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Zusammenfassung

In der vorliegenden Arbeit betrachten wir die sehr flexible Klasse der regularen Vine-
Copula Modelle (R-vines). Diese multivariaten Copulas werden hierarchisch konstruiert,
wobei lediglich zwei-dimensionale Copulas als Bausteine benutzt werden. Die Zerlegung
selber wird Paar-Copula-Konstruktion (PCC) genannt. Fiir diese R-vine Copula Mod-
elle fiihren wir die konzeptionelle wie auch algorithmisch umgesetzte Berechnung der
Scorefunktion und der beobachteten Informationsmatrix ein. Die damit einhergehende
Abschétzung der Fisher-Information erlaubt es uns die Standardfehler der Parameter-
schitzer routineméafig zu bestimmen. Auflerdem beseitigen die analytischen Ausdriicke des
R-vine log-likelihood Gradienten und der Hessematrix Genauigkeitsdefizite bei den bisher
gebrauchlichen numerischen Ableitungen. Die hierflir benotigten bivariaten Ableitungen
beziiglich der Copulaparameter und -argumente werden ebenfalls berechnet. Hier sind
insbesondere die schwierigen Ableitungen der Student’s t-copula hervorzuheben.

Um R-vine Copulas mittels statistischer Tests zu validieren fithren wir einige Tests
fir die Giite der Anpassung (Goodness-of fit Tests) ein. Speziell betrachten wir zwei
neue Giitetests, die aus dem Informations- und Auspragungstest von White (1982) und
dem Informationsverhéltnistest von Zhang et al. (2013) hervorgehen. Wir berechnen die
entsprechenden Teststatistiken und beweisen deren asymptotische Verteilung. Fiir Vergle-
ichszwecke fithren wir noch 13 weitere Giitetests ein, die wir aus dem zwei-dimensionalen
Fall adaptieren und fiir den R-vine Fall erweitern. Eine intensive Vergleichsstudie, die
die Power untersucht, zeigt die Uberlegenheit der informationsmatrixbasierten Tests.
Berechnet man die size und power basierend auf simulierten gebootstrapten p-Werten,
so konnen exzellente Resultate erzielt werden, wahrend Tests, die auf asymptotischen
p-Werten basieren ungenau sind. Insbesondere in hoheren Dimensionen.

Eine Anwendung der gezeigten Algorithmen auf US-Wechselkurs Daten zeigt die asymp-
totische Effizienz unserer Methoden bei der Berechnung von Standardfehlern fiir regulére
Vine-Copulas. Ferner wenden wir die besten Giitetests auf die genannten US-Wechselkurse,
sowie auf ein Portfolio von Aktienindizes und deren Volatilitdtsindizes an, um die beste
Vine-Copula zu wahlen.






Abstract

In this thesis we consider the flexible class of regular vine (R-vine) copula models.
R-vine copulas are multivariate copulas based on a pair-copula construction (PCC) which
is constructed hierarchically from only bivariate copulas as building blocks. We intro-
duce theory and algorithms for the computation of the score function and the observed
information matrix in R-vine models. The corresponding approximation of the Fisher
information allows to routinely estimate parameter standard errors. Furthermore, the an-
alytical expression of the R-vine log-likelihood gradient and Hessian matrix overcomes
reliability and accuracy issues associated with numerical differentiation. Needed bivariate
derivatives with respect to copula parameters and arguments are derived, in particular
for the Student’s t-copula.

To validate R-vine copula models based on statistical tests we introduce several goodness-
of fit tests. In particular we propose two new goodness-of-fit tests arising from the infor-
mation matrix and specification test proposed by White (1982) and the information ratio
test by Zhang et al. (2013). The test statistics are derived and their asymptotic distri-
bution proven. Further 13 goodness-of-fit tests are adapted from the bivariate case and
compared in an extensive power study, which shows the superiority of the information
matrix based tests. The bootstrapped simulation based tests show excellent performance
with respect to size and power, while the asymptotic theory based tests are inaccurate in
higher dimensions.

To illustrate the need for estimated standard errors and the asymptotic efficiency of
our algorithms we apply our methods in a rolling window analysis of US exchange rates.
The best performing goodness-of-fit tests are applied to the US exchange rates data set as
well as to a portfolio of stock indices and their related volatility indices selecting among
different R-vine specifications.
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Introduction

With more data becoming accessible the modeling of high-dimensional data is nowa-
days an often discussed problem and received considerable attention in the last decades.
Beside the classical multivariate distribution functions as for example the multivariate
Gaussian distribution the concept of copulas has been developed to model dependencies
between random variables. Copulas allow to model marginal distributions and the de-
pendence structure separately. In this thesis we discuss in particular the flexible class of
regular vine (R-vine) copula models, a pair copula construction (PCC). They decompose
the d-dimensional density into unconditional and conditional bivariate copulas, so called
pair-copulas. The high flexibility is gained on the one hand from the independently chosen
building block copula families and secondly from the choice of the decomposition itself.
Starting with Aas et al. (2009), statistical inference such as maximum likelihood estima-
tion of the pair-copula parameters or simulation algorithms for vine copula models are
developed in the existing literature.

Although there exists an asymptotic theory for the maximum likelihood parameter es-
timates, there is a surprising scarcity in the literature considering the uncertainty in point
parameter estimates for R-vines. One main contribution of this thesis is the development
and implementation of R-vine copula standard error estimation by deriving the observed
Hessian matrix as approximation for the Fisher information matrix.

The second theme is model verification by goodness-of-fit testing, which was not in-
vestigated for R-vine copula models although several goodness-of-fit tests are available for
bivariate copulas. We developed two new goodness-of-fit tests for vine copula models based
on the Information matrix equality and specification test of White (1982), and extended
several goodness-of-fit tests, considered so far for bivariate copulas, to the vine copula case.

Copulas, the central concept in this thesis, have their origin in the Fréchet classes
(Fréchet 1951), but its statistical break through came with the Theorem of Sklar (1959).
It states that for each set of continuous random variables X1, ..., X; with marginal distri-
bution functions Fi, ..., Fy there exists an unique copula C' giving the joint distribution
function of Xi,..., Xy A different naming of the same concept is used in the studies
of Kimeldorf and Sampson (1975) or Galambos (1987). More recently the books of Joe
(1997), Nelsen (2006) or Mai and Scherer (2012) give a good overview of the concept of
copulas, their properties and inference methods.

Therefore bivariate copulas are well studied and many different copula families are
proposed and investigated having specific properties. Especially in economics and finance
copulas are wildly applied (see for example Patton 2012) because of their high flexibility
and easy computation. For model verification based on statistical tests several goodness-
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of-fit approaches have been developed and applied. For example tests based on the em-
pirical copula process (Genest et al. 2009), the probability integral transform (Breymann
et al. 2003, Berg and Bakken 2007) or other approaches (Genest et al. 2012, Huang
and Prokhorov 2013 and many more) are available. Further, model comparison can be
achieved by tests of Vuong (1989) or Clarke (2007), or distances like the Kullback and
Leibler (1951) information criterion (KLIC) can be derived.

