) g(xie) Xik

giT,(hj. —hg) ~1n

More elaborated derivations of the biplot properties (discussed both here and in the
following sections) are available in Supplementary Material A.

3.2. Vector compositional data

The relationship between a pairwise logratio, i.e. the first bpc in the corresponding
coordinate system, and clr coefficients (2) contained in Y can be written as

1 1 1 1
bpe(x!)); = \/;hlj;l) = \/;yz - \/;’D = \/g(yz —¥p), (13)

where xp is the chosen rationing element. All D — 1 coordinate systems need to be
constructed to obtain all possible pairwise logratios with a chosen ratioing element. Let
Z") be a centered matrix containing the bpcs of the I-th system, [ = 1,...,D — 1. The
biplot decomposition of Z() can be written as Z() = GWH®T. The matrices G) are
identical for all systems and in fact equal to the matrix G resulting from the clr version
of PCA as defined above. The suggested biplot representation combines the first rows of
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the loading matrices H), corresponding to coordinates bpc(x(l))l and, consequently, to
pairwise logratios In(x; /xp) of interest.

The interpretation of the bpc-based biplot can be derived from the relationship be-
tween the first row of a matrix H”) and the rows of the clr loading matrix H. From (13)

it follows that
1 1 1
hm::vrh.—vfh f:vfh.—h. . 14
le 2 l 2 D 2( ) D ) ( )

Given that G\") = G and the relationship in (14), the main properties of the bpc-based
biplot are as follows:
* The inner product between a row of the matrix G and hgl.) approximates the pair-
wise logratio between the /-th component and the ratioing part:

Ty () 1 xi
Jh =~ 1
i1y, \/;nXi

* The lengths of biplot rays approximate the variability of the logratio between the
[-th and the rationing part:

1 X
b\ ~ ~var (In=-
e |” = 5 var { In

* The length of the links between the vertices of two rays approximate the variability
of the logratio between the compositional parts placed in the numerator of the
respective pairwise logratios:

5 I__
||h§’:) —hg‘.) HZ ~~ Evar (lnip>

N

* The projection of a score onto a link approximates the pairwise logratio of the
respective components:

g ()2 —hi) ~ @

Xis

Amongst the properties above, it is worth highlighting that lengths of the links be-
tween vertices approximate pairwise logratio variances, i.e. the elements of the varia-
tion matrix (Aitchison, 1986). Thus, the bpc-based biplot shares this property with the
ordinary clr-based biplot, except that, for obvious reasons, now the pairwise logratios
containing the ratioing part are not contained in the links. They can however be read-
ily obtained from the lengths of the rays. This implies that the bpc-based biplot can be
used as a reasonable alternative to the crude alr-based biplot which suffers from non-
orthonormality of the input coordinates.
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3.3. Compositional tables

Similarly to the case of vector compositional data, PCA can be modified to summarize
the elemental information contained in a set of compositional tables. As noted in Section
2.2, this concerns the interactions between factors, as carried by simple log odds-ratios,
and the within-factor structure, as carried by the pairwise balances computed from the
entire rows and columns. The modified PCA using the bpc approach is like in the vector
case given by the repeated computation of the decompositions (11) and (12), with the
subsequent combination of the results from the different bpc systems. In each step, the
data matrix X is replaced by a matrix of coordinates given by (5), (7) and (9). When the
I-th row and the J-th column are understood as the normalizing categories, results from
(I—1)(J — 1) partial computations (based on (I — 1)(J — 1) permutations x*)) have to
be combined.

From a methodological point of view, it would be possible to analyze the elemental
information from both the independent and interactive parts of a compositional table
simultaneously in one biplot. Nevertheless, in the following we focus on the case where
these two types of information are displayed and interpreted separately. In our view, this
leads to a more straightforward interpretation of the resulting biplots.

3.3.1. Inter-factorial relationships

The ordinary PCA can be modified so that the resulting biplot contains all possible sim-
ple log odds-ratios with the rationing element x;;. Namely, let Z&), k=1,...,1—1,
l=1,...,J — 1 be a mean centered n X (IJ — 1) matrix of coordinates from a sample
of compositional tables x| i = 1,...,n (note that in the following a left subscript will
stand for the sample index), with the coordinates being ordered as tbpc(x*!)), rbpb(x(¥))
and cbpb(x*)). That is, the log odds-ratio In (xzxzy /xesx;) is represented by the first
coordinate. When this matrix is decomposed as in (12), ZW) = G(kl)H(kl)T, the matrix
G*) remains the same for all row/column permutations and equals the one obtained
for the clr coefficients (G). For the biplot representation, the first row from each of the
loading matrices H*!) is used, since it corresponds to the first tbpc (10). Each of these
coordinates is related to the clr coefficients through

Uoxpgxy 1

tbpe(x*))y = ElnX[[.XkJ =3 Vg1 Y =Yg — Yia) (15)

where yj; ;) stands for the clr representation of the part x;; of a compositional table x, i.e.
yii,j = Inx;j/g(x),i=1,...,land j=1,...,J. The first row of H*) is therefore related
to the rows of the clr loading matrix H as follows:

1
h(lk.l) =5 (b sje +hy e =y e —hye e (16)

with hj; ;, denoting the row of H corresponding to the clr coefficient yj; ;.
Based on the aforementioned decomposition, the biplot properties in this case can
be summarized as follows:
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* The inner product between the rows of the score matrix G and the first row of
H*) approximates the respective simple log odds-ratio:

Ty ) Lo X X
b/~ —In
gzo le 2 x]l xkj

* Due to the centering of the clr coordinate matrix Y the lengths of the biplot rays
approximate the variability of the simple log odds-ratios:

1__
Ih (kl) T v (lnXIJXkl> .

X1 Xky

* The length of the links between two vertices can in general be understood in terms
of difference between variation of the respective simple log odds-ratios. More-
over, a more convenient interpretation is available for some combinations. Thus,
the links between rays related to odds-ratios sharing two common elements ap-
proximate the variation of a new simple log odds-ratio. Considering e.g. the log
odds-ratios sharing the elements at positions [k,J] and [/,J], and differing in the
column permutation index [ (represented by h(kl') and h(kl2 , 1 # Ip), the distance
between the corresponding rays verifies that

1__
||h(kl1 klz 1>~ Jvar (lnxkl'xllz) .

X1l Xkl,

A similar derivation can be given for odds-ratios sharing the same column indices,
i.e. xp 117 /X, g% and X, x5 /Xp, g X1 for ki # ka, where the corresponding link es-
timates the variance of In (xy, ;xk,7/Xk, sXk,1). Consequently, when a biplot collects
results from all coordinate systems defined for a fixed rationing part x;;, it pre-
serves also the information on the variability of the odds-ratios containing parts
either from the /-th row or the J-th column. On the other hand, the characteristics
of the other odds-ratios are not represented in this setting.

* In the case of the projection of a score to a link, only pairs of odds-ratios sharing
elements from the same row or column are worth investigating. E.g. for the same
pair as considered in the previous point, it holds that

k12)> 1 X Y

(kll) RN T
glo h h ° l
(b ! 20 Xy Xkl

Interestingly, the links (partially) approximate the elemental covariance structure,
represented here by variances of simple log odds-ratios. This property, which was also
observed for the bpc biplot in the vector case, is thus transferred to a more general
setting by a proper choice of coordinate representation of the interaction part of the
compositional table.
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3.3.2. Intra-factorial relationships

The other main source of information carried by a compositional table lies in its indepen-
dent part, whose elemental representation is given by pairwise row or column balances.
When the I-th row of a compositional table x is understood as the normalizing el-
ement (category of the row factor), all pairwise row balances with this element can be
given by the first rbpb, computed from different permutations x*!), k =1,...,7— 1. The
following relationship holds between these coordinates and the clr representation:

J Xe 1
rbpb(x \/> 8(Xe) :\/ﬁ(y[k,1]+~~~+y[k,1]_Y[I,l]_~~_Y[1,J])- (17)

The construction of a biplot with pairwise row balances is based again on the de-
composition of the mean centered coordinate matrix Z*!) into matrices G*) and H*),
so it can be computed along with the one for the interaction part. Here the biplot rep-
resentation collects the rows of the loading matrices HM k=1,...,1—1, standing at
the position [(I — 1)(J — 1) + 1] (the column permutation / does not play a relevant role
in this case). Let the position be denoted by r1 in the following (in reference to the fact
that it is the position corresponding to the first rbpb). According to (17) the following
relation holds between a row of H*) and rows of the cIr loading matrix H:

1
n*) = ,/ﬁ (Bgage + -+ M sje —hygge — .. —hy ). (18)

Accordingly, the biplot properties are now as follows:

* The inner product between a row of matrix G and h( D . approximates the pairwise

row balance:
J . 8(Xke)
) \f "
gi rle ~ g(XIo)

* The lengths of the biplot rays give an approximation of the variability of the pair-

wise row balances:
J__ .
I e (e ).
2 g(xze)

* The length of the links between the vertices of the rays approximate the variability
of the balance between row categories standing in the numerator of the respective
coordinates:

J .
I~ m P~ G (e ).
2 g(sz.)
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* A specific pairwise row balance can be for a given observation approximated by
the projection to a link:

(gl _plen) o [T 8(X0e)
Bie <hr1. e ) ~ \/;lng<ixkzo> .

Analogous properties can be derived for the biplot constructed from the rows at the
positions [(I — 1)J 4 1] of matrices H*), computed for different column permutations
I=1,...,J — 1. These rows refer to the first cbpbs of x*/), and therefore the interpre-
tation relates to the pairwise column balances with the J-th (rationing) column level or,
alternatively, between the other levels of the column factor.

4. Regression analysis

We now demonstrate the bpc approach focusing on the elemental information in vector-
or table-type compositional data in the context of regression analysis. More specifically,
we focus on linear regression models with real-valued response variable and explanatory
composition. The coordinate representation of the composition challenges the interpre-
tation of regression parameters. As Coenders et al. (2020) pointed out, the standard inter-
pretation of regression coefficients in terms of “increasing one regressor while keeping
the others constant” is violated when non-orthonormal coordinates are used. We add
that, even when an olr coordinate system is used, the idea of keeping regressors constant
needs to be understood correctly. In this section, following Hron et al. (2021), we elab-
orate on the interpretation of regression parameters in the vector composition case using
a bpc representation to, subsequently, extend the concept to compositional tables.

4.1. Vector compositional data

We focus on the regression analysis problem where a real-valued variable Y is mod-
elled in terms of a D-part compositional vector x = (xi,...,xp). Thus, a system of
(orthogonal) bpes z(x(!)) = (zgl), . zgll) can be used to represent the composition in a

regression model as
E [11atx)] = o+ B+ .+ B L 19)

Even though the definition of bpcs in (3) refers to the usual natural logarithm, i.e.
logarithm with the base of e, following Miiller et al. (2018) this can be replaced by
logarithms with any other base k. An adequate choice of the base of the logarithm can
facilitate the interpretation of the regression parameters.

While the intercept By and global characteristics of the regression model such as
residuals, overall F-statistic, and coefficient of determination remain the same in any
coordinate system, all the other regression coefficients vary with the choice of logratio
basis. When bpcs with xp as the normalizing part are of interest, the effects of the
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simple logratios In(x; /xp) can be investigated by changing the index [ (I =1,...,D—1),
each represented by the corresponding regression parameter Bl(l) associated to the first

(1)

bpc coordinate z; of the system. Therefore, the main result from such a modelling is
formed by estimates [3;0 and [31(1), [=1,....D—-1.

Regardless the specific permutation (1), Bo gives an expected value of the response
when all compositional parts x;, i = 1,...,D, are equal. However, the interpretation of
the Bl(l) ,1=1,...,D—1, is related to the underlying model and coordinate system it is
coming from. For a given [ the parameter Bl(l) estimates the effect of the k-times growth
of the ratio x; /xp on the response, while keeping the remaining coordinates zg), ,zg) 1
constant. For example, using K = 2 leads to the interpretation in terms of doubling the
ratio of interest. In order to keep the remaining coordinates unaffected, the k-times
increase in x;/xp has to be equally distributed between both parts in the ratio. More
specifically, the only scenario leading to the required change is the \/k-times increase
in x; accompanied by the same decrease in xp. Each of the regression parameters [31(1),
[ =1,...,D—1, therefore models the effect of the increase in the part of interest x; at
the expense of the rationing part xp, while keeping the rest of the composition constant.

Obviously, there are several other ways to achieve the k-times increase in the ra-
tio involving x; and xp. Particularly interesting is the case when the increase is caused
by a k-times increase in x; only. Even though this does not affect any other pairwise
logratio with the normalizing part xp, it leads to change in the remaining coordinates
Zg), ,zg)) ; from the [-th system, which decrease by 1/2,1/3,...,1/(D — 1) respec-
tively. The effect of the k-times increase of x; would therefore need to be accounted for
from all the regression coefficients Bim, i=1,....D—1.

4.2. Compositional tables

For the purpose of regression modeling, a table x of dimensions / X J can be represented
by a vector of olr coordinates (Facevicova et al., 2021). When, additionally, the elemen-
tal information related to the /-th row and the J-th column is of interest, such coordinates
need to be constructed as in Section 2.2. The explanatory variables can be the orthogonal
versions of the row and column backwards pivot balances (5) and (7) and the odds-ratio
bpes (9), ie. z(x*)), Cz(x“‘l)) and ,z(x(kl)) respectively. As noted in the previous sec-
tion, the natural logarithm can be replaced by any other with base k. A linear model of
dependence between a real variable Y and a I x J compositional table x can therefore be
formulated as

(kl) (ki (k)
E[V12(x)] = Bo+ B 2 + . +B,]r,%+

k) (kI Kl
+ Bl(l)t gl)"‘ -+ BI 1J— 115 11 1

The parameter By does not depend on the olr basis chosen and it has the usual in-
terpretation, i.e. it is expected value of the response when all the regressors are set to
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zero. This corresponds to the case of no relationship between row and column factors
(i.e. lz(x(’d)) being zero) and no informative categorization of the individual factors (i.e.
z(x*D) and _z(x*)) being zero). The value and interpretation of the remaining regres-
sion parameters depend on the coordinate system from which they are estimated. As
we focus on the elemental sources of information, we suggest to combine the results
of the regression modeling (20) for each of the row-column permutations of the table
x, i.e. x*), with k = I,....—1and !/ =1,...,J—1. As in the vector case in Section
4.1, the global characteristics of the model do not depend on the specific permutation
applied. The main part of the outcome is then formed by the estimates of coefficients

corresponding to the orthogonal versions of the first rbpbs r[_’;](kl), k=1,...,1—1, the
first cbpbs C[§1(kl), [=1,...,J —1 and the first odds-ratio backwards pivot coordinates
5 (kI
B, vk, 1.
The final summary of the model collects estimates of / — 1 regression coefficients

l(kl), which quantify the effect of a unit change of the ratios

rz(lkz) 1 (Xre)
g(Xre)

on the response variable Y while keeping the remaining ones constant. But, as we are
actually combining results from several regression models, that refers to the other co-
ordinates included in the respective model and not to those listed in the final summary.
The logratios (21) can be understood as a special case of the pairwise logratios studied
in Section 4.1. Thus, the interpretation of rBI(kl) is analogous. The unit increase in rzgkl)
means a K-times increase in the ratio g(xze)/g(Xse). This is achieved through a pro-
portional \/K-times increase in parts from the k-th row accompanied by a proportional
decrease in parts from the rationing row / by the same constant.

The second set of regression coefficients obtained from the regression analysis are

. k=1,...,0—1, @21)

the CBI(H) , which analogously to the above quantify the effect of a unit change of

ki) _ ;- 8(Xar)
c*1 =In )
8 (Xo./ )
on the response variable Y. The k-times increase in the respective ratio can be (under the
condition of unaltered remaining coordinates) achieved here through a proportional /-
times increase in parts from the /-th column accompanied by a proportional decrease in
parts from the J-th column by the same constant.

=1,...J—1, (22)

The last group of regression coefficients are the IBI(IIC[). These (I —1)(J — 1) coef-
ficients quantify the effect of changes in the interactive structure of the compositional
table, as each of them is related to one log odds-ratio of the form

Kl XIJXkl
Ar == (23)

X11XkJ
A x-times increase in this case means a v/K-times increase in the parts x;; and xy
accompanied by a simultaneous v/k-times decrease in x;; and x;;. Note that even though
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this ensures that the remaining coordinates from the system remain unchanged, it still
affects some of the elemental odds-ratios with rationing part x;;. More specifically, the
following happens:

* The odds-ratios sharing the pair of elements x;; and x;; or x;; and xy;, i.e.

X1J Xk j or X1JXil

, di=1,..,0—1, i#k and j=1,....0—1, j#I,
X1 jXkJ Xig X1

turn out to increase /K - times.

* The odds-ratios sharing with the one of interest only the part x;;,

MW Gy 01, itk and =101, j#L

)
X1jXiJ
increase v/K-times.

Similarly to the vector composition case, the unit increase in the coordinate of inter-
est admits an alternative interpretation. If the condition that the other coordinates must
remain unchanged is relaxed, we can consider the case in which only the part of the
interest xi; observes a K-times increase. This implies that the other coordinates from the
system are affected and the overall effect on the response variable is therefore a combi-
nation of all regression parameters for the (k/) model. In particular, the row backwards

fkl), i=2,...,]—1, decrease by 1/iJ, while rzgkl) increases by 1/J.

Similarly, the column backwards pivot balances Cz(kl)

J
and ngkl) is increased by 1/1. Finally, the odds-ratio backwards pivot coordinates tz(kl)

1j
j=2,....J—1,or ,zﬁ{‘”, i=2,...,]—1, decrease by 1/ and 1/i respectively. The

(ki) .

remaining Zij » 1= 2,...,]—1and j=2,...,J — 1, are increased by 1/i;.

iy
Another interesting case of a unit change in lzglil) is that derived from change in

one of the odds constituting the corresponding odds-ratio (while keeping the other un-
changed). Thus, when for example the odd x;; /x;; decreases k-times in a way such that
x7; becomes /kx;; and x;; decreases proportionally to xy; /+/X, this change propagates
to coordinates tz(llj-l), j=1,...,J—1, which increase by 1/, and to the row balance rzgkl),

which increases by 1/J. The effect of such a change on the response variable is therefore

pivot balances z

,j=2,...,J —1, decrease by 1/;I

given by a combination of the parameters ZBI(I]‘.I), j=1,...,J—1,and rﬁl(kl).

5. lllustrative applications

The presented methodology is illustrated in the following subsections using two real-
world data sets from the field of time-use epidemiology, where compositional methods
have been notably introduced in recent years (see e.g. (Dumuid et al., 2020)). The
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data analyses were conducted using R (R Core Team, 2020). All methods introduced
in this manuscript are implemented in the R package robCompositions (Templ,
Hron and Filzmoser, 2011), with associated functions called bpc, bpcPca, bpcReg,
bpcTabWrapper, bpcTabPca and bpcTabReg.

5.1. Movement behavior patterns in children and adolescents — a vector
approach

The first data set describes the distribution of 24-hour movement behaviors of 336 chil-
dren and adolescents aged between 8 and 18 (Gaba et al., 2021). For each of the partici-
pants the times spent in sedentary behavior (SB), light physical activity (LPA), moderate
physical activity (MPA) and vigorous physical activity (VPA) were collected together
with sleep time using wrist-worn accelerometers. Note that sleep is a natural ratioing
part, so we will focus on the four pairwise logratios representing time spent in SB, LPA,
MPA and VPA behaviors relative to sleep.

5.1.1. Principal component analysis

Compositional PCA and associated biplot based on backwards pivot coordinates as de-
scribed in Section 3.2 are applied here to the movement composition, focusing on the
representation of pairwise logratios including sleep as reference behavior. The resulting
biplot display is shown in Figure 1, where it can be observed that the data variability is
mainly driven by the VPA-to-sleep logratio. The individuals (biplot points) are repre-
sented by their ID number in the database. Thus, while participant no. 1287 spent sub-
stantially more time sleeping than in VPA (the raw values are VPA = (.12 min/day and
sleep = 478.35 min/day), for example participant no. 1656 (at the opposite side of the
biplot) reported a higher absolute (and relative) amount of VPA (VPA = 29.14 min/day,
sleep = 497.66 min/day). Another important source of variability is the logratio between
MPA and sleep, while the relative time spent in SB or LPA is rather consistent in com-
parison to the former two logratios. Looking at the links, the logratio between VPA and
MPA also stands out as relevant source of variation between participants, followed by
logratios between VPA and SB, VPA and LPA or MPA and SB.

To illustrate possible caveats of the ordinary alr approach (considering sleep as refer-
ence element as in the case of backwards pivot coordinates), Figure 2 shows the resulting
alr-based biplot. Two main issues are noticeable. Firstly, the scores of this biplot are dis-
torted with respect to the biplot based on backwards pivot coordinates. Although the
latter could be closely approximated using alr coordinates through an adequate choice of
reference element (Greenacre, 2018), this option is not feasible when the reference ele-
ment is chosen to have a concrete interpretation in the context of the problem at hand (as
it is the case here). Secondly, and related to the above, the loadings are also dramatically
different to those obtained using backwards pivot coordinates, particularly showing an
exaggerated variability of the logratio between VPA and sleep. This variability is better
represented relative to the other elements of the multivariate structure when orthonormal
coordinates as seen in Figure 1.
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Figure 1. PCA biplot based on backwards pivot coordinates for the movement behavior vector
composition with sleep used as reference behavior. The numbers correspond to participant ID.
Individuals no. 1287 and no. 1656 (highlighted in red color) differ substantially in time spent in
VPA relative to sleep.

5.1.2. Regression

The above movement distribution was accompanied by information on body fat percent-
age as response variable. Regression analysis as described in Section 4 was conducted
to investigate their relationships. Namely, four regression models were required, each
concerning the association with the response variable of each of the pairwise logratios
with sleep as rationing part. Moreover, the logarithmic base k was set to 2 for interpre-
tation in terms of doubling the respective ratios. Note that body fat percentage was also
represented in log,-scale as commonly done in practice to symmetrize its distribution.
The results from all four models are summarized in Table 1.

The value of parameter [30 indicates that the average body fat percentage of an indi-
vidual, who distributes time fairly equally over all five behaviors, is approximately 18 %
(2P0 = 24169y " The pairwise logratios to sleep do not seem to play an important role
overall, with the exception of time in MPA relative to sleep that is statistically signifi-
cant at the usual 5% significance level. This implies that doubling this ratio (a v/2-times
increase in MPA at the expense of a similar decrease in sleep) results in an increase in
body fat percentage of more than one third (261(3) = 20446 — 1 362). Note that this trend
represents an average behavior over the entire data set. As the participants in this study
span a fairly wide age range, it is expectable that a more structured analysis, which is
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Figure 2. PCA biplot based on alr coordinates for the movement behavior vector composition
with sleep used as reference behavior. The numbers correspond to participant IDs.

beyond the scope of this more methodologically-orientated manuscript, would lead to
more specific results.

Following on Section 4.1, when only time dedicated to MPA doubles while all
the remaining behaviors are unchanged (before closure), the overall effect on body
fat percentage is derived from all the B coefficients in the respective model. In this
case, they are the coefficients from [51(3) to BF) estimated for the third (! = 3) model,
which are (0.446,—0.036,—0.398,—0.193). Therefore, doubling the time spent in MPA
is associated to an increase in body fat percentage by approximately one fifth
(20446-0.036/2-0.398/3-0.193/4 _ | 1g7).

Finally, it can be compared to a simpler model that considers only the MPA-to-
sleep logratio as explanatory variate, ignoring time devoted to other behaviors. This
latter gives a markedly lower performance (adjusted R? = 0.013) and doubling the MPA-
to-sleep ratio here implies a slight increase in body fat percentage ([31 = 0.172 with
associated p-value equal to 0.020). The predicted body fat percentage when time spent
in MPA is equal to sleep time is estimated to be 26 % (ﬁo =4.688 with p-value < 0.001).

5.2. Movement behavior for older adults — a compositional table approach

The second data set focuses on the older adult population from a study conducted in
2016-2019 (Cuberek et al., 2019). The structure of movement behaviors during weekend
waking time was assessed by hip-worn accelerometers and its association with visceral
fat area (VFA) was studied based on 161 individuals aged between 60 and 84. For each
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Table 1. Regression analysis of body fat percentage on movement behavior composition. Sum-
mary of the four regression models needed to extract all orthogonal logratios with sleep as ref-
erence behavior. Common overall significance and R* measures: F-statistic = 12.304 (p-value
< 0.001), R*> =0.129 and adjusted R* = 0.119.

(1)  Variable Estimate Std. error t-value  p-value

Intercept 4.169 0.219 19.077 < 0.001
(1) log,(SB/SLEEP) 0.196 0.153 1.283 0.200
(2) log,(LPA/SLEEP) -0.051 0.154  -0.335 0.738
(3) log,(MPA/SLEEP) 0.446 0.114 3918 < 0.001
(4) log,(VPA/SLEEP) 0.027 0.097  0.278 0.781

participant, a two-factorial composition was available since activity (with categories SB,
LPA and MVPA (moderate to vigorous physical activity aggregated)) was also split by
part of the day (LM - late morning (9-12 am), N - noon (12 am - 3 pm), and A - af-
ternoon (3-6 pm)). Moreover, each of the 3 X 3 compositional tables was accompanied
by information about the visceral fat area (in cm?) for the individual (see Table 2 for an
example). Considering SB and LM as normalizing categories, the analysis focuses on
(1) pairwise row balances between LPA or MVPA and SB, and (2) pairwise column bal-
ances between N or A and LM. Additionally, the interaction structure is studied focusing
on the simple four-part log odds-ratios with [SB, LM] serving as the reference.

Table 2. Example compositional table showing the distribution of movement behaviors during
weekend (min./part of the day) for a senior individual presenting 71.36 cm? of visceral fat area.

LM N A
SB 110.5 73.0 385
LPA 65.5 885 1055
MVPA 40 185 36.0

5.2.1. Principal component analysis

Figure 3 shows biplots for the row and column pairwise balances (left) and simple log
odds-ratios (right) resulting from the four PCAs required here, each based on a permu-
tation of the 3x3 compositional table x().

The left biplot suggests that the data variability is mostly driven by the MVPA-to-
SB logratio (averaged over parts of the day). Even though SB time overall dominates
MVPA time amongst participants, the more active ones are represented on the left-hand
side of the biplot (e.g. participant no. 97159 has a paiwise row balance equal to -0.279).
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Figure 3. PCA biplots based on backwards pivot coordinates for the movement behavior com-
positional table with sedentary behavior (SB) and late morning (LM) used as normalizing cat-
egories. The numbers correspond to participant ID. Participants further discussed in main text
are highlighted in red.

Contrarily, participants whose amount of MVPA time is relatively small (e.g. no. 598
has a pairwise row balance of -7.275) appear on the right-hand side. An important
contribution to the overall variability is given by the simple log odds-ratio comparing
the MVPA-to-SB ratio between afternoon and late morning. Thus, participants at the
top of the right-hand side biplot tend to spend more time in MVPA (relatively to SB)
in the late morning than in the afternoon (e.g. participant no. 97027, with log odds-
ratio equal to -5.843). On the contrary, those at the bottom typically exhibit the opposite
behavior (e.g. participant no. 97168 has log odds-ratio equal to 5.010). Moreover, the
lengths of the rays indicate that a non-negligible variability involves the averaged A-to-
LM and N-to-LM logratios (i.e. there is a good deal of variability in movement behavior
during the day) and the log odds-ratio comparing the MVPA-to-SB ratios between noon
and late morning. It can be observed that all logratios including LPA are fairly stable
across participants. Thus, the LPA-to-SB logratio is fairly stable during the day and,
considering the results from the regression analysis, change in LPA could be related
with reduction in fat. Finally, looking at the link between the vertices of the odds-ratios
including MVPA, we can conclude that the odds-ratio comparing the MVPA-to-SB ratio
between afternoon and noon is markedly variable.

5.2.2. Regression

The relationship between amount of visceral fat and structure of weekend activities can
be studied using a regression model of the form (20) as introduced in Section 4.2. Four
permutations x*!) were considered for each individual table, where k = 1,2 distinguishes
whether either LPA (k = 1) or MVPA (k = 2) is set as second row, and [ = 1,2 refers
to permutations where N (I = 1) or A (I = 2) is placed in the second column. For each



290 Simple enough, but not simpler: reconsidering alr coordinates in CoDa

permutation, a system of orthogonal coordinates z (x(’d)) was computed following (5),
(7) and (9) . They were used as covariates in the regression model. As in the previous
example, a base k = 2 was set for the logarithm and the response variable VFA was
log-transformed to meet distributional assumptions. The results from all four models
are summarized in Table 3. Note that, e.g., notation log,(g(MVPA)/g(SB)) refers to
the pairwise row balance between MVPA and SB, while log,OR: x[MVPA, N] denotes
simple log odds-ratio with the pivoting element at the position [MVPA, N].

Table 3. Regression analysis of visceral fat area on weekend movement behavior composition in
adults according to intensity and part of a day. Summary of the four regression models needed
with sedentary behavior (SB) and late morning (LM) as normalizing categories. Common overall
significance and R*> measures: F-statistic = 2.943 (p-value = 0.004), R> = 0.134, adjusted
R? = 0.089 (see text for details).

(kl)  Covariate Estimate Std. error f-value  p-value

Intercept 6.246 0.126  49.566 < 0.001
(le) log,(g(LPA)/g(SB)) -0.029 0.048  -0.607 0.545
(2e) log,(g(MVPA)/g(SB)) -0.105 0.035 -2.987 0.003
(e1) log,(g(N)/g(LM)) 0.068 0.157 0.436 0.664
(#2) log,(g(A)/g(LM)) -0.069 0.131  -0.530 0.597
(11) log,OR: x[LPA, N] -0.088 0.047 -1.878 0.062
(12)  log,OR: x[LPA, A] -0.063 0.039 -1.626 0.106
(21) log,OR: x[MVPA, N] -0.066 0.042 -1.562 0.120
(22) log,OR: x[MVPA, A] -0.024 0.035 -0.667 0.506

The results suggest that VFA is mostly related to the MVPA-SB ratio, with the cor-

responding regression coefficient being r[§ 1(2') = —0.105. That is, doubling the average
MVPA-SB ratio is related to a decrease in VFA by approximately 7% (1 —27019%),
Change in the respective row balance is considered under the condition of constant re-
maining coordinates. Therefore, it has to happen across the whole day by simultaneous
V/2-increase of time spent in MVPA at the expense of SB. Alternatively, we can con-
sider a 2-time increase in MVPA over the day, without simultaneous decrease in SB nor

LPA and before closure. Similarly to the vector case, such a change affects the second
el

rbpb and, thus, the overall effect on VFA is 2(’ ! 7%’132(2.)) = 2(=0.105+0.031/2) — () 940
(approx. 6% decrease). If LPA and the interactions were ignored, the simple model
of VFA on the MVPA-to-SB balance would estimate an effect of —0.120, leading to
a similar conclusion: doubling the mean MVPA time (with respect to SB without any
other condition) is associated with a decrease in VFA of about 8 %. Note that the overall
performance of this simpler model is also fairly poor (adjusted R? = 0.087).



V. Nesrstova et al. 291

Another interesting regression coefficient is t[gl(ll 1), which quantifies the effect of
change in the odds-ratio comparing the LPA-to-SB ratio at noon and late morning. Even
though the estimate is marginally non-significant at the usual 5% significance level (p-
value = 0.062), its value suggests that doubling the odds-ratio decreases VFA by more
than five percent (27988 = (.941). This change has to be proportionally distributed
over all parts in the odds-ratio, meaning that while time spent in LPA at noon and in
SB at late morning increases v/2-times, this is at the expense of time devoted to the
same behaviors at the complementary part of a day. It can be therefore understood as
a transfer of LPA time from late morning to noon, compensated by a transfer of SB
time in the opposite direction. Alternative scenarios as discussed in Section 4.2 can be
considered. For instance, when the change affects only the late morning LPA-to-SB ratio
(decreasing in a half by reducing LPA time at the favor of SB time), the effect on VFA

is equal to 2(,3“”%,Bfil)%,ﬁf”))’ e, 2(-0.088-0.026/2-0029/3) — ( 926 (a 7% decrease
approx.). Finally, the simpler model of VFA on the discussed log odds-ratio gives an
estimated B coefficient equal to —0.101 (p-value = 0.024). Therefore, when the other
covariates are neglected, doubling the odds-ratio comparing the LPA-to-SB ratio at noon
and late morning relates to a decrease in VFA by approximately 7%.

6. Final remarks

Some recent developments in compositional data analysis suggest that there is a demand
amongst practitioners for simple, interpretable logratio representations of compositional
data. The classic alr coordinates, although having some issues related to the fact that they
define an oblique system of coordinates, are indisputably a key representative of this
kind. Moreover, orthonormality of logratio coordinates is a desirable property which
is very much linked to the Aitchison geometry of compositional data, contributing to
guarantee consistent and reliable results. In this paper we present backwards pivot coor-
dinates as an orthonormal alternative to alr coordinates. It is demonstrated how they can
be used with widely-used techniques such as principal component analysis and linear
regression analysis. Just taking into account that the results are originated from multi-
ple coordinate representations simultaneously, the interpretation results to be simple and
natural while orthonormality is satisfied. Additionally, the approach is extended in this
contribution to the case of compositional tables, where orthonormality of coordinates is
required to enable (orthogonal) decomposition into independent and interactive parts.

We then consider that the approach in the present work opens up new possibilities
in compositional data analysis, offering simplicity of interpretation while respecting the
well-established geometrical framework for both vector compositional data and multi-
factorial compositions. Computer implementations of the methods are made freely avail-
able to facilitate use by practitioners on the R software for statistical computing.
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Abstract

The chapter focuses on the modelling and analysis of spatial dependent
two-factorial compositional data. Spatial statistics provides a wide range
of methods for the analysis of data with local variations but only a few of
them are accommodated for the purposes of modelling relative structures. In
this chapter, the geographically weighted regression model is introduced to
analyse the relationship between the dependent variable and an explanatory
variable reflecting a structure expressed in terms of a compositional table.
The methodology is motivated by the problem of modelling local variations
of the relationship between at-risk-of-poverty rates and the structure of the
highest attained educational level in the German population aged 30-34. The
real data study shows how information included in a compositional table
and further expressed in real-valued coordinates can be highly valuable in
selecting variables and prioritising them with respect to a research interest

to facilitate the final interpretation of the model.
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1 Introduction

Modelling of spatial dependent data represents one of the well-developed fields of
statistical analysis. Methods of spatial statistics are based on the assumption that
elements that are spatially close to one another are also more closely related. Thus,
it is a direct link to Tobler’s first law of geography saying that "Everything is related
to everything else, but near things are more related than distant things." [Tobler,
1970]. Spatial data are often mistreated without taking into account their specific
characteristics resulting from spatial relationships. These linkages may disrupt the
assumptions of common statistical analyses, such as homogeneity, or absence of au-
tocorrelation [Fotheringham, 1997], making standard statistical methods unsuitable
[Anselin, 2013].

Many authors have been dealing with the design of spatial statistical methods.
There are several well-developed methods and tools for solving spatial autocor-
relation problems [Cliff and Ord, 1970], applying regression models on spatial
data [Anselin, 2001, Brunsdon et al., 1998], estimating of local spatial and geo-
graphically weighted correlations [Kalogirou, 2012] or performing geographically
weighted principal component analysis [Harris et al., 2011]. Nevertheless, all these
methods are primarily designed for real-valued data and, therefore, if the data at
hand are of the relative (compositional) nature, a proper modification of the methods
is needed.

Analysis of spatial dependent compositional data is quite frequent in practice.
Let us mention here the Kola data set consisting of a geochemical structure of over
600 soil samples from different locations in Norway, Finland and Russia [Reimann
et al., 1997] as a well-known example of spatial dependent vector compositional
data. Relative-valued data also naturally appear in the econometric studies, when
the demographic structure of countries [Gollini et al., 2015] or the election results
in different electoral districts are of interest. Finally, not just vector but also more
complex compositional structures appear in practice. The compositional approach
to analysis of manufacturing output distributed according to technology intensity
and resource efficiency was introduced in [Facevicovd et al., 2016]. Furthermore,
the educational structure reflecting the field of study and the highest reached degree
was analysed in [de Sousa et al., 2020]. In both cases, the set of spatial dependent
compositional tables was analysed. In the latter case, a more detailed structure can
be considered when inhabitants’ gender is taken into account resulting in a set of
three factorial compositional data - compositional cubes.

Even though spatial dependency is quite common for compositional data, the
methods for its analysis are still not well developed. One of the first steps towards
this goal was taken by [Pawlowsky-Glahn et al., 2015, Tolosana-Delgado et al.,
2008] who focused on simplicial kriging and cokriging. The authors of [Nordhausen
et al., 2015] deal with the task of blind source separation. They propose the use of
an independent component analysis method tailored for spatial dependent composi-
tional data. Other authors have recently focused on methods for analysis of spatial
dependence [Andreano et al., 2019, Pirzamanbein et al., 2018], spatial regression
modelling [Leininger et al., 2013] or multivariate spatial processes [Yoshida and
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Tsutsumi, 2018]. However, all the current methods are designed for vector compo-
sitional data and do not reflect the complexity of their more-factorial alternatives.
This chapter represents the first step towards analysing more-factorial compositional
data using spatial statistical methods. The main aim is to introduce a geographically
weighted regression model for exploring spatial heterogeneity of the relationship
between the dependent variable and an explanatory variable reflecting a structure
expressed in terms of a compositional table.

The contribution itself is motivated by the problem of modelling a relationship
between at-risk-of-poverty rates and educational attainment structure of the popula-
tion aged 30-34 in 36 German regions in 2017. As the at-risk-of-poverty rates vary
significantly across different German regions, the relationship with the structure of
the highest attained education level is explored assuming local variations over the
space. The compositional aspect of the educational structure of German population
plays an important role in this study. The system of coordinates is thus constructed in
such a way to focus primarily on the relative dominance of attained tertiary education
as a key factor of at-risk-of-poverty rates.

The chapter is organised as follows. The theory of compositional tables and their
coordinate representation is introduced in Sect. 2. Moreover, this section proposes
an ordinary linear regression model with a compositional table in the role of the
independent variable, and focuses on the interpretation of its coefficients. The con-
ventional geographically weighted regression model is defined in Sect. 3 and further
extended to its compositional version in Sect. 4. Sect. 5 demonstrates a practical
application of the method followed by concluding remarks in Sect. 6.

2 Two-factorial Compositional Regression Model

Analysis of more-factorial compositional data represents a natural extension of the
traditional log-ratio methodology, which is described in detail e.g. in Chapters 1, 2,
3 and 11 of [Pawlowsky-Glahn and Buccianti, 2011]. When the relative structure
results from the combination of levels of two factors, it can be expressed in the form
of an I x J compositional table

X110 X1g
L e R (H
X1 Xrg
whose cells x;; > 0, fori =1,2,...,Iand j = 1,2,...J convey relative contribu-

tions on the whole. An example of such a structure is shown in Table 1 where each
cell represents a percentage of the given educational-gender category on the whole
population aged 30-34 in Leipzig in 2017.

Similarly to the case of vector compositional data, the sample space of composi-
tional tables is a subset of an /J-part simplex S’7 where both basic operations of the
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Table 1 The structure of attained education in German population aged 30-34 living in Leipzig in
2017 (in percent). The educational classes are Less than primary, primary and lower secondary ed-
ucation (EDO0-2), Upper secondary and post-secondary non-tertiary education (ED3-4) and Tertiary
education (ED5-8).

EDO-2 ED3-4 ED5-8

Women 1.63 25.35 20.94
Men 4.53 27.71 19.84

Aitchison geometry, perturbation of tables x and x” and powering by a real constant
a, can be extended as follows

1,7 1,0
xeax’:C(xe[j) and a@x:C(xf;) , ?2)
i,j=1 i j=1
where C denotes closure and constitutes the equivalence classes of compositional
tables, which differ only by the sum of their parts k. The vector space structure is
moreover extended with the Aitchison inner product defined for compositional tables

as ) o
X, X4 = — In 24 g 22 3
( ) 2[];%: Xkl x;d )
Similarly to compositional vectors, compositional tables are also defined as hav-
ing strictly positive entries. The situation when some cells equal zero would disable
the application of the log-ratio approach to further analysis and therefore its impu-
tation is needed.Various techniques for dealing with zeros or missing values have
been introduced, e.g. in Filzmoser et al. [2018], ch. 13. Nevertheless, all of them
are primarily designed for vector compositional data and not their more-factorial
alternatives.
According to Egozcue et al. [2008, 2015], it is possible to decompose each
compositional table into its independent and interactive parts

X = Xind © Xint 4

and to analyse them separately. More specifically, both x;,,4 and x;,; are also I X J
compositional tables with cells

I J ﬁ 1 J Xi: 17
i i )
xind = | | | |xijil and xj!' = | | | | ! , Q)
J J Xi g

k=1 I=1

respectively.
Before further analysing the compositional structures, it is convenient to express
them in a system of D — 1 real-valued coordinates z = (z1,...,zp_1) . More specif-

ically, a vector of isometric log-ratio (ilr) coordinates represents a mapping from
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SP to RP-!. This real space representation of compositional data is defined as
log-contrasts

D D
a:Zka% zﬁﬁﬂxizhqu—u (©6)
j=1 j=1

where e; = exp(&;) = [exp(&i1),...,exp(&p)],i =1,...,D —1is a system of
orthonormal vectors which forms an orthonormal basis of S?.

According to Hron et al. [2012], the linear regression model with a D-part
compositional vector in the role of the explanatory variable can then be defined as

E(Y|z) = Bo +piz1 + -+ +Bp-12D-1. @)
Its alternative form will be mainly used in this chapter as follows

E [In(Y)|z] = Bo +Biz1 +- - +Bp-12D-1. ®

Different ilr coordinate systems are orthogonal rotations of each other and there-
fore the general characteristics of the regression models (AIC, R2, residuals, Bo,
etc.) are invariant to the specific choice of the coordinate system. Despite this, the
parameters S, ..., Sp-1 vary according to the structure of coordinates, which is
usually set with regards to a convenient interpretation. An ilr system, formed by
three groups of coordinates, is defined in Facevicova et al. [2018] to enable the real
space representation of compositional tables. The construction is based on sequential
binary partition (SBP) [Egozcue and Pawlowsky-Glahn, 2005] applied separately to
levels of each of the constituting factors. The first two groups of coordinates z" and
z¢ of a compositional table x are thus simple balances between the whole rows and
columns,

1/s
t] Xie) " X'go
4:Ji—mk“J ghj], for i=1,2,....0-1 (9
s+t 1/t

[e(xie) - g(xi0)] "

and

ol s g(xa)]
G = In R
u+v [g(Xoml)"'g(Xan)]

where s, ¢ (u,v) are numbers of rows (columns) separated in the i-th (j-th) step of
SBP,indices (je, ..., js®)and (kie,... k;®)or (el,...,el,)and (emy,...,em,)
denote rows/columns involved in this step and g(.) stands for the geometric mean.
These coordinates describe relations between levels of one factor when the influence
of the second factor is suppressed. The coordinate system is complemented with a
third group of (I — 1)(J — 1) log-contrasts, which describe relations between factors.
The interpretation of these coordinates is closely connected to the odds ratio between
four groups of parts, which are uniquely determined by the initial row and column

for j=12,...,J-1, (10)

)
|
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SBPs and represented by the geometric mean of the respective parts. When a, b, ¢, d
are the numbers of parts within each group and i, j, k_, [ are indices of parts within
each group, these coordinates can be in general defined as

or _ [ard o) " o) an
atbtc+d (o )P (g xr )

c

The construction of coordinates zOR is described in detail in Fadevicova et al.
[2018] and the whole coordinate system can be computed with the function
tabCoord from the R package robCompositions [Templ et al., 2011].

