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Since their inception in 1979 the Linz Seminars on Fuzzy Set Theory have
emphasized the development of mathematical aspects in the context of fuzzy
sets by bringing together researchers in fuzzy sets and established mathemati-
cians whose work outside the fuzzy setting can provide direction for further
research. The philosophy of the seminar has always been to keep it deliberately
small and intimate so that informal critical discussions remain central.

LINZ 2023 will be the 40th seminar carrying on this tradition and is devoted
to the theme “Copulas — Theory and Applications”. The goal of the seminar is
to present and to discuss recent advances of copulas and their applications in
pure and applied fields.

This volume contains the abstracts of the contributions accepted for presen-
tation at LINZ 2023. The regular contributions are complemented by four in-
vited plenary talks, providing insights and new impulses on the various aspects
of the topics at LINZ 2023.
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A simple extension of Azadkia & Chatterjee’s
rank correlation to a vector of endogenous variables

Jonathan Ansari and Sebastian Fuchs

Department for Artificial Intelligence and Human Interfaces
University of Salzburg, Austria
jonathan.ansari@plus.ac.at, sebastian.fuchs@sbg.ac.at

Abstract. We propose a direct and natural extension of Azadkia & Chatterjee’s
rank correlation 7" introduced in [2] to a set of ¢ > 1 endogenous variables.
The approach builds upon converting the original vector-valued problem into a
univariate problem and then applying the rank correlation 7" to it. The novel mea-
sure 79 then quantifies the scale-invariant extent of functional dependence of
an endogenous vector Y = (Y1,...,Y;) on a number of exogenous variables
X = (X1,...,Xp), p > 1, characterizes independence of X and Y as well as
perfect dependence of Y on X and hence fulfills all the desired characteristics
of a measure of predictability. Aiming at maximum interpretability, we provide
various general invariance and continuity conditions for 79 as well as novel or-
dering results for conditional distributions, revealing new insights into the nature
of T

Measure of predictability

In regression analysis the main objective is to estimate the functional relationship Y =
f(X, e) between a set of ¢ > 1 response variables Y = (Y7,...,Y;) andasetof p > 1
exogenous variables X = (X7,...,X,,) where € is a model-dependent error. In view
of constructing a good model, the question naturally arises to what extent Y can be
predicted from the information provided by the multivariate exogenous variable X, and
which of the exogenous variables are relevant for the model at all.

We refer to x as a measure of predictability for the ¢g-dimensional random vector Y
given the p-dimensional random vector X if it satisfies the following axioms (cf, e.g.,
[31,[7] for the case ¢ = 1):

(A1) 0 < K(Y|X) < 1.

(A2) k(Y|X) = 0if and only if Y and X are independent.

(A3) k(Y|X) = 1lifand only if Y is perfectly dependent on X, i.e., there exists some
measurable function f : R? — R? such that Y = f(X) almost surely.

In addition to the above-mentioned three axioms, it is desirable that additional infor-
mation improves the predictability of Y . This yields the following two closely related
properties of a measure of predictability x which prove to be of utmost importance for
this paper (cf, e.g, [5, 6]):

(P1) Information gain inequality: k(Y|X) < x(Y|(X, Z)) for all random vectors X,
ZandY.

13



(P2) Characterization of conditional independence: (Y |X) = x(Y|(X,Z)) if and
only if Y and Z are conditionally independent given X.

Due to axioms (A2) and (A3), the values 0 and 1 of a measure of predictability &
have a clear interpretation. However, the meaning of x, taking values in the interval
(0,1), is not specified. This justifies the investigation of dependence orderings < that
are compatible with  in the following sense:

(P3) Monotonicity: If (X,Y) < (X', Y’), then (Y |X) < s(Y'|X’).

In view of interpreting the values of a measure of predictability &, it is further desirable
to have an understanding of the measures’ performance in terms of convergence, such
as

(P4) Continuity: If (X,,, Y, )nen converges (in some sense) to (X,Y), then
limy, 00 k(Y0 |X5) = (Y|X).

Recently, for ¢ = 1, a particularly suitable candidate for such a measure has been
studied by [2]: Their so-called ‘simple measure of conditional dependence’ 7T is given
(in its unconditional form) by

 Jgvar(P(Y > y| X)) dPY (y)
TYX) = RfR Var(Liy>yy) dPY (y) v

and is based on [4]. Although the literature is rich concerning measures of predictability
for a single endogenous variable (see, e.g., [6]), the measure 7' is special in that it not
only satisfies the information gain inequality (P1) but also characterizes conditional
independence (P2). Using these properties, we show that the functional 79 defined by

¢ [TWIX, Yo, ) = T(Yi|(Yiet, ..., Y1)
?:1 [1 - T(Y—iKY—i—lv s 7Y1))]

a2 TV (X, Yi, . Y))
¢ = T(Yi|(Yie1,.. ., V1))

TI(Y[X) = )

=1

with T(Y1]0) =0,

is a natural extension of Azadkia & Chatterjee’s rank correlation coefficient to a mea-
sure of predictability for a vector (Y7,...,Y;) of ¢ > 1 endogenous variables. To
illustrate that 77 is a correct choice for an extension of 7', we first observe that for
q = 1 the above defined functional T'¢ reduces to T'. Further, due to the information
gain inequality for 7", each summand of the nominator in (2) is non-negative. Since T’
characterizes conditional independence, the ith summand of the nominator vanishes if
and only if Y; and X are conditionally independent given (Y;_1,...,Y7). Hence, as a
consequence of the chain rule for conditional independence, X and Y are independent
if and only if T9(Y|X) = 0. The denominator, which only takes values in the interval
[1,q], guarantees that 77 is normalized and thus, similarly, 7(Y'|X) = 1 if and only if
Y; is a function of X forall i € {1,...,q}.
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The measure of predictability 77

To the best of the authors’ knowledge, so far the only measure of predictability appli-
cabletoavector Y = (Y7,...,Y,) of ¢ > 1 endogenous variables has been introduced
by [3] and employs the vector-valued structure of Y for its evaluation. In [1], we show
that 77 defined by (2) is a measure of predictability for Y given X, where 7' exhibits
a simple expression, is fully non-parametric, has no tuning parameters and is well-
defined without any distributional assumptions. Further, 77 fulfils the information gain
inequality (P1), characterizes conditional independence (P2), satisfies the so-called data
processing inequality, is self-equitable, and exhibits numerous invariance properties. In
particular, for continuous marginal distributions, 79 depends only on the underlying
copulas.

To tackle the monotonicity property (P3), we introduce the Schur order for condi-
tional distributions <g which turns out to be a natural ordering of predictability hidden
behind the properties of 7T'. All the fundamental properties of <g, i.e., the characteri-
zation of (conditional) independence and complete directed dependence as well as the
information gain inequality, are inherited by T'. Since the Schur order satisfies a di-
mension reduction principle to bivariate copulas that are conditionally increasing in
sequence (CIS), it follows that also 79 only depends on transformations to bivariate
CIS copula.

To address the continuity property (P4), we establish general continuity results for
T'? using a characterization of conditional weak convergence in [8]. Applying these
results, we obtain continuity of 7? in classes of elliptical and /;-norm symmetric dis-
tributions. Further, for elliptical distributions, a characterization is given for the case
where 717 attains the values 0 and 1, respectively.

Acknowledgement. Both authors gratefully acknowledge the support of the Austrian
Science Fund (FWF) project P 36155-N ReDim: Quantifying Dependence via Dimen-
sion Reduction and the support of the WISS 2025 project "IDA-lab Salzburg’ (20204-
WISS/225/197-2019 and 20102-F1901166-KZP).
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On infinite-order s-vine copula processes

Martin Bladt' and Alexander J. McNeil?

! Department of Mathematical Sciences
University of Copenhagen, Denmark
mab@math.ku.dk
2 School for Business and Society
University of York, UK
alexander.mcneil@york.ac.uk

Abstract. We construct stationary and ergodic time series with serial depen-
dence behaviour described by stationary d-vine (or s-vine) copulas. We pay par-
ticular attention to the case where the s-vine is generated by an infinite sequence
of copulas. Such models are shown to yield a rich class of processes generalizing
classical Gaussian ARMA processes and allowing both non-Gaussian marginal
behaviour and non-Gaussian and non-linear serial dependence. We explain how
these models can be estimated and give examples showing their superiority to
classical models for certain datasets.

1 Introduction

Let (X;)tcz be a strictly stationary time series with continuous marginal distribution
Fx and let (Uy )tz be the process of uniformly-distributed random variables given by
U, = Fx(X;) for all ¢. In this paper we are interested in processes where the dynamics
of (U:)tez are described explicitly by a set of copula functions.

The main examples of such models in the literature are first-order Markov copula
processes [7, 10] and their higher-order d-vine generalizations [16, 3, 6, 14]. These are
based on pair copula decompositions [11,4, 1], i.e. models constructed from bivariate
copulas. While this literature concerns processes constructed from a finite set of bivari-
ate copulas, we consider the generalization to processes defined by an infinite sequence
of bivariate copula functions, as suggested in [5]. We derive some of properties of these
processes, show how they may be estimated and highlight some open theoretical issues.

Our interest in these processes stems from the fact that they can be used to define
non-Gaussian analogues of stationary Gaussian processes. We can obtain processes
with both non-Gaussian marginal behaviour and non-Gaussian and non-linear serial-
dependence behaviour. Moreover, we can propose natural non-Gaussian analogues to
classical ARMA, seasonal ARMA and ARFIMA models that share a degree of structure
with their classical counterparts [5].

2 Notation

Let (C)ren be a sequence of bivariate copulas with continuous partial derivatives of all
orders and densities ¢y, that are strictly positive on (0, 1)2. For k € N let the functions
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Ry : (0,1) x (0,1)* — (0,1) and R} : (0,1) x (0,1)* — (0,1) be defined in a
recursive, interlacing fashion by Ry (z;u) = h?)(u, x), Ri(z;u) = h?)(m, u) and, for
k> 2,

Ry (z;u) = h;(cl) (R (un; upe—1:1)), Re—1 (@ upip—1)))

)
R (z;u) = h;(f) (RZ—1($§U[1,1€71]),Rk—1(uk;u[k71:1]))

where hg) (ug,uz) = %Ck(ul,ug) and where the notation wj; ;) = (ui, ..., u;)
denotes sub-vectors of the vector u consisting of contiguous components, which may
be in ascending or descending order of the indices according to whether j > i or j < 4.
For reasons that become clearer in Section 3 below, we refer to the functions R and
R* as forward and backward Rosenblatt functions respectively. We denote the inverse
of the Rosenblatt forward function by Qx(z;w) so that R (Qx(z;u);u) = z for all
(z,u) € (0,1) x (0,1)* and k € N.

3 Construction of s-vine copulas
Let (Z:):en by a sequence of iid uniform innovations. Suppose we set Uy = Z; and
Ur = Qr-1(Z1; Upp—1.1)) )

for k = 2,...,n and some fixed n > 2. The random vector U = (Uy,...,U,) " will
have a joint distribution given by a copula C"™) with density

n—1 n
Ciny(u) = H H Ck(RZ_1(uj—k§u[j—k+1:j—1])7Rk—1(Uj§u[j—l:j—k+1]))- 2
k=1 j=k+1

This is the density of a a d-vine copula subject to translation-invariance conditions,
which we will refer to as a stationary d-vine or s-vine copula, since it belongs to the
larger class of copulas for stationary multivariate time series introduced in [14].

Fork = 1,...,n—1,t > land t + k < n, the copula C} is the copula of
the conditional distribution of (Uy, Uz4x) given the variables in between; we refer to
this as the kth partial copula. The Rosenblatt functions are the conditional distribution
functions

Ri(z;u) =P(Usrr < x| U1 = w1, ..., U = ug)

Ri(z;u) =P(Us < x| U1 = u1, .-, Uk = up)

and hence the construction (1) is simply the familiar method of generating a realization
from a copula using the inverse of Rosenblatt’s transformation [15].

4 Construction of s-vine processes

We are interested in constructing strictly stationary processes whose higher-dimensional
marginal distributions have copulas with densities of the form (2), that is processes
which conform to the following definition.

18



Definition 1 (S-vine process). A strictly stationary time series (X¢)iez is an s-vine
process if for every t € 7 and n > 2 the distribution of the vector (X, ..., Xtyn—1) is
absolutely continuous and admits a unique copula C\,,y with a joint density of form c(y,)
in (2). An s-vine process (Ut)tcyz is an s-vine copula process if its univariate marginal
distribution is standard uniform.

We consider constructing a process (U;)ien starting from a single uniform ran-
dom variable U; and iterating construction (1) ad infinitum for the sequence of copulas
(Cr)ken-

If the copula sequence satisfies C, = C* (independence copula) for k > p we refer
to this as the finite-order case. In this case, for k > p, we have that

Ur = Qp(Zi; Upp—1:5—p)),

so Uy only depends on the previous p values. It can be shown that this gives a sta-
tionary and ergodic Markov process of order p [5] and there is literature on rates of
mixing [7,2, 8, 12]. Thus, in this case, construction (1) is an exact simulation algorithm
for a realization U = (Uy,...,U,)" of any length n from an s-vine copula process.
The random vector X = (Fx'(Uy),...,F; 1 (U,)))" is a realization from an s-vine
process (X} )tcz with marginal distribution Fx.

We are particularly interested in the infinite-order case where the copula sequence
satisfies C, — C'+ as k — oo but where, for every n € N, there exists £ > n such that
Cp #C L. When each C}, is a Gaussian copula with parameter o, then a result of [9]
can be used to show that absolute summability of the sequence (v )ken is a sufficient
condition for (1) to describe the construction of a stationary and ergodic process. On
the other hand, if a, = (k+ 1)_1 for all k, then it is shown in [5] that this yields a non-
ergodic process. In the case of non-Gaussian copula sequences there remain a number
of open questions about the conditions on the copula sequence for ergodic and mixing
behaviour. We will present some partial results and formulate some conjectures.

We develop an estimation methodology for finite and infinite-order s-vine pro-
cesses based on the Kendall partial rank autocorrelation function (kpacf), which is
the sequence of Kendall tau values (7)ren corresponding to the copula sequence
(Cr)ken. This allows us to propose a new interpretation of the concept of a non-
Gaussian ARMA(p,q) process of any order (p, q); the idea can also be applied to de-
velop non-Gaussian extensions of other Gaussian processes such as seasonal ARMA
models and ARFIMA models. We also develop a model checking methodology based
on a natural definition for model residuals.

5 Applications

We will give some specific examples of s-vine processes for modelling macroeco-
nomic time series. In particular, we will show some results for a non-Gaussian seasonal
ARIMA model for rate of inflation data. The estimation of models has been imple-
mented in the R library t scopula [13].
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Dependence orders and copula issues arising from
public rescue of bank defaults

Umberto Cherubini® and Sabrina Mulinacci?

! Department of Economics
University of Bologna, Italy
umberto.cherubini@unibo.it
2 Department of Statistical Sciences
University of Bologna, Italy
sabrina.mulinacci@unibo.it

Abstract. In this talk we will analyze the problem of how the budget constraints
for the rescue of bank defaults influences the joint distribution of times to default
of a banking system. In particular, we will propose and discuss new models with
different features and we will analyze the induced dependence.

1 Introduction

A common feature of the financial crises is the debate on which players to rescue to
prevent possible systemic developments. Rescue and support are obviously limited by
a budget constraint and can take different forms. Direct injection of funds in the banks
in the form of equity is the most usual way. Other popular forms of help consist of
freeing the financial system from some common source of risk: providing deposit in-
surance prevents contagion from the banking system to the real economy and buying
troubled assets (as in the TARP program during the big financial crisis) can stop con-
tagion across financial institutions. The same systemic threat can originate from oper-
ational risk events, such as the breach of the security of a digital system, exposed to
failure of its components because of external cyber attacks or physical disasters.

A question that arises is how the presence of this partial safety net can affect the
joint default distribution of the banks in the system. More particularly, we are interested
in assessing the effect of this safety net on the marginal times to default of the financial
institutions and their dependence structure, represented by their copula function and
the corresponding non-parametric dependence measures. In this talk, we address this
problem by combining tools and models that are typical of copula functions theory and
those coming from reliability theory.

In a technical setting, consider a system whose individual lifetimes have an assigned
dependence structure and marginal distributions. Assume you can repair, or rescue, a
limited number of components, subject to a bounded cost function. The question that
is addressed in this talk is how this repair and rescue may affect both the marginal
lifetimes, their dependence and the lifetime of the system. Reliability theory suggests
that the structural links among the banks may make a difference. The role of each bank
is given by the structure of the whole banking system: in case of system made of all
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SIFI banks then the default of just one of them implies the default of the whole system,
recalling a system in which the components are assembled in series, while in the case
of a system made of ”small” banks, the end of the entire system coincides with the
default of the last bank. In the financial jargon, a banking system in series calls for
a first-to-default rescue, while in a parallel system, preserving the system requires a
last-to-default rescue.