But copulas of classical classes such as the Archimedean ones are rather limited in
higher dimensions. They loose their flexibility, easy and fast computation and model ver-
ification by goodness-of-fit tests or the calculation of the KLIC became unstable, difficult
or even impossible. Pair-copula constructions overcome most of these difficulties. Build
from bivariate building blocks only they inherit several beneficial properties of the bi-
variate case. The hierarchical structure of the decomposition of the d-dimensional density
into d(d — 1)/2 unconditional and conditional pair-copulas allow for a high flexibility
in the construction. Further, each pair-copula can be selected independently from set of
(parametric) copula families. This is still tractable in moderate dimensions. While most
applications stay in dimension up to 50, Heinen and Valdesogo (2009) propose a vine
copula model with even 100 variables.

The graphical representation of such a construction in a nested set of trees was called
a regular vine (R-vine) copula by Bedford and Cooke (2001, 2002). Later the statistical
inference for PCCs was developed by Aas et al. (2009). Since then vine copulas are on
the rise (see for example Kurowicka and Cooke 2006, Difimann et al. 2013, Joe et al.
2010 or Gréler and Pebesma 2011 just to name a few). They have been applied to model
dependence in various areas including agricultural science and electricity loads (Smith
et al. 2010), exchange rates (Czado et al. 2012, Stober and Czado 2012), order books and
headache data (Panagiotelis et al. 2012).

In this thesis we extend the existing literature about vines by two important statistical
issues. First, while it is a standard exercise in multivariate statistics to compute the un-
certainty incorporated in parameter point estimates this was not possible so far for vine
copula models. We will develop algorithms to calculate the log-likelihood gradient and
Hessian matrix to approximate the Fisher information for standard error estimation. The
needed first and second derivatives with respect to the parameter(s) and copula arguments
of bivariate copulas will be derived. Secondly, goodness-of-fit tests for vine copula model
verification will be introduced and investigated with respect to their size and power. In
particular, two new goodness-of-fit tests based on the information matrix equality will
be introduced. Another 13 goodness-of-fit tests are adapted from the bivariate case for
comparison. The general outline of this thesis is as follows.

Chapter 1, which is taken from Schepsmeier and Stéber (2012) and Schepsmeier and
Stober (2013), introduces the concept of copulas. It gives the most important definitions
and the main notation concerning copulas used in the subsequent chapters. In particular,
the class of Archimedean copulas and elliptical copulas are presented. The second part of
this chapter derives expressions for the observed and expected Fisher information for the
proposed bivariate copula families. In particular for the Student’s t-copula the first and
second derivative with respect to both copula parameters are derived as well as the Fisher
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information. It corrects several flaws in the existing literature. Numerical issues and our
implementation is discussed. Further, a practical example computing standard errors in
a rolling window analysis shows the usefulness of the derived quantities.

In Chapter 2, which is partly based on material from Stober and Schepsmeier (2013),
pair-copula constructions (PCCs) and regular vine (R-vine) copula models are introduced.
They are the models of consideration in the Chapters 3-4. We will define PCCs and the
class of R-vine copula models, and give the general form of its density function. The last
part extensively attends to the implemented software regarding bivariate copulas and R-
vine copulas. It will lay down the main functionality of the R-package VineCopula of
Schepsmeier et al. (2012) enabling statisticians and practitioners to facilitate inference for
vine copulas.

The estimation of standard errors for an R-vine copula model is proposed in Chap-
ter 3. The content is based on material from Stober and Schepsmeier (2013). The first
and second derivative of the regular vine copula log-likelihood is derived with respect to
its parameters in a new algorithmic manner. Thus we can estimate the observed Fisher
information matrix of R-vines copula models. The algorithms make use of the hierar-
chical nature for subsequent calculation of the log-likelihood. The routinely calculation
of the observed Fisher information overcomes reliability and accuracy issues associated
with numerical differentiation in multi-dimensional models. In particular, for statistical
estimation methods based on numerical optimization closed form expressions for the gra-
dient are computationally advantageous. For example this allows to perform maximum
likelihood estimation in a multi-dimensional setup. Here optimization based on numerical
differentiation can be highly unreliable.

A simulation study in Section 3.3 confirms that the standard errors we estimate are
appropriate. Confidence intervals are estimated using the observed information gained
from our algorithms and by sample estimates of the sequential approach proposed by
Hobaek Haff (2013). An example of application to a financial data set illustrates their
computation and gives proof of its usefulness.

Chapter 4, which is based on material from Schepsmeier (2013a) and Schepsmeier
(2013b), covers the examination of goodness-of-fit (GOF) tests for vine copula models. In
particular, two new GOF tests based on the information matrix equation and specification
test of White (1982) are introduced. The first one directly applies White’s theorem to the
vine copula case. It extends the approach of Huang and Prokhorov (2013), who proposed
a GOF test for bivariate copulas based on White (1982). The test statistic derivation is
mainly facilitated by the point-wise calculation of the sum of the Hessian matrix and outer
product of gradient using the algorithms of Chapter 3. The corresponding critical value
can be approximated by asymptotic theory or simulation using bootstrap. The simulation
based tests show excellent performance with regard to observed size and power in extensive
simulation studies, while the asymptotic theory based test is inaccurate for n < 10000 for
a b-dimensional model. In the applied 8-dimensional case even 20000 observations are not
enough.

The second new introduced GOF test is inspired by Presnell and Boos (2004), Zhou
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et al. (2012) and Zhang et al. (2013) and arises from the information matrix ratio. In
contrast to the White test, which is based on the difference of the negative Hessian matrix
and the outer product of the score function, the information ratio test considers the ratio
of these two quantities. The corresponding test statistic is derived and its asymptotic
normality proven. The test’s power is again investigated in a simulation study.

Both new GOF tests are compared in a high dimensional setting to 13 other GOF
tests, adapted from the bivariate copula case. In particular, we will compare to GOF tests
based on the empirical copula process as suggested by Genest et al. (2009) and based on
the multivariate probability integral transform (see Breymann et al. 2003 or Berg and
Bakken 2007). A combination of these two approaches (see Genest et al. 2009) is also
considered in the comparison setting. An extensive simulation study shows the excellent
performance of the introduced information based GOF tests with respect to size and
power. Furthermore, the superiority of these two tests against most other goodness-of-fit
tests is illustrated.

Finally, the best performing tests are applied in two examples validating different
R-vine specifications. The first example is an application to a portfolio of stock indices
and their related volatility indices, while the second one selects among different R-vine
specifications to model dependency among exchange rates.

An outlook and discussion of the previous chapters is given in Chapter 5. Some fur-
ther ideas on goodness-of-fit tests for regular vine copula models are proposed. Possible
pros and cons of possible extension of bivariate copula goodness-of-fit tests are consid-
ered. In particular the very interesting hybrid approach for copula goodness-of-fit testing
suggested by Zhang et al. (2013) will be briefly discussed.

The appendices finally contain additional material for the previous chapters. Appendix
A gives details for the calculation of the second derivative of the R-vine log-likelihood, the
calculation of the covariance matrix in the Gaussian case and the R-vine copula model
specification for the exchange rate data set used in the example. Some technical details for
the goodness-of-fit tests considered in Chapter 4 are given in Appendix B, while Appendix
C gives the model specifications considered in the power studies of Section 4.1.3 and 4.4.