As an example, let us consider the 2x3 compositional table from Table 1. In order
to represent the structure in orthonormal coordinates, the row and column SBPs
need to be defined first. For the purpose of deeper analysis in Sect. 5, it seems to
be convenient to focus on the relative dominance of men over women (which is
quantified by the coordinate 7). It furthermore seems convenient to concentrate on
the overall population aged 30-34 with attained tertiary education (ED5-8) over the
geometric mean of the remaining groups (EDO-2 and ED3-4) - z{, complemented
by the relative dominance of the upper secondary qualification (ED3-4) over those
with the lowest achieved degree of education - z§. The whole relative structure can
therefore be represented with the system of coordinates that are listed in Table 2 and
whose simple graphical description is presented in Fig. 1.

Table 2 List of orthonormal coordinates and their values used for the practical example from Table
1.

r c c OR OR
2 2 Zn 2

2y

13 12 12 12
\/;ln (mezzxzz)m \/gln (x13x23) - In (Xlzxzz)w \/gln (X|1X|2)1/2X23 %ln X11X22
(x11x12%13) 1/ (x11X12X21X22) (x11x21) 12 3 (x21x22) 12 x13 X12X2]

0.4317 1.0120 22777 -0.3520 -0.4769

z,

c [ OR OR
K41 Z; Zy Z13

Fig. 1 Graphical representation of orthonormal coordinates defined in Table 2.

According to the values of the coordinate 7z}, men in Leipzig dominated women
across all attained educational classes in 2017. Considering the column balances z{
and zj, we can conclude that there is (on average) a higher proportion of people with
a university degree than those with primary or secondary educational qualification.
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Moreover, the coordinate z§ indicates that the population with attained secondary
education prevails over those who attained only the lowest level of education.

An even deeper insight into the structure is provided by the odds ratio coordinates
Z9F and z9F. The negative value of zOR highlights the fact that the proportion of
women with a tertiary education (in comparison to the geometric mean of those with
the primary or secondary one) is slightly higher than the respective proportion of men
with tertiary education. Furthermore, the relative predominance of the secondary
education over the primary one is slightly higher for women due to the negative
value of z?lR . This difference is presumably caused by a small percentage of women
with only a primary qualification.

The linear regression model with a compositional table as the explanatory variable

can be written as

E(Y|z) = Bo + B2} +- - +Bp_y2p_y + Bz + - By 125
OR_OR OR OR
B2 By sig 12)

or by incorporating a log-transformed response with respect to the application intro-
duced in this chapter

E[In(Y)|z] = Bo + Biz] +- - +By_ 12 + 852+ B5_125_,
OR_OR OR OR
B B g g (13)

Similar to the case of classical regression, the intercept Sy equals the predicted
value of Y (or In(Y)) when all coordinates are zero. Zero values of all odds ra-
tio coordinates correspond to the situation when the row and column factors are
completely independent. Moreover, the zero values of all row and column balances
reflect a situation when all parts of the compositional table are equal. The remaining
parameters quantify the effect of a unit change of the respective coordinate (while
fixing the remaining ones) on the response variable. A deeper insight into the model
structure is needed to enable interpretation of this effect in terms of the original
compositional parts.

Consider a linear regression model (13) with regressors in the form of ilr coordi-
nates of a 2x3 table, defined in Table 2. The model can be written as

E [In(Y)|z] = Bo + B2 +B5zf +B525 + BORDR + pOROK. (14)

The value of the parameter §] quantifies the effect of a k-times growth of the
relative dominance of the second level of the row factor. More specifically, this
change, with simultaneously fixed values of the remaining coordinates, results in
an exp <\/3 /267 In k)-times growth of the response variable. A similar reasoning
can also be done for the other coefficients. The effects of ratio changes forming the
remaining regressors are summarised in Table 3. Note here, that only finite changes

of the coordinates are considered within this chapter and its infinitesimal alternatives
are for the case of a vector compositional covariate discussed in Morais et al. [2018].
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Table 3 Interpretation of regression parameters of model (14). Column z denotes the coordinate
corresponding to the given parameter 8 and z’ its changed value. The original prediction y and
its new value y’, resulting from the model with z” and other coordinates fixed, are compared in
In(y’/y). Column x’ introduces possible changes in the compositional table x, which lead to a
change in the coordinate z and simultaneously keep the remaining coordinates unchanged.

7

B z 4 In(y'/y) X
r 30 (1x0x03)'3 \/— (e xpx93) '3 \/E r X1 X12 13
BI \/Zln (er1xipx3) 13 In ka7 Genxax) 251 In k kxa1 kxzn  kxa
c 410 (enx)'? \/_ (x13x23) '/ \/Z c X1 X12 koxis
B] 3 In Genxixaixn) 4 Ik e e 7 Genxizxaxn) 4 351 Ink X21 X22 kx3

Vikxin  xi3

172 (x1px20) 12

1
Sk V&M

c 1 (x12x27)
B n -——=5- Ink
2 (x11x21) 172 (x11x21) 172 1
—=X kx X
vk 21 ‘/_ 22 23
6 G 1
\/—l Genxin)Pxg Link (xuxi) ' ?x0 ﬁOR Ink \/Ex“ \/lez T@xw
Cearxn) Poxis 3 (x21x22) 2 x13 1 1 \*/_
“=X21 =X kx
W 21 W 22 23
N 1
\/Ex a=X X
OR 1 XX llnkXHXr OR |h k 11 ETH 12 13
12 277 xinx2 X12X21 2 12 1 \7_
X Vkxn o oxo

The condition of fixed regressors implies that the change of the coordinate of
interest should be caused by a simultaneous increase of one constituting group and
a decrease of the other. For instance, an increase of the coordinate zg can reflect
the situation when the proportion of ED3-4 men and women grows together with a
decrease of proportions belonging to the group ED0-2 and an unchanged proportion
of men and women with tertiary education. Another complex case can be derived
when an increase of the coordinate of interest is not caused by simultaneous changes
of all involved compositional parts (as described in Table 3) but e.g. by an increase of
only those parts, which form the nominator of the respective formula. Such changes
of the relative structure would also affect (some of) the other coordinates. The
resulting effect on the response will therefore be strengthened or weakened with
these supplementary effects. Some of these scenarios are with respect to the model
(14) described in Table 4.

3 Geographically Weighted Regression Model

There are situations where the analysed phenomena vary over space. That is when
each observation corresponds to some geographic location. An approach to deal with
the problem of spatial non-stationarity was given in [Brunsdon et al., 1998] where
authors define the geographically weighted regression (GWR) model. The main idea
of this approach is that the regression parameters 8 can vary over space. Therefore a
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Table 4 List of possible changes in the relative structure of a compositional table x (column x’),
their impact on ilr coordinates (z”), when the not-listed coordinates remain unchanged,

and the final effect on the value of the response (In (y’/y)).

X 7 in (y'/y)
X1 kxiz  xi3 ¢ =Ink (x12x22)'2
xo1  kxn  x23 2 = ENENE
B Ink - g \[£ VK

cr_ |4 L (x13x93) /2
4 L xi3xs) -
2y \/; Vi (x11x12x21x22) 174

(x1pxp)'?

(enxa) 2 . . n
- BS Ink +[>’1‘\/;1n vk
\/_an Fe e ———y

(x11x12%21 %22)

1
X1 X2 X13

k z5' =Ink
TX21 X X3

X11 X12 X13 ZOR’ _ \/_1 J Lexin) P 112 x93
1 1 11 (301 x09) 2 x1n
—=x21 —=Xx2 Vkx (x21x22) 22x13
& 21 T 22 23

\/_ln 1 (aixpx)' ﬁﬁR\/glnk_

\ﬁf(x x12x13) 13 .
B 3;\/§1n«6/z+ﬁ;\/§m«/z
(r13x23) '
\/_m\/_(xllxlzlexzz)”4

Gearxn) Paxiz

‘/lel ‘/lez \/LEXB OR’ \/—1 (xnxm 253

X21 X22 X23

\/—1 1 (oxpxan)' ﬁR %lnk—
er()611)61z)€13)1/3 ﬁ{ %IHW—BF %111\/;

12
In L —(xi3x) 7
\/_ VE (xt1x12x21x22) 1%

\/an LXlz X13 OR’ _ 1 x
_ X2
x \/)Ec x 2 =2k OR 1
21 2 2 BORLInk - g5 InVk
26" =1n L (x12x2)'72
2 Vi (x11x21)1/2
X11 X12 X13 ZOR’ 1 1 kxuxzz
1 2 = X12X21
—=X kx X,
N Vkxz  x ﬁgR%Ink+ﬁCln\/_

=In \/E(xlzxzz)”z

(x11x21) 12
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system of n local models is estimated. Each model corresponds to one geographical
location i and is based on the observations which are geographically close enough
to the given one. The local model can be formally written as

m
E (Yilvi) = Bio + ) Bisvir (15)

k=1
where Y; and v; = (vi1,...,vim) are values of the dependent and independent
variables measured at the location i and B; = (Bio,...,Bim)  are the respective

regression coefficients. Within the GWR approach, the observation which is closer
to the location i has a greater influence on the model estimation at the location i. The
regression parameters are therefore estimated using a weighted least squares formula

B = (VW) ' V'wyy, (16)

where V is an n times m + 1 data matrix, y = (¥1,...,Y;)’ is vector of values of the
response variable and W; is the diagonal matrix

Wli 0..-0
0 le 0
W; = 17)
.. ()A
0 0 - wh

The diagonal elements w’; correspond to the weights of each data point j and
are assigned according to its geographical (Euclidean) distance from the actual
location i. The geographical weighting is based on the value of a kernel function.
The most frequently used ones are summarised in Table 5 according to [Gollini et al.,
2015]. When the global model incorporates all observations with the same weight, it
corresponds to the classical ordinary least squares (OLS) approach. If the Gaussian
or Exponential kernel is used, observations which are far from the i-th location
contribute to the model estimation with a smaller weight. The bi-square, tri-cube
or box-car kernels use only those observations which are within some bandwidth
b around the location i. The bandwidth b is one of the key parameters of the local
model estimation. It can be defined as the distance from the center point i and is then
fixed for all local models. Alternatively, if the adaptive version of the algorithm is
used, b can vary according to a given number of local data. The optimal bandwidth
choice is usually found based on a cross-validation method or a model performance
criterion like Akaike Information Criterion (AIC) or its corrected version (AICc) (see
[Brunsdon et al., 1998, Gollini et al., 2015] for details). The bandwidth can also be
determined by an expert choice based on the knowledge of real spatial relationships
given by behaviour of the observed phenomenon (e.g. the influence of commuting
between municipalities).

Local models are characterised with local estimates of the regression coefficients
B; supplemented by the respective t-statistics and corresponding local Rl.2 values
for each model. These characteristics can be compared with those of the global
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model and their proper geographical visualisation can facilitate the exploration of
spatial non-stationarity of the modelled phenomenon [Matthews and Yang, 2012].
Moreover, the overall performance of local models can be expressed by the local R?
values (or alternatively by AICj,cq7) Which are based on the residuals in the centre
location of each partial model.

Table 5 List of kernel functions frequently used for computation of weights in GWR Gollini et al.
[2015]. w; denotes the weight of the j-th observation in the i-th regression model, d;; is the
geographical distance between the i-th and j-th location and b is the bandwidth.

Global model w]‘: =1
. N2
Gaussian w]‘. =exp _% (db;) )
Exponential W;_’ exp “24‘)
a2\
Bi-square wi = (1 (IT/) ) if |di;j| < b,
J
0 otherwise
\dl,| 3\ it b
Tri-cube wi=d1- _) if |dij| < b,
J
0 otherwise
: 1 if|d;;| <b,
Box-car i_ J
Wi 0 otherwise

4 Geographically Weighted Regression for Compositional Tables

Similarly to other conventional statistical methods, the GWR approach to modelling
of spatial non-stationary relations is primarily designed for real-valued regressors.
When a variable of interest is modelled according to a relative structure of some
regressor variable, the use of an ilr coordinate representation of the structure is
needed. Therefore, the global model for one- or two-dimensional compositional
regressors can be described by Equations (8) and (13), respectively. Assuming the
case of spatial dependent two-factorial compositional data, the global model can be
further extended with a set of local models as follows

E(Yilz:) = Bio + Biyziy +- - +Bi a2 Bz Bz

OR _OR OR OR
Binzin ¥ B 1%ia-1,0-1 (18)

or alternatively, for the logarithmic response,
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E[In(Yo)l|z:] = Bio +B; 1zi1 + +Bi 121 Bz Bi 1% -1
OR _OR OR OR
Bz T B %1 (19)
The model coefficients are estimated using the weighted least squares formula (16),
where the data matrix V is now an n times /J matrix of coordinates defined by equa-
tions (9), (10) and (11). Similarly to the case of the global model, the performance of
its local alternatives does not depend on the specific choice of the coordinate system.
The interpretation of the regression coefficients should be carried out with respect

to the complexity of the modelled structure and taking into account findings from
Sect. 2.

5 Application

The practical part of this chapter focuses on a country example of Germany. The aim
of the study is to explore and analyse the relationship between the risk of falling into
poverty and the educational attainment structure of the 30-34 aged population and
its variation over space.

Poverty and inequality are not only an issue of developing countries. The vulner-
ability towards falling into poverty is driven by many factors determined by national,
sector-specific, community, household or individual characteristics. The level and
depth of poverty also increases as a result of any crisis with strong economic im-
pacts such as increase of unemployment inducing a reduction of available income of
households [Duiella and Turrini, 2014].

From the global perspective, the number of people living in extreme poverty
in Germany is negligible compared to developing countries. However, poverty in
Europe is not typically measured in absolute terms. People are considered poor if
they have lower income and fewer opportunities than other individuals living in the
same society. In fact, the percentage of people living at risk of poverty and social
exclusion in Germany in 2017 was 19.0 percent; almost one fifth of the population.

Many research findings suggest that factors that often condition the number of
people living at risk of poverty or social exclusion in Germany are: young age,
single, lone parent, or regional aspects such as unemployment, low education and
the region of East Germany [Briille, 2018]. People with a lower level of educational
background and a limited access to the labour market are highly vulnerable to easily
fall into this group. Moreover, high rental costs, especially in urban areas, pose an
additional burden to many households [Pieper et al., 2019].

5.1 Data and Methods

The data were processed in the environment of the R Software [R Core Team, 2020]
with packages robCompositions for computation of coordinates and GWmodel and
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spdep for estimation of the global and local models [Gollini et al., 2015, Bivand
et al., 2013]. The maps were produced using the ArcGIS® software by Esri [ESRI,
2011].

Data used for the analysis are sourced from the regional database of EUROSTAT
accessed and processed through the R package eurostat [Lahti et al., 2017]. The
data were collected by the Federal Statistical Office Germany through Labour Force
Survey (EU-LFS) and Statistics on Income and Living Conditions (EU-SILC). Both
types of information are available by NUTS2 (Nomenclature of territorial units for
statistics) regions.

The indicator chosen to represent the poverty dimension is the share of people at
risk of poverty or social exclusion, i.e. the at-risk-of-poverty rate (RoP). At risk-of-
poverty are people with an equivalised disposable income below the risk-of-poverty
threshold, which is set at 60 percent of the national median equivalised disposable
income (after social transfers).

The compositional tables show the structure of the population aged 30-34 by sex
and the highest level of education successfully completed. The level of education
attained is classified by International Standard Classification of Education (ISCED).
In this chapter, the classes chosen for further analysis are:

¢ Less than primary, primary and lower secondary education (ED0O-2),
» Upper secondary and post-secondary non-tertiary education (ED3-4),
» Tertiary education (ED5-8).

Educational attainment data series are available from 2000 to 2017. The informa-
tion on the risk of poverty or social exclusion by NUTS?2 regions is available only
for 2016 and 2017. For the assessment of the regression models, the relationship
between the dependent and independent variables is modelled for 36 German regions
in the latest available year 2017.

5.2 Poverty Analysis

At-risk-of-poverty rates vary substantially across German regions. Values reported
show the minimum of 13.3 percent in Liineburg and the maximum of 28.5 percent
in Bremen in 2017. Fig. 2 demonstrates the distribution of people at risk of poverty
or social exclusion in Germany by NUTS2 regions in 2017.

The highest at-risk-of-poverty rates are experienced by urban areas such as Bre-
men, Berlin and Hamburg, together with regions of the former East Germany, in
particular Mecklenburg-Vorpommern, Chemnitz, Thuringia and Saxony-Anhalt. In
contrast, Liineburg followed by all regions of Baden-Wiirttemberg have the lowest
shares of people exposed to the risk of poverty or social exclusion.

Education can serve as an elevator for upward economic mobility. Particularly
higher levels of education increase chances of participation in the labour market.
Level of attained education influences the income distribution and thus has a sub-
stantial effect on at-risk-of-poverty rates. As education plays an important role, ap-
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plication of the methodology is illustrated on modelling people at risk of poverty or
social exclusion by using the information on the structure of educational attainment
level by sex within the population aged 30-34.

5.2.1 Comparison of Educational Attainment Structure in Germany Between
2000 and 2017

Germany has one of the highest levels of upper secondary education attainment and
tertiary education has expanded in the past decades. In 2019, 86.7 percent of the
country’s 25-64 year-olds have obtained at least an upper secondary qualification.
The expansion of tertiary education is reflected by the number of people with tertiary
qualifications which increased from 24.9 percent in 2004 to 29.9 percent in 2019.
The differences between generations are noticeable: the share of people with tertiary
education in the 30-34 year-old population is 35.5 percent compared to 26.9 percent
of 55-64 year-olds. The tertiary education rates are fairly higher for men (32.4 percent
in 2019) than women (27.3 percent).

Building on existing research studies [Hanesch, 2019], the focus of this article is
placed on the educational attainment structure of population aged 30-34 to explore
its relation to at-risk-of-poverty rates. Such constructed compositional tables which
focus on the productive age of the population (30-34 year-old) reveal patterns of the
attained level of education with respect to the gender characteristics. An example
of such a compositional table is illustrated in Table 1 reflecting the educational
attainment structure in Leipzig.

The coordinate representation of compositional tables, which is defined in Table
2 and whose schematic structure is given in Fig. 1, also enables us to compare the

RoP (2017)

I 285

Fig. 2 People at risk of
poverty or social exclusion in
Germany by NUTS2 regions
in 2017 (in percentages).
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structure over time. The coordinates calculated for years 2000 and 2017 reveal a
clear structural change in the German educational system.

Despite the lack of data for a several regions, particularly interesting results
are captured by coordinates z{ and z?lR, which quantify the relative prevalence of
university educated citizens and further compare their proportion within men and
women.

The positive values of z{ indicate that the component of population with tertiary
education on average dominates the population with secondary or primary education
across all women and men aged 30-34 in Germany. Fig. 3 suggests that the impor-
tance of tertiary education has grown significantly in Germany in the past decades.
While most of German regions showed negative values in 2000 representing a rela-
tive dominance of secondary and primary education, this trend reversed in 2017. The
majority of former Western German regions show dominance of tertiary education
in 2017 with the exception of Lower Saxony and Saarland. Both regions have un-
dergone a structural change moving from mining-oriented economies towards high
technology industrial production. Negative values can also be observed in regions
of the former East Germany indicating relative predominance of vocational qualifi-
cations across the population aged 30-34 in this area in 2017. Moreover, the relative
dominance of the upper secondary attainment over the primary one in these regions
is supported by positive values of the coordinate z5.

A

..

N

2 (2000)

I 108

2z (2017)

Im

Fig. 3 Comparison of z{ in 2000 (left) and 2017 (right)

The coordinate z?]R examines the proportion of men with tertiary education with
the proportion of women with tertiary education. The comparison of zlolR in 2000
and 2017 shows a much wider range of the coordinate values in 2000. This indicates
greater disparities between men and women in the distribution of attained education

in the population aged 30-34 in Germany in 2000. Positive values correspond to the
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situation when the proportion of men with tertiary education is higher in the 30-34
aged population than the proportion of women with tertiary education, which is a
pattern observed in all regions of former West Germany. In past decades, disparity
has been significantly reduced as noticed in Fig. 4. No substantial change has been
noticed for the territory of former East Germany where negative values of zlolR
still prevail in most of the regions. In contrast, the dominance of tertiary education
over the other education levels among 30-34 aged men has become similar to the
situation of women in the west of Germany. The most balanced regions are for
instance southern Bavaria, Hessen or the eastern part of Lower Saxony, which show

z?lR values around O.

..

R

ccs
FUR

20 (2000)
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Fig. 4 Comparison of zﬁR in 2000 (left) and 2017 (right)

5.2.2 The GWR Model

The introduced methodology is applied to explore whether the relationship of people
at risk of poverty or social exclusion and the educational attainment structure by sex
varies across German regions in the population of 30-34 years-old. As a first step, the
linear regression model (14) with a compositional table as the explanatory variable
was fitted to the examined data set. The global model diagnostics is shown in Table 6.
According to the estimate of parameter 3y of the global model and the interpretation
of parameters defined in Sect. 2, the basic level of the RoP when all groups are
equally frequent is approximately 20 percent (exp (3.027)).

The level of RoP is significantly affected by the OR coordinates zlolR and ZIOZR and
therefore the comparison of the educational structure within the male and female
population seems to be important. According to the parameter ﬁ?lR = -0.91 and
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Table 6 Results from the global OLS model. The R?and Ridj value are 0.370 and 0.265, residual
sum of squares is 0.748 on 30 degrees of freedom and value of the F statistic is 3.527 on 5 and 30
degrees of freedom, AIC equals —23.292 and AICc —19.292

- - OR OR
Bo By By B3 11 12

Estimates 3.027 1.337  -0.040 -0.119 -0.913 1.250
Significance R * * % ok *%

St. deviations 0.139  0.692 0.070 0.115 0.249 0.457
Coordinates zy zf z5 ZSR zgR

findings listed in Table 3, a doubling of the proportion of men with tertiary education
(related to the average proportion of those with the secondary or lower degree) in
comparison to the same proportion for women is related to the decrease of the RoP
by approximately one third (exp(—0.91\/m In2) = 0.69). In order to keep the
remaining coordinates fixed, this change can be caused by a simultaneous increase
in groups of Male ED5-8 and Female EDO-2 and ED3-4 together with a proportional
decrease in the remaining ones (see Table 3).

The second significant factor, which affects the overall value of at-risk-of-poverty
rate, is the proportion of men with secondary education (within the group of all
men who attained at least the upper secondary education) in comparison to the
same proportion for women. According to the value of the parameter ﬁ?zR =1.25
and Table 3, a doubling of the respective log-odds ratio is related to an increase
of at-risk-of-poverty rate by 50 percent (exp(0.5 - 1.251n2) = 1.54). This growth
can be caused by a simultaneous increase of EDO-2 women and ED3-4 men and a
proportional decrease by ED3-4 women and EDO-2 men. In a less complex situation,
when the difference is caused by a change in just one category (an increase of the
proportion of women with the lowest level of attained education or conversely in an
increase of men with at least the secondary qualification), the change affects also
the value of the coordinate z5. According to Table 4, the overall change of at-risk-

of-poverty rate is given as O.SBIOZR Ink — 5 1In Vk. Considering negative values of
the parameter 3, an increase of the proportion of ED0O-2 women seems to be more
critical as it would result in a growth of the at-risk-of-poverty rate by 60 percent
(exp(0.5-1.25In2 +0.1191n V2) = 1.61).

The Moran’s I test is employed to test the presence of spatial autocorrelation
among residuals in our data set. We assume that the disturbances are normally
distributed and therefore the Moran’s I test under normality is conducted [Leung
et al., 2000]. The resulting Moran’s [ statistic is 0.021 with the standard deviation
of 0.448. The p-value of 0.327 suggests that the statistic does not significantly
differ from zero and there is thus no spatial autocorrelation among the residuals.
Nevertheless, we assume that the relationship between at-risk-of-poverty rates and
the educational attainment structure might vary geographically. The GWR model
for compositional tables is thus used to explore variations of this relationship across
German regions.
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It should be highlighted that the choice of the coordinate system does not affect the
resulting outcome from either the global and local regression models. The coordinate
system is chosen with respect to the convenience of results’ interpretation. Our
application builds on the coordinates constructed with the intention of exploring
the relative dominance of attained tertiary education in the overall population aged
30-34 as an apparent determinant of at-risk-of-poverty rates.

The local regression model has been selected with the following settings of input
parameters. The bi-square kernel type function was set to ADAPTIVE as it fits our
data the best using the corrected AIC values (AICc). All 36 regions were considered
in the estimation of each set of coefficients. The summary diagnostics of our local
GWR model is provided in Table 7.

Table 7 Results from the local GWR model with the adaptive bandwidth of 36 (all regions), the
given p-values are related to the Monte Carlo test of spatial variability of the coefficients. The
R? and thzd' value are 0.514 and 0.254, residual sum of squares 0.577 with effective degrees
of freedom 23.812. The effective number of parameters is 12.19, AIC equals —36.756 and AICc
-14.210

: : OR OR
Bo By By By 11 12

Min 2.778 -0.230 -0.233 -0.189 -0.946 0.283
1st Qu. 2.813 0.285 -0.146 -0.112 -0.869 0.658
Median 2.923 0.973 -0.060 -0.015 -0.764 1.248
3rd Qu. 3.025 1.419 0.012 0.083 -0.728 1.330
Max 3.122 1.479 0.019 0.148 -0.692 1.462
MCetest p-value 0.071 0.217 0.010 0.059 0.750 0.287
Coordinates k44 41 z5 z IOIR ZgR

The comparison of both the global and the local regression model can be carried
out through the AIC or AICc values ([Fotheringham et al., 2002], p. 96). The
AIC value of the local model AIC;,cq; = —36.756 is compared to the global one
AICglobal = =23.292, AICcipcar = —14.210 to the global one AICCglubal =
—19.292 respectively. The resulting statistics indicate lower value of AIC for the
local model, however the AICc shows slightly better performance for the global one.
Alternatively, the coefficient of determinantion R? and its adjusted version Ri aj are

examined. The global R? is 0.370 and the local R% 0.514, the global Ri dj is 0.265

and the local RZ 4; 0-254 respectively. Although the coefficient R? has increased
for the GWR moc{el, the gain is probably driven by the difference in the number
of parameters and degrees of freedom as the adjusted RZ dj values remain almost
unchanged.

Table 7 summarises the main statistics of estimated parameters generated using
the local model. The median values of parameters preserve the same signs as the
estimates resulting from the global model (Table 6). The local measure of goodness-
of-fit R?, whose geographical distribution is visualised in Fig. 5, varies between 0.48
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and 0.58, which is satisfactory but with limitations. The R? values show a better fit
for the model in the part of former East Germany and in the south of the country.
In addition, each regression coefficient is accompanied by the p-value of the Monte
Carlo test of its spatial variability Brunsdon et al. [1998]. The test results complement
the ambiguous comparison of the local and the global model provided by AICs
and R?s. The majority of coefficients does not significantly vary across locations.
However, the hypothesis that the parameter is globally fixed was rejected for B{
and values for By and 5 are quite marginal. Hence, local differences are apparently
driven by the effect of changes in the structure of population with the highest level
of attained education. Values of ${ indicate that the growth of the mean proportion
of the population with tertiary education has a positive effect on at-risk-of-poverty
rates in the north of Germany, while it leads to an at-risk-of-poverty rate decrease
in the southern regions. Moreover, the parameter 35 suggests that the growth of the
(mean) relative proportion of people with only primary qualification (in comparison
to those with the secondary education) contributes to higher at-risk-of-poverty rates
in Northern Germany but it results in lower rates in the south.

According to the local regression model, apparent interactions between coordi-
nates and at-risk-of-poverty rates are observed. Higher at-risk-of-poverty rates are
associated with negative values of the coordinate zlolR and positive values of ZIOZR.
Regions exhibiting this particular behaviour are Hamburg, Arnsberg and Saarland.
All these regions reveal the at-risk-of-poverty rate higher than the overall national
rate of 19.0 percent reported by Germany in 2017. However, the coordinates zlolR
and z%R attain values very close to zero and they all lie in the area with lower
goodness-of-fit measures R2. The strongest association is observed in Hamburg with
at-risk-of-poverty rate of 21.6 percent. The region experienced one of the lowest val-
ues of the coordinate ZIOIR = —0.085 and the second highest value of Z102R = 0.180.
Furthermore, Hamburg lies in the area showing high significant t-values of param-
eters (-2.96 and 2.44 respectively) given by the local regression models, see Fig.
5.

In contrast, positive values of the coordinate zlolR and negative values of ZIOZR
lead to lower at-risk-of-poverty rates. This trend has been experienced by regions
of Weser-Ems, Detmold, Kassel, Unterfranken, Karlsruhe and Freiburg. Except for
Weser-Ems, all mentioned regions experienced at-risk-of-poverty rates below the
German national rate of 19.0 percent in 2017. Examining a specific example of
Detmold, the trend is further illustrated. The share of people at risk of poverty or
social exclusion in Detmold was 16.9 percent in 2017. The coordinate z?lR =0.186
is the second highest one and the value of ZIOQR = —0.045 belongs to the lowest scores
among all regions. Moreover, Detmold is situated in the area where both parameters
are significant with t-values -2.75 and 2.44 respectively.
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Fig. 5 Maps demonstrating estimates of regression parameters of the local regression models and
values of the respective R? characteristic. The local t-value of the respective estimate is displayed

in the centre of each region.
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6 Conclusions

In this contribution, we introduced a novel approach to regression with spatial
dependent compositional tables. Even though some methods for analysis of spatial
dependent compositional data have already been developed, all of them are primarily
designed for its one-factorial (vector) version. Hence, this chapter serves as the first
step towards modelling more complex relative structures. The main contribution of
this chapter is that it serves as an introduction of a geographically weighted regression
model designed in order to inspect the relationship between the dependent variable
and the explanatory variable expressed in the form of a compositional table.

It turned out that the local regression model was much more suitable for the
analysis of the relationship between the risk of falling into poverty and the educational
attainment structure of the 30-34 aged population in Germany. The comparison of
both the global and local regression model revealed important aspects of local
variations in our real data example. The selection of the coordinate system based on
the desired research interest, in our case the dominance of tertiary education over
the entire population, enabled a convenient interpretation of the regression outcomes
with respect to the variable of interest, the at-risk-of-poverty rates.

The future research initiatives might be devoted to accommodation of spatial or
spatiotemporal autoregressive models for the case of more-factorial compositional
data as well as more complex or robust alternatives of the GWR model.
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Abstract

Compositional data represent a specific family of multivariate data, where
the information of interest is contained in the ratios between parts rather
than in absolute values of single parts. The analysis of such specific data
is challenging as the application of standard multivariate analysis tools on
the raw observations can lead to spurious results. Hence, it is appropriate to
apply certain transformations prior to further analysis. One popular multi-
variate data analysis tool is independent component analysis. Independent
component analysis aims to find statistically independent components in the
data and as such might be seen as an extension to principal component anal-
ysis. In this paper, we examine an approach of how to apply independent
component analysis on compositional data by respecting the nature of the
latter and demonstrate the usefulness of this procedure on a metabolomics

dataset.
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1 Introduction

Independent component analysis (ICA) is a well-established data analysis method in
signal processing with the goal of recovering hidden signals that are usually meant
to have a physical meaning. In recent years, ICA methods have attracted increasing
interest in the statistics community as an extension of normality-based multivari-
ate methods that only use second-order moments. In principle, ICA can be seen as
a refinement of principal component analysis where, after removing second-order
information, higher order moments are used to search for hidden structures which
are not visible in the principal components. Classical ICA methods are mainly devel-
oped for independent and identically distributed observations in a Euclidean space.
Nevertheless, these methods are also applied, for example, on time series, spatial
data, etc. but to the best of our knowledge not on iid compositional data.

Compositional data is special in the way that the entries (parts) of a d-variate
vector are positive and carry relative rather than absolute information about the
respective observation of interest. Moreover, the parts of the compositional vector
are by nature not independent and in some specific situations, e.g. when all parts
are bounded by a constant sum constraint, a spurious correlation between them is
present. Therefore, compositional data lies on a simplex and does not follow the real
Euclidean geometry. Examples of compositional data are geochemical data where
the chemical composition of soil samples is of interest, the composition of nutrients
of food intake or the distribution of market shares. For further details and examples
of compositional data, see, for example, Aitchison (1986), Egozcue and Pawlowsky-
Glahn (2019), Facevicova et al. (2016), Filzmoser et al. (2018), Morais et al. (2018),
Pawlowsky-Glahn and Buccianti (2011), Trinh et al. (2019).

It is well established that standard multivariate methods should not be applied
directly to compositional data. Either methods which take the geometry of composi-
tional data into account or methods that transform compositional data in such a way
that standard multivariate analysis tools can be applied are appropriate. In this paper,
we take the latter approach.

We review some basic ICA methods in Sect.2. In Sect.3, we describe compo-
sitional data and methods to transform such data into the real space. Based on the
former two sections, we present how ICA can be performed on compositional data
in Sect.4 and conclude the paper with the analysis of a metabolomics dataset from
healthy newborns in Sect.5 and a discussion in Sect. 6.

2 Independent Component Analysis
From a statistical perspective, independent component analysis is usually formulated
as a latent variable model as follows.

Definition 1 An observable p-vector x follows the independent component (IC)
model if



Independent Component Analysis for Compositional Data 527
X = Az + b,

where Aisa p x p non-singular matrix, b a p-vector, and the latent p-variate random
vector z satisfies

(Al) E(z) =0and COV(z) =1,
(A2) the components of z are independent, and
(A3) at most one component of z is Gaussian.

Thus E(x) = band COV(x) = AAT. The goal of ICAistofinda p x p matrix W
such that Wx has independent components. Note however that in general it will not
hold that W(x — b) = z as the IC model assumptions only fix the location and scale
of z but not the signs or the order of the components. Therefore, for every solution
W, also PJW is a solution, where P is a p x p permutation matrix (1 per row and
column, O elsewhere) and J is a p x p sign-change matrix (a diagonal matrix with
41 on its diagonal).

There are many suggestions in the literature on how to estimate W based on a
sample X = (xy, ..., X,), and for recent reviews see, for example, Comon and Jutten
(2010), Nordhausen and Oja (2018). Almost all ICA methods make, however, use
of the following result:

Key result Letx follow the IC model and denote x** = COV(x)~!/?(x — E(x)), then
there exists an orthogonal p x p matrix U such that

UTXSt — 7z

This result implies that after estimating COV (x) and E(x), the problem is reduced
from finding a general p x p matrix to a p x p orthogonal matrix. Also note that
this means that the performance of ICA methods does not depend on the values of A
and b, as these are accounted for when standardizing the data. An unmixing matrix
estimate is therefore obtained as W = UTCOV (x)~!/? and different ICA approaches
differ in the way they estimate U. In the following, we will show how some popular
ICA methods estimate this rotation.

2.1 FOBI

Fourth-order blind identification (FOBI), presented in Cardoso (1989), was one of
the first ICA methods but is still popular as it has a closed-form solution. For FOBI,
we need to define the scatter matrix of fourth-order moments

COVix)= —_E ((x —E®x)TCOVX) ! (x — Ex))(x — E(X))(x — E(x))T) .
p+2

Then we can define the following:
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Definition 2 The FOBI unmixing matrix is Wrop; = U COV (x) !/ where the
columns of Uggppg| are given by the eigenvectors of COV4(x*").

From denoting UFOBIDUl—:rOBI to be the eigendecomposition of COV4(x*") which s
needed to compute Wropg, itis obvious that FOBI is only unique when the eigenvalues
contained in the diagonal matrix D are distinct. One can actually show that these
eigenvalues are linked to the kurtosis values of the independent components. For
FOBI to be well-defined, Assumption (A3) from the IC model needs to be replaced
by the stronger assumption:

(A4) The kurtosis values of the independent components must be distinct.

FOBI is often the first ICA method applied as it is quick to compute, gives a
fast first impression, and its statistical properties are well known; see, for example,
Miettinen et al. (2015), Nordhausen and Virta (2019) for more details. FOBI can
also be of interest outside the IC model and can be seen as an invariant coordinate
selection method (Tyler et al. 2009).

2.2 JADE

Assumption (A4) is considered highly restrictive. Joint approximate diagonalization
of eigenmatrices (JADE) can be seen as an extension of FOBI which relaxes this
strict assumption, Cardoso and Souloumiac (1993).

For JADE, we have to define the fourth-order cumulant matrices

Cij(x) =E <(xS’TEl~ jx”)x”x“T) —E; —E] — u(E)l,,

where E;; = ¢; e]T with e; being a vector of dimension p with the ith element equals

1 and 0 otherwise. As i and j range from 1 to p, there are in total p? such cumulant
matrices. In the IC model, C;;(z) = 0 if i # j and for the case where i = j C;;(z)
corresponds to the kurtosis of the ith component. The matrix of fourth moments can
actually be expressed as

1 p
(6{0)% = C;; )1,
4(X) p+2; x) + (p+ 21,

meaning that it uses not all possible cumulant information. The idea of JADE is to
exploit the information contained in all cumulant matrices.

Definition 3 The JADE unmixing matrix is Wjapg = Uj,prCOV(x)~!/? where
Ujapg 1s the maximizer of

> lldiag(UTC; x™)U)|[7..

i=1 j=1
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Thus, JADE tries to maximize the diagonal elements of UT C; 7 (x*")U which is equiv-
alent to minimize the off-diagonal elements by the orthogonal invariance of the
Frobenius norm || - || ¢. As in the IC model, only C;; (z) is non-zero and corresponds
to the kurtosis of z;. This means that JADE relaxes the FOBI assumption (A4) to the
following:

(A5) At most one independent component can have zero kurtosis.

For a finite sample, the joint diagonalization of more than two matrices needs to
be carried out approximately; many algorithms that jointly diagonalize two or more
matrices are available; see, for example, Illner et al. (2015). For the purpose of this
paper, we will use an algorithm based on Givens rotations, Clarkson (1988).

The statistical properties of JADE are, for example, given in Miettinen et al.
(2015); from an asymptotic point of view, FOBI is never superior compared to JADE.
JADE is however computationally more expensive, especially when the number of
independent components grows, as p> matrices need to be computed and jointly
diagonalized.

As a compromise, k-JADE was suggested in Miettinen et al. (2013). The idea is
to use not all matrices C;;, but only those whose indices are not too far apart, i.e.
li — j| < k. This requires however that the first step, the whitening step, is not done
using just the covariance matrix but using Wgop;.

Definition 4 Denote x*' = Wgopi(x — E(x)) and choose an integer 1 <k < p,
then the k-JADE unmixing matrix is Wigapg = UlIJADEWFOBI where Ugapg is the

maximizer of
p

> lidiag(UTC; (x*)HU)| 7.
li—Jjl<k

The value & is basically a tuning parameter. The intuition is that the multiplicities of
the distinct non-zero kurtosis values of the independent components are at most k, and
that there is at most one component having kurtosis zero. Usually, k is simply chosen
by the user based on expert knowledge. In Virta et al. (2020), some guidelines for the
selection are offered, which are however not very practical. The statistical properties
of k-JADE are given in Miettinen et al. (2013), Virta et al. (2020). It can be shown that
for a value of k£ which fulfills the multiplicity condition, k-JADE is asymptotically
as efficient as JADE but has, if k is small, a much smaller computational complexity.

2.3 FastIiCA

FOBI, JADE, and k-JADE are often called algebraic ICA methods. Another large
group of ICA methods is based on projection pursuit ideas, where the most prominent
one is FastICA. It was originally suggested in Hyvérinen (1999a). Some of the many
FastICA variants are discussed below.
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The general idea of FastICA is to find the column vectors uy, ..., u, of U which
maximize the non-Gaussianity of the components of U'x*’. Non-Gaussianity of a
univariate random variable x is measured by |E(G(x))| with some twice contin-
uously differentiable and non-quadratic function G that satisfies E(G(y)) = 0 for
y ~ N (0, 1). The most popular choices for G are

pow3: G(x) = (x* —3)/4,
tanh: G(x) = log(cosh(x)) — ¢;, and
gauss: G(x) = —exp(—x2/2) — Cg.
The constants ¢; = E(log(cosh(y))) ~ 0.375 and ¢, = E(— exp(—y2/2)) ~
—0.707 are normalizing constants. The derivatives of G, denoted as g, are called

non-linearities and are the name givers as pow3: g(x) = x3, tanh: g(x) =
tanh(x) and gauss : g(x) = x exp(—x?/2).

2.3.1 Deflation-Based FastICA

FastICA was first suggested in Hyvirinen and Oja (1997) using the non-linearity
pow3 and finding the column vectors of Upr one after another which is now known
as deflation-based FastICA.

Definition 5 The deflation-based FastICA unmixing matrix is defined as Wpg =
UEFCOV(X)_I/ 2 where the kth column of U, u;, maximizes

IE[G (u] x,/)]|

under the constraints u/ u; = 1 and ujruk =0,j=1,...,k—1.

To obtain estimates, a modified Newton-Raphson algorithm is used which iterates
the following steps until convergence:

w, < E[g(ux,)x,;] — E[g'(u] x,,)]uy

k—1
u, <~ (Ip — Zu;u,T) uy
=1
-1
W < [Jug]|” .

The last two steps perform the Gram-Schmidt orthonormalization.

The properties of deflation-based FastICA have been studied in detail in Ollila
(2010), Nordhausen et al. (2011). One issue with deflation-based FastICA is that
besides the global maximum it has many local maxima and the order in which the
vectors u; are found depends heavily on the initial value of the algorithm, where in
turn the estimation performance depends on the order in which the vectors uy are
found. Using asymptotic arguments, Nordhausen et al. (2011) suggested reloaded
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Table1 Table of default candidate set of non-linearities of adaptive deflation-based FastICA, where

(x)+ = x if x > 0 and 0 otherwise, and (x)_ = x if x < 0 and 0 otherwise
g1(x) = x° g6(x) = ()3 + (02 g1 (x) =
(x — 1.0)3 + (x + 1.0)2

g2(x) = tanh(x) g7(x) = g2(x) =

(x —0.2)3 4+ (x +0.2)2 (x—1.23 + (x +1.2)2
g3(x) = x exp(—x*/2) gs(x) = g13(x) =

(x —0.4)3 4 (x +0.4)2 (x — 143 + (x +1.4)2
g4(x) = (x +0.6)% go(x) = gua(x) =

(x —0.6)2 + (x +0.6)> (x — 1.6)2 + (x + 1.6)2
gs(x) = (x — 0.6)3 gio(x) =

(x —0.8)3 + (x +0.8)2

FastICA, which estimates first the independent components using FOBI or k-JADE
and then derives an optimal order based on the estimated independent components.

The idea of reloaded FastICA to fix the extraction order based on asymptotic argu-
ments was extended in Miettinen et al. (2014) to also select an optimal non-linearity
for each component out of a candidate set of possible non-linearities. This is known
as adaptive deflation-based FastICA. We will denote the adaptive deflation-based
FastICA unmixing matrix as Wapg. The candidate set of non-linearities suggested
in Miettinen et al. (2014) contains, for example, the non-linearities presented in
Table 1.

2.3.2 Symmetric FastiICA

A FastICA variant estimating all directions in parallel was suggested in Hyvérinen
(1999b).

Definition 6 The symmetric FastICA estimator Wgr = UgrCOV (x)~!/? uses as a
criterion for Ugg

p
> IE[G @] x,)]|

j=1
which should be maximized under the orthogonality constraint UgpUsg = I,.

The steps of the iterative algorithm to compute Ugp are

w, < E[gu/x,)x,] — E[g 0/ x;)]ux, k=1,...,p

Udr < (UgpUsp) /27U,

The first update step of the algorithm is similar to that of the deflation-based
FastICA estimator. The orthogonalization step can be interpreted as taking an average
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over the vectors of the first step. This differs from the deflation-based approach
where errors made in the kth direction carry on to the following directions and
therefore the errors accumulate. This is often the reason why symmetric FastICA is
usually considered superior to the deflation-based FastICA. However, there are also
cases where the accumulation is preferable to the averaging. This occurs when some
independent components are easier to find than the others. Statistical properties of
symmetric FastICA are given in Miettinen et al. (2015), Wei (2015), Miettinen et al.
(2017).