The connection with reliability theory is clear if we refer to repairable systems (see
Spizzichino, 2021, for a review on multivariate survival models for reliability systems).
As the simplest case, consider a system with d independent components, and assume we
have resources to fix the individual components n times. Repair and rescue is assumed
to occur on a first come first served basis (that corresponds to the case of the rescue of
a series system). The question is: are the components still independent? The qualitative
answer is no, because the lifetime of each components depends on the end of the others,
that take out repair resources. The quantitative answer, that is how dependence may
change, is instead addressed in this talk. In fact, even in this particular situation, the
problem is not trivial.

In order to include some underlying fundamental dependence we will consider the
case in which the d components lifetimes are conditionally i.i.d. with a particular at-
tention to the case in which they are linked by a Gumbel copula being this choice
particularly suited when dealing with exponentially distributed lifetimes (see Cherubini
and Mulinacci, 2017).

2 Aims and Provisional results

Let, for simplicity, assume d = 2. We denote with (Yl("), )/'2(") ) the random vector of

the residual lifetimes when n (n > 0) repairments are allowed. If (Zf"H), Zénﬂ)) do
represent the additional corresponding lifetimes in case of failure and repair, then the
residual lifetimes in the case of n + 1 repairs are given by

Yl(n+1) _ Yl(n) + Z{n—&-l)l

{Yl(")<Y2(")} (1)
Y2(n+1) _ YQ(n) + Z2(n+1)1

W<y
and the distribution of (Yl(")7 Yg(n)) for all n > 1 can be obtained recursively, starting

from the initial distribution of (Y1(0)7 YQ(O)) whose dependence structure represents the

Jundamental dependence of the system. Even in this simple case, the solution is quite
involved.
In fact, if we consider the particular case in which no fundamental dependence is

assumed (that is that Yl(o) and Y2(0) are independent), Yl(o) and Zf") are exponentially
distributed with parameter \; and Y2(0) and Zé") are exponentially distributed with
parameters Ao, and if, additionally, for ¢ = 1,2 and n > 0, Zi("H) is independent of
(V™ Y{™), then, if As = A1 + Aq, the joint survival distribution of (Y™, Y™ is

Pt ts) =4 W™

(/\S)n e At [C/\ltl (TL) - C)\ltz (n - 1)} + C)\st2 (TL - 1)7 ift; <ty
(%) e~ Mt [Crata () = Cxpty (n = 1]+ O, (n = 1), if 1y > 22 7
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where Cp(n) = e™* E;-L:O ”j—f, and the analysis of its probabilistic properties will
be the object of part of the talk. As a second step, we will add some fundamental de-
pendence assuming that the components are conditionally i.i.d. and we will analyze its
contribution to the resulting distribution. A similar analysis will be conducted in the
case of more than two components.

However, even though there is clearly some parallelism with reliability theory, we
will discuss differences and analogies and if and how much reliability theory can actu-
ally help.

Acknowledgment. We are particularly thankful to Fabio Spizzichino for the discus-
sions, comments and precious suggestions.
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1 Introduction

Archimedean copulas are popular and well-known mainly due to their simple alge-
braic structure. We revisit the close interrelation between Archimedean copulas C, and
probability measures -y on (0, co) established via the so-called Williamson transform
as studied in [7] (also see [8, Theorem 1.11]) and derive novel and simple expressions
for the level set masses and the Kendall distribution function in terms of +. Moreover,
we show that within the class of multivariate Archimedean copulas uniform conver-
gence is equivalent to weak convergence of the corresponding probability measures
on (0,00) and that singularity and regularity properties of the Archimedian copulas
may directly be derived from properties of the probability measures on (0, o). Using
the afore-mentioned results we conclude that the subfamily of all absolutely continu-
ous Archimedean copulas as well as the family of all singular Archimedean copulas is
dense in the set of all Archimedean copulas.

2 Notation and preliminaries

Throughout this contribution C¢ denotes the family of all d-dimensional copulas for
some fixed integer d > 3. To simplify notation, we write vectors in bold symbols. The
d-stochastic measure associated with a copula C' € C¢ will be denoted by yc, i.e.,
pe([0,x]) = C(x) for all x € 1%, whereby [0, x] := [0,21] x [0,22] X ... x [0,z4]
and I := [0,1]. For the (1,...,d — 1)-marginal of C' € C? we will write C1'?~1 i.e.,

Cljd_l(th,...,xd—ﬂ = C(w1,22,...,24-1,1),

forall (x1,...,24-1) € 141, If a d-dimensional random vector X has distribution func-
tion C' in the sequel we will simply write X ~ C.

Given an arbitrary metric space (S, d), the Borel o-field on .S will be denoted by B(.S)
and we write \q for the Lebesgue measure on B(I?). In what follows Markov ker-
nels (regular conditional distributions) will play a prominent role: A mapping K :
[9-1 x B(I) — I from I~ ! to Lis a (d — 1)-Markov kernel if and only if x — K (x, E)
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is B(I¢~1)-B(I)-measurable for every fixed E € B(I) and E + K(x, E) is a proba-
bility measure on B(I%~1) for arbitrary x € 1971, It is well-known (see, e.g., [1]) that
every copula C' € C? induces a Markov kernel K¢ : 197! x B(I) — I and that K¢ is
unique only pc1:a-1-almost everywhere. For more background on conditional expecta-
tion and Markov kernels we refer to [2, Section 5] and [5, Section 8].

A continuous, non-increasing, function ¢ : [0,00) — [0,1] fulfilling ¢(0) = 1,
lim, o ¥(z) = 0 =: ¢(c0) and being strictly decreasing on [0, inf{z € [0, 00] :
¥(z) = 0}] (with the convention inf @ := oo) is called an Archimedean generator.
Moreover, the map ¢ : [0, 1] — [0, 00| defined by ¢(y) := inf{z € [0, 00] : ¥(2) = y}
for every y € [0, 1] denotes the so-called pseudo-inverse of an Archimedean generator
. A copula C € C% is called Archimedean (in which case we write C' € C) if there
exists some Archimedean generator ¢) with

C(x) = ¢p(1) + - + p(xa))

for every x € I It can be shown that the latter is the case if ¢ is a d-monotone
Archimedean generator on [0, 00), i.e., ¥ is an Archimedean generator fulfilling that
(—1)424)(4=2) exists on (0, 00), is non-negative, non-increasing and convex on (0, o)
(whereby ¢("™) denotes the m-th derivative of a function g). Following [4], in order to
have a one-to-one correspondence between copulas and their generator we implicitly
assume that all generators are normalized in the sense that go(%) = 1, or equivalently,
¥(1) = 3 holds.

3 Main results

According to [7], we may characterize generators of d-dimensional Archimedean cop-
ulas in terms of the Williamson transform W, of probability measures « on (0, c0).
We recall the following result (see [7] and [8, Theorem 1.11]) where we write f}" for
the m-th power of the positive part f, of a function f, i.e., f7" := (f4)™:

Theorem 1. Let ¢: [0,00) — I be a function and d > 2. Then the following two
conditions are equivalent:

(1) ) is the generator of a d-dimensional Archimedean copula C.
(2) There exists a unique probability measure v on B([0,00)) with v({0}) = 0 such
that

b(z) = /[ 0= () = ) ), 0

holds for every z > 0. In other words, i is the Williamson transform of (the
Williamson measure) 7.

It is worth noting that the normalization property ¢ (1) =
measure 7y as [;(1 — )47 dy(t) = 3.

According to [7], for every t € (0, 1] the t-level set of C' € C? can be written as
Ly i={(x,y) e I* ' xI: C(x,y) =t}

% translates to the probability

d—1
= {(x,y) eI xT: ) o(m:) +oly) = w(t)} : 2

i=1
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Denoting the Kendall distribution function of C' € C? by Fi(t) := P(C(X) < t) for
t € [0,1] and assuming X ~ C, the next theorem yields a simple representation of
the level-set masses and the Kendall-distribution function of an Archimedean copula in
terms of its corresponding Williamson measure +:

Theorem 2 ([3]). Let C be a d-dimensional Archimedean copula with generator 1 and
Williamson measure . Then

po(Le) =v({ 51 t € (0,1] 3)
holds for every t € (0, 1]. Moreover, the Kendall distribution function F' I‘l{ of C fulfills
Fie(t) = ([0, 55 )

foreveryt € (0,1].

As a consequence of Theorem 1 we obtain that a sequence of Archimedean copulas
converges uniformly if and only if their corresponding Williamson-measures converge
weakly on (0, 00) (again see [3]):

Theorem 3. Suppose that C,C1,Cs, . .. are d-dimensional Archimedean copulas with
generators ), 1,102, ... and let vy,7v1,72,. .. denote the corresponding Williamson
measures. Then the following assertions are equivalent:

(1) (Cn)nen converges uniformly to C.
(2) (Yn)nen converges weakly on (0,00) o .

Following [6], every Markov kernel K¢ can be decomposed into the sum of three sub-
Markov kernels from 19~ to B(I) as

Ke(x,) = K& (x,-) + K& (x,) + K& (x, ), ()
whereby each measure K&*(x, -) is discrete, each K, é’ "9(x, ) is singular and has no

abs

point masses and K&*(x, -) is absolutely continuous on B(I). Using the fact that the
marginal C1?~! of C' € CZ is absolutely continuous (see [7]) and letting ¢**?~! de-
note the corresponding density, in what follows we will refer to the three measures

dis ,,8tng  abs

e, pe Y, pg’?, defined by
p(G) = [ G ) (9
HE(G) = [ KEM(x G (x)dhana (%) (©)
pG) = [ K Gt A (0
for every G € B(I), as the discrete, the singular, and the absolutely continuous compo-

nent of pc. The next theorem (see [3]) states, how the singularity/regularity of ~y carries
over to the corresponding Archimedean copula.
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Theorem 4. Suppose that C € CY, has generator » and Williamson measure . Then
the following assertions hold:

(1) If vy is absolutely continuous then uacbs(]ld) =1, i.e, C is absolutely continuous.

(2) If is discrete then p&is (1) = 1. ‘
(3) If v is singular without point masses then ;[Zf"g (]Id) =1

d

Referring to C as the family of all absolutely continuous d-dimensional Archime-

ar,abs -
dean copulas, CZ, ;.. as the family of all C' € CZ, with u&*(I?) = 1, and C%, ,;,,, as

sing

the family of all C' € CZ, with "¢ (I¢) = 1, combining Theorem 4 and Theorem 3,
yields that all the afore-mentioned classes are dense in CZ,. with respect to the unifrom
metric:

Corollary 5 ((see [3])) C¢ cé

ar.dis> Carabs and cd are dense in C2. with respect to
the uniform metric.

ar,sing
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1 Introduction

Welfare and related phenomena such as poverty and inequality are multidimensional,
that is, they depend not only on income but also on other aspects such as working con-
ditions and material well-being. Hence, to appropriately account for the multivariate
nature of these phenomena, it is necessary to measure the potential interdependence
between their dimensions. In this paper, we focus on one aspect of multivariate depen-
dence, namely the dependence in the lower and upper tails of the joint distribution. In
particular, lower tail dependence captures the risk that individuals who score low in
one dimension also score low in the others. Similarly, upper tail dependence captures
the risk that individuals who score high in one dimension also score high in the oth-
ers. In our context, we will refer to these two features as contagion of deprivations and
contagion of affluences, respectively. To build up measures of tail dependence, we fol-
low a copula based approach. This approach is particularly appropriate in multidimen-
sional welfare analysis, where we deal with non-Gaussian distributions and possibly
non-linear relationships.

Despite its theoretical appeal and its popularity in fields such as finance or environ-
mental sciences, the concept of tail dependence has only recently been applied in wel-
fare economics in D’ Agostino et al. (2022).These authors provide a novel application
of tail dependence concepts in poverty analysis but limited to a bidimensional setting.
Our paper generalises this work by incorporating a multidimensional perspective that
includes a pioneering application of multivariate tail dependence concepts to welfare
analysis. To do so, we rely on a particular version of the multivariate tail concentration
funcion proposed by Di Bernardino and Rulliere (2017). This function, which is based
on the work of Venter (2002) and Durante et al. (2015) for the bivariate case, has sev-
eral advantages. First, it allows to represent, in a unit square, the degree of multivariate
dependence in both tails of the joint distribution, regardless of the number of dimen-
sions considered. Second, it avoids the cumbersome task of estimating asymptotic tail
dependence coefficients. Additionally, we show that this function is closely related to a
measure of multivariate overall dependence, namely the Blomqvist’s beta.
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Our paper illustrates the use of the multivariate TCF by analysing the evolution of
tail dependence between the three dimensions of the AROPE rate in the EU-28 over
the period 2008-2018. First, we find evidence of lower and upper tail dependence in all
EU-28 countries. That is, there is evidence of a risk of contagion of deprivations and
affluences. Second, this dependence is time-varying over the period analysed and it is
not homogenous over all countries. And third, in most of the EU-28 countries, the risk
of contagion of deprivations tends to be higher than the mirrored risk of contagion of
affluences.

2 Methodology

The copula approach focuses on the positions of the individuals across the variables,
rather than on the values that these variables attain for such individuals. In particular, let
the continuous random vector X = (X7,..., X) represent the relevant d dimensions
analysed and let F; denote the marginal distribution of dimension ¢, with¢ = 1,...,d.
Then, each original variable X is transformed by applying the so-called probability in-
tegral transformation, obtaining a transformed variable U; = F;(X;), withi = 1,...d.
These transformed variables attach to each individual in the population its relative po-
sition in all dimensions.

From probability theory, the transformed variables Uy, . . ., Uy are standard uniform
random variables U (0, 1) and the joint distribution of the vector U = (Uy, ..., Uy) turns
out to be the copula function C. Therefore, the copula is a d-dimensional cumulative
distribution function, C' : I¢ — I, with I = [0, 1], whose univariate marginals are
U(0,1). So, for a given real vector u € I¢, the value C(u) represents the proportion of
individuals in the population with positions outranked by u, i.e, C(u) = p(U < u) =
p(Ur < uq,...,Uq < ug). For instance, C'(0.2, ...,0.2) will represent the probability
that a randomly selected individual is simultaneously in the 1°¢ quintile (“low-ranked”)
in all dimensions.

Another important function, which is not a copula itself but it is related to the copula
O, is the survival function, C' : I¢ — I, defined as:

C(u) =p(U >u) =p(U; > uy,...,Us > ug),

where U = (Uy, ..., Uy) is a random vector of variables U (0, 1) whose joint distribu-
tion function is the copula C. For instance, C'(0.8,...,0.8) will represent the proba-
bility that a randomly selected individual is simultaneously in the 5 quintile in all
dimensions.

The copula and survival function defined above play an essential role in determining
the so-called lower and upper tail dependence coefficients, respectivelty. Following Joe
(2015), in a d-dimensional framework, these coefficients are defined as:

C(u,...,u)

A%zulirg+Pr(U1 <ty...,Uj_1 <ulUg < u) :ulir(r)l+T’ (1)
C(u,...,

My = lim Pr(Uy > u,...,Us1 > u|Us > u) = lim Cl.w)
u—1 u—1 1—u
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As Durante et al. (2015) point out, “while tail dependence give an asymptotic ap-
proximation of the behaviour of the copula in the tail of the distribution, it might be
also of interest to consider the case when the tail behaviour is considered at some (fi-
nite) points near the corners of the unit square”. To face this goal, we use a particular
version of the multivariate tail concentration function (TCF), namely ¢& : (0,1) — 1,
given by:

C(uy...,u)
ﬁl(o.m) 3)

U, . .

C T
b (u) = %1(0,0.5] +

where 1 4 denotes the indicator function on a set A.

In our framework, if we consider the three dimensions of the AROPE rate (income,
work intensity and material well-being), evaluating the TCF at lower (high) values en-
ables analysing the risk of contagion of deprivations (affluences). For instance, qg(O.Q)
will capture the risk that an individual that is in the 1°? quintile in income is also simul-
taneously in the 15! quintile in both work intensity and material well-being. Similarly,
q%(0.8) will capture the risk that an individual that is in the top quintile in income is
also simultaneously in the top quintile in both work intensity and material well-being.

The TCF has the advantage of representing, in a unit square, the dependence struc-
ture on the tails of a multivariate distribution, regardless of the number of dimensions
considered. Moreover, in the limits, this function yields the multivariate tail dependence
coefficients defined in (1) and (2), namely ¢&(07) = A¢ and ¢4 (17) = A¢.. Addition-
ally, the multivariate TCF is related to a measure of global dependence, namely the
multivariate Blomqvist’s beta, 34 ¢, proposed by Ubeda-Flores (2005). In particular,
the following relathionship holds.

q¢(0.5) + ¢¢(0.5%)
2
In practice, we propose to estimate the multivariate TCF by replacing in (3) both the

copula and the survival function with their empirical counterparts. For non-continuous
data, the empirical checkerboard copula in Genest et al. (2017) will be used.

— 5d,C[]— _ 2—d+1] 4 2—d+1'

3 Results

In this paper, we apply the multivariate TCF to analyse the evolution of multivariate tail
dependence between income, work intensity and material well-being in the countries of
the EU-28 over the period 2008-2018.

Figure 1 displays, for the EU-28 countries, the estimated trivariate TCF for years
2008 (blue line), 2014 (red line) and 2018 (green line) together with 95% standard
bootstrap confidence intervals using 1000 bootstrap replications. As a benchmark, the
theoretical trivariate TCF of independence is displayed in black.