Chapter 1

Copulas!

A copula is a multivariate distribution function C: [0, 1]¢ + [0, 1] on the unit hypercube
with uniform univariate marginal distributions. Let F},..., F; be the marginal distri-
bution functions of the continuous random variables X,..., X;. Now, for an arbitrary
multivariate continuous distribution function ' we know (Sklar 1959) that there exists a
unique copula C' such that

F(xy,...,xq) = C(Fi(z1),. .., Fy(zq))-

Thus, copulas allow to model univariate effects of a random vector X = (X,...,X,)
and their joint dependence structures, separately. Standard references on copula theory
include the books by Joe (1997) and Nelsen (2006). In this chapter we concentrate on
one- or two-parametric copulas such as copulas from the elliptical class (Section 1.2) or
Archimedean ones (Section 1.1) in dimension d = 2, so called bivariate copulas. These
will form the building blocks for the investigated vine copula models in Chapters 2-4. If
C' is two-times partial differentiable the bivariate copula density is

82C(u1 y Ug)
Ouq0us

c(ug, ug) =

where u; := Fi(x1) and uy := Fy(x5) are so called copula data on [0, 1].

Beside the parametric copulas on which we will focus here non-parametric approaches
are available as well. The use of non-parametric copulas avoids the need for the error-
prone selection from pre-specified sets of parametric copulas. But they require other con-
ditions, for example the choice of a bandwidth parameter, needing expert knowledge. Non-
parametric approaches such as the Bernstein copula are for example treated in Sancetta
and Satchell (2004) or the empirical copula in Riischendorf (1976).

In the last decades we have seen a rising interest in the concept of copulas both by
statisticians and practitioners (see e.g. Joe 1997, Embrechts et al. 2003, Nelsen 2006, Chan
et al. 2009, Mai and Scherer 2012) and various applications in particular of bivariate
copulas have been considered (see for example Patton 2006, Acar et al. 2012). Thus

IThe contents of this chapter is based on Schepsmeier, U. and Stéber, J. (2013), Derivatives and Fisher
information of bivariate copulas, forthcoming in Statistical Papers, and Schepsmeier, U. and Stober, J.
(2012), Web supplement: Derivatives and Fisher information of bivariate copulas, TU Miinchen
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many copula families were analyzed and new ones are added to the literature. Statistical
inference is facilitated by maximum likelihood or Bayesian approaches, but estimation of
standard errors of copula parameter estimates are treated rather poorly. One reason may
be that so far closed form expressions for the Fisher information matrix are missing for
important copula families. We will fill this gap in the forthcoming sections.

To assess the uncertainty of parameter estimates, which is at the core of statistical
analysis, the observed information matrix based on the Hessian matrix of the log-likelihood
or the asymptotic Fisher information can be considered. This however requires the calcu-
lation of derivatives with respect to the copula parameters which is not straightforward
when the copula is not available in closed form as for the popular class of elliptical copulas.
Also for an efficient numerical treatment and algorithms such as the maximization by parts
(Song et al. 2005), the derivatives will be required and cannot be approximated by finite
differences. These can be numerically unstable, especially for higher-order derivatives (see
McCullough 1999 and references therein, in particular Donaldson and Schnabel 1987).
Also, for p parameters, approximating the score function by finite differences amounts to
at least 2p evaluations of the likelihood function which is infeasible in higher dimensions.

Next, we will introduce some of the most important and well known copulas, start-
ing with the Archimedean class. These and the Gaussian and Student’s t-copula of the
elliptical class of Section 1.2 we will treat in more detail with respect to their derivatives
and Fisher information matrix in Section 1.3. Our particular focus lies on the bivariate
Student’s t-distribution and its copula, the bivariate t-copula. These are perhaps the most
important distributions in financial applications due to their tail behavior which is consid-
ered to be more realistic than the behavior of the Gaussian distribution (see Demarta and
MecNeil 2005 and references therein). Our main contributions are: We obtain all derivatives
of the bivariate t-copula which are required in statistical applications and calculate the
Fisher information of the related Student’s t-distribution. Further, we provide a numerical
implementation for all parametric families investigated in this chapter and demonstrate
its accuracy.

1.1 Archimedean copulas

A very popular class of parametric copulas are the Archimedean copulas because of their
simple construction and nice properties such as the easy calculation of the density or the
closed form expression for the rank dependence coefficient Kendall’s 7. An Archimedean
copula is a function C,

C(ur, uz) = o N (ur) + o N(uy)),

where ¢ is the so called generator function and ¢!~ is the pseudo-inverse of ¢ which is
defined as follows:

e1:10,1] — [0, 00)
e (z) == inf{u : p(u) < z}.

For necessary and sufficient conditions on the generator function ¢, we refer to McNeil
and Neslehova (2009). In order to ensure the existence of continuous derivatives, we will
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assume throughout this thesis that ¢ : [0,00) + [0, 1], with (=1)7p@) >0, 0 < j < 2,
where ¢?) is continuous, ¢(0) = 1, and lim,_,. ¢(x) = 0. A good overview discussing
Archimedean copulas and extensions is given in Joe (1997) together with a list of common
parametric families. Here, we concentrate on four of the most popular members of this
class, namely the Clayton/MTCJ, Gumbel, Frank and Joe copula. The following examples
defining the copula cdf and its density. Furthermore, the conditional cdf function of U
given Uy = uy where (Uy, Uy) ~ C'is given. It is needed for example for the calculation of
the pair-copula construction which we will introduce in Chapter 2. Further, the inverse
function of the conditional cdf function can be used for the sampling algorithm of Genest
and Favre (2007).
Thus we denote the conditional cdf as
h(uy,ug; 0) := 0oC (uq, ug; 0) = M,
Ous

and call it a h-function as it is standard in the literature. For all the forthcoming definitions
we refer to Joe (1997).

Example 1.1 (Clayton/MTCJ copula)
The first Archimedean copula we consider is the Clayton/MTCJ copula. The generator

1

function @ of this copula is o(t) = (1 +t)"8 and the copula is given by
Clur,uz; 0) = (uy® +up® —1)70 = A(ur, uz,0) 77,
with A(uy, ug,0) == uy’ +uy? — 1, and corresponding density
1 _ _ 1 1+ 9)(U1U2)7179
c(uy, us: 0) = (1 + 0)(ugus) 1 0uy? +uy? — 1 é2:( -
(w1, u2;0) = ( ) (uruz) (u; 2 ) A, ug, 0)5+2

where 0 < 6 < oo controls the degree of dependence. For @ — oo the Clayton/MTCJ copula
converges to the monotonicity copula with perfect positive dependence, @ — 0 corresponds
to independence.

The h-function of the Clayton copula is

h(uy,uq;0) = u;e_l - A(ug, ug, 0)_1_%.