2.3.3 Squared Symmetric FastiICA

One of the most recent variants of FastICA is the squared symmetric FastICA esti-
mator (Miettinen et al. 2017). The idea of this estimator is to replace the absolute
values in the objective function of the symmetric FastICA with squared values.

Definition 7 The squared symmetric FastICA estimator
Weor = USTZFCOV(X)’I/ 2 obtains Ugyp as the maximizer of

p
Y (EIG(u]x:)])’

j=1
under the orthogonality constraint Ug,rUsor = I,.

The steps of the resulting algorithm are

w, < E[G(u] x,)](E[g(u] x,)%,;] — E[g'(u/ x;)Iw), k=1,...,p,

UsTZF A (UstFUSZF)_l/ZUstF-

Thus, the first step of the algorithm equals the first step in the symmetric algorithm
with an additional multiplication by E[G(u,;rxst)]. Hence, the squared symmetric
variant puts more weight on components that are “more” non-Gaussian, which most
often, but not always, is advantageous. The properties of the squared symmetric
FastICA estimator as well as comparisons to the deflation-based and symmetric
FastICA methods are given in Miettinen et al. (2017). In Miettinen et al. (2017), it
is also shown that if the non-linearity pow3 is used, symmetric squared FastICA is
asymptotically equivalent to JADE.

Besides assumptions (A1)—-(A3), deflation-based, symmetric, and squared sym-
metric FastICA need further assumptions based on G to ensure consistency. Assum-
ing the order of the components is fixed as [E[G(z1)]| > - - - > |E[G(z,)]], then it is
required that for any z = (zq, ..., 2 p)T with independent and standardized compo-
nents and for any orthogonal matrix U = (uy, ..., u,), the following holds.
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For deflation-based FastICA:

(A6) Forallk =1,..., p, |E[G(u,;rz)]| < |E[G(zx)]|, when u,;rej =0forall j =
1,...,k — 1, where e; is a p-vector with ith element one and others zero,

for symmetric FastICA
(A7) [E[G]D)]|+---+ [E[Gu]D)]| < [E[G(z)]| +--- + [E[G(zp)]l,
and for squared symmetric FastICA
(A8) (E[G(u{2)])* +--- + (E[G(u}2)])* < (E[G(z)])* +--- + (E[G(z))])*.

It was proven, for example, in Miettinen et al. (2015), that all three conditions are
fulfilled with pow3. On the other hand, in the case of non-linearities like tanh and
gauss some of these conditions might be violated for certain source distributions.

From a computational point of view, the advantage of both symmetric versions
is that the initial value of U is not important when the sample size is large, as the
algorithms converge usually to the global maxima.

To conclude this section we can point out that FOBI, JADE, k-JADE, symmetric
FastICA, and squared symmetric FastICA are affine equivariant ICA methods which
means that their performance does not depend on the mixing matrix. So, from this
point of view, only deflation-based FastICA differs, which can be overcome when the
reloaded version or adaptive version is used. Affine equivariance will be of relevance
later when applying the ICA methods to compositional data.

3 Compositional Data and Its Real Space Representation

A specific family of d-dimensional vectors is present when each entry (part) of a
vector is positive and carries information about its contribution to the whole. In
the following, such multivariate observations are called (vector) compositional data,
whose specifics were already described, utilized, and analyzed in a wide range of
applications (Pawlowsky-Glahn and Buccianti 2011). The main property of com-
positional data is its relative nature, when the relevant information is contained in
the ratios between parts rather than in the absolute values of the parts. Consider,
e.g. a vector describing a geochemical structure of soil, where each part represents
the quantity of the given element in the sample. The quantity can be given either
in absolute scale, like in mg of the component contained in the sample, or some of
its relative alternatives, typically ppm. While the mg representation depends on the
overall size of the sample, the ppm one does not, despite the ratios between parts
remaining unchanged. Both representations are therefore from the compositional
point of view equivalent.

Due to the relative nature of compositional data, the sample space of representa-
tions of a d-part compositional vector x forms a d-part simplex
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d
d T
S :{X:(xl,...,xd) ,E x;=Kk,k>0¢,

i=1

where the Aitchison geometry holds. The whole sample space is formed by equiv-
alence classes of proportional vectors (Pawlowsky-Glahn et al. 2015, Chaps. 2, 3).
Since most of the standard statistical methods are designed for real-valued data
following the usual Euclidean geometrical structure, it is favorable to express com-
positional data in real coordinates prior to their analysis. One of the possible repre-
sentations is the centered log-ratio (clr) transformation from S to RY given by

Xi 1 Xi

clr(x); = In

where g,,(x) denotes the geometrical mean of all parts. The parts of the resulting
clr vector can be interpreted in terms of the dominance of the compositional part in
the numerator within the whole composition or equivalently as its mean dominance
over each part of the whole composition. The use of logarithm symmetrizes this
relationship. Let us stress here that the clr values depend on the set of compositional
parts used for its computation and therefore the above interpretation holds true only
when the whole composition is considered. Within the whole manuscript, the clr
transformation based on all compositional parts will be of interest. On the other hand,
from its construction, the clr coefficients/variables are not linearly independent, as
they sum up to zero and, therefore, the whole clr vector fallsin a (d — 1)-dimensional
subspace of R?. This feature prevents direct use of the clr representation within
methods that require full rank data, like robust PCA (Filzmoser et al. 2009) or the
above stated ICA methods.

One possible workaround is the isometric log-ratio (ilr) transformation, which
represents the compositional vector X in a system of d — 1 orthonormal real coordi-
nates. This system can be obtained directly from the clr vector as

ilr(x) = V'elr(x),

where the columns of the d x d — 1 log-contrast matrix V are given as v; = clr(§;)

and the vectors &, i =1,...,d — 1 constitute an orthonormal basis in S?. See
Pawlowsky-Glahn and Buccianti (2011), Ch. 11 for details.
The system of basis vectors {1, . .., £;—1} 1s not uniquely given and can be chosen

according to the purpose of further analysis. Since each system of ilr coordinates can
be obtained as an orthogonal rotation of the others, its specific choice does not affect
the results of their analysis, like predictions of the regression model with a composi-
tional regressor or scores of the robust PCA model (Filzmoser et al. 2009; Hron et al.
2012). When it is required, a specific coordinate system can be selected by some
data-driven method, like hierarchical clustering of the compositional parts, or using
expert knowledge. In both cases, the main aim is to obtain such an interpretation of
the coordinates at hand, which is favorable according to the given problem (Egozcue
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and Pawlowsky-Glahn 2005). Since a specific interpretation of the ilr coordinates
is not the main purpose here, the same system as in Nordhausen et al. (2015) is
used. The basis vectors &; have the value exp («/ 1/i(i + 1)) at the first i positions,
exp (—«/i /(0 + 1)) at the position i + 1, and 1 at the remaining ones. Consequently,
the columns of the log-contrast matrix are

i (1 1 L
Vi: . _,,---,T,_I,O,...,O ) l:1,...,d—1.
I +1\i i

The ilr coordinates have the form of balances between the ith part of the composition
and all parts with lower indices

. i (Gaex)Y .
ir(x); = ,+1ln , for i=1,...,d—1.
l Xi+1

Finally, the clr and ilr representations are mutually transferable through the contrast
matrix V

clr(x) = Vilr(x)
and also the back-transformation to the simplex is possible by using

x = exp(clr(x)) = exp(Vilr(x)).

4 ICA for Compositional Data

As described above, ICA is not reasonable for data following the Aitchison geometry
in its raw form. Therefore, it is natural to transform the data first into the Euclidean
space. As ICA methods start with whitening and therefore require full rank data, the
ilr space is the most natural representation. Due to the affine equivariance property
of the discussed ICA methods, the particular used basis for the ilr transformation at
most affects the order and signs of the estimated independent components. Hence,
for compositional ICA we have the following model assumption:

ﬂI'(X) = AﬂrZ + b,

where Aj; is a (d — 1) x (d — 1) full rank mixing matrix specific for a chosen ilr
basis, b a d — 1-dimensional location vector, and z = (z;, ..., 24—1)' a random
vector with independent components, which are standardized so that E(z) = 0 and
COV(z) = 1;_;. When the unmixing matrix Wj, is estimated using one of the ICA
methods described in Sect. 2, the system of independent components is given by

z = Wy, (ilr(x) — b) = Wy, (V' clr(x) — b).
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As ilr coordinates are not directly related to the dominance of the original parts
within the considered composition, the relationship between ilr and clr spaces can
be exploited yielding a (d — 1) x d “clr” loading matrix W, = W;,, V', allowing
interpretation of the independent components in the clr space. In the context of
principal component analysis performed in the clr space, principal components lead
to a new system of ilr coordinates (Pawlowsky-Glahn et al. 2011). This is not the
case for ICA, as the unmixing matrix Wj;, (and consequently also Wy, ) is generally
not restricted to be orthogonal. Even if the independent component model does not
hold, ICA transformations remain affine equivariant which means that z can be seen
as an intrinsic data representation with a coordinate system, whose components are
as independent as possible.

After performing ICA, one is usually interested in either using z itself for further
analysis, such as classification and outlier identification, with possible interpretation
in ilr or clr space using the former defined loading matrices Wi, or W, or, using
ICA for noise or artifact removal. For that purpose, the components of z are divided
into a signal part z; and a noise/artifact part z,. This defines also the partition of
the unmixing matrix Wy, into W¥_and W/, and the mixing matrix Ay, = (Wilr)_1

ilr ilr
into Af_and A% . A? is formed only by those columns of Ay, that correspond to the

ilr ilr* “™Mlr
signal components z;. The pure signal can then be restored in the ilr, clr, and original
space by using
ilr(x); = A}z, + b, clr(x); =V (A},z, +b), and x;, =exp[V (A},z, +b)],

ilr ilr ilr

respectively.

5 A Case Study in Metabolomics

In order to demonstrate the above-described methods, the data from a neonatal screen-
ing program in the Czech Republic was analyzed. Anonymous data were obtained
from a retrospective study approved by the Ethics Committee of the University Hos-
pital Olomouc which was part of a larger international study described in Fleischman
et al. (2013). Newborn screening is a preventive program that allows for early detec-
tion of a selected spectrum of inborn metabolic diseases. At an age of 48—72 hours
after birth, several drops of blood from the heel of the child were sampled on a special
paper and sent for analysis to the screening laboratory. The data at hand were consti-
tuted by the metabolite profile of over 10 000 healthy newborns. For each neonate,
the values of 48 metabolites were measured. Moreover, information about sex and
birth weight was available. More specifically, the birth weight ranged from 300 to
5570 grams and for newborns with very low birth weight (less than 1500 grams) a
different metabolite structure can be expected, due to their prematurity and the arti-
ficial nutrition they receive. One of the main goals of metabolomics is to investigate
interactions between metabolites, their dynamic changes, and responses to stimuli.
Biofluids, e.g. blood or urine, and also tissues are used for the analysis. On the one
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Fig. 1 Scatterplots of the first three principal components resulting from the compositional PCA
(left) and scree plot of the respectively explained variability (right)

hand, the most frequently used approach for the data analysis is done through com-
parison of absolute values of biomarkers and reference ranges (data from the healthy
population). On the other hand, the new trend of data evaluation is based on the use of
ratios of metabolite data. Relative changes are more relevant/informative than abso-
lute values in diagnostics based on profiling. Therefore, metabolomic data can be
considered as observations carrying relative information, i.e. as compositional data
(Kalivodové et al. 2018), and as such the above-discussed methods can be applied.

The following analysis was carried out in R 3.6.1 (R Core Team 2019) with the
help of the packages JADE (Miettinen et al. 2017), fICA (Miettinen et al. 2018), com-
positions (van den Boogaart et al. 2019), and robCompositions (Templ et al. 2011).
As the first step, standard principal component analysis (PCA) was performed on the
clr transformed data. There were no significant patterns visible within the first three
principal components; see Fig. 1, left. The whole dataset forms one quite compact
cluster with no outliers. Moreover, the variance explained by the first components
is low (around 20 % for the first PC) (Fig. 1, right), and therefore PCA does not
seem to deal well with the issue of outlier detection, grouping, as well as dimension
reduction in that case.

As PCA seems not to reveal any clear structure, we applied FOBI, k-JADE, with
k =5, and adaptive deflation-based FastICA to the ilr representation of the data
(the dimension p = 47 was already too large for JADE). For easier comparison,
the components from all three ICA methods were ordered according to their kurtosis
values. As all three ICA methods showed similar results, we focus on our presentation
and discussion of the components on those from adaptive deflation-based FastICA.

Due to the kurtosis ordering, the first components show heavy-tailed distributions,
and they are expected to find outliers or small groupings, while the last components
show light-tailed distributions and hence might find more balanced groupings. Scores
of the first and last three independent components are plotted in Fig. 2, and the chosen
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Fig. 2 Scatterplots of the first (left) and last (right) three independent components resulting from
the compositional FastICA, using adaptive deflation-based FastICA

non-linearities are given in Table 2 for all independent components. According to the
left plot of Fig.2, one outlier is clearly detected due to its high negative value in the
third component (IC.3). According to its loadings, which are collected in Table 3,
IC.3 mostly reflects the relative dominance (with respect to concentrations of all 48
measured metabolites) of phenylalanine (Phe), hexadecanoylcarnitine (C16), octade-
cenoylcarnitine (C18:1), valine (Val), and hexadecenoyl- and octadecanoylcarnitines
in the form of C16:1 and C18, respectively, when the higher dominance of the first
three metabolites results in a decrease of IC.3 and vice versa for the last three stated
metabolites. The high loadings of the clr coefficients of these six metabolites imply
that IC.3 reflects mostly (but not solely) the balance between subcompositions formed
by Phe, C16, C18:1, and Val, C16:1, C18. The value of this balance was for the outlier
significantly lower than that within the rest of the sample. After a deeper investiga-
tion of the outlying sample, it turned out that it belongs to a newborn suffering from
Phenylketonuria, a metabolic disease which is typically followed by distinctly high
absolute blood concentrations of phenylalanine. The measured value was 1014.7
umol/ [, which significantly exceeds the upper norm value set on 120 umol// (van
Wegberg et al. 2017) and which is represented with the respective high clr value 6.76.
The levels of the remaining metabolites were comparable with the other samples,
but particularly the atypical high dominance of Phe over all measured metabolites,
which for the rest of samples ranged from 5.72 to 3.58 for their clr values, resulted
in the high negative value of the third component, and therefore clear identification
of this non-standard observation.

The next interesting feature is presented by IC.1. According to Fig. 2, the values
of this component are not very homogeneous across the whole dataset and therefore
some specific groups of neonates might be identified. A deeper graphical analysis
of the first component (presented in Fig.3) shows that for newborns with a birth
weight smaller than 1500 grams, higher values of IC.1 are typical. The independent
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Table 2 Chosen non-linearities g; for each independent component computed with the adaptive
deflation-based FastICA algorithm. Non-linearities are ordered according to kurtosis values of the
corresponding ICs. In the original ordering, IC.44 was the last component, thus no non-linearity is
given. See Table 1 for the definitions of the functions g;

IC 8i IC 8i IC 8i IC 8i IC 8i
IC.1 22 IC.11 22 1C.21 g5 1C.31 g1 1C.41 g5
1C.2 22 1C.12 g9 1C.22 g6 1C.32 g5 1C.42 g4
IC.3 g6 IC.13 g9 1C.23 g9 IC.33 g14 1IC.43 84
IC4 22 1IC.14 g3 1C.24 g1 1C.34 g5 1C.44 -
IC.5 g6 IC.15 g6 I1C.25 g1 IC.35 g5 I1C.45 g5
IC6 | gs IC.16 |gi0 |1C26 |ga IC36 | gs IC46 | g3
IC.7 g8 IC.17 | gs IC27 |gi14 IC.37 |g1n2 IC47 | gs
IC.8 g3 IC.18 g6 1C.28 gs 1C.38 g14
ICO9 g IC.19 |go  |IC29 |go  |IC.39 | g
IC.10 | gg IC20 | g6 IC.30 | gg IC40 |gn
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Fig.3 Scatterplots of IC.1 and IC.3 (left) and the kernel density plot of IC.3 (right) with the groups
defined according to the birth weight

component IC.1 is mostly formed by clr values of acylcarnitines dodecanoylcar-
nitine (C12), C16, and C18:1, whose high relative dominance over all measured
metabolites results in low values of the component and, e.g. clr values of acylcar-
nitines isovalerylcarnitine/methylbutyrylcarnitine C5, and linoleoylcarnitine (C18:2)
increase the IC.1 values. Even though there are also other metabolites contributing
with a high weight to the values of IC.1 (all clr loadings are collected in Table 3), the
clr values of the selected ones systematically differ for the group of the newborns
with low birth weight, and therefore these acylcarnitines seem to be responsible for
their separation from the remaining neonates. The differences in the selected metabo-
lites are clearly visible in Fig.4. Let us stress here that the immature neonates tend
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to have different diet supplementation, therefore the metabolic profile can substan-
tially differ within this group, but despite the proposed ICA method being able to
find some similar patterns, detect the important metabolites, and separate the low
birth weight newborns from the remaining ones. More specifically, artificial nutri-
tion consists of amino acids, lipids, sugars, vitamins, etc. Essential unsaturated fatty
acids including linoleic acid may be responsible for increased C18:2. The increased
blood concentration of the long-chain acylcarnitines (C12, 16, C18:1) as well as of
the short-chain C5 carnitine, which then results in high respective clr values, cor-
responds with previous studies. In Gucciardi et al. (2015), the significantly lower
amounts of acylcarnitines except the branched-chain acylcarnitines (e.g. C5), which
were significantly higher in preterm infants, were described. The latter mentioned
are direct products of branched-chain amino acid (BCAA) catabolism, therefore its
elevated levels may be related to BCAA overfeeding (Gucciardi et al. 2015; Wil-
son et al. 2014). The difference of several amino acids measured for the premature
newborns compared to the others agrees with findings in Wilson et al. (2014), where
increased levels of several amino acids (arginine, leucine, Orn, Phe, and Val) in the
blood spots of premature infants were described. This observation may be related to
the catabolic state of organisms in these children, amino acid supplementation, and
immaturity of preterm infants (hepatic maturation, renal insufficiency, etc.) (Wil-
son et al. 2014; te Braake et al. 2005). The raw concentrations of valine (Val) and
leucine/isoleucine (Xle) are known to be highly positively correlated, therefore the
opposite signs of the respective loadings of IC.1 seem to be counter-intuitive at the
first glance. However, the values of the loadings suggest that the resulting value of
IC.1 is affected by the difference of clr values of the respective metabolites, or equiv-
alently by the log-ratio of their measured concentrations, when the higher relative
dominance of Val over Xle results in a higher value of IC.1. These findings agree with
the data, since slightly higher values of the Val-Xle log-ratio are typical for newborns
with a low birth weight (see Fig.4). Finally, an even more complex interpretation
can be based on the ilr loading matrix Wj;,. According to the values of this matrix,
IC.1 is mainly influenced by the balance between C18 and subcompositions C18:1,
C18:0H, C18:2, and C18:20H. This balance corresponds to the highest positive
loading, and its values are systematically higher for the group of newborns with low
birth weight than for the rest of the samples.

An even better visible pattern is formed by the last independent component IC.47,
which clearly divides the whole dataset into two groups as seen in Fig. 5. According to
the loadings (collected in Table 3), the most contributing are clr values of metabolites
Xle, ornithine (Orn), and lysine (Lys) with a negative effect and methionine (Met),
proline (Pro), and valine (Val) with a positive one. This suggests that the value of IC.47
is highly affected by the balance between subcompositions Met, Pro, Val and Xle,
Orn, Lys. The dataset is roughly separated into two groups of observations with values
of 1C.47 higher and lower than —0.34; this value was chosen as the corresponding
value of IC.47 at the local minimum in the middle of the density presented in Fig.5
(this density was computed with Gaussian kernels and a bandwidth selection with
Silverman’s rule of thumb). The relative dominance of the six above-mentioned
metabolites itself over all measured concentrations does not significantly differ in its
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Fig. 5 Density plot of
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values between the two groups. Therefore, the grouping effect of IC.47 is hidden in
some of their more complex combinations, e.g. the suggested balance between Met,
Pro, Val and Xle, Orn, Lys, which is distinctly higher by cases with IC.47 higher
than —0.34.



542 C. Muehlmann et al.

Table 3 The list of loadings for IC.1, IC.3, and IC.47 computed with the adaptive deflation-based
FastICA algorithm regarding clr transformed data

IC.1 IC.3 1C.47 IC.1 IC.3 1C.47
Ala 0.02 0.24 0.41 C5DC/C60H | -0.08 0.14 0.04
Arg 0.13 -0.33 0.04 Cs:1 —-0.05 0.11 0.13
ArgSucc 0.00 -0.09 -0.01 Co -0.22 0.22 0.07
Cit -0.05 0.38 0.01 C8 0.84 -0.05 0.21
Glu -0.16 0.70 0.20 C8:1 —0.05 -0.16 0.09
Gly 0.08 1.33 -0.16 C10 0.25 -0.21 -0.09
His —0.56 0.44 0.55 C10:1 -1.05 -0.01 -0.21
Lys 0.20 0.38 —0.46 C10:2 0.28 0.20 0.06
Met 0.53 1.03 1.01 Cl12 -1.27 -0.01 -0.13
Orn 0.48 0.40 —0.78 Cl12:1 -0.09 0.10 -0.09
Phe 1.02 —7.30 —0.40 Cl4 —-0.39 0.45 —0.38
Pro -1.15 —0.66 0.65 Cl4:1 0.88 -0.46 0.04
Thr -0.17 -1.71 -0.01 Cl14:2 0.15 -0.01 0.17
Trp -1.33 -0.77 0.14 C140H 0.03 0.27 0.08
Tyr —0.28 1.25 -0.02 C16 —2.00 -1.49 -0.02
Val 3.09 3.86 0.59 Cl6:1 0.97 1.60 0.09
Xle -1.73 -0.15 -1.03 C160H 0.24 0.09 0.01
Co 0.51 0.60 0.17 C16:10H 0.05 0.01 0.24
C2 0.08 -0.30 -0.25 C18 2.38 1.72 0.12
C3 -0.57 -0.34 —-0.01 C18:1 —-3.46 —2.64 0.00
C3DC/C40H | 0.29 -0.23 0.34 C18:2 1.80 0.41 0.16
C4 0.05 0.14 0.01 C18:10H —-0.00 0.27 -0.15
C4DC/C50H | 0.07 0.49 -1.42 C18:20H 0.19 0.23 -0.05
G5 0.35 —0.32 —0.08 C180H —0.33 0.20 0.09

6 Discussion

In this paper, we reviewed some classical independent component analysis meth-
ods and showed how these can be applied to compositional data. The key finding
here is that when the ICA methods are affine equivariant it is most natural to use an
ilr transformation, as the choice of the basis constituting the ilr coordinate system
does not matter. For interpretability, the link between ilr coordinates and clr coeffi-
cients/variables can be easily exploited, which allows interpreting the results either
in terms of the dominance of single compositional parts with respect to the whole
composition, or, e.g. based on values of balances between subcompositions formed
according to values of clr loadings. Finally, since the clr loadings are derived from
the ilr ones, it is also possible to provide the interpretation directly in terms of the
ilr coordinates. The proposed technique is demonstrated on a metabolomics dataset
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where PCA, which is probably the most used multivariate transformation, reveals
no specific feature on the first few components while ICA reveals several interesting
features visible when exploiting the higher order moments information. Independent
component analysis belongs to the larger class of blind source separation methods
where for the separation of the latent components often also temporal or spatial
information is used. In the context of compositional data such blind source separa-
tion methods are, for example, discussed in Nordhausen et al. (2015), Nordhausen
et al. (2020). But these methods would not be applicable to the metabolomics dataset
from Sect. 5 as there is no temporal or spatial information present. The current results,
which were discussed mostly in terms of the relative dominance of a single com-
positional part respective to the highest loading of an IC, open new challenges for
further research. An alternative interpretation can be reached, e.g. by adaptation the
approach based on principal balances (Pawlowsky-Glahn et al. 2011). However, the
loadings of ICs are in general not orthonormal and therefore the principal balances
approach is not as straightforward as in the case of PCA. Finally, an extension of
the dataset with a group of blood samples collected from neonates with a diagnosed
disease can further prove the usefulness of the method.
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Abstract

X-ray fluorescence (XRF) scanning of split cores using automated cores
scanners is rapid but expensive and semi-quantitative method in sedimentary
geochemistry. While searching for a low-cost and quantitative solution in en-
vironmental geochemistry, we investigated the application of hand-held XRF
device in scanning on two siliciclastic-sediment cores from dam-reservoirs
in Slovakia. The core-scan data were compared with XRF data from dry,
powdered sample aliquots, grain size, water content, and magnetic suscep-
tibility data, which were used as independent variables. The aim of the
manuscript is to investigate the applicability of time-series statistical meth-
ods to reveal the physical and chemical signals from hand-held XRF scanning
of wet-sediment cores. The geochemical data were processed using the cen-
tred log-ratio (clr) technique, and then by the Second-Order Blind Identifi-
cation (SOBI) method, which is a subtype of robust Blind Source Separation
(BSS) techniques commonly used to enhance the signal-to-noise ratio in time
series analysis of data in medicine or acoustics. So far, BSS has been rarely

applied in geochemistry. Raw element concentrations (ppm/wt%) of core
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scans and sediment powders are essentially incomparable, but their clr coef-
ficients show statistically significant correlation for Al, P, K, Ca, Mn, Fe, Cu,
As, Sr, Zr, and Pb, which reduces the difference between the two measure-
ment methods and justifies previous attempts to calibrate the core-scanning
data using log-ratio techniques. Scores of three of eight latent components
(IC2, 1C4, and ICT) found by SOBI in the core scan- and powder data show
significant statistical correlation demonstrating the applicability of the core-
scan technique. Their geochemical interpretation is based on the IC loadings
by element clr, and the stratigraphic correlation with the sediment grain size
and water content. These ICs explain geochemical variability due to grain-
size contrast between sandy and silty layers, input of biogenic productivity-
sensitive elements (Ca and P), eutrophication, and accumulation of anthro-
pogenic elements. The robust BSS approach represents a promising method

of processing of large datasets in environmental geochemistry.
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X-ray fluorescence (XRF) scanning of split cores using automated cores scanners is rapid but expensive and semi-
quantitative method in sedimentary geochemistry. While searching for a low-cost and quantitative solution in
environmental geochemistry, we investigated the application of hand-held XRF device in scanning on two
siliciclastic-sediment cores from dam-reservoirs in Slovakia. The core-scan data were compared with XRF data
from dry, powdered sample aliquots, grain size, water content, and magnetic susceptibility data, which were
used as independent variables. The aim of the manuscript is to investigate the applicability of time-series sta-
tistical methods to reveal the physical and chemical signals from hand-held XRF scanning of wet-sediment cores.
The geochemical data were processed using the centred log-ratio (clr) technique, and then by the Second-Order
Blind Identification (SOBI) method, which is a subtype of robust Blind Source Separation (BSS) techniques
commonly used to enhance the signal-to-noise ratio in time series analysis of data in medicine or acoustics. So
far, BSS has been rarely applied in geochemistry. Raw element concentrations (ppm/wt%) of core scans and
sediment powders are essentially incomparable, but their clr coefficients show statistically significant correlation
for Al, P, K, Ca, Mn, Fe, Cu, As, Sr, Zr, and Pb, which reduces the difference between the two measurement
methods and justifies previous attempts to calibrate the core-scanning data using log-ratio techniques. Scores of
three of eight latent components (IC2, IC4, and IC7) found by SOBI in the core scan- and powder data show
significant statistical correlation demonstrating the applicability of the core-scan technique. Their geochemical
interpretation is based on the IC loadings by element clr, and the stratigraphic correlation with the sediment
grain size and water content. These ICs explain geochemical variability due to grain-size contrast between sandy
and silty layers, input of biogenic productivity-sensitive elements (Ca and P), eutrophication, and accumulation
of anthropogenic elements. The robust BSS approach represents a promising method of processing of large
datasets in environmental geochemistry.

1. Introduction palaeoclimatology, tephrostratigraphy, environmental risk assessment,

geochemistry of organic-rich sediments, and even biological tissues

Rapid geochemical analysis and statistical processing of large data
sets are one of the current trends in geochemistry (Reimann et al., 2012;
de Caritat and Grunsky, 2013; McKinley et al., 2016). The use of X-ray
fluorescence core-scanning (XRF-CS) devices shorten analytical time to
seconds and allow analysing of cores with sub-mm stratigraphic reso-
lution (Jenkins, 1999; Rothwell and Croudace, 2015). XRF core scanners
are now widely used for analysis of sediment provenance,
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E-mail address: ondrej.babek@upol.cz (O. Babek).
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(Kelloway et al., 2014; Miller et al., 2015; Gadd et al., 2018; Peti et al.,
2019; Hsiung et al., 2021). Perhaps of similar importance are hand-held
XRF analysers, which can be used for direct scanning of elemental
composition from surfaces of hard rock and soft sediment and soils in
outcrops and split cores for anthropogenic impact assessment (Matys
Grygar et al., 2014).

Although the detection limits of XRF-CS have significantly improved
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over time and may detect a few ppm for selected trace elements such as
Rb and Sr. However, the XRF-CS and hand-held XRF scanning are
strongly affected by surface geometry of the scanned rocks, their grain
size, porosity, water content, and limited time for a single analysis
(Croudace et al., 2006; MacLachlan et al., 2015; Weltje and Tjallingii,
2008). Given in counts per second the XRF-CS results are incomparable
to conventional geochemical analysis such as ICP-MS and wet-chemical
methods, which are represented by concentration units (wt%, ppm).
Consequently, the XRF-CS is generally considered as a semi-quantitative
method.

Attempts have been made to calibrate the XRF-CS results with in-
dependent analytical methods based on linear regression of raw XRF-CS
data, element normalization to Si, Ca and coherent/incoherent X-ray
scatter ratios (CIR), correction of XRF-CS data to water content, pairwise
log-ratios, and multivariate log-ratio calibration (MLC) (Weltje and
Tjallingii, 2008; Weltje et al., 2015; Gregory et al., 2019; Lowemark
etal., 2019). In particular, the MLC technique using Partial Least Square
(PLS) regression performed very well in predicting absolute concentra-
tions of major and trace elements in scanned cores as well as comparing
scan results from different labs (Weltje et al., 2015; Dunlea et al., 2019;
Hennekam et al., 2019). The relationship between element concentra-
tion and grain size was investigated by Bloemsma et al. (2012) and
Henares et al. (2019) who used the PLS regression to decompose the
grain size, porosity and permeability effects from other factors
contributing to the total geochemical variability. However, calibrations
based on ICP-MS analysis of sample aliquots are hampered by different
scaling between the high-resolution scanning (typically mm scale across
stratigraphy) and a minimum volume of sample required for conven-
tional chemical analysis although XRF scanning of discrete samples may
provide a solution to the scaling difference (Gregory et al., 2019; Profe
and Ohlendorf, 2019). Data from the hand-held XRF devices are typi-
cally given in concentration units (ppm), but the negative effects of grain
size, porosity, and water/air content during direct scanning are not
eliminated.

Use of XRF-CS and hand-held XRF devices in the analysis of trace
elements Co, Ni, Cu, Zn, As, Cd, Hg and Pb, which are important for
environmental risk assessment, is thus limited to semi-quantitative
monitoring of contamination (Rodriguez-Germade et al., 2015).
Although external factors such as porosity or water content can affect
the measurements obtained by these devices, it allows for a rapid and
cost-effective measurement of large datasets. Combined with a proper
data processing, this makes these tools a promising alternative to the
traditional geochemical methods. In general, given the large volume of
data and the importance of relative changes in element intensities, the
XRF scanning provides a valuable source of data for unconventional
statistical methods in geochemistry, e.g. the compositional data analysis
(CoDA) (Pawlowsky-Glahn and Buccianti, 2011). In most of the CoDA
methods, the geochemical information (single element concentrations)
is first extracted using element (log-)ratios and then processed by
multivariate statistical analysis (Weltje et al., 2015; Facevicova et al.,
2016; Henares et al., 2019). With the hand-held XRF measurements in
cores, two additional features have to be respected. Due to the sample
inhomogeneity and sensitivity to grain size, non-typical (outlying) ob-
servations are likely to appear in the dataset, which can be suppressed
by robust statistical approach (Matys Grygar et al., 2020). Second, the
depth-distribution of samples across a sediment core generally follows
the principles of time-series analysis and we may assume that samples
located close to each other tend to be more similar than those occurring
at greater distance are. Therefore, our aim is to find latent components
reflecting the common physical processes controlling sediment
geochemistry such as lithology, provenance, grain size, diagenesis, and
anthropogenic contamination (Sageman and Lyons, 2003; Vijver et al.,
2008; Grosbois et al., 2012; von Eynatten et al., 2016; Laceby et al.,
2017) as well as the traits inherent to the measurement methods using a
family of blind source separation (BSS) techniques. The BSS is a well-
established multivariate statistical tool that builds on a linear latent
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variable model. We assume that the observed data are controlled by
linear combinations of unknown (latent) components, which are un-
correlated or even independent. Based on the principles of signal pro-
cessing the aims of the BSS are to find physical signals of the measured
(time series) data, for example brain signals based on fMRI measure-
ments (Comon and Jutten, 2010; Pan et al., 2021). The robust BSS is also
widely used in acoustic noise reduction and speech quality enhancement
(Mukai et al., 2003; Zhang and Zhao, 2013). However, applications of
this method is Earth Sciences are still rare and often not taking into
account the relationships between adjacent measurements, which, in
our perspective, is one of the key properties of the data (Nordhausen
et al., 2015, 2021).

In this study, we focus on XRF scanning of discrete samples from split
cores of soft, wet sediments retrieved from dam reservoirs, Vah River,
Slovakia, potentially impacted by anthropogenic contamination by toxic
metals, and statistical processing of the data by CoDA and robust BSS.
Our aim is to investigate whether this rapid and cost-effective but
alternative approach to geochemical analysis is capable of providing
reasonable interpretations of near-surface Earth processes that can be
imprinted in the sediments (research question, RQ 1). The scanned cores
were subjected to subsequent EDXRF analysis, grain-size analysis, and
porosity measurements in order to evaluate the effects of primary signals
inherent to the sediment composition, texture, and anthropogenic
contamination, and secondary signals inherent to the XRF-CS method.
Our aim is to separate primary geogenic signals from measurement noise
using the robust BSS method and investigate whether and under what
conditions this novel method can be applied to sedimentary geochem-
istry (RQ 2).

2. Geographic and geological settings

Vah River, a left-hand tributary of the Danube River, is the longest
river in Slovakia, which drains a predominantly mountainous catchment
with very diverse geology spreading from Slovakia to Poland and Cze-
chia. The Véh river basin has an area of 19,660,977 km?. The altitude
difference between the river origin (664 m above sea level) and its
outflow to the River Danube (102 m a.s.l.) is 562 m. The river flows
through a very rugged relief of the Western Carpathians reaching ele-
vations of almost 2500 m above sea level, and through lowlands of the
West Pannonian Basin. The river valleys are relatively narrow. Geology
of the catchment comprises Cenozoic siliciclastic sedimentary rocks of
the Flysch Zone of Outer Western Carpathians, metamorphic and
igneous rocks of the crystalline basement of Central Western Carpa-
thians with its upper Palaeozoic and Mesozoic sedimentary cover
(mainly carbonates), and largely unconsolidated, Neogene siliciclastic
sediments of the Pannonian basin and its northern promontories.

There are 22 dams constructed along the 406 km long course of the
Vah River (one dam per 18.5 km of river course on average) known as
the Vah Cascade (Fig. 1). Owing to the frequency of dam reservoirs and
the very diverse geology, the Vah River provides a good opportunity to
study the effects of damming on the transport, accumulation, architec-
ture, and composition of the reservoir sediments. Sediments found in the
reservoirs are commonly a mix of soil particles and rock fragments from
the catchment transported by the river and deposited from atmospheric
sources. This paper addresses two sediment cores from two reservoirs,
the Hricov reservoir completed in 1962 with dam height 19 m, upstream
length 6 km, water storage capacity 8.47 million m®, maximum depth 8
m, and dam height 19 m, and the Nosice reservoir, completed in 1957
with dam height 21 m, water storage capacity 35.9 million m?, and
maximum depth of 18 m.

3. Material and methods
3.1. Physical properties and geochemistry of analysed sediments

Two underwater sediment cores with 6.3 cm inner diameter were
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Fig. 1. Map of the study area: (A) Geographic context of Europe; (B) Geology of Slovakia with Vah river course and location of the Nosice and Hricov dam reservoirs;

(C,D) location of the drill cores in the Hricov and Nosice reservoirs.

retrieved from Nosice (NOS 2, water depth 0.6 m) and Hricov (HRI 4,
water depth 1.8 m) dam reservoirs located on the Vah River, Slovakia,
using UWITEC gravity corer sampler (Uwitec sampling equipment,
Austria) with hydraulic core catcher. The cores were split lengthwise,
photographed, covered by a Mylar foil, and scanned while still wet by a
Delta (Innov-X, USA) portable spectrometer with 1 cm stratigraphic
interval (XRF core scan data). The spectrometer with 25 mm? circular
analysis spot size was operating in Geochem mode (analytical beam
operating at 1 to 40 kV, and 0.1 to 4 mA for V, Cr, Fe, Co, Ni, Cu, Zn, W,
Hg, As, Se, Au, Pb, Bi, Rb, U, Sr, Y, Zr, Th, Mo, Ag, Cd, Sn, and Sb; beam
operating at 2 to 10 kV, and 0.4 to 2 mA for Mg, Al, Si, P, S, CL, K, Ca, Ti,
and Mn). The assay time was set to 240 s. The assay results from the
Delta portable spectrometer are given in concentration units (ppm). A
simple device with fixed scaled core holder and manually operated
sliding holder for the XRF spectrometer attached to a computer was
specially developed for the core scanning (Fig. 2).

After the scanning, the scanned half-core was sliced to produce
sample aliquots corresponding to the scanning intervals. A smaller part
of each aliquot, while still wet, was subjected to grain-size analysis by
wet-suspension laser grain-size analysis using a Fritsch Analysette 22
MicroTec Plus laser particle sizer (0.08-2000 mm) with an attached
ultrasound dispersion unit. The remaining part was weighted, dried in a
lab oven at 40 °C temperature for 48 h, and then weighted again. Water
content was determined as the difference between the wet and dry mass
in the NOS-2 core. Water content was not measured in the HRI-4 core,

Fig. 2. Manual X-ray fluorescence scanning of a wet core covered by Mylar foil
using Delta (Innov-X, USA) portable EDXRF spectrometer attached to a
specially designed core holder.

which was drilled earlier, and wet samples are no more available.
However, we use the XRF, MS, and grain-size results from HRI-4 core as
reference material for the NOS-2 core.

The dry samples were powdered to analytical fineness (< 63 ym), put
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into plastic containers sealed by Mylar foil, and their elemental
composition analysed by a Delta Premium (Innov-X, U.S.A.) EDXRF
spectrometer with a large-area silicon-drift detector, with 2 x 120 s
acquisition time (beam) at accelerating voltages of 15 kV and 40 kV
(XRF powder data). Fifteen elements (Al, Si, P, K, Ca, Ti, Mn, Fe, Cu, Zn,
As, Rb, Sr, Zr, and Pb) and 188 samples were analysed in total. Thirty-
one samples (each pooled from three neighbouring EDXRF samples)
from the HRI-4 core were analysed by inductively coupled optical
emission- (ICP-OES) and mass spectrometry (ICP-MS) after total diges-
tion in Aqua Regia at Bureau Veritas Minerals, Acme Labs, Vancouver,
Canada. Eleven oxides of major elements (SiO3, AlpO3, FepO3, MgO,
Ca0, Nay0, K50, TiO,, P20s, MnO, and Crp03) and 47 elements were
analysed. Analytical precision and accuracy of powdered EDXRF ana-
lyses and ICP-OES/MS analyses from dam reservoir sediments, using the
same instrumentation, are described in our previous papers (Babek
et al., 2021). Magnetic susceptibility (MS) of the powdered samples was
measured using KLY-2 Kappabridge (Agico, Czech Republic) at a mag-
netic field intensity of 300 A.m™~', 920 Hz operating frequency, and a
sensitivity of 4108 SI. The bulk MS (SI) was converted to mass-specific
MS (m3kg™).

3.2. Statistical analysis

The measured concentrations represent a set of positive D-dimen-
sional multivariate observations. Since the nature of data is relative,
element concentrations from adjacent depths are dependent, and the
presence of outliers is expectable due to the measurement method,
principles of robust statistics, time series, and compositional data anal-
ysis will be combined.

In order to respect the relative nature of measured element concen-
trations, and to follow the common practice in geochemistry, the raw
element concentrations will be replaced with two coordinate systems.
The core of the analysis runs on D-1 pivot coordinates (where D is the
number of measured elements), a specific type of orthonormal log-ratio
(olr, also abbreviated as ilr — isometric log-ratio) coordinates whose
advantageous geometrical structure allows us to perform any statistical
method (including the robust ones) without the need of its further
adjustment (Fiserova and Hron, 2011; Matys Grygar et al., 2020). A
more favourable interpretation of relative dominance of the given
element within the whole composition is provided by centred log- ratio
coefficients (clr), which will be therefore used for the final presentation
of results. Note that the vectors of olr coordinates x° and clr coordinates
x" are interconnected though a log-contrast matrix V by x° = v/ x°I",
see Pawlowsky-Glahn and Buccianti (2011), Ch. 11 for details.

As a usual data pre-processing step, Principal Component Analysis
(PCA) is used in order to reduce the dimension of the problem and filter
out the noise. More specifically, robust PCA, utilizing the deterministic
Minimum Covariance Determinant (MCD) estimates of location and
scatter, will be applied (Hubert et al., 2012) on pivot coordinates and
first k components explaining 99 % of the total variability will be kept
for the further analysis.

The core of the statistical analysis is based on the time series BSS
methodology, when the measurements from different equidistant depths
are treated as equidistant points in time. Following the methodology
described by Ilmonen et al. (2015) the measurements from a given depth
s (xg) are assumed to be linked to latent components zgs through the
mixing matrix A and the theoretical model x; = A zs. The aim of BSS is to
recover the latent components by W x; given only x,, where W is an
unknown unmixing matrix (e.g., A’l).

Note that the latent components representing the real geochemical
signal or a noise inherent in the measurement method are found as a
linear combination of x5 and the interpretation of the result is therefore
similar to interpretation of scores and loadings resulting from PCA. The
latent components are independent of prior linear transformations,
which makes the methodology especially appealing in conjunction with
the olr coordinates present in compositional data analysis, this is
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detailed for example by Muehlmann et al. (2021) and Nordhausen et al.
(2021). The basic BSS method is the Second-Order Blind Identification
(SOBI) method (Belouchrani et al., 1997; Miettinen et al., 2016), which
finds latent components maximizing the second-order serial depen-
dence. Its robust version eSAM-SOBI, working with robust estimates of
location and auto-covariance matrix (Ilmonen et al., 2015), will be used
in our application. Finally, the unmixing matrix will be back-
transformed to the clr space. The analysis is carried out in R 4.1.0 (R
Core Team, 2021) with the help of the packages JADE (Miettinen et al.,
2017), robCompositions (Templ et al., 2011) and robustbase (Maechler
et al., 2021).

4. Results
4.1. Grain size, water content and magnetic susceptibility

Majority of the sediments from the NO2 core (Fig. 3) are composed of
unimodally distributed silt (~83 to ~90 %) with minor admixture of
clay (~5 to ~9 %) and very fine- to fine sand (~2 to ~12 %). Median
grain size varies from ~17 to ~30 pm. These background sediments
alternate with ~4 to ~9 cm thick sandy beds composed of very fine- to
coarse sand (~21 to ~66 %), silt (~29 to ~74 %) and clay (~4 %) with
median grain size varying from ~32 to ~85 pm, and unimodal or pol-
ymodal distribution. The HRI-4 core is composed of very uniform silty
sediment with ~9 to ~20 wt% of clay fraction and very little admixture
of very fine sand (up to 0.5 wt%), and no sandy beds.