Several conclusions emerge from Figure 1. First, there is a risk of contagion of both
deprivations and affluences, since the estimated TCFs are above the theoretical TCF of
the independence for the three years considered. This means that, in the EU-28, there
is a positive probability that a household that scores low (high) in one dimension also
scores low (high) in the other two dimensions simultaneously. Second, in most of the
EU-28 countries the TCFs are not symmetric, i.e, the risk of contagion of deprivations
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Fig. 1. TCF for the EU-28 countries and years 2008 (blue), 2014 (red) and 2018 (green) with
bootstrap confidence intervals and TCF of independence (black).

tends to be higher than the mirrored risk of contagion of affluences. Actually, the latter
tends to zero in the limit. Third, multivariate tail dependence changes accross countries
and over time. In some countries, the level of dependence between welfare dimensions
hardly changed over the period analysed. By contrast, in other countries there was a
significant increase of the risk of cumulative deprivation and affluence over the period
2008-2014, but the post-2014 recovery period allowed to reduce that risk to the levels
of 2008. However, there are also countries where the Great Recession strengthened tail
dependence in such a way that this was still higher in 2018 than in 2008.
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We study the large sample properties of sparse M-estimators in the presence of
pseudo-observations. Our framework covers a broad class of semi-parametric copula
models, for which the marginal distributions are unknown and replaced by their em-
pirical counterparts. It is well known that the latter modification significantly alters the
limiting laws compared to usual M-estimation. We establish the consistency and the
asymptotic normality of our sparse penalized M-estimator and we prove the asymptotic
oracle property with pseudo-observations, possibly in the case when the number of pa-
rameters is diverging. Our framework allows to manage copula-based loss functions
that are potentially unbounded. Additionally, we state the weak limit of multivariate
rank statistics for an arbitrary dimension and the weak convergence of empirical copula
processes indexed by maps. We apply our inference method to Canonical Maximum
Likelihood losses with Gaussian copulas, mixtures of copulas or conditional copulas.
The theoretical results are illustrated by two numerical experiments.
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Abstract. Building upon the new measure of predictability 7'¢ introduced by
Ansari & Fuchs (2023), which quantifies the extent of functional dependence of
a response vector Y = (Yi,...,Y;) on a set of explanatory random variables
X = (Xi1,...,Xp), we present a model-free and dependence-based feature
ranking and forward feature selection of data with multiple response variables,
thus facilitating the selection of the most relevant explanatory variables. We fur-
ther provide a hierarchical clustering method for random variables and devise a
visualization tool for the interconnectedness of random variables based on the
degree of predictability among them.

Introduction

As a direct and natural extension of Azadkia & Chatterjee’s rank correlation 7', pre-
sented in [2] and given (in its unconditional form) by

Jpvar(P(Y >y | X)) dPY (y)
Jevar(Liy>yy) dPY (y)

(see also [3]), to a vector Y = (Y7,...,Y;) of ¢ > 1 response variables, in [1] we
introduce the functional 7'¢ defined by

T(Y|X) :=

le [T(m(X, Yici,.... 1)) = T(Yi|(Yiz1, . .. ,Yl))]
1 -T(Yie, ... )]

TYY|X) =
with T'(Y1]0) := 0.

T9(Y|X) quantifies the degree of predictability of Y given X, i.e., the scale-invariant
extent of functional dependence of the response vector Y = (Y73, ...,Y;) on a number
of explanatory variables X = (X7, ... ,Xp), p > 1, and fulfills the desired characteris-
tics of a measure of predictability, namely

(Al) 0 <TYY|X) < 1.

(A2) T9(Y|X) = 0 if and only if Y and X are independent,

(A3) T9(Y|X) = 1if and only if Y is perfectly dependent on X, i.e., there exists
some measurable function f : R? — R? such that Y = f(X) almost surely.
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In addition, 7'? fulfills the so-called information gain inequality:
(P1) T(Y|X) < T%Y|(X, Z)) for all random vectors X, Y and Z,

formalizing the idea that additional explanatory variables improve the prediction, and
characterizes conditional independence between random vectors:

(P2) TY(Y|X) =T9Y|(X,Z)) if and only if Y and Z are conditionally independent
given X.

T? has a model-free, strongly consistent estimator which can be computed in
O(nlogn) time and which is given by a simple function of the graph-based estima-
tor 7T}, for T proposed in [2].

Forward feature selection

Up to our knowledge, there is rather little literature on feature selection methods that
are applicable to multivariate response vectors (i.e., for ¢ > 1). In the class of linear
methods, the lasso allows an extension to multiple output data [6], while the kernel
feature ordering by conditional independence in [5] is a general model-free method
defined for reproducing kernel Hilbert spaces.

Making use of the above described properties of 179, we propose a model-free
and dependence-based forward feature selection method for multi-response data called
MFOCI. We prove that MFOCI is consistent in the sense that the subset X g := (X ) es
with S C {1,...,p} of selected explanatory variables via MFOCI is sufficient with
high probability, i.e., with high probability Y and X are conditionally independent
given Xge := (X;);jese where S := {1,...,p} \ S. We further provide several sim-
ulations and real-data examples for multi-response data illustrating the superior perfor-
mance of our method in comparison to existing procedures.

Identifying networks

Since T'? measures the strength of dependence between random vectors, there exist sev-
eral ways of identifying networks on the level of random variables.

Interconnectedness of banks.

As illustrative example we first consider the interconnectedness of the 3 largest banks in
each of the U.S. (US) and Europe (EU), and compare further their connectedness with
the 4th largest banks in the US and Europe, which are Citigroup (CG) and Deutsche
Bank (DB), respectively.

For revealing the interconnectedness of the banks, we estimate their degree of pre-
dictability via 7' from a sample of log-returns of the Banks’ stock data. Figure 1 shows
the values of T'Z for the above described interrelations.
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Fig. 1. Interconnectedness of the three largest banks in the US and Europe, as well as connected-
ness with the banks Citigroup and Deutsche Bank measured by 77 ; for example, the intercon-
nectedness of the three largest US banks with the three largest EU banks was calculated using 7,7
with p = 3 explanatory and ¢ = 3 response variables.

Clustering.

For T'9 we employ the agglomerative hierarchical clustering procedure proposed in [4],
where as dissimilarity measure we here propose a suitable function of 7' measuring
the maximum degree of predictability between two given disjoint subsets of random
variables. Figure 2 illustrates the clustering output of the three largest US and EU banks
based on log-return data.
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(HSBC, BNP, CAG) measured by 79 .
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Abstract. Transformations of copulas based upon strictly increasing bijections
on the real unit interval are discussed. In particular, the problem of determining
the subset of bijections which ensure that the transformation of a given copula is
still a copula is studied. The real novelty is that several results strongly depend
on a fruitful connection between real analysis and group theory.

1 Motivation

Let C be a (bivariate) copula and let g : [0, 1] — [0, 1] be a continuous, strictly increas-
ing bijection. The distorsion of C by means of g is the function C, : [0,1]> — [0, 1]
given by

Cylw.y) = g7 (Clg(x). g(v)))- )

The distortion of a copula as in eq. (1) is also known as transformation of C' via g. This
topic has been considered in many papers both from a theoretical point of view and in
applied contexts. See, for instance, [1,4, 10,2, 8].

The study of distorted copulas is particularly interesting because they may be used
to generate in a very flexible way new families of copulas. Furthermore, it is quite
intriguing to analyze how some dependence properties of a copula are modified in a
distorted copula, for example the tail dependence coefficients (see [12,9]). To this pur-
pose, it is essential to have some information about the subset of bijections which ensure
that the distortion of a copula is still a copula. More formally, denote by C the set of
bivariate copulas and by © the set of strictly increasing and continuous bijections on
the real unit interval: given an arbitrary copula C, let Z(C') = {g € © : Cy € C}. In
[4], the authors exactly pose the problem of determining Z(C) for a given C' € C. Note
that this problem has been completely solved in the context of triangular norms (see,
for instance, [11]) when C = M, C = I and C = W, where

M(z,y) = min{z,y}, W(z,y) =max{0,z +y— 1}, II(z,y) = zy.

In the first case, we have Z(M) = ©, while in the two remaining cases, when C is either
a nilpotent or strict Archimedean copula, Z(W') and Z(II) are given by the concave and
the log-concave bijections of @, respectively (see also [3]).

To the best of our knowledge, there are no general results related to different types of
copulas: moreover, quite surprisingly, only a few investigations appear in the literature
with regard to the connection between Z(C') and Z(C) for a given copula C and a fixed
g €0o.
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2 Main results

A semi-copula S is a function from [0, 1]2 to [0, 1] that is increasing in each variable and
satisfies S(z,1) = S(1,2) = « for every « € [0, 1], but it may be neither associative
nor commutative [6, 5]. It is not difficult to see that the set of continuous semi-copulas is
closed under the distortion of any g € ©. The same does not occur when S is a copula:
indeed a distorted copula is generally only a continuous semi-copula (see, for instance,
[7D.

Given any copula C, we call horizontal section of C' any mapping of the kind = —
C(z,v) for any fixed v € [0, 1]. Analogously, a vertical section of C' is any mapping of
the kind = — C(v, z) for any fixed v € [0, 1].

The first results are related to a necessary condition: particularly, C; € C requires
that every horizontal and vertical section of C| is an absolutely continuous function on
[0, 1]. The absolute continuity of both g and its inverse g ! is a sufficient condition for
assuring the above requirement, but generally not necessary, as we will show by means
of a particular counter-example. However, we prove that the converse is true when C'is
jointly strictly monotone, i.e.

Clx,y) < C(2',y) and C(y,z) < C(y, )

for any z,z’,y € [0, 1] such that x < 2’ and y > 0.

We can formalize the process of distortion of a semi-copula within the branch of
group theory given by the actions. Let X be an arbitrary, non empty set and let G be
a group. A (right) action of G upon X is a mapping ¥ : X x G — X satisfying the
following axioms:

- U(¥(x,g),h) =¥(x,gh)forall g,h € G and for any z € X;
- U(z,e) = x forall z € X, where e denotes the identity element of G.

We will present some results about the connection between Z(C) and Z(C,;) when we
have some information on Z(C') just resorting to the group action, by identifying G
with © and X with the set of continuous semi-copulas.

Finally, a third group of results is related to some sufficient conditions in order to
determine at least a subset of Z(C') for some remarkable examples of copulas.
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In this talk we discuss copula-based dependence quantification between multiple
groups of random variables of possibly different sizes. A focus in the talk is on the
family of @-divergences. An axiomatic framework for this purpose is provided, and we
illustrate the divergence measures by means of examples. For statistical inference we
focus on the absolutely continuous setting assuming copula densities exist. We con-
sider parametric and semi-parametric frameworks, discuss estimation procedures, and
establish asymptotic properties of the proposed estimators. Simulations indicate finite-
sample performances, and practical use is discussed.

This talk is based on joint work with Steven De Keyser (KU Leuven).
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This talk will provide an overview of the recent progress made in exploring Sourav
Chatterjee’s newly introduced rank correlation. The objective is to elaborate on its prac-
tical utility and present several new findings pertaining to (a) the asymptotic normality
and limiting variance of Chatterjee’s rank correlation, (b) its statistical efficiency for
testing independence, and (c) the issue of its bootstrap inconsistency. Notably, the pre-
sentation will reveal that Chatterjee’s rank correlation is root-n consistent, asymptoti-
cally normal, but bootstrap inconsistent — an unusual phenomenon in the literature.
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Abstract. We study relations between the shape of a strict triangular norm and
its generators. In particular, we introduce the class of balanced generators.

1 Formulation of the goal

Triangular norms (t-norms for short) are binary operations on the real interval [0, 1]
which are commutative, associative, nondecreasing, and with neutral element 1. We
restrict attention to t-norms 7" which are strict, i.e., continuous and satisfying 7'(z, y) <
T(x,z) whenever y < z and x > 0. T-norms are used mainly in fuzzy logics as the
interpretation of a conjunction. We refer to [3] for basics on t-norms.

It is known [4, 7] that each strict t-norm 7" has a (non-unique) additive generator,
t: [0,1] — [0, 00], and a multiplicative generator, 6: [0,1] — [0, 1], which allow to
express it as

T(z,y) =t~ (t(x) + ty)) = 07" (0(x) O(y)) -

A strict t-norm is a copula iff its (any) additive generator is convex [3]. Conversely, as-
sociative copulas are t-norms. Thus many families of binary operations were introduced
and studied independently as copulas and t-norms.

Many different proofs of the existence of generators of strict t-norms were published
(see the bibliography of [9]). However, we found their interpretability unsatisfactory. It
is not known how the “shape” of a generator influences that of the corresponding t-norm
and vice versa.

One possible approach is to describe the t-norm by a collection of points which
should lie on its graph (or close to it) and fit a t-norm to these data. This can be easily
done if we restrict attention to some parametric family of t-norms. If we try to find an
optimal approximation among all strict or nilpotent t-norms, their associativity makes
the task difficult. A feasible solution was proposed by Beliakov in [1]. His solution is
not optimal, as shown in [10]. However, all these attempts ignore the local behavior of
the t-norm, e.g., its derivatives. We are not aware of any attempt to make an analogy of
a Hermite interpolation by a t-norm.

We posed the question of how a (local) change of a t-norm influences its generator
or, vice versa, how a change of a generator modifies the t-norm. Particular attention is
paid to their first derivatives.

42



2 Inspiration

There is one result that links the shape of a t-norm and its multiplicative generator. It
was first published in [8], here we cite it from [9]:

Theorem 1. Let 0 be a multiplicative generator of a strict t-norm T such that 6'(0) €
10, 00[. Then

B .
0(y) = %T(w,y) 0T mgr& .

Sor all y € [0, 1) whenever these expressions are defined.

The latter expression means that, up to the scaling factor 1/z, the function y —
T'(x,y) becomes a very good approximation of a multiplicative generator of 7' when
x — 0, see Fig. 1. Thus a close look at the graph of T near the line segment {(0, ) |
y € [0,1]} allows to deduce the “shape” of (one distinguished) multiplicative generator
of T'. Other multiplicative generators of 1" are powers of this generator and do not admit
such an interpretation. We shall discuss this situation in more detail in Section 3.

0.9
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0.2 g 6(y)
- 0'2(y)

0.1 o%(y)
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0 0.2 0.4 0.6 0.8 1

Fig. 1. A balanced generator of a Frank t-norm, two of its powers, and its approximation by Th. 1

3 Derivatives at bounds of the domain

The derivatives at the upper bounds of the domains are linked by the following rules:

Theorem 2. Let T be a strict t-norm, t its additive generator, and 0 its multiplicative
generator. From the following conditions, 1 and 2 are equivalent and they imply 3:

43



1. 0 has a continuous, nonzero, finite derivative at 1.

2. t has a continuous, nonzero, finite derivative at 1.

3. T is differentiable at (1, 1) (i.e., it has there a total differential; explicitly, its linear
approximation in the neighborhood of (1,1) is (z,y) — x +y — 1).

Remark 1. Theorem 2 operates with the existence of derivatives as follows: if one
derivative exists and satisfies the assumptions, the other derivative also exists.

Notice that the linear approximation at (1, 1) coincides (locally) with the Lukasie-
wicz t-norm, T'(z,y) = max(x +y — 1, 0), which is nilpotent, but the theorem applies
to strict t-norms, e.g., to all strict Frank t-norms, defined by

z _ y_
T(z,y) = log, <1—|—(>\;)_()£1)> for A € (0,00) \ {1},
including the product t-norm (as the limit case for A — 1). On the other hand, follow-
ing [6], any continuous t-norm can be approximated by a strict t-norm with arbitrary
precision. As an example, the minimum t-norm is the limit case of Frank t-norms for
parameter A — 0, although it is not differentiable at (1, 1) (and does not have a gener-
ator).

In Theorem 2, if one of the generators satisfies the first two conditions, all genera-
tors satisfy it, too. The reason is that additive generators are determined up to a posi-
tive multiple and multiplicative generators up to a positive power, and these operations
keep the derivatives at 1 finite and non-zero. Now we shall discuss derivatives at 0 and
the situation becomes different. Additive generators of strict t-norms are unbounded
in a neighborhood of 0, thus speaking of their “shape” is not much useful. We could
ask whether they tend to oo faster or slower than the negative logarithm, but this does
not help our intuition and understanding of the graph. For multiplicative generators the
condition similar to Theorem 2 is meaningful.

Definition 1. /2] A multiplicative generator 0 of a strict t-norm is called a balanced
generator if it has a (right) derivative at 0 such that 0 < §’(0) < oc.

Example 1. Frank t-norms for parameter A € (0,00) \ {1} have multiplicative genera-
x

tors 0, =

1 which are balanced. Hamacher product (which belongs to the family
of Ali-Mikhail-Haq copulas),

ry
Ty (z,y) = Tty—zy for z,y # (0,0),

has a multiplicative generator

Ou(r)=e=
and has no balanced generator.