Exzample 1.2 (Gumbel copula)
The Gumbel copula is given by

1 1
C(ur,ug; 0) = exp[—{(—In(u1))” + (= In(us))"}7] = exp[—(t1 + t2) 7],
where t; := (—1In (ui))e .1 =1,2. Here, § > 1 is the dependence parameter. For 0 — oo
the Gumbel copula converges to the comonotonic copula with perfect positive dependence,
in contrast @ = 1 corresponds to independence. The h-function and the density are as
follows:

Y

e*(t1+t2)% 1 ) 31 )

i 0) =~ R,
e(ur, u3; 0) = O, ug; 0) (uruz) ™ {(—In(w))” + (—In(uz))’} 7

x (In(wy) In(ug))? {1 + (60 — 1)((— In(wy))? + (= ln(ug))e)—%}

= C'(uq,u9;0) (t1 4 to) 7270 (In(uy) In(ug))? "1 4 (0 — 1) (t, + t2)~

S

1.

U1Uz
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Further, we consider the Frank and Joe copula. While the Frank copula has no tail depen-
dence and parameter support 6 € (—oo,00)\{0} the Joe copula has upper tail dependence
2 — 249 with 0 > 1.

1

Crrank (U1, ug; 0) = —gln ( [(1—e?) —(1—e ") (1 - 6_9“2)]> ,

Croe(ur, us; 0) =1 — (1 —w)? 4+ (1 —u2)? — (1 — u1)?(1 — un)?)

1
1—e?

S

Figure 1.1 illustrates the bivariate contour plots corresponding to a bivariate meta dis-
tribution with standard normal margins and specified bivariate copula, namely Clayton,
Gumbel, Frank and Joe, with a Kendall’s 7 value of 0.5. For a further discussion including
densities and h-functions, we refer to the web supplement Schepsmeier and Stéber (2012)
of Schepsmeier and Stéber (2013).

1.2 Elliptical copulas

The far more interesting and wildly used copulas are of the elliptical class. These consist of
the copulas corresponding to elliptical distributions by Sklar’s theorem. The Gaussian and
Student’s t-distributions are the most prominent members. For the following definitions
and calculations we refer to Schepsmeier and Stober (2013).

Gaussian copula

The Gaussian copula is given by
Cuy, ug; p) = Po(® ™ (ua), @~ (ug), p),

where ®y(-, -, p) is the joint distribution function of two standard normally distributed
random variables with correlation p € (—1,1), ® is the cumulative distribution function
(cdf) of N(0,1) (the standard normal distribution) and ®~! (the quantile function) is its
functional inverse. The density of the bivariate Gaussian copula is

1 2( 02 2 -9
eXp {_p (ZEl _I_ -Tz) pxle} 7

c(ur, ug; p) = ————=
(w1, u2; p) -2 2(1 — p?)

where 1 := @ (uy) and x := & (uy).
The conditional distribution function of the first variable U; given Us = uy is

0
h(ui,ug; p) = 5—C(ur, ug; p) = $o (

O (u) — p¢—1<u2>>
8u2 ’

1—p?

see Aas et al. (2009). The top left panel of Figure 1.2 illustrates the contour plot of the
bivariate Gauss copula considering standard normal margins and Kendall’'s 7 = 0.5.
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Clayton Gumbel

Figure 1.1: Bivariate contour plots of Clayton (top left), Gumbel (top right), Frank (bot-
tom left) and Joe (bottom right) with standard normal margins and a Kendall’s 7 value
of 0.5.

Student’s t-copula

We denote the cumulative distribution function of the univariate Student’s t-distribution
with v > 0 degrees of freedom by ¢, and the corresponding quantile function by ¢;'. The
corresponding density is given by

I (V21) ( 1,'2) 2 .
1+—Z 5 Z—1,2,
(;) VTV

dt(z;;v) = i



10 CHAPTER 1. COPULAS

where I'(-) is the Gamma function. Let us further write the quantile of the univariate
Student’s t-distribution as

XT; = t;l(uz), U; € (0,1), 1= 1,2,
then the bivariate t-copula is defined by

C(ur, ug; p,v) = top (@1, T2),

where 5., is the cumulative distribution function of the bivariate Student’s t-distribution.
The density of the bivariate t-copula with association p € (—1, 1) and degrees of freedom
v > ( is given by

v42

2+ 22 — 2px1x2>_ 2

1
cluy,us; p,v) = 1+
( Ll 0 ) 27'('\/1— dt xla .',UQ, ) < V(]‘_pQ)

Again, the h-function corresponding to the t-copula has been derived in Aas et al. (2009):

! —pt; ! _
h(uh Uz, P, V) = ty+1 Y (U1) p l; (UZ) = tu+1 M
(y+(t;1(u2)) )(17p2) (1,+z%)(1_p2)

v+1 v+1

Bivariate contour plots of the Student’s t copula with Kendall’s 7 = 0.5 and different
degrees-of-freedom parameter v are plotted in Figure 1.2 considering standard normal
margins.

1.3 Derivatives and Fisher Information

Considering asymptotic properties of ML estimation, it is well known that under certain
regularity conditions (c.f. Bickel and Doksum 2007, p. 386 or Lehmann and Casella 1998,
p. 449), the ML estimator 6, € R? obtained from n observations is strongly consistent
and asymptotically normal:

Vn I(O)l/z(én - 0) ~%5 N(0,1,) as n — oo,

where 6 € R? is the true parameter and I, is the p x p identity matrix. Here, the (expected)
Fisher information matrix Z(@) can be obtained as

82
(86’ 00, (0|X>)m=1

where [(8]x) is the log-likelihood of € given an observation of X = . In a finite sample
of n independent observation (xy,...,z,), it has been argued (Efron and Hinkley 1978)
that the Fisher information should be replaced by the observed information In(én) at the
ML estimate én

(8 0

Z(0) = —[, =Bo|(56,01%) 55 (9!X>) .

.....

X " 92
Zu(6n) = [( 90,00, o)) =1, pL_é'
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Gauss t (v=3)

Figure 1.2: Bivariate contour plots of Gauss (top left), Student’s t with degrees-of-freedom
parameter v = 3 (top right), Student’s t with v = 5 (bottom left) and Student’s t with
v = 10 (bottom right) with standard normal margins and a Kendall’s 7 value of 0.5.

Thus, we require second derivatives of copula log-likelihoods in order to study the co-
variance structure of ML estimators when copulas are involved. In particular, they are
required for bivariate copulas because of their prominent role in PCCs and applications.
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1.3.1 Archimedean copulas

In the Archimedean case, all functions of interest are given in closed form such that also
computer algebra systems as Maple? or Mathematica® can be used for the calculation of
derivatives. If available we will also state the expected Fisher information. For the sake
of notational shortness, we will often suppress function arguments in the following.

Since we will need the first and second derivative of the density as well as of h-function
in the forthcoming chapters, we state in the first example the derivatives with respect to
the copula parameter and the copula arguments, too.

Example 1.3 (Clayton/MTCJ copula; continue of Example 1.1)
For the Clayton copula we can state the Fisher information with respect to 0 as
1 2 46 2(20 —1)

— — 0

Z - nee—1 ta—2 a-1 "

Z(0) =

with
1
PO = Ba—2pa—)

+ =TT [‘1’ (ﬁ) - (ﬁ)]
t =TT [‘1’ (ﬁ) - (2?2—:;0) ] ’

where V(-) is the trigamma function (Oakes 1982).