The sample weights in the NOS-2 core varied from ~13 to ~35 g of
wet sediment, and from ~5 to ~22 g of dry sediment. The calculated
water content varies from ~25 to ~61 wt% (Fig. 3). Generally, the water
content decreases from the top to the bottom of the core. The silty
background sediments have higher water content from ~40 to ~55 wt%
while the sandy beds have lower water content, typically from ~25 to
~45 wt% (Supplementary material, Table S1).

Mass-specific MS values vary from ~2.0 to ~5.6 x 10"®m®kg ™. The
MS distribution in the HRI-4 core is relatively uniform with a change
from ~4 to ~3 x 107® m®kg~! at about 70 cm depth. The MS distri-
bution in the NOS-2 core is also relatively uniform with the exception of
a prominent peak at 21 cm depth (Fig. 3).

4.2. Element geochemistry of raw data

The ICP-MS element concentrations and XRF data from cores scans
and powdered samples are shown in Tables S2, and S3, respectively
(Supplementary material). The XRF core scan data show systematically
lower concentrations than the XRF powder data. The Al concentrations
vary between ~0.26 and ~ 1.6 wt% in the core scans, and between
~1.62 and ~4.82 wt% in the powder data. The other elements show
similar difference (Figs. 4, 5). The average concentrations of XRF scan
data from the HRI-4 core reach about 16 to 41 % of their powder-sample
counterparts.

The XRF powder concentrations of Al and Rb, which are frequently
considered lithogenic, grain-size sensitive elements, show statistically
significant correlation (logarithmic regression) with the grain-size data
(concentration of clay fraction). However, for XRF core scan data, no
correlation or much less significant correlation was found (Fig. 4).
Several elements (K, Rb, and Ti) show good covariance with the litho-
genic Al in both the XRF core scan and XRF powder analyses. Their
correlation coefficients (R?) vary from ~0.3 to ~1.0 but usually they are
higher than 0.8 (Fig. 5). On the other hand, Ca and P show negative
correlation with Al in the powder data, but generally, no correlation in
the core scans (Fig. 5). Arsenic, zinc, copper and lead show weaker
correlation with Al; their correlation coefficients vary between ~0.2 and
~0.7. The lower concentrations and higher correlations with Al in the
XRF scan data are likely controlled by the presence and dilution effect,
respectively, of pore water and organic matter in the sediments. Organic
matter was not analysed in the studied cores, but it is considered low.
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Another core from the Nosice reservoir located about 1000 m S of the
NOS-2 core contained 1.9 wt% on average (from 1.2 to 2.5 wt%, n = 27)
of total organic carbon (TOC) (Ondfej Babek, unpublished data).
Concentrations of the same elements from XRF core scan and powder
data show a poor match; linear regression coefficients (Rz) of four

elements, Ca, As, Zr, and Rb, vary from 0.30 (Ca) to 0.81 (Zr) (Fig. 6).
Lower correlation coefficients were found for Al, Si, P, K, Ti, Fe, Mn, Cu,
Zn, Sr, and Pb. Conformable with the above-mentioned observations,
vertical distribution of elements generally shows a little match between
XRF core scan- and powder data (Fig. 7). In general, the powder data (Al,
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Ca, Zn, Fig. 7, but also K, Ti, Fe, Cu, Rb, and Pb) show higher variability concentrations in the silty layers, Ca and P have higher concentrations in
due to changing grain size and water content than the core scan data in the sandy layers. The powder data in the uniform silty-clayey sediments
both cores. While for example, Al, K, Ti, Fe, and Rb have higher of the HRI-4 core are markedly uniform, with relatively high Al and K
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concentrations and relatively low Ca concentrations. The core scan data
are also variable but their variability does not coincide with the changes
in grain size in both cores and the water content in the NOS-2 core
(Fig. 7).

4.3. Log-ratio transformation of geochemical data

Centred log-ratio (clr) transformation of the same elements from the
core scan and powder data resulted in higher correlations (R? from 0.33
to 0.88) in eleven elements: Al(clr), P(clr), K)clr), Ca(clr), Mn(clr), Fe
(clr), Cu(clr), As(clr), Sr(clr), Zr(clr), and Pb(clr). Correlation of Ca(clr),
Mn(clr), Cu(clr), Sr(clr), and Zr(clr) exhibit R? values higher than 0.5.

The clr coordinate representation partly reduces the variability due
to lithology of the powder data, and reduces the difference between the
powder and core-scan data (Figs. 4, 6). The median clr concentrations of
core-scan and powder data are 3.04 and 3.63 for Al, 2.23 and 2.38 for K,
3.97 and 4.2 for Ca, and -4.59 and -4.48 for As, respectively. Although
the clr values are much more similar for core-scan and powder data, the
resulting shapes of the depth distribution curves are poorly comparable
in none of the elements except for calcium (Fig. 7) and partly for K, Ti,
Zr, and Mn. In case of Ca, the clr coefficients are a suitable data repre-
sentation for calibration of XRF core-scan data.

4.4. Robust BSS results

Following the methodology described in Section 3.2, the XRF powder
data were pre-processed with robust PCA based on the MCD estimate of
location and covariance. The proportion of observations used for the
covariance matrix estimation was set to 0.8, which represents a
reasonable compromise between stability and usability of the whole
algorithm. We run the eSAM-SOBI algorithm on the first eight robust
principal components representing 99 % of total variability, which

resulted in finding of eight latent components (ICs). The lag parameter
was set to five and therefore the measurements in the range of 5 cm were
considered as mutually influential. The latent components are shown in
Fig. 8. The orange dots represent the latent components (IC) for powder
XRF data found by the algorithm, while the blue dots show the XRF core
scan measurements expressed in the same latent variables.

The IC1, and IC3 - IC5 latent components of XRF powder data are
uniform and most of them are independent on the grain size and porosity
(Fig. 8). The IC2 shows variation, which coincides with the grain-size
changes and the associated pore water variations. The IC4 reveals a
trend towards higher values in the top 25 cm of the NOS-2 core. The
latent components of XRF core-scan data (IC1, IC3, and IC5 to IC8) are
highly variable but their variation is not related to the lithological
boundaries. The IC3 with IC5 and IC1 with IC8 show similar depth
distributions. The correlation between IC scores for powder and core-
scan data is high for IC4 (r = 0.786), lower but significant for I1C2
(0.465) and IC7 (0.383) and low or even negative for IC1 (—0.286), IC3
(0.075), IC5 (—0.01), IC6 (0.282) and IC8 (—0.045). The former three
ICs may therefore carry information on real physical or chemical signals
while the later ones are likely affected by the method of measurement.
The vertical distribution of IC2 and IC4 shows a high degree of similarity
between the XRF powder and core scan data. In contrast, the IC1, IC3,
IC5, and IC8 show large-scale differences, while the IC6 and IC7 contain
parts that are similar and parts that are highly dissimilar. The later three
components clearly show that particularly the concentrations between
60 and 90 cm depth are influenced by the method of measurement. The
structure of the latent components is explained by their respective clr
loadings, which help to identify the main elemental sources for each IC
(Table 1).
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5. Discussion

5.1. Interpretation of raw data: lithogenic sources of geochemical
variation

Element compositions of the HRI-4 and NOS-2 cores differ. The main
cause of the geochemical difference is the contrasting grain size, which
is demonstrated by the significant correlation between the Al and Rb
concentrations in XRF powder data and the proportion of the clay
fractions (Fig. 4).

The Al-normalized XRF powder data (Fig. 5), which reduce the ef-
fects of different grain-size in the both cores (cf. Sageman and Lyons,
2003; Babek et al., 2015), indicate that sediments in the NOS-2 core are
enriched in Si, and Zr while the Hri¢ov reservoir is enriched in Ca, P, Rb
and As. Silicon and zirconium are typically lithogenic elements bound to
coarse-grained (silt-and sand-sized) grains, whereas Ca and P are largely
bound to authigenic carbonate rocks (Sageman and Lyons, 2003; Ross
and Bustin, 2009; Babek et al., 2016).

This compositional variability is presumably due to different litho-
genic sources in their upstream catchments. Catchments of tributaries
located upstream of the Hricov reservoir drain crystalline rocks and
Mesozoic carbonates of the Central Carpathians (Varinka R.), Palae-
ogene deep-marine siliciclastics of the Flysch Zone of Outer Western
Carpathians (Kysuca River), and Neogene unconsolidated siliciclastics of
intramontane basins (Turiec R.). In contrast, tributaries located down-
stream of the Hricov and upstream of the Nosice reservoir, drain pre-
dominantly the Palaeogene deep-water siliciclastics of the Outer and
Central Western Carpathians (Stiavnik River, Papradnianka R., Mar-
ikovsky potok R., Domanizanka R.). The element geochemistry suggests
that reservoirs provide barriers to downstream sediment dispersal as
suggested by previous authors (Vorosmarty et al., 2003; Arnaud et al.,
2019; Vauclin et al., 2019).

Magnetic susceptibility has been demonstrated to correlate with
grain size, industrial contamination by fly ashes, and enrichment in
selected heavy metals in fluvial settings by several authors (Jordanova
et al., 2006; Babek et al., 2011; Fameéra et al., 2013). However, the
magnetic susceptibility in our dataset shows little correlation with the
grain size changes, raw XRF data, clr of XRF data, and the latent com-
ponents. Consequently, it cannot be used as independent variable to
assess the applicability of the clr and the robust BSS algorithms in our
dataset.

5.2. Interpretation of clr coefficients

Centred log-ratio coefficients significantly reduce the difference be-
tween the core-scan and powdered EDXRF readings (Fig. 7) and thus
justify previous attempts to calibrate the core-scanning data using log-
ratio techniques (Weltje and Tjallingii, 2008). A good correlation (R?
> 0.5) between clIr of the core-scans and powdered samples was
observed for Ca, Mn, Cu, Sr, and Zr (two cores, n = 189) and partly also
for P, K and Pb in the NOS-2 core. All elements in the powdered samples,
with exception of Si, As, Sr and Zr, show high variability in concentra-
tions consistent with the lithology changes across the NOS-2 core
(Figs. 3, 6). This means that the layers with different grain size and
porosity also have different mineral composition. Surprisingly, although
these parameters are known to strongly affect the results of the XRF
core-scans (Croudace et al., 2006; MacLachlan et al., 2015) they are
preferentially picked up by XRF of the powdered samples and not by the
core scans in our data set.

5.3. Geochemical interpretation of the latent components

The IC2 and IC4 latent components show statistical correlation be-
tween the core scan and powdered XRF data. We assume that this sim-
ilarity reflects a common control on both the cores scan and powdered
data and thus they are not largely affected by the method of measure-
ment. Loadings of latent components by element clr, found by eSAM-
SOBI are shown in Table 1. The loadings explain the elemental contri-
butions in the latent components and thus they can be used in
geochemical interpretation.

The vertical distribution of the IC 2 scores is consistent with the grain
size and porosity changes thus indicating that the IC2 primarily reflects
the sediment lithology. Maximum positive loadings of IC2 correspond to
Zr(clr) and Mn(clr) while negative loadings correspond to Cu(clr) and Zn
(clr) (Table 1), therefore the log-ratio between these two pairs of ele-
ments seems to be the main building block of this component. Moreover,
the vertical distributions of Si/Al and Zr/Al element ratios (Fig. 9),
which are used as grain-size proxies (Vijver et al., 2008; Babek et al.,
2015), show high degree of similarity with the IC2 on the powder XRF
data. Zirconium is a refractory element, which is typically enriched in
silt- and sand-sized sediments and thus is grain-size sensitive (Morton
and Hallsworth, 1999; Novak et al., 2017). On the other hand, Mn as a
redox-sensitive element is vertically mobilized in recurrent cycles of
reduction / dissolution and oxidation / precipitation in layers repre-
senting redox boundaries (Davison, 1993; Staubwasser et al., 2006).
Redox boundaries may develop at lithological boundaries between
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Table 1

Loadings of selected latent components found by eSAM-SOBI. Each entry is related to the clr value of the given element and therefore quantify the effect of the relative dominance of the given element to the actual value of

IC.

Si(clr) P(clr) K(clr) Ca(clr) Ti(clr) Mn(clr) Fe(clr) Cu(clr) Zn(clr) As(clr) Rb(clr) Sr(clr) Zr(clr) Pb(clr)

Al (clr)

—0.007
—0.015
—0.896
—0.093

0.289

0.581
—0.125
—0.167
—0.532
-0.27

—0.065
—0.065
—0.008

0.089
—0.101

—0.08

—0.076
—0.921
—0.035
—1.168

-0.323
—0.375

—0.004
-0.214
—0.251
—0.049
-0.121
—1.48

0.226

0.058
—0.403
-0.177
—0.342
—0.34
—0.66

0.487
0.375
-0.113

0.295

0.222
—0.184
-0.179
—0.422
—0.12
-0.16

—0.486 —0.147 —0.18 0.076
—0.017 —0.202 0.031

—0.051

—0.168
—0.152
0.459

IC1

1c2
1C3
1C4

0.273
—-0.013
—0.181

0.939
0.313

0.079
0.063
-0.132

0.676
0.081

0.235
0.127
0.359

0.24

0.

0.997
—0.04
—0.44
—0.97

0.002
0.024

0.01
—0.22

0.088

0.
—0.51

02

0.019

0.508
0.

16

0.313

0.65
—0.05
—0.06

0.434

0.33
-0.32
—0.04

C5
1C6

I

06

0.31
-0.13

0.18
—0.42
—0.34

0.96
1.

0.12
0.01
0.65

12
17

0.

0.27
0.15

0.69
0.04

07

0.19
—0.59

0.
—0.25

1Cc7

0.23

0.4

—0.64

0.19

0.58

0.67

1C8

Highest values (bold) indicate the highest contribution of the elements.
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more- and less-porous sediments being affected by groundwater flow
and oxygen saturation. The IC2 reflects geochemical changes associated
with grain size and hereto related development of redox barriers facil-
itating precipitation of redox-sensitive elements.

The IC4 component markedly increases in the topmost, about 25 cm
thick sediment layer of the NOS-2 core, which is consistent with the rise
in Ca/Al and P/Al ratios and enrichment factors of As (Fig. 8). In
contrast to the element ratios, enrichment factors (EF) and centred log-
ratios the IC4 completely filters out the effects of grain size. Maximum
positive loadings of IC4 correspond to P(clr) and Zn(clr) (Table 1). In the
topmost five centimetres, the IC4 peak overlaps with a peak in IC7, and
elevated values of Zn and Cu (Fig. 8). These two elements can be derived
from anthropogenic sources as indicated by their EF values (XRF powder
data) ranging between 5 and 10. Elements correlating with the IC2 and
IC4, Ca, P, Cu, and Zn are usually associated with increased organic
productivity in lacustrine and marine environments and partly (Cu and
Zn) with reducing conditions in water column of near the sediment—
water interface (Sageman and Lyons, 2003; Dean, 2007; Tribovillard
et al., 2006; Ettler et al., 2017). We assume the IC4 to reflect increased
organic input into the sediments, which was presumably associated with
eutrophication and accumulation of anthropogenic Cu and Zn.

The vector of element concentrations is analysed as a whole
throughout the BSS algorithm. Consequently, complex relations be-
tween elements, typical for data of a compositional nature, are therefore
preserved and taken into account. Although the presented methodology
focuses on eSAM-SOBI, an algorithm for time-dependent data with
possible presence of outliers, the family of BSS methods also contains
algorithms for iid or space-dependent data. These methods therefore
represent a flexible framework for restoring hidden structures from
geochemical measurements. The time-series approach of the eSAM-SOBI
seems to be suitable for identification of stratigraphic trends in sediment
geochemistry although it can have certain disadvantages. For example,
identification of thin event-beds with contrasting composition (e.g., ash
layers) may be limited, or strongly affected by the sampling interval,
using the eSAM-SOBI. However, the time-series statistics of core-scan
data may represent a complementary method to the multivariate log-
ratio calibration, which is independent on the stratigraphic position in
a core.

6. Conclusions

The studied sediment cores penetrated layers of clayey silt and silty
sands with highly variable grain size and variable water content (40 to
61 wt% in silts; ~25 to ~45 wt% in sands), both of them supposedly
affecting the results of XRF core scanning. Sediments in the Nosice
reservoir are enriched in Si and Zr and depleted in Ca, P, Rb, and As, as
compared to their Hricov reservoir counterparts. Their compositional
contrast is presumably due to different geology in catchments of up-
stream tributaries of the Vah River, which suggests that reservoirs act as
important barriers to downstream sediment dispersal.

The XRF core scan data show systematically lower element concen-
trations, on average only 16 to 41 % of their XRF powder counterparts.
Several elements (K, Rb, and Ti) show relatively strong relationship to Al
both in the XRF core scan- and powder analyses. This demonstrates the
effect of changing contents of aluminosilicates (clay minerals) as a
function of changing grain size. This grain-size effect is stronger (higher
R?) in the powder data than in the core scans, which is surprising
because grain size is particularly known to affect the results of the XRF
core-scans strongly.

As expected, the element concentrations in XRF cores scans and
powder data are poorly correlatable. Centred log-ratio (clr) coefficients
improved for reinterpreted data (in terms of relative dominance of ele-
ments) the correlations (R? from 0.33 to 0.88, n = 179) in Al, P, K, Ca,
Mn, Fe, Cu, As, Sr, Zr, and Pb. In addition, the clr coefficients signifi-
cantly reduce the absolute difference between the XRF core-scan and
powder data, which justifies previous attempts to calibrate the core-
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Fig. 9. Vertical distribution of latent components IC2, IC4 and IC7 and their correlation with selected element ratios (Si/Al, Zr/Al, Ca/Al, and P/Al, raw data) and

enrichment factors (EF) of typical anthropogenic pollutants (As, Cu, and Zn).

scanning data using log-ratio techniques. Geochemical core scanning
using hand-held XRF device is a method, which allows reasonable
interpretation of primary geogenic signals in soft sediments in terres-
trial, e.g., fluvial environments (RQ 1).

Application of the eSAM-SOBI algorithm, a time-series statistical
technique, yielded eight latent components (IC1 to IC8) representing 99
% of total variability. The scores of IC4, IC2, and IC7 of the XRF powder-
and core scan data show significant statistical correlation and similar
depth distribution, which reflects a common control on the data and the
fact that these latent components are not largely affected by the method
of measurement. Their geochemical interpretation is based on the IC
loadings by element clr, and stratigraphic correlation with the sediment
grain size and water content. The IC2 corresponds to high Zr(clr) load-
ings and it primarily reflects the compositional contrast between the
sandy and silty layers. The IC4 and IC7 components correspond to high P
(clr), Ca(clr), and Zn(clr) loadings while they are not affected by grain
size. These latent components presumably reflect increased organic
input, eutrophication, and accumulation of anthropogenic elements.
Being capable of picking up the effects of grain size and anthropogenic
enrichment, the robust BSS approach represents a promising time-series
statistical method to separate signal from noise. The BSS method allows
to process large datasets in environmental geochemistry, which can be

10

obtained by XRF-CS without the need of prior calibration to the mea-

surements resulting from the conventional methods (RQ 2).
Supplementary data to this article can be found online at https://doi.

org/10.1016/j.gexplo.2022.107106.
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Abstract

Cell-wise outliers are outliers in single entries of a compositional data
matrix, and they can lead to a certain bias in the statistical analysis. Tra-
ditional row-wise robust methods downweight outlying observations for the
estimation, independent of how many or which cells of an observation are
contaminated. Cell-wise robustness still makes use of the information con-
tained in non-contaminated cells. Here, cell-wise robustness is used for the
estimation of the variation and the covariance matrix. For higher dimen-
sional data also a regularized estimator is introduced. The advantages of
the cell-wise robust estimators are demonstrated in simulation experiments
and in a geochemistry application in the context of clustering and principal

component analysis.
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Cell-wise outliers are outliers in single entries of a compositional data matrix, and they can lead to a certain bias
in the statistical analysis. Traditional row-wise robust methods downweight outlying observations for the esti-
mation, independent of how many or which cells of an observation are contaminated. Cell-wise robustness still
makes use of the information contained in non-contaminated cells. Here, cell-wise robustness is used for the
estimation of the variation and the covariance matrix. For higher dimensional data also a regularized estimator is

introduced. The advantages of the cell-wise robust estimators are demonstrated in simulation experiments and in
a geochemistry application in the context of clustering and principal component analysis.

1. Introduction

The field of compositional data analysis (CoDA) has received a lot of
attention after the publication of the book (Aitchison, 1986) of John
Aitchison in 1986. The approach followed there is often called log-ratio
methodology, as the building blocks are pairwise log-ratios between the
variables (compositional parts). If D denotes the number of parts, then
there are D(D — 1) /2 (relevant) pairwise log-ratios for the analysis, thus
each part is involved in D — 1 different log-ratios. These pairwise log-
ratios are usually not used separately as new variables within a multi-
variate statistical analysis, but they are appropriately aggregated, e.g. to
form a coordinate system with D —1 coordinates (Filzmoser et al.,
2018). This, however, creates difficulties if an observation has outliers
only in single parts, since their effect in the coordinate representation
will very much depend on the type of aggregation, as well as on the parts
which are contaminated.

Outliers in single variables of traditional non-compositional data are
called cell-wise outliers. If an observation contains cell-wise outliers, the
remaining non-contaminated cells usually still contain valuable infor-
mation for the analysis. This can be very different for compositional
data. Contamination in single parts of a composition can be caused by
atypical values in this part, or it can result from an improper imputation
of zeros or missing values. When forming pairwise log-ratios with
contaminated cells, also the resulting log-ratio pairs can be outlying, and
the same is true for other types of aggregation with contaminated parts.

* Corresponding author.
E-mail address: peter.filzmoser@tuwien.ac.at (P. Filzmoser).
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Robust multivariate statistical methods commonly downweight
complete observations if they are deviating, independent of how many
cells (variables) of such observations are contaminated. Since observa-
tions are usually arranged in the rows of a data matrix, this procedure is
often called row-wise robustness (Maronna et al., 2019). Especially for a
growing number of variables, this would lead to a severe loss of valuable
information if only few cells of an observation are deviating. Therefore,
methods have been developed to identify and downweight deviating
cells rather than only outlying rows, and this is called cell-wise robust-
ness (Rousseeuw and Van Den Bossche, 2018).

Row-wise robustness is well established in the context of CoDA
(Filzmoser et al., 2018). Since many multivariate methods are based on
an estimated covariance matrix, a robust version can be obtained by
expressing the composition in coordinates, and performing robust
covariance estimation with any of the proposed methods (Maronna
et al., 2019, p 195-224), for example with the widely used MCD (min-
imum covariance determinant) estimator (Rousseeuw, 1985; Rousseeuw
and Van Driessen, 1999). Since a complete row is downweighted (or
not), it does not matter which parts are contaminated, and which form of
coordinate representation is used.

It is not straightforward to implement cell-wise robustness for the
CoDA case, especially after the compositions are expressed in co-
ordinates. Depending on the parts which are contaminated, as well as on
the coordinate representation used, it might be hardly possible to trace
back which compositional parts caused cell-wise outliers, detected in the
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space of the coordinates. It is much more straightforward to investigate
pairwise log-ratios in order to identify those parts which caused the
outlyingness. Several attempts in this direction have already been done,
e.g. in Stefelova et al. (2021) and Walach et al. (2020) in the context of
regression and outlier detection.

In this paper we focus on cell-wise robustness, but limited to the
problem of robust covariance estimation. Nevertheless, a robustly esti-
mated covariance matrix opens the door to many multivariate methods,
and in the application part we will focus on cell-wise robust principal
components. The main idea is to estimate the elements of the variation
matrix robustly, and these elements contain the estimated variances of
pairwise log-ratios (Aitchison, 1986). Afterwards, we make use of the
well-known relationship between the variation matrix and the compo-
sitional covariance matrix (Aitchison, 1986).

The paper is organized as follows. Section 2 recalls some of the CoDA
concepts which are needed to introduce the cell-wise robust covariance
estimators in Section 3. Simulation studies in Section 4 reveal robustness
properties of the new proposals, and a comparison of the methods based
on geochemical data is provided in Section 5. The final Section 6
concludes.

2. Some CoDA concepts

Denote by R? the space of D dimensional strictly positive real values.
In the classical approach of CoDA the D-part simplex is of central
defined as the space TP =
.xp)" € R2 =P x; = 1}. Considering also a composition

importance: it is
{x=(x1,...
y =1, ....yp)", the D-part simplex is equipped with the Aitchison inner
product

12 Xi Vi

Wy === Z In{—)In(=

oyl 2D"F‘n<xi>n<xj>
1

and the so-called perturbation x ®y := W(xl Y1, xpyp)” and pow-
j=1%Yj

ﬁ(x‘{ .-, x4)" operation, for any a € R, see Pawlow-
sky-Glahn and Egozcue (2001) and Billheimer et al. (2001). With these
definitions it can be shown that (J'D, (). D, @) is a Hilbert space
with neutral element (1,...,1)" € R? and norm |x||., := /(x,x)., see
Pawlowsky-Glahn et al. (2015), p.23-30. Of central importance in CODA
is the clr (centered log-ratio)-map

ering a Ox :=

T

cr: 7P SRP,

(€9)]

clr(x) :

X1 Xp
=|in seendn

» [0 b /17D

\/H/:lxj \/H,‘:Ix/

It is well known that the clr-map is distance preserving on .7, see
Pawlowsky-Glahn et al. (2015), p 35. Additionally, the clr-map pos-
sesses the following properties,

clr(x @ y) = clr(x) +clr(y) 2
clr(a ® x) = aclr(x) 3
(.3} = (clr(x) , clr(y) ), “

with (-,-), denoting the standard inner product in RP, and a € R
(Pawlowsky-Glahn et al., 2015, p 35). A drawback of the clr-map is that
it is not bijective onto RP and its components are constrained to sum to
zero. The clr-map can also be written as a linear map of the coordinate-
wise log-transformed variables of x, i.e. clr(x) = L In(x), where L, is
the so-called centering matrix
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which will play a role in the next section. Alternatively, the so-called ilr
(isometric log-ratio)-map (Egozcue et al., 2003) is often considered as it
preserves properties (2)-(4) and is bijective. It is defined as

ilty : PSR ley (x) = Vielr(x) (5)

where V e R?*-1) is any matrix with orthogonal columns that span the
D —1 dimensional subspace {z €RP|EL,z = O}CRD. The centering

matrix has the following important properties that also connect it to any
admissible V as just described,

L,=L"

L, L,1=0, L,=VV’,
where 1 is a vector of ones.

There are multiple ways to characterize the dependence structure
between different compositional parts of x in CoDA depending on the
transformation used. Given two different random vectors u, v, then the
covariance matrix is given as Cov(u,v) := E((u — E(u))(v — E())"),
where [ denotes the expectation. Then we write in the following = :=
Cov(clr(x),clr(x)) for the covariance matrix of clr(x), =" := Cov(In
(x),In(x)) for the covariance matrix of In(x) and X" :=
Cov(ilry (x) ,ilry (x) ) for the covariance matrix of ilry (x), for any fixed V.
Additionally, we write T € R?*? for the variation matrix which is

defined entry-wise for any i,j =1,...,D as T; = Cov (ln (i—]‘) ,In ()"7]‘) ) =
Var (ln (%) ) Thus, the entries of the variation matrix are the variances
of all pairwise log-ratios. Values near zero represent proportionality of
the respective parts and consequently also their close relationship.

As noted in Aitchison (1986), there are the following relations be-
tween the covariance matrix X" and the variation matrix T,

T = 16" 4+ 6*1" — 23", 6)
clr 1
== —JL,TLy, 7)

where 62 = diag(=") denotes the vector of the diagonal elements of =°.
These relationships will be very helpful for cell-wise robustness, as they
link associations between pairs of compositional parts with covariances.

3. Cell-wise robust covariance estimation

Denote by x1,...,xy €.7” a sample of N independent observations
which are arranged as rows in the data matrix X € R¥*P. The classical

oelr

sample covariance matrix estimate of X is given as ¥ =
N (clr(xn) — B (clr(en) — B )T, where i =15V clr(x,). It is
a well-known fact that any contaminated data point x, can have a huge
effect on the classical sample covariance estimate of =" (Maronna et al.,
2019, p 196-198). The same holds true if only a single entry of x,, say
the k-th entry, is contaminated. A part of a composition is understood as
contaminated, when it has an unusually high (or low) absolute value and
which therefore distorts the whole relative structure of the respective
composition. As we can write any [-th entry of clr(x,) also in terms of
pairwise log-ratios

. 1 n n n
cr(r,), = in| —22 | =2 (),
D HD X D Xn1 Kk XnD
j=17Xnj

we can see that a contamination in x,; propagates to clr(x,);, for any
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le {1,...,D}, which in consequence also can have an impact on A", see
also Mert et al. (2016). Something similar also holds for the ilr-map.
Therefore, if a row of X contains only a single cell that displays
outlying behavior, taking the clr- or ilr-map of this row can lead to a
whole outlying vector. The goal is to find a covariance estimator which
protects against outlying cells in compositional data.

The main idea to achieve cell-wise robustness is thus to restrict the
influence of cell-wise outliers at the log-ratio level. The relationship (7)
is of particular interest as it permits to estimate =" in terms of the
variation matrix, which consists solely of the variances at the log-ratio
level. To construct a robust estimator of X, or equivalently ="V, we
suggest to replace each entry of the variation matrix T, t; =

Var(ln (%) ), by a robust counterpart. This simplifies things not only

because we focus on pairwise log-ratios, but also because robust vari-
ance estimation is a simpler task compared to robust covariance
estimation.

Several robust estimators of the variance have been proposed in the
literature. A highly robust and efficient estimator of scale (standard
deviation) is the Qn estimator (Rousseeuw and Croux, 1993), which is
essentially defined as the first quartile of the absolute pairwise differ-
ences. To be more precise, for a vectorz = (z1, ..., zN)T, the Qn estimator
of scale is defined as

@) =P, n(z) = 2-219'{

a =gl <Jj}y (®)

where k — (g) ~ (’;’)/4 andh— N/ 2¢ + 1, and (k) is the k-th

value of the sorted absolute pairwise differences (in ascending order)
(Rousseeuw and Croux, 1993). A further advantage of this estimator is
that it does not require a (robust) location estimation. These properties
make the Qn estimator preferable over other robust scale estimators,
such as the more well-known median absolute deviation (MAD).

3.1. The cell-wise robust Qn covariance estimator

We will use the Qn estimator for the elements of the variation matrix

2
to obtain t{; = pPn1 N(ln (ﬂ) ) . We denote the resulting robust vari-

..... Xnj
ation matrix by 'i‘/, = t{]’ To construct a valid estimate of =" we then

transform ’f,, according to Eq. (7). This estimate should however fulfill
the following three properties that =°" has.

o = is a positive semi-definite matrix.
e 2" has an eigenvector 1 to the zero eigenvalue, i.e. "1 = 0.
e 2 is invariant under multiplication with L/, thus =" = L, Z"L,,.

Note that the second point is a direct consequence of the third point,
and the third point directly follows from the idempotency of L., and the
representation of the clr-map through the latter. Therefore, to construct
a positive semi-definite estimator we propose to take the nearest positive
semidefinite matrix to —%L,,/T,,L,f/ and adjust the median quantile. All
together we perform the following steps:

~ 2
1. Estimate the elements tf of T, by t§ =p, ;  n (ln (%') ) , wherei # j
(otherwise, the entries are zero).
2. Project ’f,, on the appropriate subspace by f;h = — %L, /T,,L,;/.
3. Find the nearest positive semi-definite matrix (p.s.d) f;h by solving

~elr ~elr

minﬁilrispvs,d H 20 - 21

p» where ||| denotes the Frobenius norm.

Note that also other measures could be considered that take into
account the symmetry of the matrix.
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4. The final estimator is & = cfi]r where ¢ is chosen such that the
median of the squared Mahalanobis distances is equal to the quantile
0.5 of the y? distribution with degrees of freedom equal to the rank of

fih. This alignment allows to use the quantile 0.975 of this y? dis-
tribution as outlier cutoff value for the squared Mahalanobis dis-
tances (Maronna et al., 2019, p 206).

~d
For these steps to lead to an admissible estimate of =7 we need to

check that the three properties as described above hold. Clearly filr is
positive semi-definite by definition and so we only need to check the

. . el
latter two properties. As L., 1 = 0 holds, we can follow directly 28‘1 =0.
Step 3. does not affect the eigenvectors, as the solution to the nearest
positive semi-definite matrix problem is equal to a zero thresholding of

the eigenvalues, see Higham (1988). Therefore, f;lrl =0 holds, and

consequently the same is true for S The third property directly follows
from the second one by L, "L, = (1—311")E" (1 - 111") = £
el _p raclr racl. oclr
PN SUE §EOREETES § KOl § G i
In the following, we will refer to fm as the cell-wise robust Qn
estimator, abbreviated simply as “Qn”.

3.2. The cell-wise robust regularized Qn covariance estimator

In the case where N < D, it is known in the non-compositional data
setting, that non-robust as well as robust covariance estimates display an
increased estimation error, and that estimates can be approved upon by
adding a shrinkage term, often in form of a unit matrix, see Ledoit and
Wolf (2004); Chen et al. (2011) and Hubert et al. (2018). Note, however,
that also other shrinkage matrices can be used. Inspired by these ideas
we also propose a shrinkage version. We first perform steps 1. to 3. as

. Lo -
described above obtaining Zir. Instead of continuing to step 4., we now
. ~cl ~cl . .
define 2; =(1- a)Zir + aL,, where « is a fixed chosen constant, see
: ) . oo e .
below. Lastly, we obtain the final estimator as = cZZr, where c is

chosen such that the median of the squared Mahalanobis distances is
equal to the quantile 0.5 of the y? distribution with degrees of freedom
equal to the rank of f;lr. Note that equivalently we could also compute
instead step 1. to 2., replace ff,lr by a shrunk version (1 — a)f;lr + aland
then continue with step 3. to 4., with (1 — a)ii]r + al instead of filr. The
motivation for adding L, instead of the unit matrix is that the latter does
not fulfill the properties of an admissible covariance estimator. L,
however trivially does. One can also argue that L, can be considered the
compositional pendant to the unit matrix. This can easily be seen from
the fact that if a compositional variable x is standard Gaussian distrib-
uted, ilry(x) ~./#(0,I), then the covariance of In(x) is given by V'V =
L., asilry(x) ilry (x) = In(x)VV7In(x) and VV” = (VV’)*, where + is the
Moore-Penrose generalized inverse. This shrinkage step introduces an
additional tuning parameter a. In the non-compositional literature,
optimal choices of a are well-known. For an unbiased estimate £ of X,
the optimal choice of a such that the expected Frobenius distance be-
tween £ and (1 — )T + aT, i.e. [E(HZ —(1-a)L+al) Hi), is mini-

mized, with T being a shrinkage target matrix, is given by
(Var(E;) — Cov(Ty,Zy))

23‘:1 [E((F,_,- - f‘u)z)

ij=1

ZD

see Schafer and Strimmer (2005), where subscripts ij denote the corre-
sponding matrix entries. Taking I' = L., we can drop Cov (T, fij) due to
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Fig. 1. Results of the simulation study in terms of the mean relative Frobenius error. The classical estimate based on the clr representation (clr) and row-wise robust
estimate (MCD) are compared with two newly proposed cell-wise robust estimates (Qn and Qnr). The column blocks correspond to different levels of corruption and
the horizontal axis is given by the value of k = N/D, with D being number of compositional parts.

aclr

T having constant expectation. With this choice of T' and taking S = 2

ol
(here, for simplicity, 2;r denotes the estimator in terms of random
variables), the expectation in the denominator becomes

Eg:l[E((rif*(iih)ij)2> 21‘%}'[5((*%* (fik)g>2>+
(-4 -1, teading o

var((£7),) |
))eE((E,+-1))

Recently, also in the non-robust compositional setting, such
shrinkage estimators have been proposed (Jin et al., 2022). As an esti-

ZD

v ij=1
~clr
ZZW[E<<(ZI )it b

~cl
mate of a requires knowledge of the variance of terms involving Ei ', and
as these might be error-prone due to cell-wise outliers in the data, we
propose to replace the variance and expectation by robust counterparts,

and to estimate a by
Selrk 2
2571 (pk:l ..... K((Zl )u))

—elrk 2 e, 2\’
Zizjmediy ... k <((EI] A),ﬁ’fl)) >+21D:Imedk:l.m.l< (((Z:l k),ﬁ»éf l) )

a=

where med denotes the median, and iilr'k is the k-th estimate, for
k € {1,...,K}, and K is the number of bootstrap samples of size N (with
replacement), see Wilcox (2010) and Efron and Tibshirani (1994), p
87-108. More precisely, we sample with replacement N times full ob-
servations, not cell-wise, from the observed samples xi,...,xy and

calculate fi" by the proposed algorithm, which we denote instead by

fi“"k, where k denotes the number of bootstrap samples we draw; in our
computations we set K = 500.

We will refer to the resulting estimator as the cell-wise robust
regularized Qn estimator, abbreviated simply as “Qnr”.

4. Simulation study

In this section we conduct a simulation study to compare the per-
formance of the proposed estimators in comparison with other existing
non-robust and row-wise robust versions. For different dimensions D €
{25,50} and different numbers of samples N =Dk with
k€{0.2,0.4,0.6,0.8,1,1.5,2 3,4}, we simulate a random covariance
matrix =°" and a mean vector y € R? from a standard Gaussian dis-
tribution. More precisely, we generate a D — 1 dimensional correlation
matrix ¥ as in Agostinelli et al. (2015), with code adapted from the R
cellWise package (Raymaekers, 2022), and turn it into an admissible
covariance matrix in clr coordinates by =" = VZV’, where V is the
same matrix as for an ilr coordinate function. Note that our setup differs
in that we include an additional step to turn these into admissible
covariance matrices in clr coordinates. Following this, we generate an
N x D data matrix X such that the log-transformation of each row x, €
.7? is singular normally distributed In(x,) ~ .7 (", ). To corrupt the
data, two different setups are used, which we denote in the following by
“row-wise” and “zero” corruption.

e Row-wise corruption: A given percentage of observations is
randomly selected and replaced by observations that are sampled as



C. Rieser et al.

Mean angle error between eigenvalues
0% 1%
1.00-

0.50-
0.25

0.00
1.00-

0.75-

0.25-

oF @ n aandt P 4

D — 25 === 50

5% 10%

©b ko Q

Journal of Geochemical Exploration 253 (2023) 107299

20%

MoJ

sSouaz

N9 L HY M-

MCD Qn

Fig. 2. Results of the simulation study in terms of the mean angle error between eigenvalues. The classical estimate based on the clr representation (clr) and row-wise
robust estimate (MCD) are compared with two newly proposed cell-wise robust estimates (Qn and Qnr). The column blocks correspond to different levels of cor-
ruption and the horizontal axis is given by the value of k = N/D, with D being number of compositional parts.

above, but from another randomly generated covariance matrix, and
a different mean sampled from a standard Gaussian distribution.

Zero corruption: We randomly select a certain percentage of the
columns of the data matrix X and set for each selected column all
entries below the quantile 0.25 to zero. Finally, in accordance with
the common CoDA practice, we replace the zeros by 0.5 times the
smallest non-zero entry of the corresponding values of the column.

Thus, with row-wise corruption we would expect that the new esti-
mators show similar performance as a row-wise robust estimator. The
setting with zero corruption mimics a typical scenario observed with
geochemical data, where a proportion of samples falls below a detection
limit for specific variables. Here we should see the benefits of a cell-wise
robust method.

Each simulation is repeated 500 times, and we will report averages
over these replications. To evaluate the performance of the methods we
use mean values of two different error measures between an estimated

o oclr
=" and the true 3 . These measures are

o
. . T -z
e Relative Frobenius error: w
F

o Angle error between eigenvalues: 1 — —22—,

where a resp. a are the vectors of eigenvalues of o resp. X, Big values
of the relative Frobenius error indicate difficulties in the estimation of
the elements of the covariance matrix. The angle error between the ei-
genvalues is in the interval [0, 1], and a big value means that the shape of

the covariance matrix is not appropriately estimated. From this point of
view, the two measures complement each other to a certain extent.
Figs. 1 and 2 compare the considered estimators in terms of mean
relative Frobenius error and mean angle error between eigenvalues,
respectively. The top panels refer to row-wise corruption, and the bot-
tom panels to zero corruption. In the panels from left to right we increase
the amount of contamination. The horizontal axes show the ratio k =
N/D, and thus in the left part we have a higher-dimensional low-sample
size situation, in the right part “classical” tall data matrices with N > D.
Note that some repetitions (less than 1 %) of the simulation resulted in
extremely high values of the relative Frobenius error for the Qn esti-
mator, which can particularly happen in the setting with zeros, leading
to degenerate solutions for robust scale estimation. These failures were
removed from the following considerations. Based on the respective
plots, the performance of the estimators differs between scenarios with
and without contamination. When no contamination is present (left
column) and D < N, the classical estimate, denoted in the plots as clr,
performs well. Moreover, the mean values of both errors considered are
similar to errors obtained for the Qn and Qnr estimators. Slightly worse
but still comparable values of the mean angle error are obtained for the
MCD estimate. Even in the case of no contamination, but for D > N, we
can already see an advantage of Qn and Qnr over clr; in this case, the
MCD does not give a solution since it is ill-defined for such a situation.
When contamination increases, the classical estimate is naturally
distorted by the presence of outliers. For both corruption types, this
effect gets more serious with increasing number of variables D and, on
the contrary, is quite stable with respect to the N to D ratio. The per-
formance of the other considered estimators depends on the corruption
type. The use of the MCD estimator is appropriate for the case of row-
wise contamination. The upper panel of Fig. 2 clearly shows that
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Fig. 3. Variation matrices scaled by the maximum of the entries over all three methods.

particularly with higher percentage of outlying rows, the MCD estimator
results in the lowest mean angle error between eigenvalues (if N is
sufficiently large). On the other hand, for a lower percentage of the
outlying rows, both the Qn estimator and its regularized version Qnr
give comparable results as MCD, but these two estimators are also able
to cope with settings where D is close or even bigger than N.

The lower panels of Figs. 1 and 2 mimic the scenario of cell-wise
outliers, where downweighting of the whole observations may yield
too much information loss. The MCD estimator therefore results in a
very high error, which is in term of the mean relative Frobenius distance
even worse than the one of the classical estimate. The Qn estimator
copes with the cell-wise outliers significantly better. This estimator
brings valuable results for both high- and low-dimensional settings and
its performance enhances with increasing number of observations. The
Qn estimate can be refined with its regularized version Qnr, which,
particularly under the high-dimensional setting, results in a very low
error rate. For all levels of corruption considered and the N to D ratio
above 0.5, the performance of the Qnr estimator is comparable to the
situation where there is no corruption in the data.

5. Application to a dataset from geochemistry

The performance of the proposed covariance estimators will be
demonstrated on a dataset which originates from the large-scale
geochemical mapping project GEMAS. This dataset, which is freely
available in the R package robCompositions (Templ et al., 2011), con-
sists of the concentration of chemical elements, measured at 2108 lo-
cations in most countries of Europe, see Reimann et al. (2014) for
details. Here we consider elements measured by XRF (as total element
concentrations), and they should provide a close link to the lithology.
Elements with more than 3 % of values below the detection limit were
excluded, and thus we considered the 18 elements Al, Ba, Ca, Cr, Fe, K,

Mg, Mn, Na, Nb, P, Si, Sr, Ti, V, Y, Zn, and Zr. Our goal here is to compare
different versions of estimating the variation matrix and the corre-
sponding covariance matrix, and their effect on Q-mode clustering and
on principal component analysis (PCA). All computations were done in
the software environment R (R Core Team, 2023).

It is unknown if this dataset contains outliers (row-wise or cell-wise)
or not. However, according to the results from the simulations we might
not have to expect a huge difference between the row-wise and cell-wise
robust covariance estimations.