Theorem 1 reconstructs balanced generators. Every strict t-norm has at most one
balanced generator; the derivative of its rth power at 0 is O for » > 1 and oo for r < 1,
see Fig. 1. A question arises how to find a balanced generator if it exists and we know
a multiplicative generator that is not balanced. We have an answer:
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Theorem 3. Let T be a strict t-norm with a multiplicative generator 0. If there is a finite
nonzero limit

. x6(x)
r=lim o(z) M
then T has a balanced generator
0, =04, )

If T has a balanced generator 0,, it is determined by (1) and (2).

If a balanced generator has a continuous derivative at 0, the corresponding t-norm
is differentiable at (0, 0); its total differential there is zero. We can say more about its
similarity to the product near this point:

Theorem 4. Let T be a strict t-norm with a balanced generator 0 such that 6'(0) =
¢ €10, 00[. Then
T
o Ly
(z,y)—(0,0) cTyY

4 Diagonals of t-norms

A diagonal of a t-norm T is the unary function A(x) = T'(z,z). It is known that
a diagonal does not determine the t-norm uniquely; see [5] for the characterization of
all t-norms with a given diagonal A. Its main steps construct a multiplicative generator
0 as follows:

1. One point (:c, 9(93)) € 10, 1[2 of the graph of the multiplicative generator can be
chosen arbitrarily,

2. Then the diagonal determines € on a countable infinite set M C |0, 1.

3. The set M is not dense. Choose two subsequent elements a,b € M suchthata < b
and ]a, b[ N M = (). The restriction 6|}, »; can be any function such that 6|, ) is
strictly increasing and continuous.

4. The remaining values of € are uniquely determined by the preceding steps.

A fact that seems to remain unnoticed is that the range of possible values of the
multiplicative generator constructed this way is limited by the difference x — A(z) >
0. The closer the diagonal is to the identity, the closer must be all t-norms with this
diagonal. This restriction may be helpful if the diagonal is close to the identity, which
is sometimes the case, e.g., for Frank t-norms with a small parameter.

5 Conclusion

We collected some results which relate the shapes of generators and the corresponding
t-norms. Although some of them are vaguely formulated and others are only local prop-
erties, referring to derivatives at points, they help to understand the geometry of these
objects. These rules can be also demonstrated by graphs of specific aspects of these
relations, see [2].
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Abstract. We discuss sets of copulas with prescribed values on some fixed sub-
set S of the unit n-cube I". The first problem is to find conditions for .S and
for the values on S, which ensure the existence of at least one copula that attains
these values, and the second is to find exact bounds for the set of all such copulas.

1 Introduction

Uncertainty modeling is quickly becoming one of the main topics in applied mathemat-
ics and statistics. Modern applications often require statistical estimations to be made
even if there is little or no information about the dependence structures involved. To
obtain good mathematical models in such situations, it is thus important to take into
account any additional information that is available.

In the case of complete dependence uncertainty, the set of all possible distribution
functions of a random vector X is described by the set of all copulas. Having additional
information about the distribution of X manifests as restrictions on the corresponding
set of copulas. These restrictions often involve prescribed values for copulas on some
subset S C I, such as diagonals, sections, finite sets of points, general compact sets,
etc. There are two questions that can be posed in each case. The first question

(Q1) Does there exist at least one copula that attains the prescribed values on S?

leads to finding conditions for the set S and for the prescribed values on S, that will
ensure the set of corresponding copulas in nonempty. The second question

(Q2) What are the exact lower and upper bound (constrained Fréchet-Hoeffding bound)
for the set of all copulas having the prescribed values on S?

involves finding formulas for the bounds and proving that the bounds are exact, i.e., at
each point they are attained by some copula.
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We mention a couple of known results on this topic. Existence of bivariate copulas
with given diagonal section § was established by Bertino [2], and Fredricks and Nelsen
[5], and the lower and upper bounds for such copulas are given in [11]. The lower bound
is known to be exact, while the exactness of the upper bound for general ¢ is still an
open question - it is only solved for special types of ¢. Diagonal sections of multivariate
copulas were investigated by Jaworski [6]. Copulas with prescribed opposite-diagonal
sections were considered by de Amo et al. [3]. Furthermore, a function @ defined on I"
is a quasi-copula if and only if for any track S in I" (i.e. a parametric curve with non-
decreasing components) there is a copula C' that coincides with ) on S. Some results
for a general compact set S can be found in [8].

The first result concerning (Q1) for a finite set S' (apart from the classical result
for |S| = 1, which is an integral part of the theory) was given in the bivariate setting
in 2010 by Mardani-Fard et al. [9], who showed that if |S| = 3 and () is an arbitrary
bivariate quasi-copula, then there exists a bivariate copula C' which coincides with )
on S. For | S| = 4 this is no longer true, since bivariate copulas have positive volume on
any rectangle while proper quasi-copulas do not. Using a linear programming method
De Baets et al. [4] proved that an analogous result holds for trivariate copulas when
|S| = 2, but not when |S| = 3. It was an open problem whether the same is true for
higher dimensional copulas, see [1]. In the talk we present a positive answer to this
question using a constructive induction method.

Very little is know about (Q2) for a finite set. In fact, existing results seem to be
limited to the case when a single value of a copula is prescribed, i.e. when |S| = 1.
The bounds for bivariate copulas with a given value at a given point were discovered
by Nelsen [10] in 1999. These bounds are given in terms of shuffles of min, so they
are again copulas, and thus automatically exact. In 2004 Rodriguez-Lallena and Ubeda-
Flores [12] provided the bounds for n-copulas with a given value at a given pointz € 1”.
Whether these bounds are exact when n > 3 was posed as an open question, with only
a partial answer given by the authors, namely in the regions [0, z] and [z, 1]. We settle
this question by showing that the given bounds are indeed exact for any n > 3.

2 Results

Let n > 2 and denote by W and M the lower and upper Fréchet-Hoeffding bound for
the set of n-copulas. In this section we provide an answer to (Q1) when |.S| = 2 and an
answer to (Q2) when |S| = 1. It turns out that the former is a consequence of the latter,
so we start with the latter.

Letz = (21, %2, . - ., 2n) be a fixed point in I"" and choose a real number a such that
W(z) < a < M(z). It was shown in [12], that if C' is a copula (or even a quasi-copula)
with C(z) = a, then

max {W(u),a - i(zz - ul)+} < C(u) < min {M(u)7a+ i(uZ - zl)+} (1)

forall u = (u1,us,...,u,) € I, where 7 = max{0, r} denotes the positive part of
areal number 7. Our first theorem shows that these bounds, which are n-quasi-copulas,
are exact (i.e. best possible).
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Theorem 1 ([7]). Fix a point z = (21, 22, - . ., 2n) € 1" and a real number a such that
W(z) < a < M(z). Then for every point x = (x1,Z2,...,Ty) € I" there exists an
n-copula C,, satisfying the conditions

Cu(z)=a and  C,(x)=min {M(X), a+ zi:(xz — z,-)+},

and an n-copula Cj satisfying the conditions

n
Ci(z)=a and C)(x) = max {W(x), a— Z(zl - xl)+}
i=1

So n-copula C), attains the prescribed value at z, and the upper bound at x, while
n-copula C} attains the prescribed value at z, and the lower bound at x. This implies
that the given bounds are exact.

Now suppose two points z and w in [" are fixed, and we prescribe the values at z
and w to be two values coming from a single n-quasi-copula @. In this case, question
(Q2) asks whether there is a n-copula, that coincides with @ at points z and w. Since the
bounds given in (1) hold also for n-quasi-copulas, Theorem 1 can be used to construct
such an n-copula by taking an appropriate convex combination of copulas C', and C;
from Theorem 1, with x replaced by w. We thus have the following result.

Theorem 2 ([7]). Let z and w be two points in 1" and let ) be an n-quasi-copula.
Then there exists an n-copula C' such that

C(z) = Q(z) and C(w)=Q(w).

The essence of our construction method thus lies in the proof of Theorem 1. The
core idea of the proof is the notion of an F-copula, where F is an n-tuple of increasing
1-Lipschitz functions defined on I, with value 0 at 0 and a common value 7" € [ at 1.
An F-copula is a grounded n-increasing function with marginals F, and it is meant to
model a slice of a higher dimensional copula, namely, a slice of a slice of a slice . . . of
a copula is an F-copula for appropriate F.

The proof of Theorem 1, say for the upper bound, can be summarized as follows
(see also Figure 1).

1. Formulate Theorem 1 for F-copulas.

2. Reorder the coordinates if necessary.

3. Take a slice through x in the z; coordinate, namely {x;} X I"~ !, and define an
appropriate (n — 1)-tuple F’ that will serve as the marginals on the slice, and an
appropriate value a’ at the projection z’ of z to the slice.

4. Use induction to find an F'-copula C” that will serve as a slice of the eventual
solution F-copula.

5. Extend C’ defined on the slice, together with the value a at z, to an F-copula C
defined on I[", which will automatically satisfy the necessary conditions.

6. Apply the result to the n-tuple F of uniform marginals.

Additionally, the technical aspects of the proof require generalizations of certain
classical results from the theory of copulas to the setting of F-copulas, including the
Fréchet-Hoeffding bounds and the answer to (Q1) for |.S| = 1. Furthermore, a byprod-
uct of step 5. is also an answer to (Q1) when S is a union of an (n — 1)-dimensional
slice of I and an arbitrary point in I".
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Fig. 1. A visualization of the procedure used in the proof of Theorem 1 (figure adapted from [7]).

Acknowledgement. The authors acknowledge financial support from the Austrian
Agency for International Cooperation in Education and Research and the Slovenian
Research Agency.

References

1.

2.
3.

10.
11.

12.

J. J. Arias-Garcia, R. Mesiar, B. De Baets, A hitchhiker’s guide to quasi-copulas, Fuzzy Sets
and Systems, 393 (2020), 1-28.

S. Bertino, Sulla dissomiglianza tra mutabili cicliche, Metron, 35 (1977), 53-88.

E. de Amo, H. De Meyer, M. Diaz Carrillo, J. Ferndndez Sédnchez, Characterization of copu-
las with given diagonal and opposite diagonal sections, Fuzzy Sets and Systems, 284 (2016),
63-717.

. B. De Baets, H. De Meyer, J. Fernandez Sanchez, M. ljbeda—Flores, On the existence of a

trivariate copula with given values of a trivariate quasi-copula at several points, Fuzzy Sets
and Systems, 228 (2013), 3—14.

. G. A. Fredricks, R. B. Nelsen, Copulas constructed from diagonal sections, Distributions

with given marginals and moment problems (Prague, 1996), Kluwer Acad. Publ., Dordrecht,
1997, 129-136.

. P. Jaworski, On copulas and their diagonals, Inf. Sci., 179 (2009), 2863-2871.
. E. P. Klement, D. Kokol Bukovsek, M. Omladi¢, S. Saminger-Platz, N. Stopar,

Multivariate copulas with given values at two arbitrary points, Stat Papers (2022).
https://doi.org/10.1007/s00362-022-01362-4

. T. Lux, A. Papapantoleon, Improved Fréchet-Hoeffding bounds on d-copulas and applica-

tions in model-free finance, Ann. Appl. Probab., 27 (2017), 3633-3671.

. H. A. Mardani-Fard, S. M. Sadooghi-Alvandi, Z. Shishebor, Bounds on bivariate distribution

functions with given margins and known values at several points, Comm. Statist. Theory
Methods, 39 (2010), 3596-3621.

R. B. Nelsen, An Introduction to Copulas, Springer, New York, 1999.

R. B. Nelsen, J. J. Quesada-Molina, J. A. Rodriguez-Lallena, M. Ubeda-Flores, On the
construction of copulas and quasi-copulas with given diagonal sections, Insurance Math.
Econom., 42 (2008), 473-483.

J. A. Rodriguez-Lallena, M. Ubeda-Flores, Best-possible bounds on sets of multivariate dis-
tribution functions, Comm. Statist. Theory Methods, 33 (2004), 805-820.

50



On extreme generators of shock—induced copulas

Damjana Kokol Bukoviek!+3, Tomaz Kosir?3, Blaz Mojskerc!-3, and Matjaz Omladi¢®

1 School of Economics and Business
University of Ljubljana, Slovenia
damjana.kokol.bukovsek@ef.uni-17j.si,
blaz.mojskerc@ef.uni-1j.si
2 Faculty of Mathematics and Physics
University of Ljubljana, Slovenia
tomaz.kosir@fmf.uni-17j.si
3 TInstitute of Mathematics, Physics and Mechanics
Ljubljana, Slovenia
mat jaz@omladic.net

Abstract. We extend the notion of extreme points in the Krein-Milman sense
of the class of semilinear copulas introduced by Durante et al. to the class of all
bivariate shock—induced copulas. This class properly contains semilinear copulas
for which the results of our procedure are consistent with the existing notion.
We show that our extreme copulas are dense in every class to which they belong
(including the class of semilinear copulas) in a stronger sense than in the Krein—
Milman approach; in fact, they are dense in a similar way that shuffles of M are
dense in the set of all copulas. We also provide a stochastic interpretation of our
extension of extremality. Roughly speaking, a shock—induced copula is extreme
whenever the inducing shocks have pairwise disjoint supports.

1 Introduction

Let U and V, respectively, denote the two lifetimes of the components of a system.
The independent times of occurrence of three types of shocks are denoted by X,Y
and Z, respectively. The first two are idiosyncratic shocks that are fatal to only one of
the two components at a time. The third one is an exogenous shock that affects both
components. Note that

U=min{X,Z} and V =min{Y,Z}. (1)

In this case, the random vector (U, V') obeys the Marshall copula Cy,y» and the two
functions ¢, v can be interpreted in terms of distribution functions of the previously
introduced random variables as Fx (z) = ¢(Fy(z)) for all z with Fyy(x) > 0, and
Fy (y) = ¢(Fy(y)) for all y with Fy (y) > 0.

In various applications, random events may have a different meaning than shocks,
e.g., lifetime, in which case the two minima above may become maxima. In finance,
random events can have opposite effects on long and short investments. Therefore, we
often cannot consider these events as either shocks or lifetimes. Nevertheless, we use
the common terminology “shock—induced copulas” when studying these copulas and
their properties, regardless of their actual application.
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In the seminal paper by Durante, Girard, and Mazo [2], which introduces a broad
family of copulas, including those induced by shocks, the operators such as “min” or
“max” in the Expression (1) above are called the linking functions. While symmetric
linking functions lead to the Marshall copula, the asymmetric choice U = max{X, Z}
and V = min{Y, Z} yields the maxmin copula. Although this copula is obtained by a
reflection in the linkage from the Marshall case, another reflection in a component does
not bring us back to the Marshall copula — it brings us to RMM.

Let us briefly recall the classes of shock—induced copulas that form the main back-
ground of our investigation.

(A) Marshall copulas: Maps C,, ,; (u, v) = min{ve(u), uy)(v)}, where

1. ¢, 1) are two increasing real valued maps on [0, 1];
2. (0) = $(0) = Oand (1) = (1) = L;
¥(v)

3. ¢*(u) = plu) and ¢*(v) = ——= are decreasing,
u v

are called Marshall copulas [6]. We denote this class of copulas with M.
(B) Maxmin copulas: Maps C,, (4, v) = wv + min{u(1 — v), (¢(uv) — u)(v —
¥(v))}, where

1. ¢, are two increasing real valued maps on [0, 1];
2. ¢(0) =4(0) =0and (1) = ¥(1) = 1;
3. ¢*(u) = % and ¥, (v) = U%ZEZ) are decreasing,
are called maxmin copulas [7]. We denote this class of copulas with M™.
(C) Reflected maxmin copulas: Maps Cy ,(u,v) = max{0,uv — f(u)g(v)},
where

1. f, g are two real valued maps on [0, 1];
2. the functions f*(u) = fw) and g*(v) = () are decreasing;
u v

3. the functions f(u) = f(u) + wand g(v) = g(v) + v are increasing;
4. f(0) = g(0) =0, f(1) = g(1) = 0, f(1) = g*(1) = 0,

are called reflected maxmin copulas (RMM for short) [5]. We denote this class of copu-
las with M ™. Every such copula can be obtained from a maxmin copula after applying
the reflection on the second variable, i.e., v — 1 — v. The functions ¢ and %) transform
into f and g with the following rules: f(u) = ¢(u) —wand g(u) =1 —u — (1 — u).

(D) Semilinear copulas: The family of semilinear copulas [3] may be considered
as a special case of Marshall copulas. Although they deserve to be defined on their own,
they are precisely symmetric Marshall copulas, i.e., we have ¢ = ¢.

-~

2 Results

In this section we present the results of [4]. A set of functions F = {f : I — 1 :
f0) = f(1) = 0, u+ f(u) A& flu)/u \}, where I = [0, 1], will be used as a
set of generators of certain families of copulas. Observe that this set is equivalently
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defined as 7 = {¢ : 0(0) =0,0(1) =1, p(u) A, o(u)/u\.}. Indeed, the bijective
correspondence F — F is given by f +— p(u) = f(u) + u. Functions of these sets are
continuous on (0, 1] and may have a jump at 0. If we redefine their values at 0 as their
right-hand side limits, these sets are compact and convex.
We also introduce two sets of points
_ VRN A (D) _ oy :
A=quel: f'(u) = and B={uel: f'(u)=-1}, for f € F;
U
() R @)
A= {ue]l:gp’(u) = gO}andB— {uel: ¢ (u) =0}, forp e F.
U
With p we denote the Lebesgue measure on [. We now present a characterization of
the extreme points of F (respectively F).