Derivatives of the density function
The partial derivative of the density ¢ with respect to the parameter 6 is

a 1 1
8_; = (wu) " Mur? +uy? = 1) — (14 0) (wque) ' In(ugus) (uy ? +uy? — 1) 8
+ (14 ) (uruz) 7 (up? +uy? — 1)
<ln(u1_9 + u;e —1) N (-2 — %)(—ufe In(uy) — u;e ln(uz))>

02 uy? +uy? —1
_ In(A(ug,up,0)) (=2 = 5)(~ur’ In(wr) — uy” In(uy))
and the derivative with respect to uy s
0 o o g1 B
aTc = (1 —+ 9) (Ullbg) o-1 (—0 — 1) (Ujlie + U270 — 1) >0 ’Ullil — (1 -+ 8) <U1U2)
1

(ul_e +uy? — 1)_2_971 (—2-671) uy " %0u, 7t (u1_9 +uy? — 1)
Cclugug) - (0+1) | clur,up) - (2+3)0
u1 uftt - Auy,ug, 0)

2Maple 13.0. Maplesoft, a division of Waterloo Maple Inc., Waterloo, Ontario.
3Wolfram Research, Inc., Mathematica, Version 8.0, Champaign, IL (2012).
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Derivatives of the h-function
We calculate the derivatives of the h-function with respect to the copula parameter 6 and

Usg, Tespectively:

= P uy? = )T 0y 4y — 1)

Fuy? 2w 0 — 1) 0+ P2 () +ug? — 1)

h 2041
= (—_ + u2_29_2A(u17u27 9)_6:> <9 + 1)’

oh - -1-3 ! 224
Bay = (70— D" A, w0, 0)777 + (-1 = P A(w, 4, )0 5o
where
0A —0-1
a_ul = —0Ou;

Second derivatives of the density function
For the following, we use the partial derivative of A(uy,us, ) to shorten the notation.

A 0*A

55 = ' In(m) —uw In(uy), o = —u Inuw)” — u In(us)?,
0A PA o2

8_11/1 = _Hul ) 8211/1 - 0(0 + 1)u1

The second partial derivative of the Clayton copula density with respect to 0 is

Pe_de () WA w,0)  (2=5) 5
820 — 00 ? 02 A(us, ug, 0)
DA
26 — 21In(A(uy, ug, 6))0
+ c(ur, ug) - Al 04

2 2
(2% +(-2=5%4) - A, uz,0) = (-2 - 3) (%)
A(Ul, Ua, 9)2

Further, the partial derivative with respect to uq is

92e 220+ 1)uy — (6 + 1)c(ua, up)

82u1 ’LL%
2
C 2 ’
20 (Bt et i) —clm w2+ ) ()
A(UI,U2,9)2

Y
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and finally, we obtain the derivatives with respect to uy, and 6 and us, respectively

Pc S0+ 1) + cur, up)

N (W A(ur, uz,0)) [25(20 + 1) + 2c(ur, us)]
816180 N (A

29+2A(U1, Ua, 0)2

e, u9) (20 + 1) [ud T In(un) Aur, ug, 6) + uf ™ 55
w2 Auy, ug, 0)2 ’

e 83—;2(9“) 6‘9—;2(26+1)

0u16u2 (A1

_c(uup)(20+1)  OA
W A(uy, ug, 0) T A(ur, ug,0)2 Ous

Second derivatives of the h-function

The second partial derivatives of the conditional distribution function with respect to 6
and uy are given as follows,

0%h _0Oh In(A(uq,us,0)) ( 1- ') %
7020 (—1“<“2>+ g2 T A us, 0)

m02 21H(A(U1,U2,0))0

+h(u1,u2) . 94

0?h
Puy (=0 = 1)(~0 — 2)uy " Aur, uz, )™~

_o— 1 o, 10A
+ (_9 - 1)“29 ! (_1 - 5) A(ulau2a9) 2 gau2
dA\?
( - ‘) (-2- ‘) ot (50)
u17u27 82

Ly — h(uq, u
(0+1) BUQ - U2< : 2) ( 20 — ) 220 BA(ul’u278)_2_%
2

4 uy 202 (_2 - %) A(ubu%g)_?)_égf)
2

Example 1.4 (Gumbel copula; continue of Example 1.2)
Using that the Fisher information with respect to dependence parameters does not depend
on the marginal distributions (Smith 2007), the Fisher information can be determined

S

S

5*h
698u2 N
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using the corresponding distribution with Weibull marginals (Oakes and Manatunga 1992),

1 2 2 2K,
I<9):_["2<‘§+%)‘9+7°

+ (93 + 6%+ (Ko —1)0 — 2K, + %) Ey (0 — 1)691] ’

where Ko = (% - 7{—;) and E\(0) = [,° Le~"du (Abramowitz and Stegun 1992, Exponential

Integral, p. 228).

1.3.2 Elliptical copulas

Since the information with respect to the dependence parameters is independent of the
marginal distributions (Smith 2007), the Fisher information of the bivariate Gauss copula
with respect to p is the same as for the bivariate Gaussian distribution (Berger and Sun
2008), i.e.

1+ p?
(1—p%)*

But for the Student’s t-copula the calculations for the Fisher information is much more
involved and can only be given in closed form with respect to the correlation parameter,

i.e. only Z, of
7, T,
6= (7 F)

pv

Z(p) =

can be calculated. To do so we will consider the corresponding elliptical distribution.
The bivariate Student’s t-distribution is a special case of the bivariate Pearson type VII
distribution for which the following theorem holds.

Theorem 1.1 (Fisher Information of the Pearson VII distribution)
Let X and Y be two random variables with joint Pearson VII distribution with parameters
N>1m>0,p€ (—1,1) and density

N—1 2%+ — 2pzy -
f(fv,y;p,N,m)——(l

mma/1 — p? m(l — p?)

Then the elements of the Fisher information matriz with respect to (p,v) are

Z, ZL,m
)= (7 7"
om m
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1+p>  N(N-1)p?
L=pp " (1=
N(N —1)(2 = 3p* + p%)

1) I, = B(3,N —1)

2N(N —1)(1 + p?)

YT BN —1) = = BN - 1)
y 7, - N -DBEN - 1) tnjgvu ~N)BB3,N—-1)—1
NN =1)[BB3,N—1)— B(2,N —1)]p
?) Zom = m(1 - p?) ’

where B(a, B) = fol t*=Y(1 — t)#~1dt is the Beta-function.

Proof
This proof is based on an earlier attempt by Nadarajah (2006).

1) Fisher information with respect to p:
For the transformed variables U and V', corresponding to p = 0,

() =3 (2 vis e = (1),

the moments are given as

r+a)/2(N — 1 1 1
Exlurvg =" 7T( )B<pgq+1,zv—1%—1>3<]%,%), (1.1)

if both p and q are even integers (Nadarajah 2006). If either p or q is odd, Expression
(1.1) is equal to zero.