5.1. Estimates of covariance and variation matrices

As a first step, we compare the estimated covariance and variation
matrices:

e Classical: =°" is estimated by the sample covariance matrix of the clr-
transformed data. The estimated variation matrix is obtained by the
relationship given in Eq. (6).

Row-wise robust: The data are first expressed in (any) ilr coordinates.
Then the MCD estimator is used to obtain a row-wise robust
covariance estimate, which is then transformed to the clr represen-
tation. The row-wise robust variation matrix is again obtained
through Eq. (6).

Cell-wise robust: The cell-wise robust variation and covariance
matrices are computed as explained in Section 3.

Note that here we do not compare with a robust covariance based on
shrinkage, as introduced in Section 3, because the estimated value of a is
essentially zero, implying that no shrinkage would be done, and the
number of observations is big enough in comparison to the number of
measured elements.

The resulting variation and covariance matrices are visualized as

Classical Row-wise Robust Cell-wise Robust
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Fig. 4. Clr covariance matrices estimated by the different methods.
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Fig. 5. Top left: clr-transformed Ca versus
Na, with row-wise outliers in red; classical
covariance is negative, robust one is posi-
tive. Top right: row-wise outliers in red in
the map. Bottom left: log-ratio Ca/Na versus
index, with extremes indicated by values
outside median plus/minus 2 times Qn, with
color as above. Bottom right: extremes
detected according to value of the Ca to Na
log-ratio in red. (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this
article.)
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Fig. 6. Dendrograms resulting from the Q-mode clustering, based on the classical (left), row-wise robust (middle) and cell-wise robust (right) estimate of the

variation matrix.

heatmaps in Figs. 3 and 4. Note that the elements have been reordered
by the order given from the cell-wise robust dendrogram for the Q-mode
clustering, see Section 5.2, which might simplify the comparison. The
estimated variation matrices, visualized in Fig. 3 with a common
normalized scale, reveal that Ca is to some extent different from most of
the other elements, and to a lesser extent also Mg and Cr.

The most obvious difference in the covariances in Fig. 4 is the
negative relationship between clr representations of Ca and Na in the

classical version, while the robust estimates indicate a positive covari-
ance. This phenomenon is explained visually in Fig. 5. The upper left
panel shows the clr-transformed variables Ca and Na, and the red color
refers to observations which are identified as outliers with the row-wise
robust MCD estimator. Indeed, the two variables show a negative trend
if the outliers are included, and a positive if they are downweighted. The
upper right panel shows the color information at the sample locations in
the map. As an example, a row-wise robust analysis would downweight
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Fig. 7. Biplot of the PCA results based on the classical (left), row-wise robust (middle) and cell-wise robust (right) estimates of the clr covariance matrix.

almost all samples from Spain. The bottom plots try to show the dif-
ferences to a cell-wise treatment. The lower left panel shows the log-
ratio Ca versus Na, for which the Qn estimator is used. The horizontal
lines indicate median (dashed), and median + 2 times the Qn estimator
of this log-ratio (dot-dashed). Thus, values outside the solid lines are
“extremes” of this log-ratio. The color information is the same as before,
and thus we can see that row-wise outliers are not only found in the
extremes but in the entire range. The map at the bottom right has as
color information the extremes in red and “normal” values of the log-
ratio in blue, and it clearly differs from the coloring in the map above.
Here, Ca-rich sediments, e.g. in the eastern and southern part of Spain
are highlighted and thus downweighted in a cell-wise robust analysis.
The cell-wise robust method thus tries to incorporate information of the
trend visible in the data majority, but acts pairwise, and thus in-
corporates also other relevant information of a particular log-ratio.

5.2. Q-mode clustering
Q-mode clustering generally performs a grouping of the variables. In

the CoDA context, the basis for Q-mode clustering is the estimated
variation matrix, see Fig. 3, and usually Ward’s hierarchical clustering is

used (Filzmoser et al., 2018, p 113). The results are presented as den-
drograms in Fig. 6. As already seen in Fig. 3, Ca makes the most
important difference in the three versions: while Ca joins as a single
element at the very last stage for the classical and the row-wise version,
it is in a cluster with Na and Sr in the cell-wise version. From a
geochemical point of view, this cluster is meaningful, and we will
discuss these and other relationships in more detail for the PCA results.

5.3. Principal component analysis

The estimated covariance matrix is the basis for computing the
principal components. Accordingly, differences identified in Fig. 4 are
also supposed to be visible in the different versions of PCA (classical,
row-wise and cell-wise robust). The corresponding results are shown as
biplots in Fig. 7, and the PCA scores are plotted in the maps in Figs. 8-10.
The results of the row-wise robust version can also be compared to the
results in Reimann et al. (2014), where almost the same elements have
been used for row-wise robust PCA.

When comparing the different versions of PCA, we can immediately
see a bigger difference from classical PCA to the robust counterparts,
which obviously is based on the effect of outliers on the covariance
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estimation. Differences between row-wise and cell-wise robust PCA are
not so clearly pronounced, but the element Ca plays a key role: in
contrast to the row-wise robust version, the element Ca is practically not
affecting PC2 and PC3 in the cell-wise robust version. Ca is related to
calcareous rocks, which are very diverse as a parent material in the form
of chalk, limestone, dolomite, or marble. Thus, having a component
which is not involving Ca might be of advantage to better distinguish the
parent material.

Focusing now on the results of the cell-wise robust PCA version, we
can conclude:

e PC1 has positive loadings for Ca, Sr, Na, Mg, which characterize
calcareous rocks (e.g. in eastern and southern Spain, south France,
the Apennines in Italy), ophiolites (e.g. in Greece and Cyprus),
greenstones and the crystalline less weathered rocks in Scandinavia.
Negative contributions from Zr and Si relate to parent materials as
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coarse grained, sandy soil, and soil developed on granite, typically in
central and southern Europe.

PC2 has positive loadings for Na, Sr, Zr, Si, Ba, K, Sr, which are
indicative of felsic lithologies. Negative loadings are for Mg, Cr, V,
Fe, Zn, Mn, which indicate mafic bedrocks. Overall, this component
shows a separation into northern and southern Europe, following the
boundary of the last glaciation.

PC3 is unique, with high loadings for P, Zn and Mn. This might be
related to climatic conditions (north-western parts of Spain, western
part of UK, south-west of Scandinavia), where wet and cold climate
favor the build-up of organic material. Negative loadings are for Ca,
Cr, Zr, Ti, indicative of ophiolite (e.g. Greece, Balkan States, Cyprus),
but also limestone (southern/eastern Spain).

Summary and conclusions

In the field of robust statistics, research in cell-wise robustness, i.e.,
robustness with respect to outliers in single cells of a data matrix,
received a lot of attention in the last years. This started with an inves-
tigation on error propagation of outliers in single cells (Alqgallaf et al.,
2009), where it has been demonstrated that the effect becomes worse
especially if the number of variables increases. Even a small proportion
of contaminated cells could then result in a high proportion of rows
containing outliers (i.e. outlying cells), which could cause breakdown of
traditional row-wise robust methods (Rousseeuw and Van Den Bossche,
2018; Agostinelli et al., 2015).

Cell-wise outliers play also an important role in CoDA, and
depending on the specific log-ratio transformation they may also prop-
agate to the entire row (observation) (Mert et al., 2016). The goal is to
avoid this form of propagation, and to still make use of the non-
contaminated cells (log-ratios) in a statistical analysis.

The focus here was on cell-wise robust covariance estimation by
robustly estimating the elements of the variation matrix and by making
use of the well-known relationship between both matrices. Robust
estimation of the variation matrix is straightforward, by simply applying
robust variance estimation to all elements of this matrix. What is not so
straightforward is to obtain a covariance estimator which (a) fulfills the
properties of a clr covariance matrix and (b) has reasonable robustness
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properties. We proposed two estimators which are appropriate in the
sense of (a), both based on the highly robust and efficient Qn scale
estimator. One proposed estimator has an additional regularization,
which has advantages especially if the ratio of the number of observa-
tions to the number of variables gets small (smaller than 1). Simulations
(Section 4) have shown that even without contamination, the estimators
are comparable to the classical clr sample covariance estimator, or even
preferable if the dimension gets larger than the sample size. In case of
contamination, they are clearly preferable over the classical estimator,
but in many cases also preferable over a row-wise robust estimator.
Particularly if the dimension is close to or even bigger than the sample
size, the regularized cell-wise version shows excellent properties, and it
achieves good results in cases where the row-wise estimator even cannot
be computed. The simulation settings with zero corruption might be of
special interest to applications, where detection limit problems occur,
and it is surprising how well the regularized Qn estimator performs in
this situation.

A covariance estimate is the basis for many multivariate methods,
such as PCA, and in CoDA also the variation matrix estimate is very
useful, e.g. for Q-mode clustering. Both methods have been demon-
strated at a geochemistry dataset, based on classical and robust versions
of the estimates. Generally speaking, the principle of robustness is to fit
the model to the data majority, and thus to downweight observations
which deviate from this majority trend (Maronna et al., 2019, p
195-224). While in row-wise robustness the downweighting is done for
complete observations, cell-wise methods here in the variation matrix
context only downweight deviating values of particular pairwise log-
ratios, and thus they incorporate all “useful” information of the obser-
vations from pairwise log-ratios.

One of the proposed estimators of the variation matrix was a
shrinkage estimator. Note that the same type of estimator could also be
defined in a non-robust manner. The resulting estimator could then
serve as a classical counterpart in situations where the dimension ex-
ceeds the number of observations. This use-case is of increasing
importance in areas where more and more variables are measured, e.g.
in bioinformatics (Gloor et al., 2017). In our future research we will
investigate this case in more detail, also in combination with sparsity
constraints.
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Abstract

A data table arranged according to two factors can often be considered a
compositional table. An example is the number of unemployed people, split
according to gender and age classes. Analyzed as compositions, the relevant
information consists of ratios between different cells of such a table. This is
particularly useful when analyzing several compositional tables jointly, where
the absolute numbers are in very different ranges, e.g. if unemployment data
are considered from different countries. Within the framework of the logratio
methodology, compositional tables can be decomposed into independent and
interactive parts, and orthonormal coordinates can be assigned to these parts.
However, these coordinates usually require some prior knowledge about the
data, and they are not easy to handle for exploring the relationships between
the given factors. Here we propose a special choice of coordinates with direct
relation to centered logratio coefficients, which are particularly useful for
an interpretation in terms of the original cells of the tables. With these
coordinates, robust principal component analysis is performed for dimension
reduction, allowing to investigate relationships between the factors. The link
between orthonormal coordinates and clr coefficients enables to apply rPCA,

which would otherwise suffer from the singularity of clr coefficients.
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pendent and interactive parts, and orthonormal coordinates can be
assigned to these parts. However, these coordinates usually require
some prior knowledge about the data, and they are not easy to
handle for exploring the relationships between the given factors.
Here we propose a special choice of coordinates with direct rela-
tion to centered logratio (clr) coefficients, which are particularly use-
ful for an interpretation in terms of the original cells of the tables.
With these coordinates, robust principal component analysis (rPCA)
is performed for dimension reduction, allowing to investigate rela-
tionships between the factors. The link between orthonormal coor-
dinates and clr coefficients enables to apply rPCA, which would
otherwise suffer from the singularity of clr coefficients.

1. Introduction

Many practical data sets (e.g. in economics [12,13], biology [5,19], or sociology [8,32])
consist of observations which contain inherently relative information about the distribu-
tion according to two factors (i.e. two random variables in case of distributional data). From
a mathematical perspective, this leads to a two-factorial extension of vector compositional
data [1,35] carrying information about a relationship between and within these (row and
column) factors. In [8], it was shown that such a structure, called a compositional table x,
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can be decomposed into its independent and interactive parts where their separate anal-
ysis can be advantageous for further interpretation concerning both factors and their
relationships. Similar as compositional data, compositional tables are driven by the Aitchi-
son geometry [33] which inhibits a direct application of multivariate statistical tools.
Instead, an appropriate real coordinate representation, which enables a decomposition into
independent and interactive parts, needs to be established with respect to the Aitchison
geometry [13].

A frequent primary task in multivariate statistics is to reduce the dimensionality of the
data at hand, done using principal component analysis (PCA). As stated above, in case of
compositional data, and consequently also compositional tables, this needs to be done in
a proper coordinate representation that maps the Aitchison geometry of compositions to
a standard Euclidean geometry [33]. To eliminate the influence of outlying observations
in PCA, in [16] it was proposed to estimate the covariance matrix for robust PCA by the
Minimum Covariance Determinant (MCD) estimator [25]. Since centered logratio (clr)
coeflicients [1], that aggregate relative information on single compositional parts, lead to
singularity and are not appropriate for most robust methods including the MCD estimator,
loadings and scores of PCA need to be computed from isometric logratio (ilr) coordinates
[10] of the compositional data and then transformed back to clr coeflicients for a better
interpretation of the resulting compositional biplot.

Accordingly, the aim of this paper is to generalize the previous considerations on dimen-
sion reduction of vector compositional data and to propose a robust approach to principal
component analysis of compositional tables. While it is obvious that the work can be started
from [13,16], it is on the other hand not immediate to see if there is a possibility to iden-
tify relationship between clr coeflicients and ilr coordinates as it is done in the case of
vector compositions. The first issue here is posed by the dimensionality of compositional
tables which is much lower than the number of cIr coefficients, and the second obstacle
is formed by the decomposition where not all choices of coordinates allow for a satis-
factory interpretation of both the original and the decomposed tables at the same time
(i.e. providing also a way to capture the relationships between them which is necessarily
contributing to a better insight into the structure of the tables). It will be shown that the
so-called pivot coordinates present a favorable choice of ilr coordinates in line with the pre-
vious thoughts and that they can keep a good interpretability when properly linked to clr
coeflicients.

In Sections 2 and 3, the logratio methodology of vector compositional data and
their dimension reduction using principal component analysis, respectively, are briefly
reviewed. Compositional tables and their interpretable processing using robust PCA are
introduced in Section 4. The new methodology is illustrated in Sections 5 and 6 on real data
sets from OECD Statistics using the statistical software R, namely the robCompositions
package. Data from several different countries containing unemployment information with
gender distribution and age structure are processed as a set of 2 x 4 compositional tables.
Therefore, a robust compositional biplot is a possible tool to analyze the distribution of
unemployment rates in these countries as well as gender and age differences. Data from
the area of education, carrying relative information about fields of study and the resulting
degree in given countries, are approached as larger 3 x 8 compositional tables, and results
for men and women are compared.
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2. Logratio methodology of compositional data

In many applications, the relative structure of the observations is more interesting than
the absolute values of their components. For example, when considering numbers of stu-
dents attending bachelor, master and doctoral studies at different universities, the ratios
among these three groups might be more relevant for a statistical analysis than just the
empirical values, which might not be comparable because of different total student num-
bers. In other words, the actual total number of students (sufficiently high so that the
impact of a measurement error with small sample sizes can be neglected) might be con-
sidered as not informative for the purpose of the analysis. An important point connected
to this is the invariance to the change of scale. Suppose that the student numbers are mul-
tiplied by a scalar which does not essentially change the information hidden in the data.
That means, both the original and e.g. percentage representations carry the same informa-
tion. Of course, the challenge is then to process such kind of information in a statistically
coherent way. Moreover, if only e.g. undergraduate student numbers were to enter the anal-
ysis, the analysis could be misleading if not conducted carefully to assure results coherent
with the findings emerging from the entire composition. Therefore, to work with quantita-
tively described contributions on a given whole in a concise and meaningful manner, some
concepts need to be introduced first.

A positive (row) vector x = (x1,x2,...,xp) is defined to be a D-part composition if it
carries relative information, i.e. the ratios between the components are informative [1,35].
Any compositional vectors with equal number of parts are considered to be representatives
of the same equivalence class if one vector is obtained from another by a positive scalar
multiplication [35]. Accordingly, equivalence classes of compositional data are represented
without loss of information in a D-part simplex,

D
SP = x:(xl,...,xD)|x,'>O,i:1,...,D,Zx,-:/c 2)
i=1

for any k¥ > 0. The choice of « (being 1 for proportions and 100 for percentages) is irrel-
evant for the analysis and can also vary throughout the compositional data set. Formally,
the closure operation

C(x) = (3)

> % > X > xi
can be applied to rescale the data to a given constant sum (k) representation. Accordingly,
the D-part simplex is a sample space of (representatives of equivalence classes of) composi-
tions. As an interesting consequence of the constant sum representation, possibly outlying
observations from the main data cloud are characterized by aberrant ratios rather than by
significantly deviating absolute values of components [17].

As mentioned above, relevant information in data with compositional nature is con-
tained only in ratios. Consequently, results of statistical processing should not depend on
the sum « of compositional parts and instead of Euclidean distances, relative differences
are used to express distances between observations. This principle called scale invariance
is the first of three basic compositional principles [35]. Often the original data contain

K - X1 K - X) /c-xn>
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some non-informative part(s) in the compositional vector that are not of interest. Hence,
we do not expect any change of results concerning the respective subcomposition when
these parts are removed from the data. Subcompositional coherence is a principle stating
that results obtained from a d-part subcomposition, d < D, are not in contradiction with
results obtained by an analysis of the original D-part composition. Finally, permutation
invariance states that the results are independent from a chosen order of parts within the
composition, an expectable assumption for any reasonable statistical processing.

The above principles and the relative scale of compositional data should be captured
by a meaningful geometric structure, preferably following the properties of the Euclidean
vector space. This is provided by the Aitchison geometry [10]. Operations of perturbation
and power transformation, being analogous to a sum of two vectors and a multiplication of
a vector by a scalar in the real Euclidean geometry, are defined as

X®y= (x1y1,...,xpyp), o Ox=(x},...,xp), 4)

where x and y are D-part compositions, and « is a real constant. Accordingly, opera-
tions of perturbation and power transformation form a (D — 1)-di mensional vector space
(S, ®,0) [35].

To obtain Euclidean vector space structure, the Aitchison inner product, norm and
distance are defined for D-part compositions x and y as

1 D D

i=1 j=1

da(x,y) = eryHA’ (5)

respectively, wherex© y = x @ [(—1) O y].

Given the introduced specifics of compositional data endowed with the Aitchison geom-
etry, standard multivariate statistical methods cannot be applied directly on raw data. It is
advisable to employ the working on coordinates principle; that is to represent the composi-
tional data in real coordinates before starting with a statistical analysis [26,34]. There are
two types of isometric coordinate representations with respect to the Aitchison geometry.
Centered logratio coefficients [1] are defined as

clr(x) = (ln i,ln x—z,...,ln x—D> , (6)
gx)  gx) g(x)

where g(x) stands for the geometrical mean of the whole composition. Each clr coefficient
aggregates all pairwise logratios with a given compositional part, thus enabling for a simple
and meaningful interpretation in terms of dominance of that part with respect to the other
parts on average. Consequently, clr coefficients are useful for a graphical interpretation of
compositional data including compositional biplots as a result of a dimension reduction
using PCA [2]. On the other hand, clr coefficients sum up to zero which leads to a singu-
lar covariance matrix, being inappropriate for processing using common robust statistical
methods [16,17].
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Fortunately, isometric logratio coordinates z € RP~! representing orthonormal coordi-
nates with respect to the Aitchison geometry can be derived as

z=ilr(x) = ([x.€'), . (x. %), ,.... (% eD_1>A) , (7)

where D-part compositions ' = C(e’i, eé, ..,es),i=1,...,D — 1, form an orthonormal
basis on the simplex.

Obviously, the interpretation of ilr coordinates might be more tricky than in the case
of clr coefficients as there are infinitely many possibilities of constructing ilr coordinates
depending on the choice of basis vectors €, i = 1,...,D — 1. Sequential binary partition-
ing (SBP) of compositional parts is one possibility for providing a meaningful choice of
e’ for the practitioner which is corresponding to the prior knowledge about compositions
and resulting in coordinates called balances [9]. Moreover, there is a linear transformation
between ilr coordinates and clr coefficients, done through a D x (D — 1) matrix V of clr
representations of the ilr basis vectors,

cr(x) = Vz = [cr(e) T, clr(ex) T, . .., clr(ep—1)T] - ilr(x). (8)

Recently, pivot coordinates [18,20]

. 0
D—i X;
)=/ ———In i )
D—i+1 oo 0
j=it17j

were introduced as a special case of ilr coordinates. They are appropriate especially
in situations where no prior knowledge about how to perform SBP is available, e.g.

in [3,4,7,23]. Here, xlgl) refers to the i-th part of the re-ordered composition (xj, x,. ..,
X]—1,X]+1, - - - »Xp) Which can be rewritten as (xgl),xgl), . ,xl(l),xl(_?l, s g)). In each of
the D coordinate systems, a permutation of compositional parts needs to be performed, so
that the I-th part of x (I = 1,.. ., D) stands at the first position. Accordingly, the first pivot
coordinate in each system, zil) , then clearly explains all relative information about part x;

and, additionally, it is proportional to the respective clr coefficient

D ¢
Ir(x\") = . 10
clr(x;”) D 1z1 (10)
Expression (8) holds also for pivot coordinates which is particularly useful in the context
of this paper.

3. Robust principal component analysis for compositional data

When dealing with large-scale data sets, dimension reduction is often of primary interest.
PCA is one of the widely used methods for this purpose also in a compositional approach,
converting possibly correlated original variables from the data at hand into a smaller set of
linearly uncorrelated variables called principal components (PCs). Additionally, the first
component accounts for the largest variance of the given data, the second one for a max-
imum of the remaining variance, etc., under the constraint of being orthogonal to all the
previous principal components [22].
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The covariance matrix C estimated from a real data matrix X can be spectrally decom-
posed into

C = GLG", (11)

where G is a matrix of eigenvectors and L represents a diagonal matrix of eigenvalues of C.
It is then possible to define the PCA transformation as

X=X -1tHG, (12)

where t is the location estimator and 1 is a vector of ones with length #. The columns of the
matrix X*, the coordinates of the principal components, are called scores and the columns
of G, containing the respective basis vectors, are called loadings. Typically, only the first
few principal components are considered for further analysis. Taking into account only
two PCs, a graphical outcome called biplot can depict both loadings as arrows and scores
as points in one plot, where associations can be revealed.

It is common to take ¢ as the arithmetic mean and C as the sample covariance matrix,
however, both are very sensitive to outlying observations. Robust alternatives can be
obtained by using the Minimum Covariance Determinant (MCD) estimators of location
and covariance [25]. However, this approach inquires working in ilr coordinates to obtain
full rank data in order to get the MCD estimate of the covariance matrix and the respective
matrix of eigenvectors G. In addition, ilr coordinates ensure subcompositional coherence
and enable to keep affine equivariance of the results to the change of basis.

Accordingly, robust principal component analysis of compositional data based on the
MCD estimator requires ilr coordinates z; as an input, and the scores z; are given by

2 =Gz — 1) (13)
Once PCA is performed, the loadings can be transformed back to clr coefficients as
Gir = VG,

accounting for compositional biplot construction with meaningful interpretation, whereas
the scores remain identical and only a column of zeros is added to the end. Clr coefhi-
cients are also worth as such for their simple construction as an amalgamation of pairwise
logratios of a given part. Due to the zero-sum constraint of clr coeflicients, their covari-
ance structure is distorted, thus the interpretation of the biplot in terms of the correlation
between coefficients (through angles between arrows) might be misleading. Instead, the
focus is on links between vertices of arrows as they stand for a proportionality between the
original compositional parts [2]. On the other hand, due to the link with pivot coordinates,
the single clr variables (or the respective loadings) can be used to identify observations with
a high dominance of the respective parts in a compositional vector [24].

4. Compositional tables

Compositional tables describe quantitatively relative contributions to a given whole that is
distributed according to two (row and column) factors. Mathematically, this leads to a two-
factorial extension of vector compositional data, carrying information about a relationship
between these factors. A compositional table (1) thus can be represented, e.g. either as a
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contingency table (with sufficiently high numbers of counts in the cells) or as a table of
the same order with ML estimates of the respective probabilities — due to scale invariance,
the relative information (contained in the ratios between the cells) is the same in both
cases [8,11]. Hence, the concept of compositional tables (1) covers both the discrete case
of contingency tables and its continuous counterpart (e.g. input—output tables, see [12]).
Nevertheless, in the compositional context, a concrete table represents usually just one real-
ization in a sample from a multivariate continuous distribution. Due to the decision to treat
the data from such a distribution compositionally, the possible order of the factor categories
(e.g. age levels) is ignored, making this a relevant subject for future research.

Since compositional tables form a direct extension of vector compositional data, all the
principles and operations introduced in Section 2 apply, up to some minor modifications
due to the two-factorial structure of the tables.

Accordingly, the closure operation

KX11 KX1j
Zi,j Xij Zi,j Xij
KX KX1

Zi,j Xij Zi,j Xij

is used to represent a compositional table x in an IJ-part simplex S” of vectorized tables
vec(x) = (X11,...,X11,. .., Xyy). Perturbation x @ y, powering o © x, and the Aitchison
inner product (x, y)4 of two tables x, y and a real number « can be defined analogously
[8,11]:

Xy e Xyyy XAy
xDy= : : , aQx=| .. ],
xnyn - Xpgyyg xXpo x?‘]
=g T 09
7 Xkl )’kl

It is straightforward to derive that the dimension of the simplex S is IJ—1, corresponding
to the dimensionality of (I x J)-compositional tables.

Permutation invariance and subcompositional coherence are valid with respect to the
two factors of the compositional tables, allowing to permute and discard entire rows or
columns only.

To analyze compositional tables, it is beneficial to work also with the so-called indepen-
dence and interaction tables. These can be obtained through an orthogonal decomposition

(8]
X = Xind D Xint. (16)

Here, the independence table is constructed to extract all the relative information about
row and column factors under the assumption that the original compositional table is a
product of its row and column geometric marginals, and the interaction table contains
information about the relationships between the row and column factors. Therefore, in
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case of actual independence in the data at hand (in the above sense), all the entries of the
interaction table are the same, since there is no remaining information left in the data after
the decomposition; the interaction table thus forms a neutral element with respect to the
Aitchison geometry of compositional tables. Otherwise, the interactive part describes the
nature of the deviation from an independent situation. Needless to say, analyzing each of
these new tables separately allows for a deeper insight into the original data.

It turns out that the introduced decomposition can be easily derived from row and col-
umn projections of the compositional table onto marginal subspaces (for further details,
see [8]),

g1, .. xp) o g(x11, .5 X))
rowJ‘(x) = - e , (17)

g(xll,...,xlj) g(XIl,...,XU)

g1t xn) 1 gy, xyp)
co]J‘(x): , (18)

gx11,..xn) 1 g(xap,. .., xp)

where g(.) denotes the geometric mean of the cells in the argument and L stands for
orthogonality of the projections.

Recalling the case of independence in probability tables, it is instant to get the inde-
pendence table simply by perturbing both these projections, xi,q = row(x) @ col® (x).
From (16), it follows that the interaction table is just a decomposition remainder in xjy; =
X © xjnq. For practical calculations, the following formulas are used to obtain the single
entries of these tables

I /1] I L, g 1/]
x;]nd = (1_[ l_[ xiji1> X (l_[ xkj) (1_[ Xil) >
k=1 I=1

k=1 I=1

/1]
. xi'
Xt — ! . 19
o~ (1) 09

k=1I=1

It is crucial to realize that the dimensions of x;,q and xjnt lower to I 4+ J—2 for the inde-
pendence tables, which follows immediately from the dimensions of the row and column
projections being, respectively, I—1 and J—1, and to (I — 1)(J — 1) for the interaction
tables, which is easily obtained from the orthogonality of the decomposition.

As stated in the previous sections, a coordinate representation which respects the sam-
ple space dimensionality is needed to perform robust PCA of compositional data. In case of
compositional tables (and particularly their decomposed parts), a generalization of balance
coordinates needs to consider two SBPs according to each factor [14]. Even for moder-
ate numbers of rows and columns, the interpretation of this coordinate representation
gets rather complex without a deeper expert knowledge. Therefore, only a two-factorial
alternative to pivot coordinates is usually used in practice [13,14]. Interestingly, the coor-
dinates of the entire compositional table can be divided into two groups according to the
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dimensionality of the independence and interaction tables, respectively. This becomes the
main advantage also when using pivot coordinates for robust PCA since it allows for a
comparison of the results from the whole table and its decomposed parts.

Generally, there are three types of pivot coordinates corresponding to the row, column
and ‘odds ratio’ partitioning of the compositional table [13]. The first two types together
form a coordinate representation of the independence table, the third one is used for the
interaction table. Altogether, they form a coordinate representation of the original com-
positional table. In case of row and column types of coordinates, the entire first row or
column, respectively, is taken as the pivot element and separated from the rest. In the next
step, this pivot is not considered anymore and the following row or column is taken as the
new pivot element, and so on, until the following I + J—2 coordinates are obtained,

. [a=0J g(xia) . -
Zi B 1 + I lln [g(xi—l—l.)) e )g(xlo)]l/(l_i) ’ e 1, o ,I 1’ (20)
c I(J — ) 8(xej) .
.= 1 —, =1,...,]—1, 21
TN THT =) g g VT / -

where g(xis) and g(x,;) stand for the geometric mean of the i-th row and j-th column,
respectively.

The process of obtaining the remaining (I — 1)(J — 1) coordinates is based on a division
of the original compositional table into four blocks, say upper left A, upper right B, lower
left C and lower right D, where A contains always just one (pivot) cell indexed by rs. The
odds ratio interpretation should be now easily seen from the following formula, where the
elements of blocks A and D are in the numerator, and the elements of blocks B a C in the
denominator of the logratio;

1 ! ] XiiX,
OR _ ijArs
o _\/(I—r)(]—s)(l—r+1)(]_5+1) n [T [1 o (22)

X
i=r+1j=s+1

To obtain all coordinates of the odds ratio type in a proper order corresponding to the
z" and z° coordinates, the position of the pivot cell is moving firstly by rows with fixed
first column, r = 1,...,I — 1, then by columns with fixed last row, s =1,...,] — 1, and
afterward the row position is always leveled back down by one and the column position
moves again from 1 to J—1 for the given row until all sizes of the r x s table are covered.

For the sake of completeness, permutations of the entire rows or columns following
the same principle as stated in Section 2 could be performed. Hereby for all combina-
tions of rows and columns, different coordinate systems consisting of z:(k), z;(l) and z}®,
where (kl),k=1,...,I,1 =1,...,], defines row and column permuted to the pivot posi-
tion within the whole table, would be gained [13]. Following (10), also the first coordinates
of the three types from each system can then be expressed as proportional (up to a constant)
to respective clr coefficients,

I-1 J—1
clr(xind)k = ,/Tz{(k) +‘/—U zi(l), (23)
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[—-—1D(J -1
Clr(xint)kl = %ZﬁR(kD, (24)

which is an important fact for the interpretation of the analysis. The resulting clr coet-
ficients, computed originally from the elements of the independence and interaction
tables,

ind int
ij ij
clr(xing)ij = In M, clr(xint)jj = In M, (25)
can thus be expressed also in terms of cells of the input compositional table as
8(xie)g(Xej) Xijg(Xes)
cdr(xipg)ii = In=—=——, cr(xjpp);i = ln ———, (26)
e g(xes)? T g(xig(xe)

where g(x;q), g(xej) and g(x,,) stand for the geometric mean of the i-th row, the j-th col-
umn and the whole compositional table (and its independent and interactive counterparts),
respectively. As a consequence, each clr(xj,q);j expresses a dominance of a given combina-
tion of factor values in case of independence. This dominance is then either amplified or
weakened according to the interaction table which depends on whether the interaction is
shifted in a positive or a negative direction. The interaction table refers also to sources of
departures from independence, nevertheless, the information obtained only from clr (xint ) ;j
does not provide a complete picture about the dominance of the respective cell to all other
averaged cells.

Furthermore, note that each coordinate clr(x;,q);j is formed by the sum of clr coef-
ficients of the respective row and column marginals, 1/] Zj clr(xind)ij = In gje/ges and
1/1)"; clr(Xind)ij = 1n gej/gee> Which amount to zero. Thus, there are only I + J—2 linearly
independent clr coeflicients, reflecting the dimensionality of the sample space of indepen-
dence tables again. A similar feature holds also for clr coefficients of interaction tables that
sum up to zero across each row or column. Consequently, in the case of an interaction
table, the number of linearly independent clr coefficients reduces to (I — 1)(J — 1). Since
this dependency makes it impossible to use the clr coefficients for the robust PCA of inde-
pendence and interaction tables, the strategy to perform robust PCA for compositional
tables is the same as in case of vector compositional data: PCA loadings and scores are
computed in ilr coordinates and then back-transformed using relation (8) to the clr space,
where the loadings can be interpreted in terms of dominance of single cells. Here, cIr coef-
ficients of basis vectors for rows e”, columns e° and interactions e“R, forming the columns
of the matrix V, are defined as follows,

(I_I;:l) 7 for the elements in pivot row i,

cr(e’) = — /m for the elementsinrowsi+1,...,1, (27)

0 otherwise,

J—j S .
DI for the elements in pivot column j,
1

cr(e) = { — | =iy for the elements in columnsj + 1,...,], (28)

0 otherwise,
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and

A/ Wl)(s_l) for the elements on positionsi =r+1,...,1,
j=s+1,...,]

\/ W for the pivot elements rs

. r—1 : :

clr(ePR) = ./ oD for the elements in pivot row 7, (29)

j=s+1,...,],

=7 SS__ID for the elements in pivot column s,
i=r+1,...,1,

0 otherwise,

reinterpreting the expressions from [13]. As a result of (8), row-wise clr coefficients of the
whole table are obtained for the IJ—1 columns of the matrix V. Alternatively, if the matrix
V has just I + J—2 columns formed by clr coeflicients of basis vectors corresponding to
the ilr representation of the independence table (20), (21), its respective clr coefficients
are derived (and similarly for the interaction table with its coordinates (22)). Finally, the
transformed loadings and scores can be used to construct a biplot in order to reveal the
multivariate structure of the sample of compositional tables and relations between both
factors.

5. Unemployment data analysis

In the following, the methodological results are applied to two real-world data sets from
the field of economy in order to illustrate the main features and possible limitations of
the approach. However, it is important to acknowledge here the potential of the proposed
methodology also across other research areas since compositional tables (eventually in
form of their count counterparts, i.e. contingency tables) occur in many applications and
sciences. For example, in environmental management, the presence of two-factor compo-
sitional data was recognized already by Aitchison [1] where areal compositions given by
simplified 2 x 2 tables of vegetation (thick and thin) and animals (dense, sparse) abun-
dance in different regions were provided as an example of compositional data with more
complex structures. From rather up-to-date environmental management problems, analy-
ses of e.g. 5 x 4 tables of material resources [30] given by the extraction type (domestic
extraction, import, export, direct material input, and domestic material consumption)
and group of the resources (biomass, fossil energy carriers, non-metallic minerals, and
metals); 2 x 7 tables of protected areas [31] characterized by the domain of biodiver-
sity (terrestrial or marine) and designation of the protected area (e.g. nature reserve,
wilderness, protected landscape, etc.); or 34 x 4 tables of carbon emissions embodied in
trade [29] diversified by sector (e.g. agriculture, mining, food products, etc.) and mea-
sure (imported, exported, consumption-based and production-based emissions), available
always for the vast majority of OECD member states, could be mentioned as more relevant
representatives.

The first analyzed data set, the Unemployed data set, is coming again from OECD Statis-
tics and contains aggregated data from more than 150 million unemployed people from 42
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Table 1. Unemployed people in thousands partitioned according to their gender and age groups [27].

Australia Austria Belgium Canada
Age Men Women Men Women Men Women Men Women
15-24 129 m 29 25 53 43 250 178
25-39 90 85 40 35 86 83 241 192
40-54 66 68 36 27 65 52 242 188
55+ 37 19 7 3 13 1" 121 75

different countries in 2010 [27]. It is analyzed using the statistical software environment
R [36].

The data contain the numbers of unemployed people together with their gender and
age category for the following countries: Australia, Austria, Belgium, Canada, Chile, Czech
Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland,
Israel, Italy, Japan, Korea, Mexico, Netherlands, New Zealand, Norway, Poland, Portugal,
Slovakia, Slovenia, Spain, Sweden, Switzerland, Turkey, United Kingdom, United States,
Colombia, Costa Rica, Latvia, Lithuania, China, India, Indonesia, Russian Federation and
South Africa. An example of (transposed) raw data from the first four countries is shown
in Table 1. The numbers in the tables are basically counts of unemployed people according
to two factors. As the population size varies among the countries, the interest here is not in
the absolute values of the counts in the single countries, but rather the relative structure of
unemployment. Particularly, ratios of men and women and ratios among age groups 15-24,
25-39, 40-54 and 55+, as well as proportionality among countries will be analyzed. Since
outliers can be anticipated due to completely different economics, education levels, gender
balance and also traditions of the listed countries, the analysis will be carried out in a robust
manner.

All compositional tables in this example have two rows and four columns, i.e. gender
is the row factor and age structure is the column factor. The sample space of tables thus
has dimension 7 out of which independence tables account for a dimension of 4 with pivot
coordinates 21, z¢, z§ and 25, while the remaining coordinates z9O}, z2R and zOR correspond
to the interaction tables with a dimension of 3.

To point out the differences between the classical and robust PCA, both are performed
and compared through the resulting covariance compositional biplots. Recall that classical
PCA can directly be applied on clr coeflicients. Nevertheless, since for this data set robust
PCA may be more relevant because of potential outlying tables, ilr coordinates are used in
both cases, and the results are transformed to clr for the biplot construction. This can only
result in a different rotation of the classical biplot, however, it obviously does not alter the
results.

In order to perform PCA in ilr coordinates, the standard function princomp in R can
be used, where the parameter covmat is set to covMcd (MCD estimator of covariance)
in case of robust PCA. Thereafter, loadings need to be transformed to clr coefficients as
described in Section 2 using the matrix V with columns defined by (27) - (29) for the
entire compositional table, and by (27) and (28), or by (29) for its independent and inter-
active part, respectively. The resulting classical biplots are depicted on the right-hand side
of Figure 1, while the robust PCA output is on the left.
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Figure 1. Robust (left column) and classical (right column) covariance biplots of the Unemployment
compositional (upper row), independence (middle row) and interaction tables (lower row).
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Assessing Figure 1, it can be noticed that in all three cases, robust PCA performs bet-
ter in terms of explained variability by the first two principal components. As mentioned
above, some outliers might be present in the data, and even from the classical biplot of the
whole compositional tables (upper right corner of Figure 1), at least two outlying tables
(Turkey-TUR and South Africa-ZAF) could be expected, and thus the robust approach
should provide more meaningful results. However, an outlier detection is performed addi-
tionally in order to confirm these expectations. In the R package robCompositions [37],
there is a function outCoDa defined for this purpose, based on robust Mahalanobis dis-
tances computed from ilr transformed data [15]. Using the pivot coordinates and applying
the 0.975 quantile of the chi-squared distribution as the common cut-oft value, 15 out of all
42 countries are identified as outlying observations, clearly supporting the choice of robust
analysis. Note that similarly, 10 observations from the set of independence tables and six
from the interaction tables were detected as potential outliers.

Additionally, from the same part of the figure, it is easy to identify from the direction of
the arrows which countries tend to have relatively higher unemployment among younger
people and which ones have a rather higher rate in the opposite situation. Although no
clear compact clusters are visible, it seems that most European countries together with
the USA and Canada tend to have more likely problems with employing older people, say
40+, while for Central and South America together with China, India, and Indonesia the
unemployment depending on age structure has rather opposite tendencies. In the latter
case, this generalized finding corresponds to the values of the youth unemployment rate
(i.e. YUR = (unemployedbetweenl5and24years)/(allunemployed)) in different countries
reported by the United Nations in 2011 [38]. Nevertheless, there are still big differences
between European countries, even more apparent in the robust analysis. Moreover, also
some gender differences can be observed, except for the youngest generation. The structure
in the classical biplot (upper right plot) is similar but driven by the identified outlying
observations.

The left plot in the middle part of Figure 1 shows the ‘ideal’ situation in case the rela-
tionships between gender and age factors would be filtered out. While the positions of
the countries are not apparently changed compared to the previously discussed covariance
biplot (upper right corner), the general relationships between the factors are remarkably
illustrative. In case of independence, nearly gender equity would be achieved, while on
the contrary, relationships among the age levels would be disproportionally weaker. Also,
a bigger difference between results provided by robust and classical PCA is present here.
One can easily understand how the classical approach does not handle outliers and how
those can affect the output; the biplot on the right side is quite far away from picturing the
same ideal situation.

As demonstrated, the independence table captures the hypothetical balanced state with
each clr interpreted in terms of dominance of a given combination of factors in case of
independence. However, this dominance is then either amplified, or weakened according
to the interaction table; in terms of clr coefficients, it depends on whether the logratio dom-
inance is shifted in a positive, or in a negative direction. Note that information obtained
from the interaction table only does not provide a complete picture about the dominance
of single cells in the table. For example, in the lower left biplot (robust biplot of interac-
tion tables), Costa Rica (CRI) is placed towards the loading ‘male 55+, but this does not
necessarily lead to a conclusion that unemployment in this group is higher in general in
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this country; it simply marks the cell whose dominance causes imbalance for Costa Rica,
although the actual proportion of unemployment for this age group can be lower than its
average dominance. Therefore, the conclusion about the higher dominance of unemployed
men in the oldest group than expected in the hypothetical case of independence can be
stated only after looking at the biplot of the independence tables. For the compositional
tables with dimension 2 x J (or alternatively I x 2), this feature is nicely illustrated by the
depicted loadings themselves, placed along a line corresponding to increasing dominance
of one factor value at the expense of the latter value of the same factor. The opposite rela-
tion between the respective clr coeflicients is clearly visible from both the biplots and the
form of clr(xint);; in (26): as it was already discussed in Section 4, clr coefficients of the
interaction table sum up to zero across each row and column which results in the identity
clr(xint)1j = —clr(xint)2j, holding for each j when I = 2 (and similarly for J = 2). While
in case of higher data dimension the property is no longer visible in the graphs, in this
example it can be seen that the two possible values of the gender factor lead to precisely
contradictory loadings for any chosen value of the age factor. Thus they might only carry
the information about the origin of the dominance shift, but no longer about the direction
of the shift for which the difference from the independence table has to be consulted.

6. Education data analysis

It was illustrated in the previous example how outliers can affect results of classical PCA.
Especially the gender equity achieved in the robust biplot of the independence tables
would not be present in the classical one. Hence, in this second example, only robust
analysis outputs are discussed. The data set contains information about more than seven
million female and nearly six million male students, divided according to eight differ-
ent fields of study, being Education, Humanities and arts, Social sciences, business and
law, Science, mathematics and computing, Engineering, manufacturing and construction,
Agriculture and veterinary, Health and welfare, and Services [28]. The information about
the achieved degree (bachelor, master, and doctoral, respectively) is recorded as well for
about 30 different countries.

Compositional tables are analyzed for both genders separately in order to allow for a
comparison of possible differences between them later on. Biplots as graphical PCA out-
comes of the whole compositional table as well as independence and interaction tables
are collected in Figure 2. Due to a larger dimensionality of compositional tables than in
previous case (3 x 8), the biplots contain three times more variables and an objective
interpretation becomes more difficult. An additional aspect is that since it is necessary
to go many dimensions down to achieve the PCA projection using the first two princi-
pal components, it is expected to obtain more approximative picture of the multivariate
data structure in the biplot. However, for data of similar or even bigger size, the proposed
methods still offer an extremely useful rank-two approximation capturing the relationships
between both factors. The performance of robust PCA is still good enough (at least 54.08%)
for this concrete case in terms of cumulative variability explained by the first two principal
components.