Theorem 1. A function f (respectively ) is an extreme point of F (respectively F ) if
and only if u(AU B) = 1.

For X,Y, Z continuously distributed random variables we obtain the following
characterization of extreme generators.

Theorem 2. If X (respectively Y ) and Z are continuously distributed, then f (respec-
tively g) is an extreme point of F if and only if the supports of X (respectively Y') and
Z are disjoint.

A rough definition of the support of X, denoted supp X C R, is that = € supp X if
either (/) the probability of the set { X = x} is nonzero (the set of these points is called
the discrete support, denoted supp,X), or (2) Fx is differentiable with nonzero deriva-
tive at = and belongs to an interval in which the points with this property are dense (the
set of these points is called the absolutely continuous support, denoted supp,X). The
support also contains accumulation points of the points of types (/) and (2). However,
there are shocks whose supports cannot be obtained only in this way.

1. Using the Cantor function, we can generate an example with shocks whose supports
are neither of type (/) nor (2), nor their combination.

2. The Cantor function can provide generators that are not extreme.

3. Two shocks that are both singular can provide an example of a generating function
that is extreme.

Introduce zy and 2y as the infimum of the support of X and Z, respectively, and
let wo = max{xg, 2o }. Similarly, introduce y; and z; respectively as the supremum of
the support of Y and Z respectively, and let w; = min{yi, 21 }. If we assume that the
random variables X, Y, Z are combinations of discrete and continuous type, we obtain
the following theorem.

Theorem 3. Assume that each of the three shocks is distributed discretely, continu-
ously, or as a combination of the two. Then

1. generator ¢ is extreme if and only if

(suppgX NsuppyZ) \ {wo} =0 and p(supp,X Nsupp,Z) = 0;

53



2. generator ) is extreme if and only if
(suppyY NsuppyZ) \ {w1} =0 and p(supp,Y Nsupp,Z) = 0.

The following three theorems show the density of extreme generators among all
generators and the density of extreme copulas, i.e. copulas generated by extreme gen-
erators, among shock—induced copulas of their respective types. It follows that extreme
copulas are dense in the class of semilinear copulas.

Theorem 4. Extreme generators are dense in the set of generators F.

Theorem 5. In either of the three families of copulas, Marshall, maxmin, and RMM,
the extreme copulas given by the formulas above form a dense subset.

Remark 1. In the class of semilinear copulas, where the extreme copulas of Durante et
al. [1] are defined, their definition coincides with our notion given above.

Corollary 1. In the class of semilinear copulas extreme copulas form a dense subset in
sup norm topology.

The next two theorems give the stochastic interpretation of continuously distributed
shocks and combinations of discrete in continuously distributed shocks, respectively.

Theorem 6. Let X, Y and Z be continuously distributed independent shocks generat-
ing a copula that belongs to either of the three families M, M™, or M™?. Then the so
obtained copula is an extreme one if and only if p([supp X U supp Y] Nsupp Z) = 0.

Theorem 7. Let X, Y, and Z be independent shocks. Assume that each of the three
shocks is distributed discretely, continuously, or as a combination of the two, and sup-
pose that they generate a copula C that belongs to either of the three families M, M™,
or M™7. Then

1. In the case of M copula C'is extreme if and only if

(suppyXNsupp,Z)\{infsuppU} =0, (supp,Y Nsupp,Z)\{infsupp V} = 0,
 (supp, X Nsupp,Z) =0, p(supp,Y Nsupp,”Z) = 0.
2. In the case of M™ or M™7 copula C' is extreme if and only if

(suppy X Nsupp,Z) \{inf supp U} = 0, (supp,Y Nsupp,Z)\ {supsupp V'} = 0,

p (supp, X Nsupp, Z) = 0, p (supp,Y Nsupp,Z) = 0.

Acknowledgement. The authors acknowledge financial support from the Slovenian
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Abstract. We consider the bounds for possible values of one concordance mea-
sure of a bivariate copula given the value of some other concordance measure.
Most of the obtained bounds are also attained.

1 Introduction

A concordance measure, or its generalization, a weak concordance measure, is often
a better way to model dependence than Pearson’s correlation coefficient since it is in-
variant with respect to monotone increasing transformations of the random variables.
Because of this invariance, the concordance of a random vector (X,Y) is uniquely
determined by its copula.

The most commonly used concordance measures are Spearman’s rtho, Kendall’s tau,
Gini’s gamma and Blomqvist’s beta. Additionally, Spearman’s footrule is probably the
most used weak concordance measure. They are defined as follows:

101
Spearman’s rho p(C) = 12/ / C(z,y)dxdy — 3,
o Jo
1 01
Kendall’s tau 7(C) = 4/ / C(z,y)dC(z,y) — 1,
o Jo
1 1
Gini’s gamma ~(C) = 4/ C(x,z)dx + 4/ C(z,1—z)dx — 2,
0 0

1
Spearman’s footrule ~ ¢(C) = 6/ C(z,z)dx — 2,
0

Blomqvist’s beta BC)=4C(5,3) - 1.
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The range of every concordance measure is the interval [—1, 1], while the range of
Spearman’s footrule is [—1, 1].

Given their widespread use in a variety of practical applications, it is natural to
compare different concordance measures in terms of the values that they can attain. In
particular, if a value of one measure is known, we may ask what are the possible values
of the other measures.

The investigation of the above question was started in 1950 by Daniels [1], who
compared Spearman’s rho and Kendall’s tau and gave some estimates for the values
of the two measures. The exact region of all possible pairs of values (7(C), p(C)),
C € C, was determined in 2017 by Schreyer, Paulin, and Trutschnig [7]. The regions
determined by Blomqvist’s beta and the other three concordance measures (Spearman’s
rho, Kendall’s tau, and Gini’s gamma) are given in [6] as an exercise for the reader,
while the region determined by Blomqvist’s beta and Spearman’s footrule is given in
[2].

In the talk we will describe the exact regions determined by Spearman’s footrule,
Gini’s gamma and Kendall’s tau. We will also tightly estimate the exact region deter-
mined by Spearman’s footrule and Spearman’s rho. The exact region determined by
Spearman’s rho and Gini’s gamma remains open.

2 Results

The exact regions determined by Spearman’s footrule, Gini’s gamma and Kendall’s tau
are polygons, more precisely triangular or quadrilateral regions.

Theorem 1 (KB, Mojskerc, [3]). The exact region determined by Spearman’s footrule
and Gini’s gamma of all points {(¢(C),v(C)) € [—3,1] x [-1,1]; C € C} is given
by
4 1 4 12 1
= _-< <min<{ - -z -4
39(0)— 3 <2(0) < min { 36(0) + 5. 26(0) + 3
Theorem 2 (KB, Stopar, [5]). The exact region determined by Spearman’s footrule
and Kendall’s tau of all points {(¢(C),7(C)) € [—3,1] x [=1,1]; C € C} is a trian-
gular region given by
4 1 1
-¢(C)— = <7(0) < C)+ -.
$9(0) — 3 <7(C) < 26(0) + 3
Theorem 3 (KB, Stopar, [S5]). The exact region determined by Gini’s gamma and
Kendall’s tau of all points {(v(C), 7(C)) € [—1,1] x [-1,1]; C € C} is given by
2 1 . [2 1
max{37(0) - 5,27(0) — 1} < 7(C) < min {37(0) + §»2’Y(C) + 1} .

All the boundary points of these regions are attained by shuffles of min.
The exact region determined by Spearman’s rtho and Spearman’s footrule is more
complicated.
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Theorem 4 (KB, Stopar, [4]). The exact region determined by Spearman’s footrule
and Spearman’s rho of all points {(¢(C), p(C)) € [—3,1] x [-1,1];C € C} is given
by

2 V(1 +26(C))" ~ 1 < p(C) < 5(9(C)

where s : [—%,1] — [—1,1] is a concave function satisfying

2
r(z) <s(z) <1-— g(l —x)?
and r is the function defined by

2x+%—§(1+2x)3/2; re[-3,—%]
" 3T+ o , z € [~5 )
rz)=42n+1 2n°—2n+1 3 3
S orell-3.1- —92.3,...,

w2 nt 5% 1 1) x €| | forn

1; rz=1.

The exact region determined by Spearman’s footrule and Spearman’s rho is similar
in shape to the exact region determined by Sperman’s rho and Kendall’s tau, i.e., the
upper bound seems to be a piecewise function with finer and finer pieces. However, the
exact region determined by Sperman’s rho and Kendall’s tau is not convex while in our
case the region is convex.

The obtained regions are shown in Figure 1.

Fig. 1. The exact regions determined by pairs of various (weak) concordance measures, [3-5].
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3 Concordance similarity measure

We introduce the (k1, £2)-similarity measure between (weak) concordance measures
k1 and ko as
_ A(Hl, HJQ)

(1= r(W))(1 = Ko (W)’
where A(k1,k2) is the area of the exact region determined by ; and k2 and W is
the lower Fréchet-Hoeffding bound, [3]. It describes how closely related two (weak)
concordance measures are.

In Table 1 we give (1, k2)-similarity measures between all pairs of (weak) concor-
dance measures for which the exact region determined by them is known.

ksm(k1,k2) =1

rsml| p | 7 | v | ¢ | B

P 1 ]0.7114 0.657?|0.3750
7 [|0.7114] 1 ]0.7500(0.7500|0.3333
v 0.7500f 1 |0.8125|0.5000

¢ /0.65?2]0.7500(0.8125| 1 |0.5000
B 1/0.3750|0.3333|0.5000|0.5000| 1

Table 1. (k1, k2)-similarity measure between pairs of (weak) concordance measures

It turns out that Spearman’s footrule and Gini’s gamma are most closely related. On
the other hand, the value of Blomqvist’s beta gives us little information about the values
of other (weak) concordance measures.
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1 General aspects

When considering multivariate data from practice, it often happens that data values are
missing. The causes of missing values can be different: defective machines, failed mea-
surements, plants dying, etc. Imputation and various maximum likelihood techniques
are well-established strategies for dealing with missing data. The classical theory can
be found in several textbooks, see [3] for example.

We introduce a new approach and consider parametric estimation of the copula of
dimension d, taking into account the concrete data structure at hand. No missing data
values are replaced. We just use the available data. Moreover, we do not assume spe-
cial probabilistic mechanisms for missing data. The data items with the same pattern of
complete and missing data are combined into a subset. For each of these patterns, the
corresponding marginal copula of non-missing components is introduced. Using these
marginal copulas and the copula itself, an adapted version of the Cramér-von Mises
divergence is constructed. The minimization of the estimated Cramér-von Mises diver-
gence results in the minimum distance estimator for the parameters. As an example, we
fit product copulas (see [1]) to ecological data.

2 Data structure

Let X = (XM, ..., X@)T be a d-dimensional random vector representing the data
without missing values. In the case of a complete observation vector, we denote the
joint distribution function by H and the (continuous) marginal distribution functions of
X by Fy, ..., Fy. According to Sklar’s theorem, we have

H(zy,...,xq) = C(F1(21),..., Fq(zq)) forz; € R,

where C : [0,1]¢ — [0, 1] is the d-dimensional copula. The detailed theory of copulas
can be found in the popular monograph by [4].
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Next we describe the structure of the data, including missing values. The sample
breaks down into m subsets of data items with the same pattern of missing data. The
number m does not depend on n. Every pattern is modeled as a binary vector b =
(b1,...,bqa)T € {0,1}* which has at least two components equal to 1:

b — 1 if the j-th component is observed,
777 ] 0if the j-th component is not observed.

Here b)), ..., b("™) € {0, 1} are the pattern vectors of the data subsets. We give an ex-
ample: the pattern bk = (0,1,0, 1)T of data subset £ means that the data items of this
subset have a non-missing second component and a non-missing fourth one, whereas
components 1 and 3 are missing. We assume that for all data subsets the distribution
function of the data items coincides with the corresponding multivariate marginal dis-
tribution functions resulting from H. The complete data items have distribution function
H. The data structure and the subset distribution functions are given in Table 1.

Table 1: Structure of the data including subset distribution functions (z, =
(‘T jv.j € J u))

subset|data pattern distribution fcn.
1 Yi1,..., Y, €RY b =1, H
complete data J={1,...,d}
2 Ygl,...,lfgnz € R b(z)7 ngCQ(Fj(l‘j),jGJQ)

Jy={1: 0% =1}

m ([Yt,. .o, Youn,, € R¥n[b0?)] T = O (F(24),5 € Jm)
T = {L: 0™ =1}

The copulas of the subsets are determined by
Cu(ujj € J,) =Cuob® £1-bW) (u=1...m),

where u = (uq,...,uq)T,1=(1,...,1)T € R4, a®b = diag(a) b is the Hadamard
product of vectors a, b € R%.

3 Divergence and Estimation

Let F = {C(. | 0)}oco be a parametric family of copulas. © C R? is the parameter
space. Due to the high complexity of the multivariate data, it cannot be expected that
a copula model class can be found to which the copula of the data belongs. Therefore,
model fitting aims at the best possible approximation of the underlying copula C by the
family F. For this purpose, we consider the Cramér-von-Mises divergence as a measure
for the discrepancy between the copula C and F. Define the model copula for subset p:

Cu(ujyj€J,|0)=Clueb® +1-bW |g)
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foru € [0,1]%,0 € ©, 4 = 1...m. We introduce the population version of the diver-
gence as

D(C,C(. | 0)) Z/O - —Cu(u | 0))*w, () dC,,(u),

where w,, : [0,1]% — [0,+00) (u € {1...m}) is the Lipschitz-continuous weight
function for the data subset p. This quantity D(C,C(. | 6)) describes the deviation of
the sample copula from the model copula.

Let Fnj be the empirical marginal distribution function of the j-th component using

all available non-missing data. Define F;u (yj,d €)= (Fnj(yj))jgﬂ. Further H,,,,
denotes the empirical distribution function of the subset v:

oM

Hnu(y) = ﬁil, Z Z 1 {1/111”(3/;”') < Y}

p1<p<m, b >y =1

for y € R?, where 7, is the number of data items for subsets z with b§“) > bg-V)Vj )
Here function v, selects the components of subset ; which are also present in subset
vi Yuu(ys,j € Ju) = (yj,7 € Ju). Next we consider the following estimator for

c(.10)).

ny

Du(0) = zniz( Vi) = CulF, (Vi) | 0)) (B (Vi)

In our approach, we deal with approximate minimum distance estimators 0 defined
as approximate minimizers of D,,(.). Compared to the maximum likelihood method,
the Cramér-von Mises statistic has the advantage that no copula densities have to be
calculated and the partial statistics of the patterns are comparable.

4 Results

ny, (n)

Let lim,, = 7, be fulfilled for positive constants v,,, x = 1...m. Suppose
that the Hessian of 6 D(C,C(. | 9)) is positive definite at § = 90 Under these
assumptions and some additional assumptions on partial derivatives of (u,6) — C(u |
¢) and w,,, we have proved consistency and the asymptotic normality of the estimator
0. These results allow us to write down formulas for confidence intervals. The theorems
generalise former results in the case of complete data (m = 1), see Liebscher (2009).
Moreover, a result on asymptotic normality of D (9) has been derived.
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Uninorms, n-uninorms and pseudo-uninorms
with continuous underlying functions
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The introduction of statistical metric spaces (probabilistic metric spaces as they
are called today) by Menger in [3] and exploration of related concepts has initiated a
deep study of triangular norms (see Schweizer and Sklar [4]) and related operations on
the unit interval. In particular, commutative and associative binary functions on the unit
interval were considered and applied in many theoretical and applied fields, for example
in probability, statistic, many-valued logic, decision theory, artificial intelligence, neural
networks, image processing, data fusion, however, also in economics, social sciences,
and many others.

Generalization of the position of the neutral element or the annihilator of a t-norm
yielded the definition of uninorms and nullnorms [1, 5]. Since these operations behave
differently below and above the neutral element (annihilator) it was soon observed that
they can be used in bipolar aggregation, or bipolar many-valued logic. In fact, uninorms
and nullnorms can be taken as bipolar t-norms and t-conorms. Observe that similarly
as in the case of t-norms and t-conorms we can construct uninorms using continuous
additive generators which yields the class of representable uninorms. From an algebraic
point of view, proper uninorms are the only binary operations * on the unit interval
which make the structures ([0, 1], max, %) and ([0, 1], min, ) distributive commutative
semi-rings [2].

The theoretical study of structural properties of uninorms has attracted many re-
searchers. Nevertheless, similarly as in the case of t-norms, the class of all uninorms is
very complex and therefore their characterization results always rely on some additional
properties. In our case this additional property will be the continuity of the underlying
functions.