For the calculation of the Fisher Information of the Pearson VII distribution with
respect to p we need the second partial derivative of the log-density with respect to p.

dlogL — p N —2zy(1 — p*) + 2p(z* + y* — 2pzy)
dp 11— p2 (1 + x2+é/2—22g)xy> m(l - p2)2 ’
m(1l—p

PlogL  1+p° . 22+ 2 — 2pwy\ "
?p  (1-p?)? m(l — p?)

, {2]\[(3:2 + 4 — 2pxy) N 8N (pz® + py* — (1 = p*)ay)p

m(l — p?)? m(l — p?)3
2® +y® — 2pzy\ 7 AN (p2® + py? — (1 — p*)ay)?
+(1+
m(1 — p?) m?(1 — p?)*

Using the equations in the Appendiz of Nadarajah (2006) for E[XPY 1] in terms of E[UPV]
and Ezpression (1.1), we can determine the Fisher Information of Pearson VII distribu-
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tion with respect to p:

22 +y? — 2pzy -
= —Ex|(1
Zp | T A N (* m(l— ) )

2N ((2* 4+ y? = 2pay)(1 — p*) + 4p(p2® + py® — (1 + p*)y)
m(l — p?)?
+ <1 R pry)_z AN (pz® + py* — (1 - pQ)wy)]

8*log L 14 p?
Ip:EN{_ og} +p

m(1 = p?) m?(1 — p?)*
_ 14/ AN(N = 1) (p2* + py* — (1 = p*)zy)
BT { (N + 1)m?(1 = p?)* }

2(N — 1)((z* + y* — 2pxy) (1 — p?) + 4p(pa® + py® — (1 + p2):vy)]
m(1 — p?)3

— Enia [

1+p>  N(N-1)p?

= B3,N -1

AP " e PN TUE
_ 2
AN+ o )
(1—p?)?
where B(a,b) is the Beta-function.

2) and 3) of Theorem 1.1: Nadarajah (2006, p.198-200) O

N(N = 1)(2 = 3p* + )
i(T— )

B(3,N — 1)

Corollary 1.2 (Fisher Information of the Student’s t-distribution)
Let X and'Y be two random variables with density

v42

1 22+t —2pzy\ 2
f@,y;p,v) = ——— (1+

Com/1— 2 v(1— p?)

the bivariate Student’s t-distribution. The elements of the Fisher information matrix are

1+ p? (v + 2v)p? v
1) 1, = B3, =
) L= et A (33)

(V2 +2v)(2 — 3p? +p6)B <37 5) (P +2)( +p2)B ( ’3>

16(1 — p?)* 2 2(1 — p?)? 2
1 v v+2 v
- n(ef)- 520 62)
2) v 2 4y 3 2

D1yt (0(3)- 20 63)).

Proof
The t-distribution with parameters p € (—1,1) and v > 0 results from the Pearson VII

distribution for N = mT“ and m = v. The log density is

1 v+ 2 22 + 9% — 2pzy
l(z,y;p,v) = —log(2m) — 5 log(1 — p?) — 5 log (1 + J(1= ) :
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Thus, 1) follows directly from Theorem 1.1 1).

Since the Fisher Information for the Pearson VII distribution with respect to N, m and
p is known from Theorem 1.1, we can compute the elements for 2) and 3) of the Fisher
Information matriz easily. Denoting the Fisher Information of Pearson VII by IP7 and
the Fisher Information of the t-distribution by I' we obtain

Tt = I57 4 9707, <8N) +IP7 (a—N)2 - %B (2, T) _mizp (3 m)
——

om om 2 4m 2
——

1/2 1/4

and
ON p m m + 2 m

1, -1z () o2 (B () -2 (5,
pm = Fom T 50N | 2(1 — p2) ) 2 i) =
——

1/2

Here, T,, = E[- 2324 T, x = E[- 5021 Ty = B[-23%Y), T, = B[~ 222" and T

9% logl
E[_ 8p8]g\f]'

Since p is a pure dependence parameter, the Fisher information of the t-copula is a
the same as for the corresponding distribution.

Corollary 1.8 (Fisher information of the bivariate t-copula)

Let Uy and U, be two uniform distributed random variables distributed according to the
bivariate t-copula C(uq,us; p,v) . Then the Fisher Information with respect to the associ-
ation parameter p is

o= (11—+ ;)2 (:(1+—2V2))€ (3)
V2 +20)(2-3 v 2+ 2v)(1 2 v
( +162§ p§)+p)B(3,§>_( + 2v)( +,0)B<27 )

Proof
The result follows directly from Corollary 1.2 and Smith (2007). O

For the Fisher Information with respect to the degrees-of-freedom v and with respect
to the mixed term p and v no closed form expression is available. Thus, we provide a
numerical solution (see Subsection 1.3.3).

1.3.3 Numerical issues and implementation in C

The derivatives of the bivariate copula models we have discussed are included in the
R-package VineCopula (Schepsmeier et al. 2012, functions BiCopDeriv, BiCopDeriv2,
BiCopHfuncDeriv and BiCopHfuncDeriv2). For details on input and output arguments
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of these functions we refer to the manual of the VineCopula package. In order to speed
up the calculations, all implementations were done in C, using R (R Development Core
Team 2013) for a convenient front end. Since the derivatives for the bivariate t-copula
include derivatives of the (regularized) incomplete beta function (see details in the web
supplement Schepsmeier and Stober 2012), an efficient calculation of these is a key issue
to achieve accuracy as well as fast computation times. For this, we employ the algorithm
of Boik and Robinson-Cox (1998). Where this was possible, the C-code was optimized
using the Computer Algebra Software Maple(TM).

To obtain a benchmark for evaluating the numerical accuracy of our implementation,
we consider the Fisher information which is analytically available for several families. We
compare the known values with numerical results using the obtained derivatives of copula
densities. For this, we employ the adaptive integration routines supplied in the cubature
package (C code by Steven G. Johnson and R by Balasubramanian Narasimhan 2011),
available on CRAN (based on Genz and Malik 1980 and Berntsen et al. 1991), with a
maximum relative tolerance of 1le=®. The results show a maximum relative error in the
order of 1e~%, confirming the accuracy of our implementation. The Fisher information with
respect to the standard parametrization of different copula families is illustrated in Figure
1.3 (with corresponding values in Table 1.1) and Figure 1.4 (Table 1.2), respectively. For
better comparison, the parameter values on the x-axis are transformed to the respective
values of Kendall’s 7. Note, that while the Fisher information is increasing with the
absolute value of Kendall’s 7 for the Gaussian and Student’s t-copula, the same is not
true for the Archimedean families. This, however, is a mere consequence of the standard
parametrization for these families. If we consider the Fisher information with respect to
a parametrization in the form of Kendall’s 7, the shapes look similar as for the Gaussian
copula. This re-parametrization implies

) 0
7.(r) = Er | (5 10r1X) - oir1X)) ]
V. 3
=k (7] X) - —I(6 X
o | 5 (O(T)IX) - 5-U(6(T)] ))m_1 _____ p]
oir) | (5 OIX) - 50 Gri@IX) - 52) ]

00; 00;
- (I‘)’i’j(e(ﬂ)ar. 8_7'J> i j=1,..p
i G/ 4g=1...,

where Zy; ;(6(7)) is the i, j element of the Fisher information Zy(6(7)) with respect to 6.