Despite the previous interpretational doubts, it can be seen that the effect of the chosen
final degree is possibly stronger than the effect of the study field since the loadings tend
to create a quite clear division of bachelors, masters, and doctors for most of the biplots.
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Figure 2. Robust covariance biplots of the Education compositional (upper row), independence (middle
row) and interaction tables (lower row) for men (left column) and women (right column), respectively.
Study fields are marked as follows: 1 = Education, 2 = Humanities and arts, 3 = Social sciences, business
and law, 4 = Science, mathematics and computing, 5 = Engineering, manufacturing and construction,
6 = Agriculture and veterinary, 7 = Health and Welfare, and 8 = Services.
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This property is more obvious for men while for women the difference between bache-
lors and masters is partially wiped out, maybe also due to a less compact data structure.
Finally, employing the outCoDa function [15,37] again, some outliers for the data set
of the whole compositional tables are detected: Austria, Norway and Spain for men, and
United Kingdom, Turkey and United States for women.

From the second row of the figures, some overall idea about the hypothetical state of
independence between degree and study field factors might be obtained. A stronger effect
of the chosen degree and a weaker effect of the study field would still be apparent for men,
and one new feature could be observed: there would be a strong relationship between Edu-
cation and Humanities and arts study fields for each degree. For women, e.g. a similarity of
educational systems in Sweden, Finland, Belgium and Switzerland is reflected. Also, in the
case of independence, higher occurrence of outliers would be present for both men and
women.

When looking at the biplot for the interaction tables for women (lower right figure),
two of the mentioned countries are shifted away from the fields of study that would dom-
inate if independence was achieved, being especially Agriculture and veterinary, Science,
mathematics and computing, and Services. These countries are Sweden and Belgium, while
Finland would correspond approximately to the independence between the factors, and
Switzerland actually accounts for even stronger dominance of those fields (particularly
master and doctoral studies in Services). For both men and women, it could be stated that
the actual relationships between the factors are quite distant from the relative dominance
given in the independence state. Stronger patterns concerning both factors are generally
observed for men.

7. Conclusions

Vector compositional data, or their generalization to compositional tables, are charac-
terized by their relative scale and scale invariance properties captured by the Aitchison
geometry. Accordingly, a representation of the compositional tables isometrically in clr
coefficients or ilr coordinates is essential for the further statistical analysis using popular
multivariate methods. Compositional tables can be decomposed onto their independence
and interaction parts; a statistical analysis of both is recommended to get insight into
the ideal situation when relationships between factors are filtered away, as well as into
interactions between factors forming the compositional table.

As most real-world data sets contain outlying observations, robust methods requiring
an orthonormal coordinate representation have been considered. To reduce the dimen-
sion of data at hand, a robust PCA using the MCD estimator can be applied to pivot
coordinates of compositional, independence and interaction tables (but also any other ilr
coordinates which respect the decomposition of compositional tables could be used). The
necessity of respecting dimensionality of independence and interaction tables forms the
main difference to (vector) compositional data where such feature does not occur. In case
of pivot coordinates, it is also possible to find a simple relationship between them and the
respective clr coefficients as well as to enhance interpretation of the latter variables. It is
precisely this specific choice of orthonormal coordinates where coordinates of indepen-
dence and interaction tables form together coordinates of the entire compositional tables
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(with the additional benefit of linkage to clr coeflicients constructed in the same man-
ner) which prepare a solid ground for their further generalization in the sense of various
weighting techniques. An analogous approach is already being used for vector compo-
sitional data [20] where the paper [24] provides a way for their respective PCA analysis
by constructing biplots from the first pivot coordinates resulting from different (mutually
orthogonal) sets of (weighted) coordinates.

Here, loadings obtained in (ordinary) pivot coordinates for the robust PCA are trans-
formed back to clr coefficients where they are used for the construction of biplots and
their meaningful analysis. In case of (2 x J) table dimensions, an additional feature can
be observed in the graphical output of interaction tables, which can be traced back to
the interpretation of the clr coefficients. As a next step, three factors of a compositional
cube (I x ] x K) could be analyzed by robust PCA and appropriate 3D graphical tools
employed. Consequently, the educational data sets for men and women could be merged
into a single data set and approached accordingly. This work could be perhaps started from
arecent idea of the robust Parafac model for three-way compositional data as a generaliza-
tion of the PCA, proposed in [6], combined with a robust approach to PCA as presented
in [21]. The case of compositional cubes and also its further extension to generally N factors
belong to primary research interests of the authors.
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Abstract

The growing use of high-throughput sequencing (HTS) has enabled the
large-scale production of compositional count data, driving progress in micro-
biome research. However, such count data are often high-dimensional, over-
dispersed, and heavily zero-inflated, and they conflict with the continuity as-
sumptions underlying log-ratio-based compositional data analysis (CoDA),
creating substantial methodological challenges. This review organizes the
scattered literature into a structured overview of established zero-handling
strategies, categorizing them into zero-tolerant transformations, imputation
approaches for rounded zeros, and statistical models for essential zeros. We
further highlight the theoretical and practical consequences of applying con-
tinuous log-ratio frameworks to discrete compositional count data. Theoret-
ically, violations of continuity may induce numerical instability and distort
the geometric assumptions underlying CoDA. Practically, we examine how
existing continuous imputation strategies behave when applied to lattice-
valued count data within the classical log-ratio framework, comparing their
performance in terms of matrix reconstruction and downstream analyses.

Our results show that reconstruction accuracy alone does not always reflect
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downstream analytical performance. Overall, this review consolidates current
zero-handling strategies and clarifies their appropriate scope of application.
It also identifies methodological gaps that motivate future developments for

high-dimensional compositional count data.
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Abstract

The Devonian/Carboniferous (D/C) boundary is a critical interval in the
Phanerozoic history, which is associated with vigorous climatic perturba-
tions, continental glaciation, global sea-level fall and rapidly increased ex-
tinction rates in marine realms. In many sections world-wide, these global
changes left a marked lithological signature, in particular the Hangenberg
black shale (products of deep-shelf anoxia) and the overlying Hangenberg
sandstone (sudden siliciclastic influx into predominantly carbonate deposi-
tional environments). Both layers bear a distinct geochemical signature.
Even though either or both of these two lithologies are absent at many sec-
tions, their correlative counterparts can be indicated by subtle geochemical
markers. We studied elemental geochemistry of fourteen D/C boundary sec-
tions in six key areas across Europe with the aim to select globally correlat-
able elemental proxy for the D/C boundary. Analysis of raw/log-transformed
geochemical data (EDXRF, c.p.s. units), presenting the standard approach
here, indicates that concentrations of terrigenous elements (Al, K, Rb, Ti
and Zr) are mainly controlled by diluted Ca (carried by marine calcium car-

bonate) in limestone facies and, accordingly, their variations can be related
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to carbonate production in the sea rather than to terrigenous input from con-
tinent. Nevertheless, due to the relative nature of geochemical observations,
reliance solely on statistical processing of raw data might lead to incomplete
picture of multivariate data structure and/or biased interpretations. For this
reason, the aim of this contribution is to discuss the logratio alternatives of
the standard statistical methods, which may better reflect the relative nature
of the data. For this purpose, principal component analysis was employed to
reveal main geochemical patterns and while the geochemical signature of the
D/C boundary was further analysed using Q-mode clustering that leads to
predicative orthonormal logratio coordinates — balances. The comprehensive
picture of the multivariate data structure provided by these statistical tools
makes them a primary choice for exploratory compositional data analysis. At
the same time, it turns out that the standard and compositional approaches
have synergic effects. This fact can be extensively used in further geochemical

studies.
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The Devonian/Carboniferous (D/C) boundary is a critical interval in the Phanerozoic history, which is
associated with vigorous climatic perturbations, continental glaciation, global sea-level fall and rapidly
increased extinction rates in marine realms. In many sections world-wide, these global changes left a
marked lithological signature, in particular the Hangenberg black shale (products of deep-shelf anoxia)
and the overlying Hangenberg sandstone (sudden siliciclastic influx into predominantly carbonate
depositional environments). Both layers bear a distinct geochemical signature. Even though either or
both of these two lithologies are absent at many sections, their correlative counterparts can be indicated
by subtle geochemical markers. We studied elemental geochemistry of fourteen D/C boundary sections in
six key areas across Europe with the aim to select globally correlatable elemental proxy for the D/C
boundary. Analysis of raw/log-transformed geochemical data (EDXREF, c.p.s. units), presenting the stan-
dard approach here, indicates that concentrations of terrigenous elements (Al, K, Rb, Ti and Zr) are
mainly controlled by diluted Ca (carried by marine calcium carbonate) in limestone facies and, accord-
ingly, their variations can be related to carbonate production in the sea rather than to terrigenous input
from continent. Nevertheless, due to the relative nature of geochemical observations, reliance solely on
statistical processing of raw data might lead to incomplete picture of multivariate data structure and/or
biased interpretations. For this reason, the aim of this contribution is to discuss the logratio alternatives
of the standard statistical methods, which may better reflect the relative nature of the data. For this
purpose, principal component analysis was employed to reveal main geochemical patterns and while the
geochemical signature of the D/C boundary was further analysed using Q-mode clustering that leads to
predicative orthonormal logratio coordinates — balances. The comprehensive picture of the multivariate
data structure provided by these statistical tools makes them a primary choice for exploratory compo-
sitional data analysis. At the same time, it turns out that the standard and compositional approaches have
synergic effects. This fact can be extensively used in further geochemical studies.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In particular, in geochemical practice it rarely happens that the
input observations sum up to a constant given by the mode of used

In geochemistry, most of data are compositional in nature
(Aitchison, 1986; Pawlowsky-Glahn and Buccianti, 2011;
Pawlowsky-Glahn et al., 2015a). It is not just indicated by units, in
which observations are measured or expressed, like mg/kg, ppm, or
percentages, but inherently also in the fact that ratios between
components form the primary source of information. As a conse-
quence, any sum of components (compositional parts) is irrelevant.

* Corresponding author.
E-mail address: kamila.facevicova@gmail.com (K. Facevicova).

http://dx.doi.org/10.1016/j.apgeochem.2016.10.002
0883-2927/© 2016 Elsevier Ltd. All rights reserved.

representation. For example, to make mg/kg units sum up to unity
(one million) it would mean that all elements in the rock were
identified and analysed. From this perspective, it is much more
convenient to treat the data as compositional, if their parts convey
quantitatively expressed relative contributions on a whole, formed
by the given composition. The above properties also imply that
compositional data carry exclusively relative information
(Pawlowsky-Glahn et al., 2015a).

Accordingly, when the relative structure of geochemical obser-
vations is of the sole interest, applying standard statistical tools to
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the input concentrations may lead to misleading results, because
compositional data obey different geometrical rules. These
inherent features can be expressed by principles of compositional
data analysis (Egozcue, 2009): scale invariance, permutation
invariance and subcompositional coherence. From the practical
perspective, the most important one is scale invariance stating that
information in a composition does not depend on the particular
units in which the composition is represented. Specifically, pro-
portional positive vectors represent the same composition. The
latter two principles provide a solid theoretical basis of any
reasonable (not exclusively) statistical processing, and they all are
needed to build a sound geometrical setting that would reflect
inherent properties of geochemical (compositional) data. It is pro-
vided by the Aitchison geometry (Billheimer et al, 2001;
Pawlowsky-Glahn and Egozcue, 2001; Egozcue et al, 2003),
defining an algebraic-geometrical structure of the sample space of
compositions, formed by equivalence classes of proportional posi-
tive vectors (or by simplex for a given constant-sum representation
of compositions). As the majority of statistical methods rely on
Euclidean geometry in real space (Eaton, 1983), it is necessary to
transform the compositions prior to standard statistical analysis
with such as the principal component analysis (PCA) and/or visu-
alization. The definition of compositional data implies that any such
transformation (from geometrical reasons, referred to as co-
ordinates) should be formed by ratios between parts that form the
elemental information in compositional data. Or, even better, by
log-ratios (Aitchison, 1986) that symmetrize positions of compo-
nents in the ratio and are mathematically easier to handle.

For a standard geochemical analysis, it is preferred to deal with
the original compositional parts, not their log-ratios. However, with
all consequences that imply from the nature of compositions
considered, this is frequently not satisfactory. Nevertheless, if
interpretation in terms of single original part is required, centred
logratio (clr) coordinates provide a compositional alternative to
raw data. Each part of vector of these coordinates.

cr(®) = [y1,....yp] = [ n

XX %
g® Mg ‘“g(x)}’ M

where g(x) stands for geometric mean.

£ = {/T17. % = (5320 n ). )

represents a dominance of x; with respect to the complete
composition. Because the resulting vector has D components, a
redundancy condition arises, y;+...+yp=0, leading to singular
covariance matrix of clr(x). Although this affects applicability of
some statistical approaches, like the class of robust methods
(Filzmoser et al., 2009a), it is still possible to employ them for most
of exploratory tools including PCA. For more discussion about the
use of clr coordinates in geochemical context, see McKinley et al.
(2016).

Not all geochemical data must necessarily be treated as
compositional, especially if total abundances are relevant for the
analysis. However, from the methodological perspective, analyzing
solely raw data still cannot be recommended. Instead, composi-
tional data should be treated as standard positive observations that
induce again specific geometrical features, e.g., their relative scale
(Mateu-Figueras and Pawlowsky-Glahn, 2008). Beside the (clr)
coordinate representation, the wusual log-transformation
In(x)=(Inxy,..., Inxp) seems to be meaningful for these situations
(Pawlowsky-Glahn et al., 2015b).

The D/C boundary geochemical dataset provides a suitable
working material to test the applicability of the compositional

approach. The data comprise marine carbonate rocks, which
alternate with several siliciclastic layers each confined to a specific
stratigraphic interval. These layers are correlatable across the six
studied areas and provide thus a common feature of all the studied
sections. They comprise the Hangenberg black shale, sandstone and
grey shale, collectively referred to as the Hangenberg event sensu
lato, HBS s.1. (costatus-kockeli Interregnum, uppermost Famennian)
and the Lower Alum Shale, LAS (crenulata Zone, middle Tournai-
sian) (Kaiser et al., 2011). Their geochemical signature reflects rapid
siliciclastic influx into shelf seas (sandstones and grey shales of the
HBS s.L), increased organic productivity in pelagic settings and
global development of water bottom anoxia (black shales of the
HBS s.I and LAS) and effects of dilution by biomineralized calcium
carbonate (interlayered carbonates) (Kumpan et al., 2014a,b; 2015;
Babek et al., 2016). Developed more-or-less in all of the studied
sections, this signature is modulated by such local factors as
different source of the siliciclastics and variable depositional set-
tings. All these factors contribute to a complex structure of the
geochemical data.

The aim of the manuscript is to demonstrate, that not just sta-
tistical analysis based on the compositional approach, being
definitively the most relevant from the theoretical perspective, but
also analysis of raw data or their log-transformation bring some
benefits to the overall analysis. The reason is that the effect of the
concrete scale of data cannot be frequently simply removed as it is
the case of the compositional approach (scale invariance). Practical
experiences indicate that even considering absolute scale of the
original (raw) data, being methodologically rather incorrect, can
reveal some further interesting features. The aim of the practical
part is not to provide an exhaustive comparison, but to demon-
strate that just combination of different approaches (though not
necessarily theoretically sound) leads to complex understanding of
the multivariate data structure. Nevertheless, following the
compositional approach that reflects predominant geometrical
features of data at hand, one is on the “safe side”. As an adjacent
goal, inspired by quasimetric structure of the variation matrix, the
paper extends the use of Q-mode clustering, introduced in van den
Boogaart and Tolosana-Delgado (2013) for alternative agglomera-
tive clustering procedures. All statistical calculations were con-
ducted with software R (R Core Team, 2016) and its package
compositions (van den Boogaart et al., 2013; van den Boogaart et al.,
2013).

2. Materials and methods
2.1. Data description

The study material includes elemental geochemistry of car-
bonate and siliciclastic bed successions across the Devonian/
Carboniferous (D/C) boundary. The dataset includes 1884 samples
from 14 sections studied in six major Variscan massifs of Europe
(Rhenish Massif, Germany; Namur-.Dinant Basin, Belgium and
northern France; Moravo-Silesian Zone of the Bohemian Massif,
Czech Republic; Carnic Alps, Austria and Italy; Montagne Noire of
the Massif Central, southern France and Pyrenees, southern France).
Figure representing position of the studied sections in the major
outcrops of Variscan massifs in Europe is attached as a
Supplementary Material. The geological settings and stratigraphy
of the sections were recently summarized by Kumpan et al.
(2014a,b, 2015) and Babek et al. (2016). Samples for element
geochemistry were taken from the studied sections with a vertical
step of 5—25 c¢m (rarely with 1 cm or 50—60 cm) depending on
overall section thickness and required detail. The average sampling
density was one sample per 11.5 cm.

All the samples were analysed by energy-dispersive X-ray
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fluorescence (EDXRF) using a MiniPal 4.0 instrument (PANalytical,
Netherlands) with an Rh lamp (30 kV) and Peltier cooled Si PIN
detector. The samples were ground to <63 pm particle size and
filled into plastic cells 25 mm in diameter and with Mylar foil
bottoms. Eighteen elements were analysed (Al, Ca, Cr, Cu, Fe, K, Mn,
Ni, P, Pb, Rb, S, Si, Sr, Ti, Y, Zn and Zr). Al and Si signals were acquired
for 300 s at 5 kV/400 pA with a Kapton filter under He flush
(99.996% purity); K, Ti, Fe, and Mn and Fe for 200 s at 12 kV/200 pA
with a thin Al filter in air; and Zr for 500 s at 30 kV/200 pA with an
Ag filter in air. Total analysis time was set at 800 s per sample. The
EDXRF results are given in counts per second (cps). The EDXRF
analytical results for Ca, Si, Al, K, Ti, Mn, Fe, Sr, and Zr (in cps) were
calibrated through inductively coupled plasma mass spectrometry
(ICP-MS) analysis of 11 samples (Lesni lom, Kitiny, and Griine
Schneid sections) by an accredited analytical laboratory of the
Technical University of Ostrava, Czech Republic, using an X Series 2
ICP-MS instrument (Thermo Scientific). The quality of the ICP-MS
analytical data was checked by measuring 2709a standard refer-
ence material (SRM) (San Joaquin Soil, NIST, USA). EDXRF results for
Cr, Rb, Y, Cu, Zn, Ni, and Pb were calibrated by ICP-MS (Element2,
Thermo Scientific) at the Geological Institute, Czech Academy of
Sciences, Prague, using calibration equations from an external set of
17 samples from lower Devonian carbonates and shales of the
Prague Basin, Czech Republic. Data quality from the Geological
Institute was checked by analysing 1d SRM (Argillaceous limestone,
National institute of Standards and Technology). Calibration curves
of the EDXRF vs. ICP-MS results suggest that all target elements
were above EDXRF detection limits while the high correlation co-
efficients (R? = 0.93 to 0.99 generally; only slightly lower for Mn:
R? = 0.893, Cr: R* = 0.887, and Ni: R* = 0.722) indicate the good
reproducibility of the EDXRF signal. P and S were not calibrated. All
element ratios and enrichment factors mentioned throughout this
paper are based on uncalibrated EDXRF (cps) data.

The elemental composition sensitively reflects basic lithological
and paleoenvironmental changes at the D/C boundary. Particularly
effective are the following element groups with similar geochem-
ical behavior:

a) Ca, which is driven by marine CaCO3 production in benthic
and pelagic settings (Sageman and Lyons, 2005);

b) Al, K, Rb and Ti, which are bound to siliciclastic minerals
derived from continent, in particular clay minerals and silt-
sized heavy minerals and phyllosillicates (Ross and Bustin,
2009; Sageman and Lyons, 2005; Vijver et al., 2008);

c) Si and Zr, which tend to concentrate in coarse-grained sili-
ciclastic minerals (Schnetger et al., 2000; Jones et al., 2012)
also derived from continent (heavy minerals, quartz, feld-
spars) but Si is also linked to organic pelagic production in
the sea (radiolarians and sponge spicules);

d) Zn, Ni, Cu, Pb, S and P - productivity-sensitive elements,
which tend to concentrate in organic matter-rich sediments
such as the Hangenberg black shale and Lower Alum shale
(Bout-Roumazeilles et al., 2013; Fralick and Kronberg, 1997;
Sageman and Lyons, 2005; Sliwinski et al., 2010; Tribovillard
et al., 2006).

e) redox-sensitive elements such as Fe and Mn, which are
highly mobile across sub-bottom redox gradients (Haese
et al., 1998).

The advantage of the dataset is in the detailed knowledge about
distinct sedimentary layers with expected geochemical behavior,
which include: layer 1) Upper Devonian carbonates; layer 2) Up-
permost Devonian black shales of the Hangenberg (HBE) event
interval; layer 3) Uppermost Devonian sandstones and non-
black shales of the Hangenberg (HBE) interval; layer 4) Lower

Carboniferous carbonates and layer 5) Lower Carboniferous black
shales and cherts of the Lower Alum Shale interval.
Figure representing chronostratigraphy, biostratigraphy, lithos-
tratigraphy and thickness of the studied sections is attached as a
Supplementary Material.

2.2. Exploration of compositional variation structure

Covariance structure of compositional data reflects the fact that
the source information is contained in pairwise log-ratios.
Accordingly, in the compositional context the multivariate vari-
ability is captured by the variation matrix (Aitchison, 1986), defined

as
0 var <lnﬁ> var <1n x—l)
X3 XD

var <ln X—z)
XD

X1 X2
= var(ln%)} = [t;]- 3)

Its interpretation is intuitive. A non-diagonal element of the
variation matrix is zero, or nearly so, if and only if the respective
compositional parts are proportional, or nearly so. In other words,
proportionality here replaces covariance (correlation) between
variables from standard multivariate statistics. Consequently, ele-
ments of variation matrix can also be used as a measure of
dissimilarity between compositional parts, for example for the
purpose of clustering of compositional parts (Montero-Serrano
et al,, 2010; Pawlowsky-Glahn et al., 2011; van den Boogaart and
Tolosana-Delgado, 2013; McKinley et al., 2016). From the basic
(metric) properties of distances the following are obviously
fulfilled,

tj >0, tjj =0 =i=j; tj =t 4

i.e., non-negativity, identity of indiscernibles and symmetry. On the
other hand, triangular inequality is not fulfilled in general, only its
generalized form

tjj < Ol(t,'k + tkj) (5)

for a constant «>1 that corresponds to quasimetrics (Xia, 2009) can
be derived. According to Fiserova and Hron (2011) it holds true that

/XiX;
tj = 2(tik + tkj> — var (2 ln%), (6)

k

resulting in a=2. It is shown (Xia, 2009) that many well-known
results for the usual metrics still hold true in quasimetric space
that makes them a natural generalization of the basic metric set-
tings. These findings are inspirative for Q-mode clustering, intro-
duced in the next section. Finally, a matrix relationship exists
between the variation matrix and covariance matrix of clr co-
ordinates (Aitchison, 1986), which is wuseful for practical
computations.

Variation structure of compositional data can be visualized us-
ing compositional biplots (Aitchison and Greenacre, 2002). Simi-
larly as for a standard PCA biplot (Gabriel, 1971), which is used to
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reduce dimensionality of input data, compositional biplot displays
as well scores and loadings of the first two principal components in
one planar graph. The scores are usually marked as points in order
to capture multivariate data structure; loadings are represented by
arrows and stand for the input variables. While in the standard
biplot original (log-transformed) variables are considered, in the
compositional case clr coordinates are usually represented. This
also affects the interpretation of loading vectors. While in the
standard case the length of the arrow and the cosine of the angle
between two arrows approximate standard deviation of the cor-
responding variable and correlation between variables, respec-
tively, interpretation of clr variables needs to be taken into account
in the compositional case. Consequently, the length of the arrow
cannot be interpreted as a single original part but as a represen-
tation of its dominance to an “average part” in the composition
(Filzmoser et al., 2012). Instead of interpreting correlation between
two clr coordinates, which is affected by the zero sum constraint of
variables, it is preferred to consider links between vertices,
approximating pairwise logratio variances (elements of the varia-
tion matrix). In particular, link between vertices of y; and y; ap-

proximates var (ln j%) ; if the vertices coincide, or nearly so, then x;

and x; are proportional, or nearly so. An enhanced interpretation of
compositional biplot in terms of covariance structure of pairwise
log-ratios can be found, e.g., in Pawlowsky-Glahn et al. (2015a).

2.3. Pattern identification

In order to assess the log-ratio patterns in the geochemical
signature of the D/C boundary rocks, it is necessary to search for
such variables which are responsible for the general geochemical
patterns. In particular they include the detrital-input sensitive el-
ements (Al, Ti, Rb, Zr), grain-size sensitive ones (Si, Zr), organic
productivity sensitive ones (P, S, Ca, Ni, Zn, Cu) and redox-sensitive
ones (Fe, Ni, Mn) (see Section 2.1). For the case, when total abun-
dances are informative as well, the log-transformed original vari-
ables or their combinations would be appropriate for this purpose.
Nevertheless, it seems that for carbonate rocks rather relative
contributions of the EDXRF signal (in cps) are of interest. This is
reflected also by recent practice in the field, where ratios between
elementary components such as Zr/Rb, K/Al and Rb/K are consid-
ered to indicate the lithological changes across the D/C boundary
(Kumpan et al,, 2015; Babek et al., 2016). The previous section
implies that, referring to relative structure of compositional data,
single compositional parts are not appropriate to serve as feature
variables, because they necessarily (directly or indirectly) rely on
the other components in the actual composition. All relative in-
formation about single compositional parts is extracted using clr
coordinates (1); on the other hand, this information might be too
complex due to different and possibly antagonistic patterns of log-
ratios aggregated there (Reimann et al., 2012; McKinley et al., 2016).
Taking simply all possible pairwise log-ratios into account would
need an exhaustive search, therefore not very practical for data
with moderate or even larger number of components. Although
expert knowledge can be used to select such log-ratios, a data-
based approach can facilitate finding possible further interesting
geochemical markers by mutual considering specific geochemical
behavior of elements. Consequently, such an unsupervised
approach can help to extract log-ratios (not necessarily belonging
to any of previously mentioned extreme cases, pairwise log-ratios
versus clr coordinates) able to recognize the geochemical signature.

For this purpose, in van den Boogaart and Tolosana-Delgado
(2013) a compositional Q-mode clustering was proposed. This
clustering method is based on idea to obtain easily interpretable

orthonormal coordinates with respect to the Aitchison geometry,
referred to as principal balances (Pawlowsky-Glahn et al., 2011). It
is essentially hierarchical clustering, where the variation matrix
plays the role of a measure of association between compositional
parts. The resulting graphical output, dendrogram, can be applied
to define a sequential binary partition of compositional parts into
groups of parts (Egozcue and Pawlowsky-Glahn, 2005); each hor-
izontal link is used to set a new variable that expresses balance
between the corresponding groups of compositional parts. By
denoting those r on the left side of the link by plus sign and s parts
on the right side by minus sign, the balance (orthonormal coordi-
nate) is defined as

+
2= [ 8K )
r+s g(x)

where g(x*) and g(x~) stand for the geometric mean of parts from
the first and second group, respectively; together D—1 coordinates
are obtained by such a procedure. Their interpretation can be
enhanced by suppressing the normalization constant and changing
the base of logarithm. It is also worth to note that each balance
aggregates all pairwise log-ratios between both groups of parts
(Fiserova and Hron, 2011), the fact that can be used to search for
simpler log-ratios responsible for the geochemical signature of the
D/C boundary. According to McKinley et al. (2016), the resulting
clusters of compositional parts will contain elements behaving
proportionally throughout the dataset. Log-ratios between parts of
two different clusters should thus be similar to other log-ratios of
the elements of the same clusters. Therefore, as indicated above,
one of these log-ratios or a balance of one cluster against the other
might be representative for many log-ratios, and consequently may
represent a process influencing many elements in the same way.
Balances of elements within the cluster will filter out these large-
variability effects and focus on differences between elements
behaving similarly with respect to major processes.

As a default agglomerative clustering procedure the Ward
method (Ward, 1963) is used in Pawlowsky-Glahn et al. (2011) and
van den Boogaart and Tolosana-Delgado (2013), where those two
clusters are fused which result in the least increase in the sum of
the (squared) distances from each observation to the centroid of
cluster contained it. Consequently, this methods leads to spherical,
tightly bound clusters that might in general be intuitively inter-
pretable. Moreover, because the Ward criterion corresponds to
minimizing the total within-cluster variance, it seems be recom-
mendable for clustering of variables (compositional parts). On the
other hand, as the variation matrix has all properties of quasi-
metics, it is meaningful to consider also other clustering methods
that might lead even to better interpretable clusters. For example,
smaller clusters might be geologically easily interpreted. Large
numbers of small, tightly bound clusters are obtained using com-
plete linkage, therefore being a candidate for such an alternative
agglomerative clustering algorithm. By considering all these as-
pects, the dendrogram output might help to reveal such co-
ordinates (balances) that contain log-ratios responsible for the
geochemical signature of the D/C boundary, represented by pres-
ence of HBE black shale and sandstone layer.

3. Results and discussion

Despite of strong limitations of univariate analysis of raw
compositional data (Filzmoser et al., 2009b; McKinley et al., 2016),
summaries of elemental concentrations are popular starting point
of any geochemical study. According to Pawlowsky-Glahn and
Egozcue (2002) and Mateu-Figueras and Pawlowsky-Glahn
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(2008), geometric mean is used to compute mean concentrations;
for a raw impression about variability of elements, interquantile
ranges (IQR) are applied.

The mean concentrations of the elements in the composition (in
the order of its geometric mean) are as follow: Ca (geometric
mean = 15.55%; IQR = 21.57%), Si (5.05%; 16.33%), Al (0.75%; 2.69%),
Fe (0.70%; 1.80%), K (0.29%; 0.77%), Ti (734.04 ppm; 2110.46 ppm),
Mn (55711 ppm; 897.58 ppm), Sr (208.40 ppm; 181.30 ppm), Zr
(39.19 ppm; 84.14 ppm), Cr (28.39 ppm; 65.26 ppm), Rb
(25.76 ppm; 81.29 ppm), Ni (22.19 ppm; 33.53 ppm), Y (21.02 ppm;
18.99 ppm), Zn (15.50 ppm; 27.16 ppm), Cu (11.65 ppm; 16.21 ppm),
and Pb (8.58 ppm; 10.21 ppm). Taking the relative scale into ac-
count, the element concentrations show a strong variance across
the studied areas and sections. This largely reflects the principal
lithology where pure carbonate, shale, sandstone, and siliceous
sediments represent the ideal end members.

The Upper Devonian carbonate-dominated successions (layer 1)
are generally characterized by high concentrations of Ca (geometric
mean: 22.60%) and low concentrations of Al, Si, K, Ti, Fe, Rb, and
other elements. The highest concentrations of Ca were detected in
the pelagic successions of the Rhenish Massif, Carnic Alps and
Montagne Noire. In contrast, coeval strata of the Namur—Dinant
Basin (Gendron-Celles, Les Ardennes sections) have relatively lower
Ca concentrations.

In the following HBE black shale and sandstone interval (layers 2
and 3), the element composition at the majority of sections changes
rapidly, consistently with the lithology change. Compared to the
underlying strata, the mean concentrations of Ca in the HBE shales
and sandstones are extremely low (geometric mean 3.58%) while
the mean concentrations of typically terrigenous elements are
much higher (Al = 4.62%, K = 1.31%, Fe = 3.16%, Ti = 4500 ppm,
Rb = 190 ppm, S = 15 cps). In addition, the HBE black shales (layer
2) have very high mean concentrations of Zr (221 ppm), S (59 cps),
Zn (51 ppm), Ni (114 ppm) and Pb (95 ppm).

The lower Tournaisian carbonate successions (layer 4) have
relatively high concentrations of Ca (25.13%) and relatively low
concentrations of elements such as Al (0.39%), K (0.16%), Fe (0.43%),
Ti (470 ppm) and Rb (15 ppm), which is similar to those of the
upper Famennian succession (layer 1).

The youngest strata of the LAS interval (layer 5) were reached
only at several sections of the Namur-Dinant Basin (Rivage),
Rhenish Massif (Oese, Drewer), Montagne Noire (Puech de la
Suque), Pyrenees (Saubette) and Carnic Alps (Kronhofgraben).
These sediments are shaly, often siliceous and phosphatic. They
have high mean concentrations of Al (2.69%), Si (25.05%), K (0.65%),
Fe (2.46%), Ti (0.22%), Rb (104 ppm) and low concentrations of Ca
(3.69%). Compared to the all underlying layers, they are markedly
enriched in elements such as P (11 cps), Cu (47 ppm), Zn (44 ppm)
and Ni (85 ppm).

In order to reveal both overall and specific geochemical patterns,
standard biplots of raw or log-transformed data and compositional
biplots were used at each stage of analysis and this section presents
those options which led to the most interesting results. Fig. 1 shows
a standard biplot of raw data (left) and its compositional counter-
part (right). In both plots, a cluster of terrigenous elements (Al, Ti,
Rb, K, Fe) stands in opposition to Ca along the first principal
component, which is interpreted as the effect of dilution of
terrigenous input by marine CaCO3 production. The first principal
component (PC) in the biplot depicting raw data explains 56.9% of
total variability indicating that the effect of CaCOs dilution is the
dominant geochemical pattern in the whole dataset. The second PC
in the standard biplot shows the contents of such productivity- and
redox-sensitive elements as S, P, and Mn, while other productivity-
sensitive elements (Zn, Cu) largely overlap with the terrigenous
ones. The effect of Ca dilution seems to override the subtle

variations in element behaviors in the standard biplot. On the other
hand, the compositional biplot better differentiates between sam-
ples from different locations (different provenance) particularly
along the second principal component, which represents the ef-
fects of provenance and marine productivity. In addition, the
typically detrital proxy elements (Al, Ti, Rb, K and Si) are more
clearly separated from productivity-sensitive elements (Zn, Pb and
Cr) in the compositional biplot than in the standard one. At the
same time, the effect of Ca dilution is partly removed in the
compositional biplot as indicated by the fact the Ca and terrigenous
elements are no more in opposition (Fig. 1).

The biplots showing the whole data set bring important infor-
mation about the general data structure. However, the clustered
distribution of samples from different geographical settings and,
hence, different provenance (Fig. 1) suggests that it is appropriate to
analyze such data clusters separately.

Log-transformation of the raw geochemical data reflects the
relative scale of observations; consequently, it should help to reveal
further patterns, possibly hidden behind the raw data. The Fig. 2
shows the application of standard biplot on log-transformed data
with the distinct stratigraphic layers, from Upper Devonian car-
bonates to Lower Alum Shale, indicated. As it will be shown later,
such geochemical markers as element ratios are instrumental in
distinguishing these layers. The Fig. 2, left, shows a standard biplot
of log-transformed data from the Oberrodinghausen section,
Rhenish Massif, Germany with four of the five layers (Uppermost
Devonian/Famennian/carbonates, the HBE black shale, HBE sand-
stone, and Lower Carboniferous/Tournaisian/carbonates) indicated.
The layers group together as distinct clusters; there is a general
pattern of clustering of samples from the HBE shales/sandstones
and carbonates along the PC1 axis, which is interpreted as the
dilution effect of calcium carbonate (see above). In addition, sam-
ples representing the HBE black shale event occur as distinct outlier
observations due to the high concentrations of Pb, Zn, Ni and Cu,
typical productivity-sensitive elements. The overlaps between the
HBE black shales and HBE shales/sandstones in the area with
negative PC1 scores and positive PC2 scores suggests that the black
shales and “normal” grey shales can be represented by very similar
geochemistry.

Similar patterns are shown for the Oese section, Rhenish Massif
(Fig. 2, right). The carbonates are again well separated from the
shales and sandstones and there are distinct outliers representing
the HBE black shales and Lower Alum Shales (negative scores on
PC1 and PC2) suggesting high concentrations of productivity-
sensitive elements such as Pb, Zn, Cu, Ni and Y. This suggests that
the black shales of the HBE and LAS interval share a similar
geochemical composition. Moreover, both the biplots show a
distinct clustering of variables (elements), in particular the terrig-
enous Al, Rb, Ti, K and Si, which is consistent with the summary
biplot of all observations (Fig. 1) and their expected geochemical
behavior (see Section 2.1).

An even better representation of sample clustering is shown in
Fig. 3 providing the D/C boundary data from the Kronhofgraben
section, Carnic Alps, Austria. This biplot of log-transformed data
clearly separates between the cherts and black cherty shales of the
Lower Alum Shale interval, enriched in Cu, Ni, Pb and Si (negative
scores on PC1 and positive scores on PC2) and black shales of the
HBE black shale interval (negative scores on both PC1 and PC2). This
is consistent with the dissimilar lithology patterns of the HBE and
LAS layers at the Kronhograben section, the former represented by
typical black shales and the latter by black cherts and cherty shales
(Schonlaub et al., 1992).

The applicability of raw data, which are somewhat inappro-
priate from purely methodological perspective, and clr coordinates
can be demonstrated on samples from the Rhenish Massif (Oese,
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Fig. 2. Standard biplots of log-transformed data from locations Oberrédinghausen (left) and Oese (right), Rhenish Massif, Germany.

Oberrodinghausen and Drewer sections) (Fig. 4). The raw-data
biplot (Fig. 4 left) clearly separates the black shales enriched in
Ni, Zn, Pb and Cu from the remainder of samples. The latter samples
mostly tend to align to a carbonate (Ca) — fine-grained siliciclastic
(Al, Rb, K, Ti) component line, which again reflects the degree of
carbonate dilution of the siliciclastic detrital input. In the compo-
sitional biplot, this pattern is generally lost, while the differences
between individual localities are highlighted.

Loadings in the raw-data biplot again show a distinct clustering
of elements, depending largely on the expected geochemical
behavior. In the Rhenish Massif, this clustering is very well visible in
areas where the particular genetic element groups (see above) are

represented by typical lithologies (black shales) with relatively high
concentrations of their nominal elements (Zn, Pb, Ni and Cu, Fig. 4,
left). There is again the overwhelming negative correlation be-
tween Ca on one hand and Al, Rb, K and Ti on the other hand. In the
compositional biplot, however, the effects of a strong association
with Ca (dilution effect) are strongly suppressed and elements
show clustering into several, genetically related groups: Ca and Sr
associated with marine calcium carbonate; terrigenous elements
associated with detrital rock-forming minerals, mainly phyllosili-
cates (Al Si, Rb, Ti, Rb), redox-sensitive elements associated with
sulphidic phases (Cu, Ni, S, P) and other redox-sensitive elements
(Mn, Fe).
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We also tested these patterns in the Ardennes (Gendron Celles
section), where the HBE s.L layer is not represented by the distinct
shale/sandstone lithology and the section is carbonate-dominated
(Fig. 5). In the raw-data biplot (Fig. 5 left) the effect of carbonate
dilution is very strong as indicated by the alignment of samples
along the PC1 axis as well as the negative correlation between Ca
and the remainder of elements (with the exception of Sr, Mn a Zn).
In the compositional biplot, the effect of Ca dilution is again sup-
pressed but the variables (elements) tend to group together ac-
cording to their expected geochemical behavior (Al + Ti + Rb vs.
Si + Zr vs. Pb + Zn + Cr + Mn) despite their very low concentra-
tions. As indicated in the previous sections, this seems to be the
effect of relative scale of compositions, captured by their clr
coordinates.

Oberrédinghausen, Oese, Drewer — raw data
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Another source of information about the data structure is rep-
resented by dendrograms resulting from Q-mode clustering, whose
construction was described in Section 2.3. Instead of the originally
proposed Ward clustering method, the complete linkage shown
here and based on the variation matrix provides more reliable re-
sults. Groups of elements identified by this method can facilitate
finding log-ratios, which optimally describe the presence of the
Hangenberg event layers and thus provide a compositional alter-
native to the standard proxies as Zr/Al, K/Al and Rb/K ratios
(Kumpan et al., 2014b, 2015).

Fig. 6 shows a dendrogram for the Kronhofgraben section as the
output of the Q-mode clustering. According to this method, several
balance coordinates were defined; three of them, which lead to
best separation of groups, are shown in Fig. 7. The last one (Fig. 7,
right), which excludes Ca (based on the assumption that Ca is
strongly related to the dilution effect), was selected, to see whether
it can affect the values of the resulting balance. For comparison,
Fig. 8 shows values of standard Hangenberg event proxies Zr/Al, K/
Al and Rb/K. The proposed log-ratios are useful to differentiate
individual groups of observations; e.g., the low values of
In(g(Ca,Sr)/g(rest)), where g(rest) stands for geometric mean of all
components except Ca and Sr, and log-ratio between Ca and Sr
mark the presence of HBE black shale and the LAS layer. Element
ratios such as Zr/Al and K/Al are capable of distinguishing between
the HBE black shales and LAS black cherts/cherty shales, the former
having much higher Zr/Al and lower K/Al values as compared to the
latter (Fig. 8). Nevertheless, when comparing Figs. 7 and 8 we can
see that the compositional variables (balances) better distinguish
four groups of observations; the changes are really dramatic a
provide a clear structure. Note that similar patterns could be also
seen for some other balances, indicated by the dendrogram of Q-
mode clustering (Fig. 6), but the presented ones seem to provide
the best performance.

Q-mode clustering can also help to find suitable proxies only for
subsets of observations, for example for similar lithologies (shales
and sandstones). Fig. 9 shows the resulting dendrogram for Oese
section, in which only the HBE black shale and sandstone and
Lower Alum Shales were taken into account.

According to this clustering, combined with geochemical
knowledge, we selected first the log-ratio between sub-
compositions formed by parts Ti, Al, K and Cr, Rb, respectively
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Fig. 4. Biplot of raw data (left) and compositional biplot (right) for locations from Rhenish Massif (Oberrédinghausen, Oese, Drewer sections).
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(Fig. 10, upper left) and one additional balance that links the pre-
vious elements with Cu and Zn from the same branch of the
dendrogram (Fig. 10, upper right). Both balances clearly separate
the Lower Alum Shale layer from the HBE black shales. This rep-
resents the advantage of log-ratio approach, compared to standard
proxies, whose values are displayed on Fig. 10 (lower row) and
which do not distinguish between layers at all. This is a direct
consequence of the fact that Q-mode clustering supplements the
preliminary geochemical knowledge with further possible candi-
dates (balances) to reveal better the D/C boundary.

In general, statistical analysis of observations including
elemental geochemistry of carbonate and siliciclastic bed succes-
sions across the D/C boundary using both compositional and non-
compositional approaches has revealed several interesting fea-
tures. Dimension reduction of multivariate geochemical data

through principal component analysis is nowadays a must for any
reasonable case study. In stratigraphy, statistical pre-treatment of
geochemical data is also a common approach prior to depicting of
stratigraphic patterns of element concentrations (Sedlacek et al.,
2013; Babek et al., 2015). In the present paper, several approaches
how to process the input observations prior to PCA were presented.
The work flow proceeds from the raw compositions (which are
often inappropriate due to the relative nature of compositional
data) to either log-transformation or clr coordinates that consider,
or not, total abundances of elements. Interestingly, raw-data biplots
were found useful to depict the basic geochemical patterns such as
the dilution effect of Ca and enrichment of black shales with
productivity-sensitive elements (Cu, Zn, Ni, etc.). The possible
reason is that these effects are predominantly driven just by ab-
solute concentrations (or cps signal) of components rather than
being inherently contained in their ratios. On the other hand,
compositional biplots are capable of filtering out these predomi-
nant geochemical trends (such as the Ca dilution effect) and
depicting subtle geochemical variations, which are obscured by the
major trends.

Following the previous argumentation, depicting of composi-
tional log-ratios in vertical/horizontal logs, which is a common
approach in stratigraphy, can be more appropriate than depicting
simple element ratios, because subtle geochemical trends can be
obscured by the predominant trends such as the Ca dilution. This
applies, for example, for nodular limestones (such as the Upper
Devonian carbonates of the Rhenish Massif), in which diagenetic Ca
redistribution strongly affects the primary geochemical signal.
Nevertheless, analysis in the previous section has shown that even
the dilution effect of Ca is desirably suppressed, when sufficiently
robust log-ratios are considered (Fig. 7). Moreover, with Q-mode
clustering it is possible to cover both dimension reduction using
PCA, performed in clr coordinates, and D/C layer discrimination
under one methodological framework.