First, we will focus on the characterization of uninorms with continuous underlying
functions. We will discuss the ordinal sum construction for uninorms, their character-
izing set-valued functions and decomposition of uninorms with continuous underlying
functions into representable and trivial semigroups, and the cardinality of the related
ordinal sum. Then we will focus on n-uninorms which generalize uninorms and null-
norms and are related to reference levels of interest for scores. We will again discuss
characterizing set-valued functions of n-uninorms and decomposition of n-uninorms
with continuous underlying functions into z-ordinal sum of trivial and representable
semigroups. Finally, we will focus on further generalizations: pseudo-uninorms and
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pseudo-n-uninorms with continuous underlying functions, where the axiom of commu-
tativity is relaxed. We will identify all pairs of points of non-commutativity and give
similar characterizations as in the case of their commutative counterparts.

Acknowledgement. This work was supported by grant VEGA 1/0036/23.
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Abstract. Survival analysis, also known as time-to-event analysis, is a branch
of statistics which studies the expected duration of time until one event happens:
however, it is well known that the standard lack-of-memory property is generally
not satisfied by the distributions used in this kind of analysis. For this reason,
in this talk, we propose an extension of the standard strong and weak lack-of-
memory properties: after investigating the main statistical and probabilistical as-
pects of these distributions, we present applications to insurance and risk man-
agement.

1 Pseudo Lack-of-Memory Properties

Let us consider, in place of the standard product, a strict Archimedean t-norm given by
r®py=hh " z) h 1 (y), =z,yel0,1]

where h is a strictly increasing bijection of [0, 1], see, among the others, B. Schweizer
and A. Sklar (1961). In this setup, we introduce the function

expy, () = h(e”)

which represents a generalization of the exponential function since it solves the func-
tional equation

flx+y) = f(z)@n fy).

Now, we say that the distribution of a non-negative random vector (X1, X3) with joint
survival function F satisfies the pseudo lack-of-memory in its strong form if

F(ty + s1,ta + 89) = F(ty,t2) @5, F(s1,582) (1)

and in its weak version if
F(s1+t,s0+1) = F(s1,82) ®p F(t,1), 2)
with £, s1,%2, s2,t > 0. The standard lack-of-memory property, analyzed in Marshall

and Olkin (1967), is recovered when h = id.
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We prove that the solution of (1) is given by
F(z,y) = exp,(=A\17 — A\ay), A1, A2 >0, 3)

which is a bivariate survival function when h is convex and, in this case, the resulting
bivariate distribution is absolutely continuous with Archimedean dependence.

As for (2), we find quite general sufficient conditions on h, A and on the marginal
distributions F},F5 of the components X; and X5 such that its solution, given by,

Fy . (01) = expy,(—=Ay) @n Fi(x —y), x>y @
pa expp (=) @p Fo(y —z), 0 <y

is a bivariate survival function with P(X; = X5) > 0.

The copula and the dependence structure are studied both in the most general form
and for specific choices of the marginals and of ~. Moreover, a comparison between sur-
vival probabilities obtained with the standard lack-of-memory property and the pseudo
one is made for different super-additive and sub-additive generators both in the strong
as well as in the weak cases.

2 Distributions of Residual Lifetimes

We also show that the survival distribution of the excess-of-loss random vector (X7 —
t1, X2 — t3) in the strong lack of memory property case is again of type (3) with

—A1t1—Aot
he, 1, (2) = % in place of h. Similarly, the survival distribution of the
excess-of-loss random vector (X7 — ¢, X3 — t) in the weak case is of type (4) with
— At
hi(z) = % in place of h. Moreover, we analyze the evolution of their depen-
dence structure as a function of the elapsed time.
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Decision making under risk involves a ranking of distributions, which is typically
based on a method for assigning a real number to a distribution using a risk measure, a
premium principle or a context of expected utility. As it is typically difficult to assess
a concrete risk measure or utility function it is a well established idea to use stochastic
dominance rules in form of stochastic orders to compare distributions. However, it is
often equally difficult to completely specify a distribution, in particular in a multivariate
setting. Therefore it is an interesting question whether one can derive unambiguous
decisions under partial knowledge of the distributions.

In this talk we address this question under the condition that we only know the mean
and variance of the involved distributions or that we know the marginal distributions but
not the copulas in a multivariate context. Under such assumptions we derive sufficient
conditions for concepts of almost stochastic dominance that are based on restrictions
on marginal utilities.

The talk is based on joint work with Marco Scarsini, Ilia Tsetlin, and Robert L. Winkler.
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Non-metric unfolding via copula

Marta Nai Ruscone and Antonio D’ Ambrosio

1 Universita di Genova, Italy marta.nairuscone@unige.it
2 Universita di Napoli, Italy ant dambr@unina. it

Abstract. In this work an effective procedure to avoid degeneracies in multidi-
mensional unfolding for preference rank data is proposed. We adopt the strategy
of augmenting the data matrix, trying to build a complete dissimilarity matrix,
by using copula-based association measures among rankings (individuals), and
between rankings and objects (namely, a rank-order representation of the ob-
jects through tied rankings). Our proposal is able to both recover the order of
the preferences and reproduce the position of both rankings and objects in a ge-
ometrical space. Application on real datasets show that our procedure returns
non-degenerate unfolding solutions.

1 Copula

Copula are functions that join multivariate distribution functions to their marginal dis-
tribution functions [8]. They describe the dependence structure existing across pairwise
marginal random variables. In this way we can consider bivariate distributions with
dependency structures different from the linear one that characterizes the multivariate
normal distribution.

Each copula is related to the most important measures of dependency: the Pearson
correlation coefficient and the Spearman p correlation coefficient. The Spearman’s p
coefficient (see [8] pp. 169-170 for the definition of the p correlation coefficient for
continuous random variables) measures the association between two variables and can
be expressed as a function of the copula. More precisely, if two random variables are
continuous and have copula C' with parameter 6, then the Spearman p correlation is

ps(C) = 12/ Co(u1, uz)duydus — 3. (1)
I2

For continuous random variables it is invariant with respect to the two marginal distri-

butions, i.e. it can be expressed as a function of its copula. This property is also known

as ’scale invariance’. Note that not all measures of association satisfy this property, e.g.

Pearson’s linear correlation coefficient [5].

2 Unfolding as a special case of multidimensional scaling on
copula-based association between rankings

Unfolding, originally formulated by Coombs [3] for the analysis of the two-mode pref-

erence choice data, is a technique that allows the estimation of two configurations usu-
ally representing the coordinates for a set of m individuals and a set of n objects on
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the basis of proximity values between them, typically expressing preferences of each
individual over each object.

Therefore unfolding applies multidimensional scaling [4] to an off-diagonal n x m
matrix, usually representing the scores (or the rank) assigned to a set of m items by n
individuals or judges [1]. Using of either scores or rankings traditionally discriminates
between metric and non-metric unfolding.

The goal is to obtain two configuration of points representing the position of the
judges (X) and the items (Y') in a reduced geometrical space. Each point representing
the individuals is considered as an ideal point so that its distances to the object points
correspond to the preference scores [3].

Unfolding can be seen as a special case of multidimensional scaling because the oft-
diagonal matrix is considered as a block of an ideal distance matrix in which both the
within judges and the within items dissimilarities are missing. The presence of blocks
of missing data causes the phenomenon of the so-called degenerate solutions, i.e., so-
lutions that return excellent badness of fit measures but not graphically interpretable at
all.

To tackle the problem of degenerate solutions, several proposals have been presented in
the literature [1]. By following the approach introduced by [9], we adopt the strategy
of augmenting the data matrix, trying to build a complete dissimilarity matrix, and then
applying any MDS algorithms.

Let I" be the original m x n original preference data matrix. In order to augment the data
matrix we add to this n additional rows, one for each of the n objects, that correspond
to tied rankings representing the jth item, j = 1,...,n. As aresult, anew N x n I'*
matrix is obtained, with N = n 4+ m. Then we use copula-based association measures
among rankings (the individuals), and between rankings and objects (namely, a rank-
order representation of the objects through tied rankings), obtaining in facta N x N
dissimilarity matrix to be analyzed with any MDS algorithm.

3 An application on a real data set

Fig. 1 shows a comparison between the Unfolding solutions of PRESCAL [2], which
actually is the most used algorithm for Unfolding analysis, and our proposal by using
the Spearman p correlation coefficient via copula on the breakfast data set. Green and
Rao [6] collected 42 rankings of 15 objects by asking 21 students and their wives to
order 15 breakfast items in terms of their preference.

PREFSCAL works by setting two penalties on a modified loss function in such a

way to guarantee non degenerate solutions. A possible drawback of this algorithm is
that it is not always clear how set the penalty terms. In fact the user must make attempts
in order to find the right solution.
The figure emphasizes that the solution of our procedure is not degenerate and it is
comparable with the one of PREFSCAL, especially with its unconditional output. It
is normal that our output looks like the unconditional PREFSCAL solution because
we propose a solution that, depending on how we defined the dissimilarity matrix, is
unconditional as well.
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Fig. 1: Unfolding solutions for breakfast data. Breakfast items are labeled as follow:
Toast pop-up; Buttered toast; English muffin and margarine; Jelly donut; Cinnamon
toast; Blueberry muffin and margarine; Hard rolls and butter; Toast and marmalade;
Buttered toast and jelly; Toast and margarine; Cinnamon bun; Danish pastry; Glazed
donut; Coffee cake; Corn muffin and butter.

4 Concluding remarks

We propose an unfolding algorithm based on the augmentation of the data matrix and
a copula-based association between rankings. The shown result highlights that our pro-
posal produces non-degenerate unfolding solutions that are comparable with the ones
obtained with PREFSCAL. With respect to PREFSCAL, any parameter must be a priori
chosen by the user. On the other hand PREFSCAL always guarantees non degenerate
solutions. A robust simulation study will be discussed.
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Abstract. In the case where dependence concept is based on notions of de-
pendence orderings for copulas, we propose a new approach to investigate the
inter-relations among dependence, univariate and bivariate ageing concepts for
exchangeable random variables. Such an approach allows to extend some pre-
viously known inter-relations to weak dependence concepts and to propose two
indeces of univariate a bivariate ageing.

The inter-relations among dependence, univariate and bivariate ageing concepts
have been analyzed in the past literature (see, e.g., Averous and Dortet-Bernadet (2004)
[1], Bassan and Spizzichino (2005) [3], and more recently Nappo and Spizzichino
(2020) [4]). Such studies essentially hint on copula-based concepts of stochastic de-
pendence.

As far as the univariate ageing of a random lifetime X is concerned, the main role
is played by dependence properties of the Archimeadean function generated by the
marginal survival function G of X, i.e.,

Sa(u,v) = @(é_l(u) +§_1(’U)). (1)

The function Sg is not always a copula, actually it is a semicopula when G is not con-
vex. Therefore the dependence concepts of interest need to be extended to Archimedean
semicopulas.

In the bivariate exchangeable case the main role is played by the dependence prop-
erties of the ageing functions B(u,v) (see (4) for the definition of B). The ageing
function B is a transformation of the survival copula C (u, v) and had been introduced
and applied in Bassan and Spizzichino (2001) [2] (see also [3] and [4]). We recall that
also the ageing functions B are not always copulas, indeed they generally belong to
the class of semicopulas. Then this approach necessarily requires the extension of the
dependence concept to such a class, which is actually larger than the subclass of the
Archimedean semicopulas.

For the case where the dependence concept is based on notions of dependence or-

derings we propose a different approach. Such an approach aims to extend the analysis
of the inter-relations among dependence, univariate and bivariate ageing concepts also
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to weak notions of dependence A further advantage of our approach dwells in the pos-
sibility of replacing dependence properties (of the ageing function B) by a comparison
between the survival copula of the model and S¢. In such a framework the dependence
concepts and the related dependence orderings only need to be extended to the class of
the Archimedean semicopulas.

Furthermore the extension to weak dependence allows us to propose some theoreti-
cal indeces of ageing, somehow inspired to the well known Spearman correlation index.
Though this idea seems rather natural, to our knowledge no index of ageing has ever
been defined, neither for univariate nor for bivariate ageing.

More in details a brief description of our approach goes as follows.

We start by recalling one of the simplest property of Positive / Negative Univariate
Ageing (1-AG+ /1-AG—), i.e., the New Better than Used / New Worse than Used
(NBU/NWU), namely a positive random variable X with survival function G has the
NBU 1-AG+ (NWU 1-AG— ) property when

PX>z) > PX>2+ylX>y),Vo,y>0 < G@)G(y) > Gz +y).
< (<)
Setting u := G(z) and v := G(y), the NBU 1-AG+ property becomes
S (u,v) == é(éil(u) +§71(v)) < uv,
or equivalently
Sg(u,v) < I(u,v) < Sg=2pqp 11 2

where IT(u,v) = ww is the independent copula, and > pgp is the PQ)D stochastic or-
der. The condition at the r.h.s. of (2) can be seen as Negaitive Quadrant Dependence
(NQD) of the Archimedean semicopula S¢.

As far as the bivariate ageing property we restrict to the exchangeable case, i.e., to a
couple of random variables (X, V') with symmetric joint survival function F'(z, y), with

common marginal survival function G, and with symmetric survival copula C (u,v).
We recall the NBU positive bivariate ageing property (2-AG+) related to the previous
univariate ageing property as defined in [2]:

B(u,v) > H(u,v) < DBxpgpll 3)
where, setting y(u) = exp{—@il(u)} and v~ 1(z) = G(—1log(2)),
B(u,v) == exp{~G ' (F (~logu, ~log))} = 4(C(v " (w),y ' (1))). 4
In this case it is easily seen that (3) is equivalent to c >prop Sa-

The idea is to extend this procedure to other dependence concepts. We will restrict
to weak / strong dependence concepts defined as a comparison between the copula
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and the independent copula II by means of a weak / strong Partial Dependence Order
i(w/s)PDO:
(w/s)Dep+ C =(w/syppo 11

C &
(w/s)Dep— C Z(w/syppo 11

As shown in the above cited papers ([1, 3]) many univariate ageing concepts (start-
ing from the NBU) can be expressed as

1-AG+
1-AG—

. . Dep—
Sg is & Sgis Dep+
Then, in our framework, the related concepts of univariate e ageing are defined as a

comparison of the Archimedean semicopula S¢ with the Independent copula I7:

— . 1-AG+ Sa(u,v) 2(w/syppo 11

. (w/s)Dep—
Gis y ag— < Sa(u,v) =w/syppo II

< Se(u,v) is (W/s)Dep-+

Similarly (see [2, 3]) for exchangeable models (X, Y"), with survival copula C and com-
mon marginal distributions GG, many bivariate ageing concepts can be expressed as

In many examples (starting from the PQD dependence) the above condition is equiv-
alent to a comparison of the Archimedean semicopula S with the survival copula C.
Then in our framework the bivariate ageing property is

2-AG+ Sa(u,v) Z(w/s)PDO q

C,G) is &
( ) 2-AG— Sa(u,v) =w/s)yppo C

Note that, when S¢ is a true copula, the pair (Sg, @) characterizes the Schur constant
model with joint survival fucntion G(x + 7). Such a model may be seen as representing
the “noageing model” for two exchangeable random variables with common marginal
survival function G. Similarly, when S¢ is not a true copula, the pair (S, G) may be
interpreted as a ‘“noageing (pseudo) model”.

As already recalled, in [3] (see also [4]) some inter-relations among (1-AG=, 2-
AG=, Dep+) have been exploited by using the ageing function: for example

1. Dep+ 1-AG+ = 2-AG+
2.2-AG+ 1-AG— = Dep+
3.2-AG— Dep+ = 1-AG—

In our framework the bivariate the above inter-relations emerge in a direct and natural
way, and their proof becomes elementary.

We end by explaining briefly the proposed indeces of ageing related to Spearman
correlation index p. As it is well known p can be expressed in terms either of the joint
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copula C or the joint survival copula C'. Furthermore p = pc = pg can be seen as a
measure of average quadrant dependence. Indeed

p6—12/ / uvdudv—3—12/ / uv)—H(u,v))dudv
0)

— E(G(X0)8(10)) ~ E(G(X0))E(G(¥))

where X, and Yy are independent random variables with common survival function G.
Furthermore we stress that the average quadrant dependence can be seen as a weak de-
pendence concept (see Navarro and Pellerey (2021) [5] for a complete analysis of weak
notion of weak dependence concepts), which in its turn is associated to the following
weak Partial Order

1l 11
Ci(u,v) =, Co(u,v) <& / / Ci(u,v) dudv < / / Cao(u,v) dudv.
o Jo 0o Jo

and therefore p > 0 is equivalent to II =, C. Given two exchangeable random vari-
ables X and Y with joint survival function F' = C(G(z), G(y)), we propose the fol-
lowing indeces v/, and s%. of univariate and bivariate ageing:

= —py, = 12/01 /01 (I (u, ) — Sc:(u, v)) du dv
= E(G(X0))E(G(Yo)) — E(G(Xo + Yo))
Shi=p, +vh = 12/01 /01 (C(u,v) — Sc(u,v)) dudv
=E(C(G(X,),G(Y0))) — E(G(X0))E(G(YD))-

Then positive univariate ageing is equivalent to v¢, > 0 and positive bivariate ageing is
equivalent to s > 0.

References

1. Avérous, J. and J.-L. Dortet-Bernadet (2004). Dependence for Archimedean copulas and
aging properties of their generating functions. Sankhya A 66(4), 607-620.