1.3.4 Example: Stock returns

In this section we apply the developed methods to financial data available in the R-package
VineCopula (Schepsmeier et al. 2012). We consider stock returns of Allianz AG (ALV)
and Deutsche Bank (DBK) and conduct a rolling window analysis assuming a bivariate
Student’s t-copula for the dependence structure. We estimate the correlation as well as
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Figure 1.3: Fisher information with respect to the standard parametrization (upper panel,
(a)+(b)) and with respect to Kendall’s 7 (lower panel, (c)+(d)).
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Figure 1.4: Fisher Information of the Student’s t-copula over a Kendall’s 7 range of
(—0.5,0.5) and degrees of freedom v € (7,20) with respect to the correlation parame-
ter p (left) the degrees of freedom (middle) and both (right).

T 0.05 0.10 0.20 0.25 0.30 040 0.50 060 0.70 0.80

Gauss 250 259 299 331 3.75 5.07 740 11.82 2148 49.21
Clayton 3.55 3.52 4.00 4.40 4.89 6.24 838 12.16 20.02 41.70
Gumbel 3.08 2.83 293 3.14 344 438 6.05 9.22 16.13 35.97
Frank 227 233 259 280 3.09 398 556 861 1538 34.93
Joe 4.25 3.71 3.77 4.03 440 555 7.54 11.18 18.87 40.26

Table 1.1: Fisher information with respect to Kendall’s 7 for selected values of 7.

the degrees-of-freedom parameter and compare standard error estimates obtained from
the observed and expected information.

Considering the time horizon from January 4th, 2005 to August 7th, 2009 we obtain
1158 daily log returns. Each time series is filtered using a GARCH(1,1) model with Stu-
dent’s t-innovations. A non-parametric rank transformation is applied to transform the
residuals to uniformly distributed copula data. For the remainder, we assume the marginal
distributions to be known and study the time variability only in the dependence model,
i.e. the copula parameters, and not in the margins. This is done in a rolling windows
analysis as follows: We move a window of size 100, 200 and 400 data points over the data
set, respectively, and estimate the copula parameters for each subsample. Furthermore,
the expected (see Corollary 1.3) and the observed Fisher Information are computed to
estimate the standard errors oegpested and Tppserved, respectively. The result is presented
in Figure 1.5 where the solid line corresponds to the parameter estimates for each sub-
sample and the dashed line to the overall maximum likelihood estimate (MLE) using all
observations. For each estimate, the point-wise 95% confidence interval approximated by
[é MLE — 20, Orire + 26] is given in dark grey for oopservea and light grey for oeppecteq- For
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v T 0.06 010 020 0.25 030 040 0.50 0.60 0.70 0.80

3 9% 1.78 1.83 2.06 225 249 3.25 4.58 7.10 12,62 2847
100 - 0%v 0.73 073 073 073 072 072 0.71 0.70 0.68 0.67
100 - 9pov -0.38 -0.78 -1.66 -2.17 -2.77 -4.35 -6.85 -11.35 -20.95 -48.27

5 9% 1.94 200 227 248 277 3.66 5.21 8.15 14.59  33.08
100 - 9%v 0.11r 0.11 0.11 0.11 0.11 0.11 0.12 0.12 0.12 0.12
100-9pov -0.13 -0.26 -0.55 -0.73 -0.93 -146 -2.29 -3.80 -7.01 -16.16

10 0% 214 221 252 278 312 416 5.99 9.46 17.05 38.84
100 - 0%v 0.01 0.01 001 0.01 0.01 0.01 o0.01 0.01 0.01 0.01
100 - 9pov -0.02 -0.05 -0.11 -0.14 -0.18 -0.28 -0.44 -0.73 -1.35 -3.12

Table 1.2: t-copula: Fisher information with respect to Kendall’s 7 for selected values of
7 and degrees of freedom v.

comparison, non-parametric bootstrap estimates are given (dotted).

Dependence between the bank and the insurer was not constant over the observation
period. However, the variability is less significant than one might guess from an initial
analysis since the MLE for the overall dataset is still within the 95% confidence band for
most windows. In particular, our analysis does not support the assumption of time-varying
degrees of freedom. The estimates obtained from the observed Fisher information yield
results close to those obtained from the expected information. This supports their use
for the routinely calculation of standard errors in practical applications. With increasing
window size, also the estimates obtained from the non-parametric bootstrap coincide
with those from the information matrix for large parts of the data. The deviation at
the beginning and the end of the observation period, where the expected and observed
information yield sharper bounds than the bootstrap, could be an indicator that the pure
t-copula is misspecified. While we did not find strong evidence for time-varying parameters
in our analysis, this suggest to investigate models where the copula family is allowed to
switch (e.g. Stober and Czado 2012) in further research.
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Figure 1.5: Rolling window analysis with window size 100 (left), 200 (middle) and 400
(right). The x-axis indicates the endpoint of each window (format: MM/YY), with the
corresponding parameter estimate on the y-axis, i.e. the dependence parameter p (top
panel) and the degrees-of-freedom parameter v. The dashed horizontal line in each plot
is the MLE corresponding to the whole data set (overall MLE).



24

CHAPTER 1.

COPULAS



Chapter 2

Regular vine copula models!

Since high dimensional problems and modeling issues become more and more relevant
for practical purposes the concept of (multivariate) copulas becomes highly attractive
for statisticians. The possibility to separate the modeling of the margins and the joint
dependence structure, as discussed in Chapter 1, are very advantageous and allows for
more flexibility.

But common multivariate parametric copulas such as the multivariate Gauss or Clay-
ton copula are limited in their flexibility in higher dimensions. Different bivariate depen-
dence properties such as tail dependence can not be captured. The pair-copula construc-
tion (PCC) circumvents these problems by making use of the highly flexible bivariate
copulas as building blocks in a decomposition of the multivariate copula distribution into
bivariate unconditional and conditional copulas. This main idea goes back to the paper
of Joe (1996). He developed “a class of m-variate distributions with given [univariate]
margins and m(m — 1)/2 dependence parameters”. Although he did not call it a PCC or
a vine it was what we call a D-vine.

The second great advantage of Joe’s construction was the integral free expression of
the density corresponding to his distribution construction. This is possible since the cal-
culation of the required conditional distribution functions as arguments of the conditional
copula can be derived as derivative of a copula with respect to the second argument. This
is that we will call later h-function. This property makes PCCs computational attrac-
tive compared to other (graphical) ways of dependence modeling such as (non-Gaussian)
directed acyclic graphs (DAGs) (see for example Bauer et al. 2012).

The graphical illustration of the construction as a set of nested trees and the term
“vine” goes back to the papers of Bedford and Cooke (2001, 2002). They developed
the regular vine (R-vine) as a set of connected trees specifying the construction of the
distribution. Their figure of a D-vine had the shape of a vine, giving the name of the
class. Further, they derived a general expression for the density of a PCC distribution. In
particular, they discussed the special case of a multivariate normal distribution formulated
as a vine. Here, the partial correlations derived from the correlations matrix specify the
vine copula parameters demanding bivariate Gaussian copulas as building blocks.