4. Conclusions

Our recent experiments clearly indicate that the combination
of raw/log-transformed data and compositional analyses are
capable of distinguishing D/C boundary sediment layers with
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specific geochemical signature, in particular the HBE black shales
and LAS shales. This is in line with recent contributions from
geochemistry (Montero-Serrano et al., 2010; Reimann et al., 2012;
Babek et al., 2015; McKinley et al., 2016) showing that not just the
standard processing of geochemical data, represented mostly by
log-transformation, but even the compositional data analysis has
some limitations that favour the use of the complementary
approach. It is unexceptionable that only the logratio methodology
would be acceptable, if exclusively relative information out of
geochemical data were informative, but it rather seems not to be
the case in most practical situations. Consequently, neither the
standard nor the compositional approaches have prevalence, but it
is advisable to use both of them to discern predominant and subtle
geochemical trends in large datasets. Using the fact that the
standard and compositional approaches have synergic effects is
thus recommendable for future developments, in sedimentology,
and also in geochemistry in general. Nevertheless, one must
be aware of interpretational dangers by using the standard ap-
proaches (log-transformed or even raw data) that do not
occur with the logratio methodology; a deep understanding of the
underlying geological phenomena (being the case here) is a
necessary presumption of their possible use in geochemical
practice.
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Abstract

Eye-tracking metrics based on Areas of Interest (AOIs) often represent the
relative allocation of visual attention across stimulus regions. Compositional
data analysis (CoDA) provides a mathematically principled framework for
analyzing such data and enables the application of a wide range of multivari-
ate statistical methods through their representation in log-ratio coordinates.
This study demonstrates the utility of CoDA in AOI-based eye-tracking re-
search using a large-scale replication of Yarbus’ classic “Unexpected Visitor”
experiment. Eye movements of 144 participants were recorded with a high-
precision eye-tracker while they viewed Ilja Repin’s painting under seven
tasks adapted from Yarbus. Total fixation durations within seven AOIs were
analyzed either as absolute measures (classical approach) or as compositions
representing the relative distribution of viewing time across AOIs. Descrip-
tive CoDA techniques (compositional means, variation matrices, and ternary
plots) together with multivariate methods in log-ratio coordinates (principal
component analysis, hierarchical clustering, and compositional MANOVA)
reproduce the qualitative patterns described by Yarbus and subsequent repli-

cations, confirming that task demands strongly shape the relative allocation
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of attention. Linear discriminant analysis further shows that the task be-
ing performed can be inferred from eye-movement patterns with accuracy
above the chance level. The paper is conceived as a tutorial introduction to
CoDA in eye-tracking research. The compositional framework is particularly
appropriate when AOI metrics represent proportions or when total viewing
time is fixed by design, while under unconstrained viewing time, it provides

a complementary perspective to classical analyses.
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Abstract

Eye-tracking metrics based on Areas of Interest (AOIs) often represent the relative allocation of visual attention across stimulus
regions. Compositional data analysis (CoDA) provides a mathematically principled framework for analyzing such data and
enables the application of a wide range of multivariate statistical methods through their representation in log-ratio coordinates.
This study demonstrates the utility of CoDA in AOI-based eye-tracking research using a large-scale replication of Yarbus’
classic “Unexpected Visitor” experiment. Eye movements of 144 participants were recorded with a high-precision eye-tracker
while they viewed Ilja Repin’s painting under seven tasks adapted from Yarbus. Total fixation durations within seven AOIs
were analyzed either as absolute measures (classical approach) or as compositions representing the relative distribution of
viewing time across AOIs. Descriptive CoDA techniques (compositional means, variation matrices, and ternary plots) together
with multivariate methods in log-ratio coordinates (principal component analysis, hierarchical clustering, and compositional
MANOVA) reproduce the qualitative patterns described by Yarbus and subsequent replications, confirming that task demands
strongly shape the relative allocation of attention. Linear discriminant analysis further shows that the task being performed
can be inferred from eye-movement patterns with accuracy above the chance level. The paper is conceived as a tutorial
introduction to CoDA in eye-tracking research. The compositional framework is particularly appropriate when AOI metrics
represent proportions or when total viewing time is fixed by design, while under unconstrained viewing time, it provides a
complementary perspective to classical analyses.
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Introduction location, allowing for detailed visual information to be pro-
cessed. Saccades, by contrast, are rapid ballistic movements

Eye movements constitute a fundamental mechanism of  that shift the point of gaze from one location to another,

visual perception and information acquisition. Rather than
moving continuously, the eyes alternate between two dis-
tinct types of movement. Fixations represent relatively stable
periods during which the eyes remain focused on a specific
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thereby enabling the sequential sampling of visual informa-
tion across a scene (Holmqvist et al., 2011).

A seminal demonstration of how eye movements reflect
cognitive processes was provided by Yarbus (1967). In
the experiment with Ilja Repin’s painting They Did Not
Expect Him, also known by the name Unexpected Visitor,
he showed that gaze patterns change markedly depending
on the observer’s task. When participants viewed the same
painting under different instructions, their fixation sequences
varied systematically according to the questions they were
asked to answer. This finding provided the first empirical
evidence that eye movements are not determined solely by
the visual properties of a stimulus (bottom-up processes, such
as luminance or contrast) but are strongly modulated by the
observer’s intentions, goals, and expectations (top-down pro-
cesses). As L. Itti and C. Koch note in Itti and Koch (2001),
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“subjects selectively direct attention to objects in a scene
using both bottom-up, image-based saliency cues and top-
down, task-dependent cues” (p. 194). This insight established
eye-tracking as a powerful tool for investigating the interac-
tion between perceptual input and cognitive control.

Because fixations mark the loci of overt visual atten-
tion, their spatial distribution offers valuable information
about attentional allocation, perceptual strategies, and the
cognitive mechanisms guiding visual exploration. These dis-
tributions can be extensively analyzed and modeled using
a range of quantitative approaches, from classical statisti-
cal techniques to more advanced analytical frameworks. In
many experimental settings, stimuli are subdivided into sev-
eral disjoint subregions — commonly referred to as areas of
interest (AOIs) — and analyses focus on how fixations are
distributed across them (Duchowski, 2017). A rigorous statis-
tical treatment of fixation distributions is therefore crucial for
extracting meaningful insights about attentional allocation
and for distinguishing stimulus-driven effects from individ-
ual differences.

When stimuli are structured into AOIs, analyses fre-
quently shift from modeling individual fixations to evaluating
aggregated measures, such as the total duration of fixations
(TDoF) or total number of fixations within each AOI. Sta-
tistical analysis of such data typically relies on classical
inferential methods, including ¢ tests, ANOVA, or regres-
sion models. However, more sophisticated techniques — such
as modeling with (hidden) Markov chains (Chuk et al., 2014)
or recurrence analysis (RQA) (Anderson et al., 2013; Kre-
jtz et al., 2017) — are also commonly employed in practice.
A shared feature of these methods is that they are based on
the directly observed data, i.e., the absolute values of dwell
time or fixation count recorded for a given participant in a
given AOL In some studies (see, e.g., Altmann and Kamide,
2007), AOI-based metrics are normalized by the size of the
respective region, which results, e.g., in fixation duration per
unit area, to control for differences in spatial extent. How-
ever, in the following, we target the situation when AOIs are
defined identically across all stimuli (Holmqvist et al., 2011,
p- 226) and the absolute metrics may be influenced more by
individual physical or cognitive predispositions of partici-
pants than by the saliency, relevance of the stimulus or size
of AOI itself. Since the area-normalized metrics are partic-
ularly relevant when comparing substantially different AOI
sizes across varying stimuli, this situation does not apply to
our problem setting.

Consider, for example, an experimental task where AOIs
correspond to individual paragraphs in a text, or to problem-
solving areas on a map, and participants are allowed unlim-
ited time to complete the task. In such cases, longer dwell
time may reflect personal reading speed or information pro-
cessing habits, rather than a higher level of interest in the
AQI or its importance per se. This situation can be illus-
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trated on the Yarbus-like experiment, in which the objects on
the painting are aggregated in three AOIs - Visitor, Persons
and Background, as given in Fig. 1. The same figure pro-
vides scanpaths and scarf plots (generated in Vojtechovska
etal., 2026) of two observers solving the same task. The first
observer made substantially more fixations while observing
the painting than the second, resulting in a higher total num-
ber of fixations recorded in each AOI. Specifically, the first
observer spent 8323, 5353, and 4319 ms in the AOI Visi-
tor, Persons, and Background. For the second observer, the
recorded times were 2187, 1377.3, and 1036 ms. Classi-
cal analytical methods would likely interpret these results
as evidence of substantially different observing behavior.
However, these differences may primarily reflect individual
observing pace or attention span, rather than truly distinct
observing strategies.

A natural way to mitigate the influence of individual char-
acteristics is to replace absolute fixation counts or dwell
times with relative measures. Instead of analyzing the TDoFs
per AOI, one can evaluate the proportion of an observer’s
time that was spent by observing each AOI. For the par-
ticipants from Fig. 1, this yields the relative distributions
(46.3%, 29.7%, 24%) and (47.5%, 29.9%, 22.5%), which
clearly reveal the similarity between the two observers’ fix-
ation patterns. The analysis of relative-valued data, typically
expressed as percentages or proportions, falls within the
scope of Compositional Data Analysis (CoDA) (Coenders
et al., 2023). When the relative relationships between vari-
ables carry more information than their absolute magnitudes,
the application of classical statistical methods — originally
developed for unconstrained real-valued data — can yield
inaccurate or even misleading results. This issue can be,
in general, caused by the presence of spurious correlations
between variables, which arise from the constant-sum con-
straint: an increase in one component (e.g., the proportion
of fixations allocated to a given AOI) necessarily induces a
decrease in the remaining components, even if no true associ-
ation exists between them. A second source of distortion lies,
in some cases, in the inappropriate use of Euclidean geom-
etry, which is based on absolute differences between values
or observations, rather than on their relative relationships
(Aitchison, 1982; Pearson, 1897). To illustrate this issue,
consider again the time distributions of participants P74 and
P101. When analyzing relative data, the distance between
two observations should reflect only differences in their rel-
ative structure and therefore remain invariant with respect to
the chosen representation. However, the Euclidean distance
between these two vectors depends on the chosen representa-
tion: when computed from the raw fixation times, the distance
equals 8014.66, whereas for the percentage representation it
is 1.97. While this difference is expected due to the change
of scale, it reveals that Euclidean geometry does not respect
the relative nature of the data. CoDA offers a principled
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Fig. 1 TIllustration of fixation distributions for two observers who differ in total fixation duration but allocate their attention equally across AOIs

way to address this limitation. Its methodology is typically
based on log-ratio transformations, which extract the pure
relative information from each observation. Crucially, this is
achieved without requiring prior normalization to a constant
sum, since CoDA treats compositions as equivalence classes
of positive vectors conveying relative information only. As
will be discussed later, compositional methodology relies on
the so-called Aitchison geometry, which yields a distance of
0.068 for the discussed pair of observations, regardless of
the specific representation. The resulting distance is there-
fore invariant with respect to scale or normalization, which
should not alter the inherent relative structure.

For an appropriate choice of analytical technique, it is cru-
cial to determine which type of information constitutes the
core of the data. Specifically, one must decide whether the
analysis should focus on absolute information, based on the
observed magnitudes of the measured variable and the dif-
ferences between them, or on relative information, defined
by the ratios among the observed values. As an illustrative
example, consider again the TDoFs of observer P74. Recall
that the absolute fixation times allocated to the Visitor, Per-
sons, and Background AOIs were 8323, 5353, and 4319 ms,
respectively, corresponding to the relative distribution (46.3
%, 29.7 %, 24 %). Now consider another relative time dis-
tribution given by (53.6 %, 34.4 %, 12 %). From a classical
perspective focused on absolute values, this change would be

interpreted as a halving of the relative time allocated to the
third AOI (from 24 % to 12 %), accompanied by increases of
7.3 and 4.7 percentage points in the first and second AOlIs,
respectively. In contrast, the compositional (relative) per-
spective interprets the difference between the two percentage
distributions in terms of changes in the relative dominance of
Visitor and Persons over Background. In the original struc-
ture, the ratio of TDoFs between Visitor and Background
equals 1.92, meaning that participant P74 observed Visitor
approximately twice as long as Background. In the modified
structure, this ratio increases to 4.47, indicating a substantial
shift in the relative balance of the respective AOIs. Simi-
larly, the ratio between Persons and Background rises from
1.24 to 2.87. Finally, the ratio between Visitor and Persons
remains constant at 1.56, demonstrating that their mutual rel-
ative importance is preserved.

The aforementioned ratios are invariant with respect to
the chosen data representation; the described phenomenon is
therefore equivalent whether the data are expressed in TDoFs
or, e.g., in percentages. This invariance stands in contrast
to the classical interpretation of the data. If the modified
relative distribution (53.6%, 34.4%, 12.0%) is considered
under the constraint of a fixed total task duration (equal to
the original total TDoFs of P74, i.e., 17 995 ms), it would
correspond to a redistribution of fixation times to 9637, 6198,
and 2159 ms, respectively. In this case, the reduction of time
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spent on Background is necessarily compensated by pro-
portional increases in Visitor and Persons, illustrating once
again the phenomenon of spurious correlation induced by
the constant-sum constraint (data closedness). Alternatively,
if total observation time is not constrained, reducing the rel-
ative time allocated to Background from 24% to 12%, while
keeping the fixation times for Visitor and Persons unchanged,
would imply a decrease of the absolute time spent on Back-
ground to 1865 ms — less than half of its original value.
All three variants of the time distribution can be visually
compared on Fig. 2. Such a consequence may appear counter-
intuitive and highlights the conceptual differences between
absolute and relative interpretations.

For the analysis of data carrying relative information, as
introduced above, there exist some modifications of classical
statistical methods that explicitly account for the constrained
nature of such data. For instance, the relative structure can
be accommodated through appropriate parametrization of
multinomial or mixed-effects models (see, e.g., Vencalek et
al., 2020). Compositional data analysis, however, provides
a comprehensive and mathematically grounded framework
specifically designed for this type of data. Beyond classi-
cal hypothesis testing concerning one or more parameters,
CoDA enables the application of a broad spectrum of super-
vised and unsupervised statistical learning methods, as well
as robust inferential procedures. In this sense, it does not
merely adjust existing tools to relative data but offers a coher-
ent geometric and algebraic foundation for their analysis.

Even though compositional methodology originally emer-
ged in geochemistry (see, e.g., Tolosana-Delgado, 2012;
Facevicovdetal., 2016a), ithas since found widespread appli-
cation across many fields, including metabolomics (Koufil
et al., 2023), microbiome research (Gloor et al., 2017),
and time-use epidemiology (Fairclough et al., 2017). This
manuscript introduces CoDA in the novel context of eye-
tracking data analysis. When combined with complementary
approaches such as recurrence quantification analysis (RQA)
or spatio-temporal analysis of fixations (Ylitalo et al., 2016),
CoDA has the potential to provide a more comprehensive and
nuanced characterization of visual attention patterns, as well
as their comparison across subjects or experimental condi-
tions.

Absolute value of TDoFs
Original distribution
Fixed time (17895 ms)

Unlimited time

5000 10000

Time (ms)

A1

15000 1]

As stated above, CoDA encompasses a wide range of
statistical tools, including methods for hypothesis testing,
robust inference, multivariate analysis (both supervised and
unsupervised) as well as multi-factorial and even functional
(compositional) data analysis (Facevicovd et al., 2022; Filz-
moser & Hron, 2011; Pavli et al., 2023). To the best of
our knowledge, this is the first study to apply a compo-
sitional approach specifically to the analysis of AOI-based
eye-tracking measurements. Accordingly, this manuscript is
conceived primarily as a tutorial introduction to composi-
tional data analysis. Its aim is to provide a clear, step-by-step
methodological guide to the comprehensive analysis of the
relative distribution of visual attention across AOISs. For this
reason, we focus on the foundational concepts and practi-
cal implementation of CoDA, demonstrating its relevance
and applicability in eye-tracking research. The proposed
framework is intended to support researchers working with
percentage-based time allocations as well as with experi-
ments conducted under fixed total viewing time, and to serve
as a practical reference for applying CoDA in eye-tracking
studies.

The remainder of the manuscript is structured as follows.
Section “Basics of compositional data analysis” introduces
the main principles of compositional data analysis. Section
“Analysis of problem solving strategies” presents the replica-
tion of Yarbus’s experiment together with both the composi-
tional and classical analytical frameworks. Additional results
from the practical part are provided in Appendices A and B.
The manuscript concludes with Section “Conclusion”. All
data and source code used in this study are publicly avail-
able on GitHub: https://github.com/kfacevicova/Advancing-
-Eye-Movement-Analysis-Through-Compositional-Modeli

ng.

Basics of compositional data analysis
Descriptive statistics

A compositional observation is commonly defined as a D-

part vector X = (x1, ..., xp)’ of positive components (x; >
0, Vi), where the essential information is contained in the

Relative distribution of TDoFs

Percentage (%)

Background . Persons . Visitor

Fig.2 Comparison of three versions of TDoF distributions and the corresponding compositional structures
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ratios between parts, rather than in their absolute magni-
tudes. This general definition corresponds, for instance, to
a situation in which the total duration of fixations spent in D
distinct AOIs is recorded with the goal of understanding the
relative distribution of attention across these areas. In accor-
dance with this perspective, the total sum of the components
is not relevant for the analysis. Normalizing the data to sum
to 1 (proportions) or to 100 (percentages) represents only
two among many equivalent ways of expressing the same
relative information. The underlying relative structure —i.e.,
the ratios between the parts — remains unchanged regard-
less of the chosen normalization. A fundamental principle of
compositional analysis is scale invariance (Aitchison, 1982),
which ensures that rescaling should not affect the outcome
of the analysis. Nevertheless, using a common total can be
practical for numerical comparison between multiple com-
positions. To facilitate this, we define the closure operation
Ci (.) whichrescales a given composition to an equivalent one
whose total equals a specified constant «. It should be noted,
however, that in some research contexts, both relative and
absolute information may be important — e.g., when analyz-
ing the total duration of a problem-solving task. For the sake
of simplicity, we do not address such cases in this manuscript,
and instead refer the interested reader to Pawlowsky-Glahn et
al. (2015). As mentioned above, the traditional definition of a
compositional vector does not permit any of its components
to be zero. However, zero values are frequently encountered
in practice and must be properly addressed before applying
compositional analysis. In the context of eye-tracking data,
zeros typically arise when certain AOIs are not visited at
all by a given observer. This issue can be handled either by
merging sparsely visited areas or by applying suitable zero-
imputation techniques, as discussed, for example, in Hron
et al. (2010); Palarea-Albaladejo et al. (2007) and Palarea-
Albaladejo and Martin-Fernandez (2008).

The basic descriptive statistics of compositional data are
compositional (i.e., geometrical) mean, variation matrix, and
total variance. For a sample on n D-part compositions orga-
nized in an n x D data matrix X = (x;;) these statistics are
defined as follows:

The compositional mean is given by

n I/n
gx=Cc(g1,...,8p), where g; = <l_[xij) (D

i=1

i.e., (the closure of) the component-wise geometric means
across all observations, and the D x D variation matrix
Tx = (tjx) has elements given by

tie = S2 (In (xj/xc)) ®))

that is, each element represents the sample variance (S,%) of
the log-ratio between the j-th and k-th components across the

sample. Elements of the variation matrix that are close to zero
indicate pairs of compositional parts for which x;; ~ ¢ - xj,
with ¢ € R being constant across all observations i. In
other words, these parts are nearly proportional, and their
mutual relationship remains stable throughout the sample.
Conversely, large values of ¢ indicate high variability in the
corresponding log-ratio, reflecting substantial fluctuations in
the mutual relative dominance of the two parts across indi-
vidual compositions. The variation matrix can thus be used to
identify AOIs that exhibit inconsistent levels of visual atten-
tion across participants, revealing which areas attract interest
more variably within the observed population.

Finally, the overall level of variability captures the total
variance, defined as

D D
1
totvar(X) = DY ik 3)
j=1k=1

The total variance serves as a natural measure of similar-
ity (or homogeneity) within a set of compositions and can
therefore be used, for example, to compare the stability of
visual attention between two groups of observers.

Finally, a traditional way to visualize three-part compo-
sitions is through ternary diagrams. An example is shown
in Fig. 3, where each point represents a single observation,
and its position reflects the relative proportions of the three
compositional parts. Balanced compositions —in our context,
observations where visual attention is distributed equally
across all three AOIs — are located near the center of the
diagram. As the relative dominance of one part increases,
the corresponding points move towards the respective ver-
tex. For instance, observers who focused primarily on the
Background are represented by points located near the right
vertex of the triangle. Ternary diagrams allow visualization
only for D = 3. For higher-dimensional data, visualization
is typically based on log-ratio transformations, or achieved
through dimension reduction techniques such as principal
component analysis (PCA) applied to the transformed data.

Working in coordinates

The classical methods of multivariate data analysis, such
as hypothesis testing, clustering, or classification (Anderson
et al., 1994), are typically not directly applicable to com-
positional data. These methods generally rely on absolute
information carried by data, whereas for compositional anal-
ysis, the relative structure is of main interest, as outlined
above. The standard approach to overcome this discrep-
ancy is to map compositional observations into a system of
real-valued coordinates, where the principles of Euclidean
geometry apply, like centered (clr) or isometric (ilr) log-ratio
coordinates (Pawlowsky-Glahn & Buccianti, 2011).
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Fig.3 Ternary diagram of the attention distribution over three AOIs. Colored points correspond to participants P74 and P101, discussed in Section

“Introduction”

Centered log-ratio coordinates

One of the widely used options is the centered log-ratio
(clr) transformation. This transformation expresses the
dominance of each compositional part relative to the over-
all geometric mean of the respective observation, while
logarithmic scaling ensures symmetry. Formally, the clr rep-
resentation of a D-part compositional vector is defined as

Ir(x) (1 L In 22 >/ @
cdrx)=({In——-, ..., In—— ) =y,

g(x) g(x)
with g(x) = (x7-...- xp)'/P . If the clr transformation is

applied to each row of the compositional data matrix X, i.e., to
each individual observation, the resulting #n x D matrix Y can
be directly used in a wide range of standard multivariate tech-
niques, such as clustering or dimension reduction, as will be
discussed later. Moreover, clr coordinates have a convenient
interpretation in terms of the mean relative dominance of the
respective parts. While positive values represent the more
abundant compositional parts, negative values indicate those
parts that are rather negligible in a given composition. Thanks
to this interpretation, clr coefficients can also be advanta-
geously used as response variables in linear models or their
generalizations. The denominator in Eq. 4 serves as a nor-
malizing factor, suppressing between-participant differences
in total observation time for a given task. Consequently, the
effect of covariates on the (relative) time spent in the AOI of
interest can, under the simplest problem setting, be modeled
directly without the need for a more complex mixed-effects
model.
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Nevertheless, a limitation arises from the inherent zero-
sum constraint of the clr transformation, which follows
directly from its definition. As a consequence, the covari-
ance matrix of clr-transformed data is singular, preventing its
direct use in some statistical procedures. For methods relying
on full-rank covariance structures, an alternative coordinate
system, most notably the isometric log-ratio (ilr) transfor-
mation (Egozcue & Pawlowsky-Glahn, 2005; Egozcue et al.,
2003), provides a suitable solution.

A widely used technique for data exploration is prin-
cipal component analysis (PCA), a dimension-reduction
technique that represents the data through a small number
of linear combinations of the original variables, referred
to as principal components (PCs). This approach facili-
tates low-dimensional visualization of the data and enables
the identification of meaningful patterns both among obser-
vations and among variables. The key step is to assign
coefficients to the variables, thereby forming the principal
components. One common way to obtain these coefficients,
referred to as loadings in what follows, is through singular
value decomposition (SVD) of the observed data matrix.

In order to retain focus on the relative structure, PCA for
compositional data is typically performed on its clr repre-
sentation, i.e., on the SVD of the matrix Y. Analogously to
classical PCA, it is common practice to work with a column
mean-centered matrix (Filzmoser et al., 2018, p. 133). Let
us denote this centered matrix by Y. The SVD of the n x D
matrix Y can be written as

Y = unv, 5
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where U and V are orthogonal matrices of left and right
singular vectors, and D is a diagonal matrix of singular
values Mg, arranged in descending order. Columns of V,
Vi = (Vig,...,vpr), kK = 1,..., min(n, D), correspond
to loadings, and the k-th principal component (P Cy) is then
generally computed as v,y. The matrix of scores, i.e., the
values of the principal components for all observations, is
given by the matrix product UD. The proportion of variance
explained by the k-th PC is given as Ax/ Y jAj, and typ-
ically the first two components are of primary interest, as
they explain the largest proportion of the total variance. Note
that the sum of eigenvalues in the denominator equals the
total variance of the compositional data matrix X, as defined
by Eq. 3.

The result of PCA can be easily interpreted using clr
loadings plot and clr (compositional) biplot, as illustrated
in Fig. 8. A clr biplot simultaneously represents both scores
and loadings, typically in relation to the first two principal
components. More specifically, in the context of eye move-
ment analysis, points correspond to participants, while the
direction and length of rays represent clr-transformed com-
positional parts — times spent in individual AOIs, determined
by the respective loadings. This visualization enables the rep-
resentation of a D-part compositional dataset (D > 2) in two
dimensions, allowing visual inspection for potential outlying
observations or clusters - individuals or participant groups
with distinct or deviating observation behavior. Further-
more, relationships between compositional parts/AOIs can
be explored through the positions of the ray vertices. Unlike
in a classical (non-compositional) biplot, where interpreta-
tion relies mainly on the length of rays and the angles between
them, interpretation of the compositional biplot is based on
the links between pairs of vertices (Pawlowsky-Glahn et al.,
2007). The length of such a link estimates the variability of
the corresponding pairwise log-ratio and can thus be under-
stood as a measure of proportionality between times spent in
the respective two AOIs. In extreme cases, coinciding ver-
tices indicate (nearly) proportional times, while very distant
vertices suggest AOIs whose mutual relationships vary sub-
stantially across the dataset.

The axes of the biplot, and consequently the positions of
points, are determined by the first two principal components.
The practical interpretation of these components can be sup-
ported by clr loadings plot. Such barplots display the loadings
of a given component for the individual compositional parts.
Due to the zero-sum constraint inherent to clr coefficients,
the elements of each loading vector also sum to zero. As a
consequence, the principal components can be understood as
a special case of log-contrasts (Aitchison & Bacon-Shone,
1984). Finally, in certain cases, they can be interpreted in
simplified terms as reflecting the dominance of one group of
parts (with high positive loadings) over another (with high
negative loadings).

The other typical problem of multivariate statistics is the
problem of definition for groups at a level of observations
— participants or variables — AOIs. This task can be solved
with methods of cluster analysis. Within this manuscript,
we focus on hierarchical clustering, i.e., an approach which
progressively merges smaller clusters into larger ones, with
the aim to get in each step a set of disjoint groups of units
(observations or variables), which are within each cluster
as similar as possible and, simultaneously, have the highest
possible level of between-clusters dissimilarity. The result is
typically visualized as a dendrogram, which illustrates the
nested grouping and the level of similarity at which clusters
are joined.

The crucial step in hierarchical clustering is the definition
of a dissimilarity measure between pairs of units. In classi-
cal (non-compositional) settings, this is typically based on
the Euclidean distance. By analogy, hierarchical clustering
of compositional observations should employ the Aitchison
distance between pairs of compositional vectors (Aitchison,
1986). Importantly, one of the key properties of the clr repre-
sentation is that it converts the Aitchison distance d4 (., .) into
the Euclidean one dg (., .). In particular, for two D-part com-
positions x and z, it holds that d4 (x, z) = dg(clr(x), clr(z)).
Thanks to this property, the hierarchical clustering of obser-
vations that focuses on their relative structure can be simply
performed on clr coefficients.

When the research question lies in the clustering of vari-
ables, i.e., identifying groups of AOIs that, in terms of TDoFs,
exhibit similar behavior across the data sample, the cluster-
ing algorithm is typically based on the variation matrix Ty,
see Eq. 2. Recall that the elements of Ty correspond to the
variances of pairwise log-ratios; large values can therefore
serve as a natural sign of dissimilarity of the respective pair
of AOlIs.

Isometric log-ratio coordinates

The zero-sum constraint prevents the direct use of clr coeffi-
cients in a wide range of multivariate methods that rely on a
full-rank data matrix and a regular covariance structure. For
regression modeling, robust analyses, or hypothesis testing,
it is therefore more practical to work with D — 1 so-called
isometric log-ratio (ilr) coordinates. Although this coordi-
nate system can be defined in multiple ways, the specific
choice does not affect the outcomes of subsequent analyses.
For simplicity, we focus here on one specific type known
as pivot coordinates (Hron et al., 2017). The ilr transforma-
tion of a D-part compositional vector x yields a real vector
ilr(x) =: z with components

D—j X
zj = / In / >

(Hk:_/’-H Xk) '
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The elements of the coordinate system defined by Eq. 6
can be interpreted in terms of the mean relative dominance
of a given compositional part over all parts of higher order.
More generally, however, the ilr family of coordinate sys-
tems is characterized by high flexibility in interpretation,
which is typically expressed in terms of dominance between
two groups of parts. For this reason, ilr coordinates are
often referred to as balances (Egozcue & Pawlowsky-Glahn,
2005).

For ilr coordinates, as for clr, the principles of classical
Euclidean geometry apply. In contrast to clr, however, this
representation does not suffer from the zero-sum constraint
and can therefore be readily used in methods that rely on a
full-rank covariance structure, such as robust statistical pro-
cedures, regression models with compositional covariates, or
hypothesis testing. The latter will be outlined in the following
paragraph.

The similarity of problem-solving strategies between two
or more groups of participants, i.e. similarity of their mean
compositions as defined by Eq. 1, can be tested using compo-
sitional MANOVA. This approach is equivalent to classical
multivariate analysis of variance applied to ilr-transformed
data (Martin-Ferndndez et al., 2015). Suppose K groups of
a D-part composition are considered, each consisting of ny
observations, k = 1, ..., K, with Y_n; = n. The within-
group structure can be expressed as

Xf.‘:uk@eff, i=1,...,ng, @)

where xf‘ is the i-th observation in the k-th group, jx denotes
the group mean, and ef is a random term with an expected
value equal to the unit vector. Symbol @ denotes pertur-
bation, one of the basic operations of Aitchison geometry,
which corresponds to component-wise multiplication. The
null hypothesis of group similarity corresponds to
== i ®)
and is tested under the assumption of log-normality and
homoscedasticity of eff , Vk. Moving to ilr transforms the
model intoa classical MANOVA setting: ilr (x¥) = ilr (ui)+
ilr (eé‘), Vi, k, with the null hypothesis ilr (1) = --- =
ilr (ug) and the error terms distributed as ilr (ef.‘) ~
N (0, ), Vi, k. Hypothesis testing is after the ilr transfor-
mation performed similarly to the classical approach, which
allows for the computation of multivariate test statistics, such
as Pillai’s trace, for assessing significance, as well as for the
calculation of the test effect size, e.g., in the form of partial
n2 (Muller et al., 1992). For further methodological details,
see Martin-Ferndndez et al. (2015).

Similarly to procedure used in MANOVA, the ilr repre-
sentation of compositional data can be directly employed for
classification tasks using, for example linear or quadratic
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discriminant analysis (LDA and QDA). Suppose that the
observations can be classified into K groups. If the ilr coor-
dinates z from the k-th group follow a D — 1-dimensional
normal distribution with density f(z),k = 1, ..., K,Bayes’
theorem can be used to construct the classification rule

POY =k|Z =2y = @B )
Zj T fj (Z) k
where 7, ...,k denote the a priori class probabilities.

In particular, LDA assumes a common covariance structure
across all groups, i.e. N(uk, £), Vk, whereas QDA allows

for group-specific covariance matrices X,k = 1,..., K,
which results in greater model flexibility (James et al., 2021).
The unknown parameters px and X, k = 1, ..., K, or the

pooled covariance matrix X, are estimated analogously to the
classical (non-compositional) case using the sample mean
vectors and covariance matrices computed from the training
dataset consisting of pairs (¥;,z;),i = 1,...,n, where ¥;
denotes the categorical response and z; the corresponding ilr
vector. Importantly, the resulting classification performance
is invariant to the specific choice of the ilr coordinate system;
see Filzmoser et al. (2018) for further details.

Software implementation

In practice, compositional data analysis is well supported in
R (R Development Core Team, 2009). The most widely used
packages include compositions (Boogaart Van Den et
al., 2009) and robCompositions (Templ et al., 2011).
The specific R implementations of the methods described
above are listed in Table 1

Analysis of problem solving strategies

The principles of compositional analysis of eye-tracking
data will be illustrated using a classic experiment first
described by Yarbus (1967). Yarbus was among the first
to systematically investigate the relationship between eye
movement patterns and high-level cognitive factors (DeAn-
gelus & Pelz, 2009). In his well-known study, participants
were asked to view a politically significant painting depicting
a Russian revolutionary returning from exile under differ-
ent task instructions, such as estimating the ages of the
people portrayed or remembering their clothing. The result-
ing scanpaths revealed striking differences in eye movement
patterns across task conditions, differences that were more
pronounced than those observed among seven participants
freely viewing the painting without specific instructions (see
(Yarbus, 1967, Fig. 107)). Based on these observations,
Yarbus concluded that the eyes “fixate on those elements
of an object which carry or may carry essential or useful
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Table 1 Functions for compositional data analysis in compositions and robCompositions packages in R

Method compositions

robCompositions

Compositional mean mean (acomp (x) )

Variation matrix variation (acomp (x))

Total variance mvar (acomp (X))

CLR transformation clr (x)

ILR transformation ilr(x)

Pivot coordinates -

PCA princomp (acomp (X))

Hierarchical clustering
MANOVA

Discriminant analysis

CoDaDendrogram (acomp (x) )
manova (ilr (x) ~ group)
lda(ilr(x)), gda(ilr(x))

gmean (x)

variation(x, method = "Pivot")
cenLR (x)

balances (x)

pivotCoord(x)

pcaCoDa (x), method = "classical"
clustCoDa (x), clustCoDa_gmode (x)

daCoDa (x)

information” (Yarbus, 1967, p. 211). This experiment is sig-
nificant because it demonstrates a clear top-down component
of visual selection and highlights the active nature of the
human visual system. Observers’ cognitive goals and prior
experiences interact with the visual stimulus to guide atten-
tion and support task-relevant behavior. The visual system
is therefore not passive: it does not randomly or uniformly
sample the environment, nor does it merely react to external
stimuli. Instead, it actively selects and prioritizes information
based on the cognitive context. Yarbus’ findings remain one
of the most well-known and frequently cited demonstrations
in the field of eye-tracking research, providing foundational
evidence of the task-dependent nature of saccadic eye move-
ments and continuing to inform contemporary studies of
visual attention. The English translation of Yarbus’s book
(Yarbus, 1967) became one of the most cited works in visual
science, with a surge in citations from the mid-1990s onward
(Tatler et al., 2010, p. 23). His findings inspired the develop-
ment of Active Vision models (Ballard, 1991; Ballard et al.,
1992; Findlay & Gilchrist, 2003) and influenced research in
artificial intelligence, robotics, and cognitive science beyond
psychology (Tatler et al., 2010, p. 23).

Following a description of the data sampling and pre-
processing procedures, results obtained by both composi-
tional and classical methods —relying on relative and absolute
information, respectively — will be presented and compared.

Data description
Participants

A total of 144 participants (79 female, 65 male) took
part in the study. Their ages ranged from 19 to 28 years
(mean = 22.20). All participants were fluent Czech speak-
ers, which was essential because all instructions and tasks in
the experiment were presented in Czech. Participants were
recruited primarily from the student pool of Palacky Univer-

sity Olomouc and volunteered to participate in a battery of
eye-tracking experiments.

All participants reported normal or corrected-to-normal
vision. At the time of data collection, 44 wore glasses, and
seven wore contact lenses. Right-handedness was reported by
127 participants and left-handedness by 16; one participant
did not report hand dominance. The dominant eye was right
for 104 participants and left for 37 (three participants did
not provide this information). Eye dominance was assessed
using a self-report measure asking participants which eye
they would use to look through a telescope, following (Ehren-
stein et al., 2005).

To obtain additional background characteristics, partici-
pants completed a short demographic questionnaire. These
characteristics were collected in order to enable more detailed
analyses beyond the scope of the present paper. Regard-
ing education, 29 participants had completed secondary
vocational education with Maturita (the Czech and Slovak
school-leaving examination at the end of secondary educa-
tion), 47 graduated from a grammar school (gymnasium), 56
held a bachelor’s degree, ten a master’s degree (two did not
report their education level). Participants also reported their
relationship to art, with four describing it as negative, 35 as
neutral, and 105 as positive. Since the experiment included
distractor stimuli involving logical reasoning, participants
were also asked about their relationship to mathematics: 34
described it as negative, 41 as neutral, and 69 as positive.

All participants were screened for suitability to participate
in an eye-tracking experiment. The only exclusion criterion
was the inability to achieve a successful calibration of the
eye-tracker. Four participants were excluded from the initial
dataset of 148 participants due to unsuccessful calibration.

The study was conducted in accordance with the ethi-
cal standards of the Faculty of Science, Palacky University
Olomouc. It was approved by the institutional Ethics Com-
mittee (reference no. 22-01), and written informed consent
was obtained from all participants prior to the experiment.
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Apparatus and material

Eye movements were recorded using a Tobii Pro Spectrum
300 eye-tracker (Tobii AB, Sweden), operating at a sampling
frequency of 300 Hz. According to the manufacturer, the
system provides a spatial accuracy of approximately 0.3°
and a precision of 0.06°. Before the experiment, a nine-point
timed calibration was performed for each participant, with
calibration points presented in a randomized order as white
dots on a grey background. The mean calibration accuracy
across participants was 0.197° with a standard deviation of
0.133°, indicating high-quality gaze data.

The main stimulus presented during the experiment was
the painting They Did Not Expect Him (Unexpected Visi-
tor) by Ilja Repin, obtained from Wikipedia. The image was
displayed at a resolution of 1125 x 1080 pixels, with the
remaining area of the screen filled with black.

All stimuli were displayed on a 23-inch LCD monitor
with a resolution of 1920 x 1080 pixels. Participants were
seated approximately 65 cm from the screen, and no chin-
rest was used. The experiment took place in the eye-tracking
laboratory of the Department of Geoinformatics, Palacky
University Olomouc. The room had covered windows, and
lighting conditions were kept constant for all participants to
minimize variability in pupil tracking and visual perception.

Data acquisition and stimulus presentation were con-
trolled using Tobii Pro Lab software. Areas of Interest (AOIs)
were defined manually within Tobii Pro Lab, and the resulting
gaze data were exported as tab-separated values (TSV) files.
The statistical analysis of gaze metrics was subsequently per-
formed in R (R Development Core Team, 2009).

Procedure

This experiment was designed as a replication of the sem-
inal eye-tracking study by Yarbus (1967), using the same
stimulus image and task instructions as in the original work.
However, some aspects of the procedure differed. In the orig-
inal study, each viewing lasted three minutes, whereas in our
experiment, the observation time was not limited; partici-
pants could proceed to the next slide by pressing the space
bar once they felt they had completed the task. Additionally,
Yarbus presented each task on separate occasions spaced by
1-2 days, while in our experiment, all tasks were presented
within a single session, separated by distractor tasks (logical
puzzles) to minimize learning and memory effects.

At the beginning of the experimental session, participants
were seated in front of the eye-tracker, and the nine-point
calibration procedure was performed as described above. Fol-
lowing successful calibration, the experiment commenced
with an introductory slide that informed participants that the
study focused on logical thinking (related to distractor tasks)
and visual attention, referencing the described experiment.
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Participants were instructed that they would complete a
series of logical tasks interspersed with tasks involving the
observation of a painting. They were informed of the specific
task for each presentation before the stimulus appeared. After
reading the task instructions, participants viewed the stimulus
and were instructed to examine it carefully. When ready, they
pressed the spacebar to advance to the response screen, where
they selected their answer by clicking on the appropriate text
option using a mouse. The responses were evaluated based on
areas of interest (AOIs) defined around each possible answer.

The main part of the experiment consisted of seven pre-
sentations of the same painting, They Did Not Expect Him
(Unexpected Visitor) by Ilja Repin, presented in a fixed order.
The seven tasks were adapted from Yarbus’s classic experi-
ment (Yarbus, 1967) and were as follows:

Task 1 Look carefully at the following image.

Task 2 Estimate the material circumstances of the family in
the picture.

Task 3 Give the ages of the people.

Task 4 Surmise what the family has been doing before the
arrival of the unexpected visitor.

Task 5 Remember the clothes worn by the people.

Task 6 Remember the positions of people and objects in the
room.

Task 7 Estimate how long the unexpected visitor has been
away from the family.

Between these presentations, participants completed eight
logical thinking tasks that served as distractor stimuli. These
tasks were unrelated to the main purpose of the experiment
and are therefore not described here in detail.

At the end of the experiment, a debriefing slide was dis-
played. It thanked participants for their involvement and
provided context about the broader aims of the study. The
slide linked the experiment to Yarbus’s foundational work
on eye movements, explained the concepts of top-down and
bottom-up visual processing, and highlighted the relevance
of such research in various applied fields. This served both
as a closure to the experimental session and as a brief educa-
tional component that enhanced participants’ understanding
of the study’s significance.

The entire experiment, including calibration and distractor
tasks, lasted on average 13.3 minutes.

The areas of interest were marked in the stimuli simi-
larly to those used in DeAngelus and Pelz (2009). For the
present analysis, we grouped them into seven AOIls: Back-
ground, Furniture, Kids, Maid, Man, Mother, and Wife, see
Fig. 4. A more detailed segmentation with a larger number
of AOIs — and, consequently, a higher data dimensionality
— would require a substantially larger sample size to ensure
reliable inference. Therefore, the analysis was restricted to
those seven areas of interest. All results are based on the



Behavior Research Methods (2026) 58:173

Page110f28 173

Background
(56.5%)

o Y
AN
i

Man Wifd

(7.0%) Maid
(3.0%)

(L o)

Furniture
(19.5%)

Fig. 4 Segmentation of I. E. Repin’s painting “They Did Not Expect
Him’ into areas of interest. The numbers in brackets indicate the per-
centage of the painting covered by each respective AOI

total durations of fixations (TDoFs) recorded within each
sub-AOI, which were aggregated prior to analysis according
to their assignment to the corresponding AOI.

Since all participants viewed the same stimulus and AOIs
were defined identically across all tasks, the spatial extent
of each AOI remained constant throughout the experiment.
Consequently, comparisons between tasks or participants
were not affected by differences in AOI size. For this reason,
fixation durations were not normalized by AOI area. Area-
normalized metrics are particularly relevant when comparing
AOIs of substantially different sizes within varying stimuli;
however, this situation does not apply to the present experi-
mental design.

Results

The nature of the experiment, in which participants were
given unlimited time to solve each task, allows for a compar-
ison of problem-solving strategies both from the perspective
of the relative distribution of attention across AOIs (com-
positional analysis) and from the perspective of absolute
differences in total durations of fixations (classical analy-
sis). The combination of these two approaches can provide
a comprehensive understanding of differences between par-
ticipants (or groups of participants) as well as between tasks.
In the following, we primarily focus on the latter case, i.e.,
differences between tasks.

Analysis of relative time distribution over AOI -
compositional analysis

The observation times corresponding to the considered tasks
are compared in Fig. 5, revealing substantial differences
between them. This finding justifies the use of a relative
approach when the primary objective is to compare how
visual attention is distributed across AOIs for different tasks.

To gain an initial understanding of the data structure, Fig. 6
(left) presents a comparison of compositional means, see
Eq. 1, computed for each task and rescaled to percentages.
This comparison already highlights substantial differences
in observation strategies, which appear to depend on the
specific task type. The most pronounced difference between
tasks lies in the attention devoted to Furniture, which was
almost entirely neglected in Tasks 3, 5, and 7. In contrast,
the hierarchical clustering of means (Fig. 6, right) based
on the complete linkage, i.e., distance between the farthest
neighbors, which is also used throughout the entire analy-
sis, indicates distinct behavior in Tasks 1, 2, 4, and 6, where
participants spent a substantial portion of their time observ-
ing Furniture and Background. For Task 1 (free viewing), the
distribution is similar to the relative size of the AOIs: approx-
imately one third of the total time was spent on Background,
which covers the largest part of the painting (56.5 %). When
reasoning about the family activity before the visitor’s arrival
(Task 4), participants concentrated predominantly on Kids,
whereas in estimating the duration of the visitor’s absence
(Task 7), their attention was directed mainly toward the Man.