2. Bassan, B. and F. Spizzichino (2001). Dependence and multivariate aging: the role of level
sets of the survival function. In System and Bayesian reliability, Volume 5 of Ser. Qual.
Reliab. Eng. Stat., pp. 229-242. World Sci. Publ., River Edge, NJ.

3. Bassan, B. and F. Spizzichino (2005). Relations among univariate aging, bivariate aging and
dependence for exchangeable lifetimes. J. Multivariate Anal. 93(2), 313-339.

4. Nappo, G. and F. Spizzichino (2020). Relations between ageing and dependence for ex-
changeable lifetimes with an extension for the IFRA/DFRA property. Dependence Model-
ing 8(1), 1-33.

5. Navarro, J. and F. Pellerey (2021). Weak Dependence Notions and Their Mutual Relation-
ships. Mathematics 9(1), 1-27. https://www.mdpi.com/2227-7390/9/1/81

76



New classes of multivariate quasi-copulas
emerging from the Dedekind-MacNeille completion
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Abstract. There is a growing interest in the studies of subclasses of multivariate
quasi-copulas [1, 3,2]. The question about the Dedekind-MacNeille completion
of multivariate copulas has recently been solved [14, 15]. Its solution has brought
into light some subclasses of interest in imprecise probability. This presentation
should encourage open discussion among the participants of the Linz Seminar
2023 on problems in d-variate quasi-copulas for d > 3.

1 Three motivations

We start by some motivation for the method presented in this contribution.

(1) In 2005 B. Nelsen and M. Ubeda-Flores showed in a historical paper [9] that
the Dedekind-MacNeille completion of the poset of bivariate copulas is just the class
of bivariate quasi-copulas. The class of copulas is a poset (partially ordered set) for
pointwise order. This raises the question, how to get the abstract Dedekind-MacNeille
completion, of the poset of copulas in the multivariate setting. In [5] the two authors
together and Ferndndez-Sénchez demonstrate that for dimension d > 3 a simple exten-
sion of this result to d-variate (quasi-)copulas does not work any more.

To every distribution function H there exists a copula C' such that H(z1, ..., z,) =
C(Fi(z1),..., Fn(xy)), where F; are the marginal distributions of H (the Sklar’s the-
orem). The definitions of copula and quasi-copula will be given in Section 2. The re-
spective families will be denoted by C4 and Q.

(2) Another motivation, and as a matter of fact chronologically our first one, arises
from the imprecise probability. Applications of copulas in the imprecise settings are a
relatively new area. In 2015 1. Montes et al. published in [8] a possible approach to
bivariate imprecise copulas. If C is a nonempty set of copulas, then C = inf{C}cec
and C = sup{C'}cec are quasi-copulas and the ordered interval (C, C), i.e., the set of
all intermediate quasi-copulas, may be called an imprecise copula. Following the ideas
of p-boxes it would be nice if the order ideal defined by these quasi-copulas contained
a “true” copula. However, we show in [10] that there exists an imprecise copula (A4, B)
in this sense such that there is no copula C with A < C < B.

(3) A recent motivation emerged from the Linz-Ljubljana project. Part of it consid-
ers applications of semicopulas (capacities) in imprecise models [6]. Such a model is
typically required to satisfy some reasonable consistency conditions, such as avoidance
of sure loss and coherence. The method we now present extends to this situation as well.
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2 The method

Our approach upgrades the ideas of M. Dibala et al. [4], where possibly negative vol-
umes of quasi-copulas are studied as defects from being copulas. The attained technique
is called Algebraic Obstacles in the Geometry of Negative Volumes (ALGEN for short).
This method has been developed to solve some questions related to imprecise probabil-
ities.

Let us start by the promised definition of a quasi-copula. Let I = [0, 1]. For points
x,y € R? we write x < y if x; < y; for every i € [d] where [d] = {1,...,d}. If
x <y, a d-box (rectangle) is the set [x,y] = [z1,y1] X -+ X [24, ya]. Denote also by
ver [x,y] = {z1,11} X -+ X {x4,ya} the set of vertices of this rectangle. For a real
valued function A and R = [x,y] we define the A-volume (or simply the volume if A is
understood) of the rectangle Rby VA(R) = ) c 0. Signg(v)A(v), where signp(v)
equals 1 if v; = x; for an even number of indices, and —1 otherwise. A d-variate
quasi-copula is a function A: I¢ — I that satisfies the following three conditions:

(i) forevery j € [d] we have A(1,...,1,u;,1,...,1) =u;;
(ii) A is increasing in each of its variables;
(iii) A satisfies the 1-Lipschitz condition in each of its variables.

It is well-known and not hard to see that A then satisfies also

(iv) for every j € [d] and for every point (uy,. .., uj_1,Ujt1,...,uq) € 171 we
have A(ul, ceey Ui, O,Uj_;,_l, fe ,ud) =0.

Function A is a copula (equivalently) if it satisfies Conditions (i), (iv), and
(ii’) for every rectangle R C I? its A-volume is positive.

For any point x € I¢ we define its multiplicity with respect to R by mg(x) = sign z(x),
if x € ver R, and 0 otherwise.

Now, we denote by R the family of all objects of the form R = |_|f:1 R;, where
{R;}¥_, is an arbitrary finite family of d-boxes with vertices in I, and | | denotes the
disjoint union. Let us extend the definition of multiplicity to any R € R by mp(x) =

Zle mpg, (x). Let A and B be a pair of real valued functions on I? and let

(A.B) (R) = Z B(y)mg(y) + Z A(y)mr(y)

yer® yer®
mr(y)>0 mpg(y)<0
LAB)(R LAB(R
Pﬁf’B)(x): inf 7( ) and P(()A’B)(x): inf 7( )
ReR  |mp(x)] RER |mp(x)]|
mp(x)>0 mp(x)<0

Denote C(A, B) = {C € Cq | A < C < B}, for d-variate quasi-copulas A < B.

Theorem 1 (The first law of ALGEN method). Let A < B be quasi-copulas, then
C(A, B) is nonempty if and only if L'*P)(R) > 0 for all R € R.

Theorem 2 (The second law of ALGEN method). Let A < B be quasi-copulas with
C(A, B) # (). Then

78



(a) B=supC(A,B) ifand only if B(x) — A(x) < PéA’B)(X) forall x € T%,

(b) A=infC(A, B) ifand only if B(x) — A(x) < P]Ef’B)(x)forallx eI

Our first law relates to “avoiding sure loss” principle and the second one to “co-
herence” principle. We can show that there are “good-looking” quasi-copulas A < B
with empty C(A, B), i.e., not avoiding sure loss (cf. [10]). The roles of the ALGEN test
functions L, Py, and Py are self-explanatory from these laws.

3 The Dedekind-MacNeille completion

The Dedekind-MacNeille completion of a poset, is the “smallest possible” complete
lattice containing this poset. Due to applications our solution should not be too abstract
— it should sit in the poset of, say, d-variate quasi-copulas. Let us give here a shortcut to
our solution. Denote by C4, respectively Qg, the d-variate poset of copulas, respectively
quasi-copulas. We first present the upper Dedekind-MacNeille completion C 4 of copulas
within the set of quasi-copulas.

Theorem 3 (The upper Dedekind-MacNeille completion). The upper completion of
L = (max{Wy+PS 0D Wyt My) .
Cq is given by Cq = {Q € Q| Q=Mg— Py } with meet

and join operations given by
- (Wq.\S) ) —
/\S — M, — P]E;nax{WdJrPo Wat,Mg) and \/S - M, — P](\,yS7Md)~

The lower completion is expressed slightly differently than the upper one.

Theorem 4 (The lower Dedekind-MacNeille completion). The lower completion of
_ pQ.;My)

Cq is given by Cy = {Q € Qi | Q=max{Wy+ Péwd’Md Par ) Wd}} with meet

and join operations given by

_p(VsS,My)
/\S = HlaX{VVd-i-lgg/vd’/\s)7 Wd} and \/S = maX{Wd+P(()Wd’Md Py a )7

Wa}l.
Our completions are “small”, Ca, say, is not even convex. There are other comple-
tions, all lattice isomorphic to each other but made of some other quasi-copulas.

4 Is the class of d-variate quasi-copulas too big?

Our completions are small subclasses of d-variate quasi-copulas. So, is there a “general”
well-defined smaller subclass that would serve our purposes? This brings us to the pretty
unexplored field of d-variate quasi-copulas for d > 3. A recent “Hitchhiker’s” problem
list was given in [2]. Problem 6, say, is our Motivation (2) of Section 1. Our negative
answer was given in [10] as explained in Section 2. Problem 2 of [2] (or at least an

important part of it) was solved as a part of Linz-Ljubljana project and published in
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[7]. In our oral presentation we intend to explain how this solution can be used in the
proof of the following theorem, which answers in the negative the question above. We
will also explain some other relations among the notions presented to encourage open
discussion among the participants of the Linz Seminar 2023

Theorem 5 (cf. [15]). Every d-variate quasi-copula can be obtained as a pointwise
supremum of a set of pointwise infima of sets of d-variate copulas. It can also be ob-
tained as a pointwise infimum of a set of pointwise suprema of sets of d-variate copulas.

Acknowledgement. The author is grateful to his frequent collaborator Nik Stopar, who
contributed to results presented here.
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1 Introduction

It might be well known to the audience of this years’s Linz seminar that the three basic
copulas W(x,y) = max{z+y—1,0}, II(x,y) = x-y,and M (x,y) = min{x, y} are,
respectively, characteristic for the counter-monotonicity, independence, and comono-
tonicity of a pair of two continuous random variables on the same probability space.
Moreover, W and M serve as the lower resp. upper bound of the set of all bivariate
copulas Cz. It might also be known that the approach to “perturb” copulas may be seen
as an attempt to modify an underlying copula in order to obtain different, but some-
how similar ones. More precisely, a continuous function f: [0, 1]> — R (usually called
the perturbation factor) is added to a given copula D, leading to the natural question
whether or not or under which conditions D + f as a perturbation of D is again a
copula (see, e.g., [1,3, 17, 19]).

A most prominent example of a perturbation of I is the family of Eyraud-Farlie-
Gumbel-Morgenstern (or EFGM) copulas (see also [16,15,8,5]) given by
EFGM;y: [0,1]% — [0, 1],

EFGMy(z,y) = zy + Ozy(1 — x)(1 — y), 1)

where a parameterized family of perturbation factors is added to II (for more details
about EFGM copulas and for other families of copulas which can be considered as
perturbations see e.g. [2,4,6, 11,12, 14,16, 18]). EFGMy is a copula if and only if
6 € [—1,1] (see, e.g., [16, Example 3.12]).

It has been Hiirlimann [9, Theorem 3.1] who extended the family of EFGM copulas
by allowing the parameter 6 to take any value in [—00, 00| together with a truncation
by the Fréchet-Hoeffding bounds M resp. W and thus obtained a comprehensive para-
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metric family of copulas Hy: [0, 1]? — [0, 1], being defined by

W if 0 = —o0,
H, — H(g) VW iff e ]—OO,O[7 @)
H(g)/\M lfHE[0,00[,
M if = oc.

2 Transformations and truncation of copulas

If C € Cy is an arbitrary copula, then also the z-flipping C*%P, the y-flipping C¥1P
of C, and the survival copula C*"™V of C, given by

Cwﬂip(x7y) =Y—- C(l - :I;ay)a

Cyﬂip(x7y) =T C(.%', 1- y)7

C"(z,y) =z +y—1+C(1—-21-y),

are copulas. Moreover they are closely related to some symmetries of the random vector
(X,Y) associated to the copula C'x y by means of

(CX.,Y)zﬁip = C—X,Ya (CX,Y)yﬁip = CX,—Ya (CX,Y)surv = C—X,—Y

(compare also [7, 10]). Since for 1] all these symmetries coincide, i.e., II = 7fir —
ITv8P — JT5"V_ we may formulate the following equivalent expressions for EFGM
copulas

EFGMy(z,y) = II(z,y) + 01 (z,y)(1 — z)(1 — y)
= (x,y) + 01 (x,y) - T (1 — 2,1 —y)
= II(z,y) + 011" (1 — z,y) - ITY"P (2,1 —y).

Based on these observations we introduce the following two types of perturbations
of a copula:

Definition 1. Let C: [0,1]?> — [0, 1] be a bivariate copula and 0 € R. Then the (6)-
transform Cigy: [0,1]2 — R of C and the [f]-transform Cig;: [0,1]*> — R of C are
defined by, respectively,

Coy(z,y) = C(2,y) + 0C(2,y) - CV(1 = 2,1 — y)

=C(z,y) +0C(z,y)(C(z,y) —x —y + 1), 3)
Cloy(2,y) = C(z,y) + 0C™P(1 — 2,y) - CYP (2,1 — y)

=C(z,y) +0(z — C(z,y))(y — C(z,y)). 4)

As is obvious from above, we obtain Il4) = Il for the independence copula I7,
even more, I/ is the only copula for which the two transformations coincide for all
¢ € R; for any other copula C and parameter 6 # 0, C ) is different from Cig).
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Note that for any copula C' and any (Z,9) € [0,1]? with C(%,9) ¢ {0, + § —
1}, Cy(#,9) can take any value in R for an appropriate choice of 6 € R. A similar
statement holds for G, (,9) whenever C(Z,9) ¢ {Z,7}, i.e. though C(y) and Cjy
fulfill the boundary conditions of a copula, they need not map into [0, 1].

Truncating the functions C(gy and Cjg) by the Fréchet-Hoeffding bounds M and
W following the approach of Hiirlimann as outlined above (compare also [13]), on
the one hand, guarantees that the range of the functions stays within [0, 1] and, on the
other hand, might also enlarge the set of admissible parameters for obtaining not only a
function but also a copula.

In our presentation we will discuss some of the properties of sets (O¢) and [O¢] of
parameters ¢ ensuring that (C(s))se(o.) resp- (G, oo, are families of copulas. And
we will discuss for some special copulas C' how these sets change and enlarge when
employing truncation. In particular, we look at C = M resp. C' = W, i.e. the copulas
modeling co- and counter-monotonicity, and show that their truncated transformations
interestingly lead to families of copulas with non-convex sets of admissible parameters.

Acknowledgement. Anna Kolesdrova, Radko Mesiar and Adam Seliga acknowledge
the support of the grant APVV-18-0052. The grant VEGA 1/0468/20 supported Anna
Kolesarova, and the grant VEGA 1/0036/23 Radko Mesiar and Adam Seliga.
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Abstract. Non-stationarity is one of the most challenging issues in time series
analysis and prediction. The nature of non-stationary time series may follow mix-
ture distributions, such as bimodal or multimodal. Also, in multivariate time se-
ries, this non-stationarity problem may lead to a change in the associated joint
distribution, and therefore to a different type of copula used to calculate this joint
distribution. In this work we consider non-stationary multivariate time series in
presence of bimodal marginals, and we use copulas to carry out predictions. We
use two methods including dynamic copulas and mixture copulas to calculate
forecasts for real financial multivariate time series. Finally, we compare the per-
formance of these two methods.

1 Instruction for authors

As the use of large amount of data has grown in many disciplines, the structure of data
has become more and more complex. This complexity is severe in longitudinal and time
series data, especially in multivariate cases [1,2]. Such cases often show stationarity
violation as well as bimodality or multi-modality, see e.g., DeYoreo and Kottas (2017)
[3]. Dealing with the non-stationarity of multivariate time series when the marginal
distribution is a mixture of distributions is the main aim of this work.

For a d-dimensional random vector X = (X1, Xs, ..., X4), let us assume that X
is generated from a (finite) mixture of K -components mixture model and its density at
x = (x1,...,Tq4) can be written as

K
fl@in) = mgr (i),
k=1

where n = (91,...,m K)T is the parameter vector that contains all the mixture
model parameters with 77;, = (6, mx) in which 8}, is the parameter vector of all the

parameters of the k-th component. Also, g, (-;77;,) and 7, are respectively the density of
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the k-th component and its weight and satisfy 73, > 0, Zle m, =1L fork=1,..., K.
We refer to McLachlan and Lee (2019) [4] for more details. Similarly, the corresponding
joint distribution can be presented as

K
F(zin) =) mGy(ziny),
k=1

where Gy, (.;m;,) is the distribution of the k-th component.

It is well known that copulas, which have been introduced by Sklar (1959) [5], are
sophisticated tools to capture the non linear as well as the linear relationships between
the variables in the multivariate case [6, 15]. If the continuous random vector X =
(X1, X, ..., X4) follows the joint multivariate distribution Fx : R — [0, 1] and F; :
R — [0,1],% = 1,2,...,d, are the related marginal distribution functions of X;, i =
1,2, ..., d, then, there exist a copula C': [0,1]% — [0, 1] in which

Fx(il:) :C(Fl(l’l),FQ(.Ig),7Fd($d)) (1)

Also, under some smoothness assumptions of X, from (1), one can obtain the joint
density f of X as

d
fx(@)=c(Fy (1), Fa(wa)) [T fr (20) )
k=1

where c is the density of the copula C' and fi, k = 1, .., d, are the respective densities of
the random variables X7, .., X4. One may refer to Nelsen (2006) [8] and Durante and
Sempi (2016) [7] for more information.

For marginal modelling, many popular approaches such as ARMA, GARCH, and
their mixture (ARMA-GARCH) have been often applied to time series. The majority
of these models are constructed based on the stationarity assumption (see e.g., [9], p.
19) of the underlying time series, which is not realistic in real-world data sets (see,
e.g., Kleibergen et al., (1993) [12] and Mikosch and Staricd, (2004) [13]). We also refer
to [10] and [11] for more details about mixture of univariates in time series. Consid-
ering non-stationary multivariate time series, some techniques specifically deal with
non-stationarity, such as change point detection methods [21].

In this work, we use copulas as connection links between variables. Then, in order
to carry out multivariate change point detection, we use dynamic copulas. Following the
approach of Biicher et al. (2014) [16] and their proposed test statistics for stationarity,
we address the stationarity of time series and find the relevant change point(s), see also
Hofert et al. (2018) [15] for more explanations.

Since non stationarity in a multivariate time series affects marginals as well, we as-
sume that the distributions of univariate time series follow mixture distributions. There-
fore, we follow three scenarios to determine the best method to handle change point
detection in non-stationary multivariate time series with a mixture of marginal models.

In the first scenario, we determine the best-fitting marginal for each univariate vari-
able. By estimating the copula of the marginal residuals, we simulate M realizations
from a copula. Hence, from each simulation, we calculate the predicted values using
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the inverse cumulative distribution function (cdf) and the relevant fitted marginal mod-
els (see e.g., Ansell and Dalla Valle (2022) [18]).

In the second scenario, similarly to Sheikhi et. al (2023) [19], after finding the
change point(s), we split the time series into segments based on the obtained change
points. In each segment, we fit the best-fitting marginals for each univariate variable.
By estimating the copula of the marginal residuals, we simulate M realizations from
the copula. Hence, we calculate the predicted values for each simulation, using the in-
verse cdf and the relevant fitted marginal models.

In the third scenario, we estimate the best-fitting mixture marginal for each uni-
variate variable. By estimating the copula of the marginal residuals, we simulate M
realizations from the copula. Again, we calculate the predicted values for each simu-
lation, using the inverse cdf and the relevant fitted marginal models, see, for instance,
Sahin and Czado (2022) [20] for a similar approach in clustering.

In this work we consider data split in two groups: market data and social media
data. The market data are the stock prices of Tesla and the social media data are the
corresponding sentiment scores obtained from Twitter in a period of 6 years from Jan.
1, 2013, to Sep. 31, 2018. The market data contain daily open-high-low-close (aka as
OHLC) information on the Tesla stock; while the social media data are gathered from
Twitter and consist of relevant tweets, along with their sentiment with daily resolution,
see Mendoza et al. (2022) [17].

In order to compare the performances of the considered approaches we calculate
in-sample predictions for the last 10 percent observations of the time series in the three
scenarios. In this regard, the difference between true observations and our in-sample
prediction is our criterion for comparison. More specifically, we use the continuous
ranked probability score (CRPS) of Matheson and Winkler (1979) [23].
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1 Motivation

A popular method for measuring the dependence between random variables is using
measures of concordance such as Kendall’s 7, Spearman’s p and Gini’s v, which are
margin-free so that their value only depends on the random variables connecting copula.
Since there exist various measures of concordance the question arises how different
measures relate to each other. For instance, in [9] it was shown that if the copula C'
fulfills certain dependence properties (C' has to be left tail decreasing and right tail
increasing) then p(C) > 7(C) > 0 holds. Hutchinson and Lai (see [7]) conjectured
that

—14/1437(C) < p(C) < min{@ﬂT(C) - T(C)Z}

holds for stochastically increasing copulas C'. However, the counterexample given in
[9] disproves the upper bound. Apparently, it depends on the properties of the particular
copula C' whether certain relations hold.

In this paper we examine a well-known class of measures of concordance induced
by so-called invariant (with respect to permutations and reflections) copulas and derive
a dependence property that allows the elements of this class to be related to each other.

2 Invariant copulas and measures of concordance

Among the best-known invariant copulas are, for example, the

— independence copula I7,

— arithmetic mean of the lower and upper Fréchet-Hoeffding bound W anf M defined
by My := (M + W)/2 and

— copula V defined by

M (u,v), if ju —v| > 3,
V(u,v) = Wu,v),  ifluto—1]>1,
%4_%—%, otherwise.



(a) Sample of IT (b) Sample of M5 (c) Sample of V

Fig. 1: Examples of supports of reflection and permutation invariant copulas for sample
size N = 5.000.

It can be easily seen that those copulas are invariant by considering their supports (see
Figure 1).

[2] introduced an approach to generate invariant copulas via a transformation ¥ : C — C
as illustrated in Figure 2.

Fig. 2: Tllustration of the map ¥ using the example of M.

Let C denote the class of all bivariate copulas and consider the map |.,.] : CxC — R
given by

[C, D] := /[0 o C(u, v)dQP (u,v)

where QP denotes the probability measure associated with the copula D; see [5]. The
map |.,.] is in either argument linear with respect to convex combinations and is there-
fore called a biconvex form. Moreover, the map |., .] is symmetric.
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Now, consider a fixed copula A € C. Then we have [M, A] > [II, A] such that the
map k4 : C — R given by

walO) = B A = (A
is well-defined; see [6]. We have the following results (see [1, 3,4, 6]).

1. The map x4 is a measure of concordance if and only if A is invariant.
2. If Ais invariant, then k4 is convex, order preserving and continuous.
3. If Ais invariant, then [IT, A] = 1/4 and the identity

[C,A] —1/4

A=A -1/
holds for all C € C.

Next we give some examples and see which well-known measures of concordance can
be obtained using this approach.

1. Spearman’s p: The copula I/ is invariant and x 7 satisfies
kr(C) =12[C,II] — 3

which means that x ;7 is Spearman’s p; see [4,9].
2. Gini’s y: The copula My, = (M + W) /2 is invariant and k. satisfies

kyms(C) = 8[C, Mx] —2

which means that <, is Gini’s ; see [4,9].
3. The copula V is invariant and therefore we obtain the measure of concordance

kv (C) :=16[C, V] —4

Note that Kendall’s 7 can not be constructed using invariant copulas.

3 An ordering of measures of concordance

Introducing an ordering for invariant copulas in the sense that ¥(A) < J(B) whenever
A < B pointwise, the question arises how the ordering of invariant copulas transfers
to the induced measures of concordance, i.e., does ¥(A) < J(B) imply ry(4)(C) <
ky(p)(C) for every copula C' € C? Apparently, this is not the case, in general. However,
we were able to derive a dependence property for copulas C' such that

a(B) - kg (C) — a(A) - kya)(C) >0

holds whenever ¢(A) < ¢¥(B) for certain values «(A), a(B) > 0 only depending on A
and B. Among others, the following families of copulas satisfy the obtained dependence

property:
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— FGM-copula: For § € [—1, 1], the mapping Cy : [0,1]? — [0, 1] given by
Co(u,v) == uv + fuv(l — u)(1 —v)

is a copula and called Farlie-Gumbel-Morgenstern (FGM) copula.
- Gaussian copula: For p € (—1,0)U(0, 1), the mapping C,, : [0, 1] — [0, 1] given
by

Cp(ua U) =
(—00,¢~ 1 (u)]x (—00,¢~ 1 (v)]

1 52 — 2pst + t2
p(-2 =Pttt

T = ex 51— ) )d)\z(sﬂf)

is a copula and called Gaussian copula, where ¢! denotes the inverse of the stan-
dard Gaussian distribution function.
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1 Introduction

In a series of papers [3—6] the authors investigated discrete integrals such as the Choquet
and Sugeno integral and their axiomatization. As part of their study they showed that
universal integrals are based on semicopulas, and they provided lower and upper bounds
of the integral operations based on a given semicopula. These real-valued resp. unit
interval valued integrals can be considered as proper aggregation tool in the context
of fuzzy sets. The aim of the current paper is to generalize this approach to so-called
L-fuzzy sets and relations, i.e., fuzzy sets and relations that use an arbitrary Heyting
algebra L as membership degree instead of the unit interval. Furthermore, we present
the theory within arrow categories, i.e., we abstract from concrete sets and relations and
work within a suitable algebraic framework. The results of this work also show that the
results of [3] can be proven without referring to the real numbers and specific measures
such as the Lebesque measure and the induced measurable spaces.

2 Arrow categories

In this section we want to recall some basic notions from categories, allegories and
arrow categories [2, 10, 11].

We will write R : A — B to indicate that a morphism R of a category C has source
A and target B. Composition and the identity morphism are denoted by ; and I 4.

First, we are going to introduce Dedekind categories. These categories are called
locally complete division allegories in [2].

Definition 1. A Dedekind category 'R is a category satisfying the following:

1. For all objects A, B the collection R[A, B] is a complete Heyting algebra. Meet,
Jjoin, the order; the least and greatest element are denoted by M,LI,C, 1l 45, T ap-

2. There is a monotone operation >~ (called converse) mapping a relation Q : A — B
to Q~ : B — A such that for all relations Q : A — Band R : B — C the
following holds: (Q; R)” = R™;Q~ and (Q~) = Q.

3. For all relations Q : A - B,R: B — Cand S : A — C the modular law
(Q;R)NSCQ;(RN(Q7;.5)) holds.

4. For all relations R : B — C and S : A — C there is a relation S/R : A — B
(called the left residual of S and R) such that for all X : A — B the following
holds: X; RC S <— X C S/R.
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It is easy to verify that the collection of all L-fuzzy relations, i.e., binary relations
between A and B that are given by a characteristic function A x B — L, forms a
Dedekind category.

Using the converse operation a second residual can be defined by Q\R :=
(R”/Q~)" . Furthermore, we define the symmetric quotient by syQ(Q, R) := Q\R 1
Q7/R”.

In a Dedekind category we are already able to identify the membership values, i.e.,
the Heyting algbera L, that are used by the relations in an abstract manner. For this
we define a so-called scalar relation « : A — A on an object A by  C T4 and
T aa;a = ;T 44. Concretely, an L-fuzzy relation is a scalar iff every element of A
is related to itself with a fixed degree a from L. As a consequence, there is a one-one
correspondence between the scalar relations on A and the lattice L.

A crisp L-fuzzy relation R satisfies R(x,y) = 0 or R(x,y) = 1 for all pairs (z,y)
where 0 and 1 are the smallest resp. greatest element of L. These relations can be
identified with Boolean valued relations, i.e., regular set-theoretic relations. The notion
of crispness cannot be defined abstractly in the theory of Dedekind categories [9, 10].
Because of this arrow categories were introduced [10, 11]. These categories add two
operations (.)* and (.)" to Dedekind categories. Intuitively, the down-arrow (or kernel)
operation maps an L-fuzzy relation R to the greatest crisp relation included in R and
the up-arrow (or support) operation maps R to the least crisp relation that includes R.

Definition 2. An arrow category A is a Dedekind category with T 45 # 4 for all
objects A and B together with two operations T and ¥ satisfying the following:

1. R" RV : A = BforallR: A — B.
. (",Y) is a Galois correspondence, i.e., Q" C Riff Q C R forall Q,R: A — B.
(R SY' =R St forallR: B — Aand S : B — C.
. Ifa # 1l is a non-zero scalar then o = 1 4.
. (QNERY =Q'NRYforall Q,R: A — B.

b N W N

A relation R : A — B of an arrow category A is called crisp iff RT = R (or
equivalently R* = R). The collection of crisp relations is closed under all operations
of a Dedekind category, and, hence, forms a sub-Dedekind category of .4 [10, 11].

An abstract version of a singleton set is given by the notion of a unit. A unit 1 is an
object so that Ty; = I; and T 4, is total for every object A, i.e., T 41; T14 = T 44-
A relation v : 1 — A is called a vector on A and we denote the set of all vectors on A
by Vec(A) = A[1, A4].

An operation * : Sc(1) x Sc(1) — Sc(1) is called a pseudo multiplication if * is
monotone in both parameters and we have o *x [; = I; * & = «. Notice that pseudo
multiplications satisfy o * |l ;; = _l ; * @ = _L{;. In the context of the unit interval a
pseudo multiplication is called a semicopula [1]. Please note that ,,, defined by « *,,
B =caiff f =1, a*,  =piff « = I}, and a *,,, § = _l 4 otherwise is the
smallest pseudo multiplication, and *, defined by a x4 3 = .M 3 is the greatest pseudo
multiplication.

The disjoint union of two sets can be defined abstractly as a relation sum. A relation
sum A 4+ B of two objects A and B is an object together with two crisp relations
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t:A— A+ Bandk: B — A+ Bsatisfying 1750 C g, 676 Cla, 0567 = 145,
and ¢; 17 UKy kY =144 8.

An abstract version of power sets is given by the notion of a relational (or direct)
power [7]. Please note that in the context of arrow categories we are interested in the
set of all L-fuzzy subsets of A, i.e., in the set of all functions f : A — L. An object A
together with a relation ¢ : A — LA is called a relational power iff syQ(e, 5)i =1Ipa

and syQ(R, 5)i is total for every R : A — B. Notice that the relation syQ(R™, 5)i :
B — LA is a crisp map for every relation R : B — A. For concrete relation this
construction yields the direct image of R. We denote this relation by A(R).

In this paper we are also interested in the set of all crisp subsets of a set. We call
this the crisp (relational) power and it is given by an object P(A) and a crisp relation
€: A — P(A) satisfying syQ(€, €) = Ip(4) and syQ(R}, €) is total for every R :
A — B. Similar to above the relation syQ(R~, €) is a map for every crisp relation
R : B — A and we denote this by A.(R). The order relation and the empty and the
full set within a crisp power are given by the relations 2 =€ \ €, e = A.(lL;,4) and
f = A.(Ty4), respectively.

3 Relation measures and universal integrals

A concrete L-fuzzy relation R : A — 1 is given by its characteristic function from
A x 1to L. Since A x 1 is isomorphic to A this function corresponds to a function
that assigns to every element of A a value of L. This observation leads to the following
definition of a relational measure.

Definition 3. A relation s : P(A) — 1 is called a measure (or capacity) on A iff
;825 pig, e = ALy, and frpia =Ty

As usual we will regularly omit the index A, and we will denote the set of measures
on Aby M(A4) C A[P(A),1].

Definition 4. A family of operations I4 : M(A) x Vec(A) — Sc(1) with A € Obj 4 is

called a (discrete) universal integral iff the following holds:

(A1) For each object A the operation I 5 is monotone in both arguments, i.e., 11 T o
and v1 C vy implies To(p1,v1) E La(pa, v2).

(A2) T4(p,v) = Ac(v); pifois crisp.

(A3) I4(p,;Tq4) = aforall scalars o € Sc(1).

(A4) For all measures p1; € M(A), po € M(B) and vy € Vec(A),vy € Vec(B) the
inclusion Ac((0\v1)"): p1 T Ac((a\v2)¥); o for all scalars oo € Sc(1) implies
Ta(ui,v1) C Ig(pe,v2).

Furthermore, we say that I is based on the pseudo multiplication * iff 14(u, a;v) =

o Ac(v); p for all measures p € M(A) and crisp v € Vec(A).

Please note that [3,4] only requires a weaker version of (A4) where the inclusion
C on both sides of the implication is replaced by =. However, Proposition 2.7 of [3]
implies our (stronger) version in the context of the (extended) real numbers resp. the
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unit interval. We leave the investigation whether (A4) can be replaced by this weaker
version in the more general context of arbitrary Heyting algebras for future work.

Given a scalar 5 € Sc(1) the relation ,ufﬂ : P(1+1) — 1 defined by ,ufﬂ =
€73 a1; 8 U f~ is a measure on 1 + 1. For concrete L-fuzzy relations and 1 +
1 = {a, b} the relation pfﬂ turns out to be the map ny(M) = g iff M =0,
py (M) = Biff M = {a} or M = {b},and 1if, (M) = I iff M = {a,b}. Given an
universal integral I we may use this measure and define a5 = Il+1(;zf 41, Q; t) where
¢ 1 — 1+ 1is the first injection of the relational sum.

Lemma 1. The operation % is a pseudo multiplication and I is based on *.

If we define . J4(u,v) = || ax Ao((a\v)*); 1, then we obtain the following
aeSe(1)
theorem.

Theorem 1. . [ is the smallest universal integral based on .

In order to show that there is also a greatest universal integral based on a pseudo
multiplication we first define 6 € Sc(1) by 0# = || a;A.((e\v)*); u'. Please
a€eSc(l)
note that )’ was denoted by essup,,v in [3,4]. Using ¢} and following [3,4] we now
define Ta(uv) =6 ([ Acl(@\0));p).
L #aeSc(1)

Theorem 2. *[is the greatest universal integral based on *.

Contrarily to [3] the proof of the previous theorem does not use the Lebesque mea-
sure and Borel measurable functions. Instead it use the relational measure 7 : P(L') —
1 defined by n = €~;¢~.

From the fact that *,,, is the smallest and x, is the greatest pseudo multiplication we
obtain the following corollary.

Corollary 1. . I is the smallest and *I is the greatest universal integral.
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