The variability of attention devoted to individual AOIs
can be examined using the variation matrix, see Eq. 2. Fig-
ure 7 presents the variation matrices for Tasks 5 and 7, while
the corresponding matrices for the remaining tasks are pro-
vided in the Appendix (Fig. 18). The matrices clearly reveal
task-specific differences in the distribution of attention. For
Task 5, which required focusing on the clothing of the per-
sons, the variation matrix shows a distinct structure. The
TDoFs devoted to the persons in the picture — AOIs Kids,
Maid, Man, Mother, and Wife — are nearly proportional, pair-
wise ratios of times spent in these AOIs remain stable across
all participants, while high log-ratio variability is observed
between Furniture and Background. Consequently, these two
AOIs exhibit much higher mutual variability compared to
the person-related AOIs. Recall that proportionality between
two AOIs does not imply that the percentages of time spent
in the respective AOIs are equal; rather, it indicates that their
ratio remains stable across the data sample. Conversely, high
log-ratio variability reflects an unstable relative allocation
of time between the considered pair of AOIs. See Section
“Descriptive statistics” for details. In the case of Task 5, this
means that the amount of attention directed to Background or
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Fig.5 Comparison of total time distributions

Furniture varies substantially over participants, whereas the
relative distribution of the remaining time across the AOIs
representing persons remains stable throughout the sample.
For Task 7, which focused on estimating the length of the
visitor’s absence, no clear structure can be observed. All ele-
ments of the variation matrix are relatively high, indicating
substantial variability in the overall distribution of salience.
This conclusion is further supported by the high value of the
total variance, see Eq. 3, which for Task 7 equals 17.62. By
contrast, the total variance for the remaining tasks, which
are given in Table 4, ranges between 5 and 10, with Task 5
specifically reaching 10.03.

Visual inspection of the data structure for potential clus-
ters or outlying observations can be facilitated by PCA, which
also provides a more detailed view of the clustering pattern

}

Tashd Tasks Taskf Task?

observed in Fig. 6 (right). PCA reduces the original dataset,
comprising seven variables - AOIs, to a two-dimensional rep-
resentation while retaining the majority of the data variability.
The first two principal components of the compositional PCA
are illustrated in Fig. 8. Differences between tasks are pri-
marily manifested along the first principal component (PC1).
Tasks 1, 2, 4, and 6 generally exhibit negative PC1 scores,
whereas Tasks 3, 5, and 7 are associated with higher values.
According to the loadings, PC1 is predominantly defined by
the log-ratio between Furniture and the mean time spent on
AOIs containing persons. Consequently, the shift of Tasks
3, 5, and 7 towards lower attention to Furniture reflects their
focus on human figures depicted in the paintings. The second
PC clearly separates a group of observations with atypically
low values. Based on the loadings, PC2 primarily captures

7
Task 7 ~|
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Fig.6 Compositional means of TDoFs spent in each AOI, see Eq. 1, computed separately for each type of task and rescaled to percentages (left)

and clustering of tasks according to mean time distributions (right)
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Fig. 7 Variation matrices, see Eq. 2, computed for Tasks 5 (left) and 7 (right). Each cell corresponds to the sample variance of log-ratio between

the respective pair of AOIs

the relative dominance of time spent on the Background
compared to the Wife and Kids areas of interest. Conse-
quently, the cluster of observations located at the lower end
of the plot corresponds to participants who, within the given
task, allocated minimal attention to the Background. Finally,
the length and orientation of the rays further contribute to
the interpretation of the data structure. The longest rays,
corresponding to Furniture and Background, indicate sub-
stantial variability in the relative time spent on these two
AOIs across tasks and participants. The opposite orientation
of the Furniture ray, and consequently the considerable dis-
tance of its vertex from those representing the remaining
AOIs, reflects the pronounced variability in pairwise log-
ratios between Furniture and any other AOI In contrast, the
close proximity of vertices associated with person-related
AOIs indicates a consistent distribution of attention across
these AOIs throughout the experiment, which is in accor-
dance with information provided by variation matrices. It
should be noted that the results presented in Fig. 8 are based
on the complete dataset and are intended to reveal the main
patterns observed across the entire experiment, such as differ-
ences between tasks or the most variable AOIs. More detailed
insights into participants’ behavior could be obtained by con-
ducting a separate PCA on the measurements from a single
selected task.

All the analyses presented above indicate that observation
strategies differ depending on the specific task. The equiv-
alence of distributions can be statistically assessed using
compositional MANOVA, as described in Section “Isomet-
ric log-ratio coordinates”. More precisely, we test the null
hypothesis that the mean distributions of viewing times are

independent of the task and equal to the overall mean reported
in Table 2. This hypothesis is rejected (with Pillai’s trace = 1,
F =33.35,df = (36, 6006), p < 0.001 and > = 0.167).
The sources of this rejection are clearly illustrated in Fig. 9,

which contrasts task-specific geometric means (g(x)’j';)k,)

. . l
with the overall means under the null hypothesis (g(x)% ;)

using log-ratio

task
In (g(x);“”‘”> . (10)

8®)%o0r

Values of these log-ratios close to zero would indicate agree-
ment with the null hypothesis, whereas larger deviations
highlight systematic differences between tasks.

The findings presented in Fig. 9 are consistent with those
illustrated in Fig. 6. For example, the portion of time spent
on the AOI Furniture shows considerable variability: while
Tasks 4 and 6 are characterized by extended viewing times,
this duration is substantially reduced in Tasks 5, 7, and par-
ticularly in Task 3. Another notable feature is the markedly
longer relative time devoted to the AOI Man in the final
task, which concerns the duration of the unexpected visitor’s
absence. In addition to the global test of the main hypothe-
sis, a series of pairwise MANOVA tests was performed. After
applying Holm correction, all p values were well below 107,
indicating significant differences across all task pairs.

The task-specific differences in the relative time allo-
cated to a given AOI can be modelled and tested using
a linear model. For example, in order to investigate how
the relative time spent in AOI Man varies with respect to
the task being solved, we can consider a linear model of
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the form clr(Man) ~ Task. Nevertheless, even though the
between-participant differences in total observation time are
already suppressed by the clr transformation, the dataset at
hand contains grouped observations. Therefore, the use of a
mixed-effects model, with participant ID serving as a ran-
dom effect, is more appropriate. The estimated fixed effects
are shown in Fig. 10 (left). The effects are computed as the
difference between the respective clr value for a given task
and its mean value across all tasks. Negative values there-
fore correspond to tasks where the attention paid to AOI
Man is relatively shorter (Tasks 1, 4, and 6), while posi-
tive values, as observed for Tasks 3, 5, and 7, correspond
to tasks with relative observation times for AOI Man above

the overall mean. Due to the form of the clr transformation
(see Eq. 4), changes in the relative dominance of AOI Man
are interpreted multiplicatively. More specifically, the largest
effect, estimated as 1.58 for Task 7, means that on average
the relative dominance of AOI Man in Task 7 increased by
exp(1.58) = 4.85 times compared to the overall mean. Con-
versely, the relative dominance of this AOI in Task 4 is about
1/exp(—0.91) = 2.48 times lower than the mean. Note that
the estimated effects slightly differ from the comparison pro-
vided in Fig. 9. While Fig. 9 compares the task-specific and
overall mean percentage distributions — where the participant
effect is taken into account only once, through the total time
spent on the given task — the mixed-effects model accounts for

Table 2 Mean time distributions computed from the complete dataset (in percentages)

Background Furniture Kids

Maid Man

Mother Wife

12.52 233 19.21

16.19

20.22 17.71 11.82
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Fig.9 Values of log-ratio defined by Eq. 10 computed for each task and AOI

participant-specific characteristics twice: first when comput-
ing the clr representation, where the total solution time for a
given task is suppressed, and second when the effects of tasks
are estimated relative to the mean clr value observed across
all tasks, which may again be participant-specific. With this
construction, the mixed-effects model corresponds to the clr
representation of the interaction part of a compositional table
(Facevicova et al., 2025, Eq. (8)), which models the joint
distribution of TDoFs across the entire experiment, i.e., how
they are distributed across combinations of Tasks and AOIs.
The methodology of compositional tables is beyond the scope
of this manuscript; however, interested readers can find fur-
ther details in FaCevicova et al. (2016).

To illustrate hierarchical clustering and its outcomes, we
focus once again on Task 5, “Remember the clothes worn
by the people.” The clustering results of participants, based
on the relative distribution of their attention across AOIs,
are presented in the upper panel of Fig. 11. The dendrogram

Estimated difference from mean

cir(Man)

Effect
Fig. 10
types

identifies four main participant groups, which correspond to
those observed in the clr biplot (Fig. 8); see also Fig. 19 for
a biplot restricted to Task 5 with the groups highlighted in
color. In Fig. 11, the groups are delineated by colored rectan-
gles. The green group corresponds to participants located in
the lower left corner of the biplot, characterized by relatively
long viewing times in AOI Furniture and minimal attention
to Background. The blue group, situated in the lower right
corner, consists of participants focusing primarily on per-
sons rather than on Furniture. The yellow and red groups are
no longer marked by atypically low attention to Background
but differ in their allocation of attention between Furniture
and person-related AOIs: participants in the yellow group
focus predominantly on persons, whereas those in the red
group devote an atypically high proportion of their attention
to Furniture.

Additionally, the variation matrix presented in Fig. 7 can
be employed for clustering of AOIs, as shown in Fig. 12,

Estimated difference from mean

TDoF(Man)

Effect

Estimated fixed effects of the linear mixed-effects model for the relative (left) and absolute (right) time spent in the AOI Man across task
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Fig. 11 Dendrograms resulting from hierarchical clustering of participants based on relative (upper panel) and absolute (lower panel) distributions

of attention across AOIs in Task 5

left. The resulting dendrogram reveals a close proximity
of person-related AOIs, which remain nearly proportional
throughout the dataset. In contrast, the high variances of
log-ratios involving Background or Furniture lead to their
separation from the person-related AOIs in the clustering
structure.

Finally, linear discriminant analysis (LDA) was performed
to verify the ability of visual attention distribution to predict
the task currently being solved. Although quadratic dis-
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criminant analysis (QDA) has a higher potential to capture
task-specific differences, its use would likely lead to overfit-
ting due to the large number of estimated parameters relative
to the number of available observations. The performance
of LDA was evaluated using 10-fold cross-validation and
reached an accuracy of 51.7%, which substantially exceeds
the chance level. The corresponding confusion matrix is
shown in Fig. 13 (left). The results indicate successful clas-
sification for Tasks 1, 3, 4, 6, and 7. In contrast, Tasks 2 and
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Fig. 12 Dendrograms resulting from hierarchical clustering of AOIs based on relative distributions (left) and absolute values (right) of TDoF,

measured for Task 5
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5 appear to be more difficult to distinguish. Attention dis-
tributions corresponding to Task 2 are frequently confused
with those of Tasks 1 and 6, while observations belonging
to Task 5 are often misclassified as Task 3. Nevertheless,
these results are to some extent consistent with the patterns
previously observed in the PCA and clustering analyses (see
Figs. 8 and 6).

Analysis of total duration of fixations in AOIs - classical
analysis

In addition to compositional analysis, valuable insights can
also be gained from a classical analysis of the total fixation
durations. When the primary focus is on the absolute fixation
times within AOIs rather than on their relative structure, and
when the total time allocated to each task is not restricted, a
classical analysis of the directly observed data can be applied.
Moreover, in the case of time-unlimited tasks, both absolute
and relative approaches can be combined in a complementary
manner, providing a more comprehensive description of the
phenomenon under study.

The mean fixation times computed for each task and AOI
are summarized in Fig. 14. These values are dominated by
the mean time spent on the Background during Task 1 (free
viewing). In contrast, the mean time devoted to Man in Task 7
is not particularly dominant on the absolute scale: although
it represents the longest fixation time within Task 7, it is
comparatively moderate when viewed across all tasks, due
to the generally shorter observation times in the final task. It
should be noted that on the relative scale, Man emerges as
the most prominent AOI, accounting for more than 50 % of

Confusion Matrix compositional LDA

Predicted Task
&
-

Observed Task

Fig. 13

observation time in Task 7 (see Fig. 6). Focusing on absolute
information therefore leads to a different clustering struc-
ture, which is primarily shaped by the total time allocated to
individual tasks.

The relationships between AOIs can be further examined
using correlation matrices. Figure 15 compares the correla-
tion structures of Tasks 5 and 7 (correlation matrices of the
remaining tasks are provided in Fig. 20). As expected, most
pairwise correlations are positive, reflecting the overall vari-
ability in total times spent across tasks. The correlation matrix
of Task 5 closely resembles the corresponding variation
matrix in Fig. 7: person-related AOIs are strongly correlated,
consistent with their high proportionality, whereas correla-
tions between Furniture and the remaining AOIs are typically
low. This aligns with the high variation values observed for
Furniture, indicating that its relationship with other AOIs is
weak both in absolute and relative terms. By contrast, the
correlation matrix of Task 7, similar to its variation counter-
part, does not exhibit a clear structure. Nonetheless, relatively
high correlations can be observed for Kids. At the same time,
Fig. 7 also shows large variances of log-ratios involving this
AOQIL. Thus, although time spent on Kids in Task 7 tends to
increase together with times on other AOIs, the relative pro-
portion of attention devoted to this AOI varies substantially
across participants.

The results of PCA applied to the absolute values of
TDoFs are presented in Fig. 16. In the classical setting,
the first two principal components capture the directions of
highest variability in the dataset. The first component pri-
marily reflects the overall time spent on the individual tasks,
with all loadings being positive and of approximately equal

Confusion Matrix LDA

50

25

Predicted Task

Observed Task

Confusion matrices resulting from linear discriminant analysis based on relative distributions (left) and absolute values (right) of TDoF
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Task 1 2091.17

Task 2 2094.65 1632.86 1443.41 1795.31

Task 3

Task 4 830.16 852.75 2392.83 741.56

Taszk 5 860.09

1902.73

Task 6 2436.65 1975.13 1497.25
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Fig. 14 Arithmetic means of TDoFs spent in each AOI, computed separately for each type of task (left) and clustering of tasks according to mean

values of TDoFs (right)

magnitude; notably long fixation times are observed for Tasks
1 and 3. Task separation becomes apparent along the second
component, which contrasts time allocated to Furniture and
Background with that devoted to person-related AOIs. This
component highlights Tasks 1, 4, and 6, characterized by
extended viewing of Background and Furniture, while Task
3 appears on the opposite side with considerably shorter times
for these two AOIs. The lengths of the rays indicate that the
greatest variability is associated with Furniture and Back-
ground. These two, while positively correlated with each

Task 5

Background
Furniture
Kids

0.5

Maid 0.0

0.5

Mother

Wife

other, are nearly uncorrelated with the person-related AOIs,
which once again display strong mutual correlations. These
findings are consistent with, and can be further refined by, the
results of compositional PCA, which emphasizes the relative
distribution of attention across AOIs.

The similarity of tasks with respect to total times spent
on AOIs can be evaluated using classical MANOVA, which
tests the null hypothesis that the mean AOI-specific TDoFs
for each task are identical and equal to the overall means col-
lected in Table 3. The differences between task-specific and

Task 7

Background

Furniture
1.0
Kids
0.5
Maid 0.0
0.5

Man

Mother

Fig. 15 Correlation matrices computed for TDoFs measured for Tasks 5 (left) and 7 (right)
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The percentages of explained variance are provided in the brackets. The ellipses enclose 75 % of the typical observations for each category

overall means are illustrated in Fig. 17. From the absolute
perspective, Tasks 1 and 3 stand out with most mean val-
ues substantially exceeding the overall averages. In contrast,
Task 7 is characterized by below-average times, with only
one exception (AOI Man). The null hypothesis of equality
is strongly rejected (with Pillai’s trace = 1.24, F = 37.06,
df = (42,6000), p < 0.001 and »*> = 0.206), and
pairwise post-hoc MANOVA tests confirm significant differ-
ences across all task pairs, with all Holm corrected p-values
below 107>, These findings together with the results of com-
positional analysis indicate that the tasks differ not only in
the total time spent on them, but also in the way this time is
distributed across AOIs.

When modeling task-specific differences, for example, in
the total time spent in AOI Man, the varying total solution
time of participants must be taken into account as a random
effect in a mixed-effects model. The resulting fixed effects,
expressed as mean differences from the overall mean, are
visualized in Fig. 10. These effects are similar to the differ-
ences shown in Fig. 17; however, the mixed-effects approach
additionally provides inferential results demonstrating that
all effects are significantly different from zero. While the
longest time spent in AOI Man tends to be observed for Task
3 — participants allocate on average 1354.27 ms more to this
AOI than their average across all tasks — the shortest time is
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Table 3 Mean values of TDoFs computed from the complete dataset (in ms)

Background Furniture Kids

Maid

Man Mother Wife

2593.81 1135.29 2428.35

1981.32

2220.10 1898.48 1514.32

observed for Task 4, where the mean time spent in this AOI
is 1478.54 ms below the overall average.

When participants are clustered within Task 5, the result-
ing hierarchical structure is shown in the lower plot of Fig. 11.
Although the classical biplotin Fig. 16 does not reveal clearly
separated groups within Task 5 (a more detailed visualiza-
tion of PCA results for Task 5 are provided in Fig. 21),
the clustering results can still be meaningfully related to
the PCA visualization. The clustering is primarily driven
by TDoFs in person-related AOIs. The purple group com-
prises participants with the shortest fixation times in these
areas, the orange group represents participants with times
around the average, the turquoise group corresponds to par-
ticipants with above-average times, and the green group
consists of participants with substantially longer fixation
times.

The focus on absolute fixation durations rather than their
relative distribution also influences the clustering of AOlIs.
As shown in Fig. 12 (right), Background and Furniture as
well as Man and Mother appear in close proximity, whereas
fixation times allocated to Kids differ markedly from those
of the remaining AOIs.

Finally, the linear discriminant analysis of TDoFs evalu-
ated using 10-fold cross-validation resulted in a mean clas-
sification accuracy of tasks of 54.4%, which is comparable
to the accuracy achieved when classifying relative distribu-
tions and remains substantially above the chance level. The
main difference compared to the compositional approach
appears at the level of individual tasks. The confusion matrix

Difference

Furniture Kids

Background

Maig

shown in Fig. 13 (right) reveals that the most problematic
task for classification was Task 6, which was correctly iden-
tified in only 38.9% of cases (56/144). This contrasts with the
relative-valued approach, where Task 6 was correctly classi-
fied in 63.2% of cases (91/144). On the other hand, Tasks 2
and 5, which were difficult to distinguish based on relative
TDoFs distributions, were classified more successfully when
absolute fixation durations were used, reaching accuracies of
58.3% and 55.6%, respectively.

Comparison with the original findings of A. Yarbus

The results can be compared with the pioneering study of
Yarbus (1967). In the original experiment, a single participant
performed all seven tasks in the same order as in our study.
Unlike in our case, where participants controlled the dura-
tion of stimulus presentation individually using the spacebar,
Yarbus set a fixed observation time of three minutes. For sce-
narios with fixed viewing time, as well as for comparisons
of multiple strategies with varying total solution times, the
relative distribution of attention provides the most natural
basis for comparison. Our comparison with Yarbus’ find-
ings is therefore grounded in the results reported in Section
“Analysis of relative time distribution over AOI - composi-
tional analysis” and Fig. 6. These are further contrasted with
the outcomes of DeAngelus and Pelz (2009), who replicated
Yarbus’ experiment with 17 observers under unlimited view-
ing time and presented, on page 803, a visual comparison

Task

-~ ot s W R =

Man Mother Wite

Fig. 17 Differences between group and total arithmetic means of TDoFs, computed for each task and AOI
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of attention distributions for each of the seven experimental
tasks.

A recent attempt to revisit Yarbus’ paradigm using con-
temporary technology was presented by Catrysse in Catrysse
(2024). In that study, the classic “An Unexpected Visitor” task
was replicated using webcam-based eye-tracking, enabling
remote data collection with a larger and more diverse sample
(53 participants, of whom usable data were obtained from
26). Despite the lower spatial accuracy of webcam track-
ing and substantial data loss, the results reproduced the key
qualitative pattern originally reported by Yarbus — namely,
the strong influence of task instructions on gaze distribution.

Although A. Yarbus primarily presented eye movement
data in the form of graphical representations resembling
scanpaths, the clusters of fixations nevertheless clearly iden-
tify the areas of highest interest. Most of our findings
are consistent with the patterns reported by Yarbus. Both
approaches reveal strong attention to person-related AOIs
in Tasks 3, 5, and 7. In our study, however, Task 7 addi-
tionally highlighted Man as a particularly prominent AOI,
whereas Yarbus’ observer distributed attention more evenly
across Man, Mother, and Kids. Our results for these tasks are
also in agreement with the findings of DeAngelus and Pelz
(2009).

The original experiment also indicated more dispersed
attention in Tasks 1, 2, 4, and 6, where a substantial portion
of fixations was directed at regions outside of person-related
AOIs. This pattern is reflected in our data by increased time
spent on Background and Furniture. Particularly in Tasks 1
and 6, the scanpaths span almost the entire painting, and the
area defined in our study as Background is well covered. In
our experiment, participants spent on average 33 % and 24
% of their observation time on this AOI in Tasks 1 and 6,
respectively. Interestingly, in DeAngelus and Pelz (2009),
participants devoted almost no attention to Background in
Task 1.

Task 4 is another notable case, characterized by increased
attention to Furniture, especially the tabletop. In DeAngelus
and Pelz (2009), this AOI accounted for approximately 50
% of the observation time. At first glance, this contrasts with
our findings, which assign only about 15 % to Furniture,
while Kids attracted the highest proportion (around 30 %).
However, this discrepancy may stem from the spatial prox-
imity of AOI Kids and the tabletop, which in our study was
categorized under Furniture.

Another perspective on A. Yarbus’s study was provided
by the works of Greene et al. (2012); Borji and Itti (2014),
and Haji-Abolhassani and Clark (2014), which investigated
the inverse problem of inferring the observer’s task from eye-
movement data obtained in Yarbus-like experiments. Their
conclusions, however, were partly contradictory. While the
model proposed in Greene et al. (2012) generally failed to
reliably predict the performed task from eye-tracking pat-

terns, Borji and Itti (2014) reanalyzed the same dataset using
an alternative set of features and classification methods and
demonstrated that task prediction can exceed chance-level
performance. Subsequently, Haji-Abolhassani and Clark
(2014) repeated the experiment of Greene et al. (2012) and
showed that the observer’s task can be successfully inferred
using a Hidden Markov Model applied to scanpath dyna-
mics.

In this context, our results provide additional evidence
that visual attention patterns contain information relevant
to the performed task. Using linear discriminant analysis
applied to both compositional and absolute representations of
TDoFs, we achieved classification accuracies clearly exceed-
ing the chance level. Although the obtained performance
is comparable to previously reported studies, it should be
emphasized that identifying an optimal classification frame-
work was not the primary objective of this work. Rather,
the classification analysis serves mainly as an illustrative
demonstration of the information preserved in the proposed
compositional representation of eye-tracking data. Despite
employing only a relatively simple classifier in the form
of LDA, the achieved results can be considered promis-
ing and suggest that further improvements could likely be
obtained through a more systematic exploration of advanced
modeling strategies. Importantly, the newly collected dataset
used in this study represents a substantial extension com-
pared to datasets analyzed in Greene et al. (2012) and
Haji-Abolhassani and Clark (2014), as it includes obser-
vations from a considerably larger number of participants.
This richer experimental basis therefore provides favorable
conditions for future research focusing specifically on task
prediction from eye-movement behavior.

Finally, both Yarbus (1967) and DeAngelus and Pelz
(2009) reported the occurrence of cyclic eye movement pat-
terns, where observers in the later stages of a task repeated
sequences of visited AOIs. Although this phenomenon was
not explicitly addressed in our study, the dataset would allow
for its verification, for instance, using recurrence analysis
(Anderson et al., 2013). On the other hand, the composi-
tional methodology introduced here provides a framework
for a more detailed investigation of the phenomenon, mak-
ing it possible to apply PCA, clustering, and a broad spectrum
of multivariate statistical methods as described, for example,
in Filzmoser et al. (2018) or Pawlowsky-Glahn and Buccianti
(2011).

Conclusion
The presented study demonstrates that compositional data
analysis provides a coherent and informative framework

for analyzing AOI-based eye-tracking data. Treating total
fixation durations as compositions rather than as inde-
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pendent absolute measures allows to separate individual
differences in overall observing pace from genuine differ-
ences in attentional strategy. In the context of a large-scale
replication of Yarbus’ “Unexpected Visitor” paradigm, this
approach recovers the classic task-dependent modulation of
gaze behavior and reveals additional structure that remains
obscured under classical analysis.

Compositional techniques applied to AOI-wise fixation
times highlight several robust regularities. Person-related
AOIs form a remarkably stable group, whose mutual relation-
ships are close to proportional across tasks and participants,
whereas contextual AOIs, such as background and objects,
exhibit much higher variability. Compositional PCA, varia-
tion matrices, and clustering collectively show that tasks can
be grouped according to their cognitive demands rather than
merely by their overall viewing duration. In contrast, a tradi-
tional analysis based on absolute fixation times emphasizes
differences in total observation time and yields a different
task structure, driven primarily by how long participants
viewed the stimulus rather than by how they distributed their
attention.

The problem can also be viewed conversely: linear dis-
criminant analysis demonstrated the possibility of infer-
ring the task being performed from the eye-movement
record. Although both the compositional and classical
approaches resulted in classification accuracies above the
chance level, their performance varied across tasks. These
findings have broader methodological implications for eye-
tracking research. Whenever AOI-based metrics reflect rela-
tive allocation of attention (e.g., proportions of viewing time
or fixation counts across regions), or when the experimen-
tal design involves a fixed total viewing time, compositional
modeling offers an assumption-consistent alternative to stan-
dard multivariate methods that ignore the constrained, rel-
ative nature of the data. Additionally, even when viewing
time is not limited, as in the present study, the composi-
tional approach can complement classical analyses, enabling
a more comprehensive examination of the problem from
both relative and absolute perspectives. The techniques
introduced here, including descriptive CoDA summaries,
log-ratio-based PCA, clustering, compositional MANOVA,
regression modeling, and discriminant analysis, can be read-
ily applied to other eye-tracking paradigms in which the
structure of gaze distributions is of primary interest. At the
same time, several limitations should be acknowledged. We

@ Springer

selected Yarbus study to illustrate the compositional method-
ology, as it is a historically relevant cornerstone in visual
attention research. However, the Yarbus paradigm may not
provide a clear normative model specifying where and for
how long participants should look, therefore the evaluation
against a defined ground truth can be limited. We expect
the compositional approach to be even more advantageous
in domains with well-established effects such as lexical fre-
quency in reading or saliency in images, where its statistical
benefits can be assessed more directly. Additionally, the pre-
sented analysis focuses on a single complex scene and on
a reduced set of seven AOIs. Future work may extend this
approach to more diverse stimuli, dynamic or sequential
representations of gaze behavior, and more advanced com-
positional techniques, including robust (Filzmoser & Hron,
2008, 2011) and functional (Pavli et al., 2023) CoDA and
explicit combinations with methods such as recurrence quan-
tification analysis or hidden Markov models. Such extensions
would further refine the understanding of how task demands,
stimulus properties, and individual differences jointly shape
visual exploration. Compositional modeling emerges as a
natural and powerful addition to the methodological toolbox
of eye-tracking research. By respecting the relative nature of
AOQI-based gaze measures, CoDA yields more nuanced and
interpretable insights into task-dependent visual attention,
providing a principled basis for comparing strategies within
and across classic paradigms, such as Yarbus’ “Unexpected
Visitor” experiment.

Supplementary information

The full dataset and annotated R code for this analysis
are available on GitHub: https:/github.com/kfacevicova/
Advancing-Eye-Movement-Analysis-Through-Composition
al-Modeling.

Appendix A Supplementary material for the
compositional analysis
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Fig. 18 Variation matrices, defined by Eq. 2, computed for tasks not displayed in Fig. 7. Each cell corresponds to the sample variance of log-ratio
between the respective pair of AOIs
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Table 4 Total variances, defined by Eq. 3, computed for each task
Task 1 Task 2 Task 3 Task 4 Task 5 Task 6 Task 7

5.11 7.76 7.38 10.79 10.03 7.07 17.62
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Fig. 19 Compositional biplot (Fig. 8) restricted to observations from Task 5. The colored ellipses illustrate the typical locations of the groups
defined by hierarchical clustering in the upper part of Fig. 11

Appendix B Supplementary material for the
classical analysis
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Fig.20 Correlation matrices computed for tasks not displayed in Fig. 15
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Fig. 21 PCA biplot (Fig. 16) restricted to observations from Task 5. The colored ellipses illustrate the typical locations of the groups defined by

hierarchical clustering in the lower part of Fig. 11

Acknowledgements The work was supported by the Czech Science
Foundation, Project 23-06187S.

Author Contributions Not applicable.

Funding Open access publishing supported by the institutions partic-
ipating in the CzechELib Transformative Agreement. The work was
supported by the Czech Science Foundation, Project 23-06187S.

Data Availability The complete dataset is available at https://github.
com/kfacevicova/Advancing-Eye-Movement-Analysis-Through-Com
positional-Modeling.

Materials availability Not applicable.
Code availability The R code is available at https:/github.com/

kfacevicova/Advancing-Eye-Movement-Analysis-Through-Composit
ional-Modeling.

Declarations

Conflicts of Interest/Competing Interests The authors declare that they
have no competing interests.

Ethics approval and consent to participate The study was conducted in
accordance with the ethical standards of the Faculty of Science, Palacky
University Olomouc. It was approved by the institutional Ethics Com-
mittee (reference no. 22-01), and written informed consent was obtained
from all participants prior to the experiment.

Consent for publication Not applicable.

@ Springer

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indi-
cate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

Aitchison,J. (1982). The statistical analysis of compositional data. Jour-
nal of Royal Statistical Society, Series B, Methodological, 44(2),
139-177.

Aitchison, J. (1986). The Statistical Analysis of Compositional Data.
London: Chapman & Hall.

Aitchison, J., & Bacon-Shone, J. (1984). Log contrast models for exper-
iments with mixtures. Biometrika, 71(2), 323-330. https://doi.org/
10.2307/2336249

Altmann, G. T. M., & Kamide, Y. (2007). The real-time mediation
of visual attention by language and world knowledge: Linking
anticipatory (and other) eye movements to linguistic processing.
Journal of Memory and Language, 57(4), 502-518. https://doi.
org/10.1016/j.jm1.2006.12.004

Anderson, T. W., Olkin, I., & Fang, K. T. (Eds.). (1994). Multivari-
ate Analysis and Its Applications (Vol. 24). Hayward, CA (USA):
Institute of Mathematical Statistics.



Behavior Research Methods (2026) 58:173

Page270f28 173

Anderson, N. C., Bischof, W. E., Laidlaw, K. E. W., Risko, E. F., &
Kingstone, A. (2013). Recurrence quantification analysis of eye
movements. Behavior Research Methods, 45(3), 842-856. https://
doi.org/10.3758/s13428-012-0299-5

Ballard, D. H. (1991). Animate vision. Artificial Intelligence, 48(1),
57-86. https://doi.org/10.1016/0004-3702(91)90080-4

Ballard, D. H., Hayhoe, M. M., Li, E,, Whitehead, S. D., Frisby, J. P.,
Taylor, J. G., & Fisher, R. B. (1992). Hand-eye coordination during
sequential tasks. Philosophical Transactions: Biological Sciences,
337(1281), 331-339. https://doi.org/10.1098/rstb.1992.0111

Boogaart van den, K.G., Tolosana, R., & Bren, M. (2009). compositions:
Compositional Data Analysis. R package version 1.02-1. http://
www.stat.boogaart.de/compositions

Borji, A., & Itti, L. (2014). Defending Yarbus: Eye movements reveal
observers’ task. Journal of Vision, 14(3), 1-22. https://doi.org/10.
1167/14.3.29

Catrysse, L. (2024). Yarbus revisited: The webcam edition. In Proceed-
ings of the 22nd European Conference on Eye Movements (ECEM
2024). Open Universiteit.

Chuk, T., Chan, A. B., & Hsiao, J. H. (2014). Understanding eye move-

ments in face recognition using hidden markov models. Journal of

Vision, 14(11), 1-14. https://doi.org/10.1167/14.11.8

Coenders, G., Egozcue, J.J., Facevicovd, K., Navarro-Lépez, C.,
Palarea-Albaladejo, J., Pawlowsky-Glahn, V., & Tolosana-
Delgado, R. (2023). 40 years after Aitchison’s article “The
statistical analysis of compositional data”. Where we are and where
we are heading. SORT-Statistics and Operations Research Trans-
actions, 47(2), 207-228. https://doi.org/10.57645/20.8080.02.6

DeAngelus, M., & Pelz, J. B. (2009). Top-down control of eye move-
ments: Yarbus revisited. Visual Cognition, 17(6-7), 790-811.
https://doi.org/10.1080/13506280902793843

Duchowski, A.T. (2017). Eye Tracking Methodology: Theory and Prac-
tice (3rd Ed.). Springer, London. https://doi.org/10.1007/978-3-
319-57883-5

Egozcue, J.J., & Pawlowsky-Glahn, V. (2005). Groups of parts and their
balances in compositional data analysis. Mathematical Geology,
37(7), 795-828. https://doi.org/10.1007/s11004-005-7381-9

Egozcue, J.J., Pawlowsky-Glahn, V., Mateu-Figueras, G., & Barcelo-
Vidal, C. (2003). Isometric logratio transformations for composi-
tional data analysis. Mathematical Geology, 35, 279-300. https://
doi.org/10.1023/A:1023818214614

Ehrenstein, W. H., Arnold-Schulz-Gahmen, B. E., & Jaschinski, W.
(2005). Eye preference within the context of binocular functions.
Graefe’s Archive for Clinical and Experimental Ophthalmology,
243(9), 926-932. https://doi.org/10.1007/s00417-005-1128-7

Facevicovd, K., Babek, O., Hron, K., & Kumpan, T. (2016a). Ele-
ment chemostratigraphy of the Devonian/Carboniferous boundary
— a compositional approach. Applied Geochemistry, 75, 211-221.
https://doi.org/10.1016/j.apgeochem.2016.10.002

Facevicovd, K., Hron, K., Todorov, V., & Templ, M. (2016b). Com-

positional tables analysis in coordinates. Scandinavian Journal of

Statistics, 43(4), 962-977. https://doi.org/10.1111/sjos.12223

Facevicova, K., Filzmoser, P., & Hron, K. (2022). Compositional cubes:
A new concept for multi-factorial compositions. Statistical Papers,
64(3), 955-985. https://doi.org/10.1007/s00362-022-01350-8

Facevicova, K., Filzmoser, P., & Hron, K. (2025), Correspondence
analysis from the viewpoint of compositional tables. Statistical
Analysis and Data Mining, 18(4). https://doi.org/10.1002/sam.
70023

Fairclough, S. J., Dumuid, D., Taylor, S., Curry, W., McGrane, B.,
Stratton, G., Maher, C., & Olds, T. (2017). Fitness, fatness
and the reallocation of time between children’s daily movement
behaviours: An analysis of compositional data. International Jour-
nal of Behavioral Nutrition and Physical Activity, 14(64), 1-12.
https://doi.org/10.1186/s12966-017-0521-z

Filzmoser, P., & Hron, K. (2008). Outlier detection for compositional
data using robust methods. Mathematical Geosciences, 40(3),
233-248. https://doi.org/10.1007/s11004-007-9141-5

Filzmoser, P., & Hron, K. (2011). Robust statistical analysis. In V.
Pawlowsky-Glahn & A. Buccianti (Eds.), Compositional Data
Analysis: Theory and Applications (pp. 59-72). Chichester: John
Wiley & Sons.

Filzmoser, P., Hron, K., & Templ, M. (2018). Applied Compositional
Data Analysis. Springer, Cham. https://doi.org/10.1007/978-3-
319-96422-5

Findlay, J.M., & Gilchrist, I.D. (2003). Active Vision: The Psychology
of Looking and Seeing. Oxford University Press, Oxford. https://
doi.org/10.1093/acprof:0s0/9780198524793.001.0001

Gloor, G.B., Macklaim, J.M., Pawlowsky-Glahn, V., & Egozcue, J.J.
(2017). Microbiome datasets are compositional: And this is not
optional. Frontiers in Microbiology, 8(2224). https://doi.org/10.
3389/fmicb.2017.02224

Greene, M. R., Liu, T., & Wolfe, J. M. (2012). Reconsidering Yarbus:
A failure to predict observers’ task from eye movement patterns.
Vision Research, 62, 1-8. https://doi.org/10.1016/j.visres.2012.
03.019

Haji-Abolhassani, A., & Clark, J. J. (2014). An inverse Yarbus process:
Predicting observers’ task from eye movement patterns. Vision
Research, 103,127-142. https://doi.org/10.1016/j.visres.2014.08.
014

Holmgvist, K., Nystrom, M., Andersson, R., Dewhurst, R., Halszka,
1., & Weijer, J. (2011). Eye Tracking: A Comprehensive Guide to
Methods and Measures. Oxford: Oxford University Press.

Hron, K., Templ, M., & Filzmoser, P. (2010). Imputation of missing
values for compositional data using classical and robust methods.
Computational Statistics and Data Analysis, 54(12), 3095-3107.
https://doi.org/10.1016/j.csda.2009.11.023

Hron, K., Filzmoser, P., Caritat, P., FiSerové, E., & Gardlo, A. (2017).
Weighted pivot coordinates for compositional data and their appli-
cation to geochemical mapping. Mathematical Geosciences, 49,
797-814. https://doi.org/10.1007/s11004-017-9684-z

Itti, L., & Koch, C. (2001). Computational modelling of visual attention.
Nature Reviews Neuroscience, 2(3), 194-203. https://doi.org/10.
1038/35058500

James, G., Witten, D., Hastie, T., & Tibshirani, R. (2021). An Intro-
duction to Statistical Learning. Springer, New York, NY (USA).
https://doi.org/10.1007/978-1-0716-1418-1

Koufil, S., de Sousa, J., Facevicovd, K., Gardlo, A., Muehlmann,
C., Nordhausen, K., Friedecky, D., & Adam, T. (2023). Mul-
tivariate independent component analysis identifies patients in
newborn screening equally to adjusted reference ranges. Inter-
national Journal of Neonatal Screening, 9(4). https://doi.org/10.
3390/ijns9040060

Krejtz, K., Coltekin, A., Duchowski, A.T., & Niedzielska, A.
(2017). Using coefficient k to distinguish ambient/focal visual
attention during cartographic tasks. Journal of Eye Move-
ment Research, 10(2), 1-13. https://doi.org/10.16910/jemr.10.2
3

Martin-Ferndndez, J.-A., Daunis-i-Estadella, J., & Mateu-Figueras,
G. (2015). On the interpretation of differences between groups
for compositional data. SORT-Statistics and Operations Research
Transactions, 39(2), 231-252.

Muller, K. E., Lavange, L. M., Ramey, S. L., & Ramey, C. T.
(1992). Power calculations for general linear multivariate models
including repeated measures applications. Journal of American
Statistical Association, 87(420), 1209-1226. https://doi.org/10.
1080/01621459.1992.10476281

Palarea-Albaladejo, J., & Martin-Fernandez, J.A. (2008). A modified
EM alr-algorithm for replacing rounded zeros in compositional
data sets. Computers and Geosciences, 34(8), 2233-2251. https://
doi.org/10.1016/j.cage0.2007.09.015

@ Springer



173 Page 28 of 28

Behavior Research Methods (2026) 58:173

Palarea-Albaladejo, J., Martin-Fernandez, J. A., & G6émez-Garcia, J.
A. (2007). Parametric approach for dealing with compositional
rounded zeros. Mathematical Geology, 39(7), 625-645. https://
doi.org/10.1007/s11004-007-9100-1

Pavlu, I., Menafoglio, A., Bongiorno, E.G., & Hron, K. (2023). Classif-
cation of probability density functions in the framework of bayes
spaces: methods and applications. SORT-Statistics and Operations
Research Transactions, 47(2), 295-322. https://doi.org/10.57645/
20.8080.02.10

Pawlowsky-Glahn, V., & Buccianti, A.E. (2011). Compositional Data
Analysis. John Wiley & Sons, Ltd, Chichester, UK. https://doi.
org/10.1002/9781119976462

Pawlowsky-Glahn, V., Egozcue, J.J., & Tolosana-Delgado, R. (2007).
Modeling and Analysis of Compositional Data. Wiley, Chichester.
https://doi.org/10.1002/9781119003 144

Pawlowsky-Glahn, V., Egozcue, J. J., & Lovell, D. (2015). Tools for
compositional data with a total. Statistical Modelling, 15(2), 175—
190. https://doi.org/10.1177/1471082X 14535526

Pearson, K. (1897). Mathematical contributions to the theory of evo-
lution. On a form of spurious correlation which may arise when

indices are used in the measurement of organs. In Proceedings of

the Royal Society of London, 60

R Development Core Team. (2009). R: A Language and Environment
for Statistical Computing. R Foundation for Statistical Computing,
Vienna, Austria. R Foundation for Statistical Computing. http://
WWW.I-project.org

Tatler, B.W., Wade, N.J., Kwan, H., Findlay, .M., & Velichkovsky, B.M.
(2010). Yarbus, eye movements, and vision. i-Perceptionl(1), 7—
27. https://doi.org/10.1068/10382

@ Springer

Templ, M., Hron, K., & Filzmoser, P. (2011). robCompositions: An
R-package for robust statistical analysis of compositional data. In
V. Pawlowsky-Glahn,& A. Buccianti (Eds.) Compositional Data
Analysis: Theory and Applications, Chichester, pp. 341-355.

Tolosana-Delgado, R. (2012). Uses and misuses of compositional data
in sedimentology. Sedimentary Geology,280, 60-79. https://doi.
org/10.1016/j.sedge0.2012.05.005

Venciélek, O., Hron, K., & Filzmoser, P. (2020). A comparison of
generalised linear models and compositional models for ordered
categorical data. Statistical Modeling, 20(3), 249-273. https://doi.
org/10.1177/1471082X18816540

Vojtechovska, M., & Popelka, S. (2026). Gazeplotter: An open-source
solution for the automatic generation of scarf plots from eye-
tracking data. Behavior Research Methods, 58(85). https://doi.org/
10.3758/513428-026-02959-5

Yarbus, A.L. (1967). Eye Movements and Vision. Springer, New York.
https://doi.org/10.1007/978-1-4899-5379-7

Ylitalo, A. K., Sirkkd, A., & Guttorp, P. (2016). What we look at
in paintings: A comparison between experienced and inexperi-
encedart viewers. The Annals of Applied Statistics, 10(2), 549-574.
https://doi.org/10.1214/16- AOAS921

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.



	Introduction
	Compositional data
	Why should we care about compositional data?
	Basics of compositional data analysis
	Descriptive statistics
	Working in coordinates


	Multi-factorial compositional data
	Outlier detection and robust analysis of compositional data
	Results
	Compositional cubes facevicova23
	Correspondence analysis facevicova25
	Backwards pivot coordinates nesrstova23
	Geographically weighted regression facevicova21
	Independent component analysis muehlmann21
	Robust blind source separation babek22
	Cellwise robust covariance estimator rieser23
	Robust principal component analysis deSousa21
	Zero-handling strategies tang2026
	Application to geochemistry facevicova16
	Application to eye-tracking facevicova26

	Summary of the main results and future research directions
	References
	Full texts of the selected publications