The statistical inference for PCCs was developed in Aas et al. (2009). Primarily the

!The contents of this chapter is based on J. Stoeber and U. Schepsmeier (2013), Estimating standard
errors in regular vine copula models, forthcoming in Computational Statistics.
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arbitrary selection of bivariate copula families as building blocks allows for high flexibility
in modeling dependence structures in multivariate data sets. This is illustrated by them
in an application to financial data preparing the basis for further applications (see for
example Brechmann and Czado 2013). Since then the theory of vine copulas arising from
the PCC were studied in the literature. Inference, selection methods and algorithms are
for example investigated in Czado (2010), Min and Czado (2010, 2012), Brechmann et al.
(2012) and Czado et al. (2012). The asymptotic theory we will use in Chapter 3 was
developed and applied in Hobaek Haff (2013), Stober and Schepsmeier (2013) and Diimann
et al. (2013), while extensions to discrete data or discrete-continuous data are proposed
in Panagiotelis et al. (2012) and Stober et al. (2012).

In the next section we will define PCCs and regular vines in detail and give in Section
2.2 the computation of the likelihood forming the basis for the subsequent chapters. In
Section 2.3 the developed R-packages are presented containing the main functionality of
R-vine inference, estimation, simulation and model selection.

2.1 Pair-copula constructions

Pair-copula constructions are a very flexible way to model multivariate distribution func-
tions with bivariate copulas. The model is based on the decomposition of the d-dimensional
density into d(d — 1)/2 bivariate copula densities, including d — 1 unconditional and
(d — 2)(d — 1)/2 conditional ones. Bedford and Cooke (2001, 2002) introduced for the
organization of the construction a set of nested trees T; = (V;, E;). Here V; denotes the
nodes while E; represents the set of edges. This process was called by Aas et al. (2009) a
pair-copula construction.

Let FY, ..., Fybe the marginal distribution functions of the random variables X7, ..., Xj.
The corresponding marginal density functions are denoted as fi, ..., fq. Following the no-
tation of Czado (2010) with a set of bivariate copula densities
B = {cj)men@ele € Ei,1 <i <d—1} corresponding to edges j(e), k(e)|D(e) in E;, for
1 <1< d-—1 avalid d-dimensional density can be constructed by setting

fl ..... d(zla .fEd) =
(2.1)
ka Tk H H Cj(e) |D(e) jle )\D(e)(%(e |$D ) Fk(e)|D(e)(xk(e)|wD(e)))'
=1 ecF;

Here, xp(c) is the subvector of & determined by the set of indices in D(e), which is called
conditioning set while the indices j(e) and k(e) form the conditioned set. The required
conditional cumulative distribution functions (cdf) Fje)p(e) (@)l n(e)) and

Fie)pe) (Tk(e)| X D(e))) can be calculated as the first derlvatlve of the corresponding copula
cdf with respect to the second copula argument (see Joe 1996).

Flayolenge) = 200w F@igl@oeye) o 2peg )
OF (()[®D(e)\s(e)) (2.2)
=2 (o). @D\ (&) (F(Z5(0) [ Do)\ (e)), F(jr(0) [T D7)
For regular vines there is an index j'(e) in the conditioning set of indices given by edge
e, such that the copula Cj) j/(e):p(e)\j/(e) 18 in the set of pair-copulas B (Difimann et al.
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2013). Doing so, we assume that the copula Cj(e),j'(e):D(e)\j'(e) does not depend on the
values Tp(e)\ji(e), i-e. on the conditioning set without the chosen variable xj (e). This is
called the simplifying assumption. In the literature Expression (2.4) is often denoted as a
h-function. A PCC is called an R-vine copula if all marginal densities are uniform.

But it is often more convenient to define and work with copula data. Therefore, assume
known margins Fj, ..., Fy for the random variables X, ..., X; and base the notation on
copula data w = (uq, ..., uq), with u; :== F;(x;),i = 1,...,d. Here z; is the observed value
of X;. If the margins F;,i = 1,...,d are unknown, they can be estimated empirically. As
proposed by Genest et al. (1995) these estimates can be used to transform the data x to
an approximate sample u := (uy,...,u,) in the copula space.

On the copula scale the vine copula density is defined as

d—1
cra(w) = [T 1T eiermerne (Cienne (wie [ wne): Crene (e [upe)). — (2.3)

i=1 eckE;
and the corresponding h-function as
9Cj(e),j(e):D(e)\i'(e) (C (W) | up(eni(e)), C (Wi o) [ Upenji(e))
IC (ujr () |uD(en (e)) (2.4)
=t hj(e) 57 (e):DeN\"(e) (C(Wjie) [D(enj(e))s C(Ujr(e) [UD(en (e)))-

Cluje)|upe)) =

Sometimes the conditional copula C'(u|v) is also denoted as F'(u|v) since C'is a distribu-
tion function. In the next section as well as in Chapter 3 we will use the F-notation for
better distinction between the copula and its arguments. For example in the evaluation
of the copula density cg 3.1 (F(uz2|u1), F'(us|uy)) small ¢ denotes the copula density and its
arguments are denoted in the F-notation. Throughout this thesis we will work on the
copula scale, i.e. assuming known margins.

Example 2.1 (3-dim pair-copula construction)
Let x1 ~ Fy, x5 ~ Fy and x3 ~ F3. Then we have on the original scale

f(z1, 22, 23) = f3(x3) fa(x2) f1(71) (marginals)
X 012(F1 (xl), Fy (I‘Q))ng (F2 (xg), F3 (133)) (unconditional pairs)
X c132(Fo(z1]|z2), Fyo(w3|r2)|22) (conditional pair)
sinﬂ)li.

wssamp. f3(x3) fa(x2) fi(x1)ci2(Fi(x1), Fa(xa))cas(Fo(x2), F3(x3))
X c132(Fa(zi|z2), Fya(zs|r2))

The conditional cdfs such as Fyo(z1|x2) and Fyo(xs|zs) in the example can be recursively
calculated using the h-function (see Expression (2.2)).

On the copula scale, i.e. let uy = Fi(x1),us = Fy(xa) and us = F3(x3), and call
Uy, Uy and usg copula data, the corresponding pair-copula construction under the simplifying
assumption is

6123(U17 Uz, Us) = 012(u17 U2)023(U27 U3)013;2(C1\2(U1 |U2), C’3|2(u3|u2)).

where C; ; denotes the conditional distribution function of U; given U;.
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Morales-Népoles (2010) showed that there is a huge number of possible constructions.
A set of nested trees is used to illustrate and order all these possible constructions. Each
edge in a tree corresponds to a pair-copula in the PCC, while the nodes identify the pair-
copula arguments. Bedford and Cooke (2001) formulated the following conditions, which
a sequence of trees V = (T4, ...,T;_1) has to fulfill to form an R-vine.

1. T} is a tree with nodes V; = {1,...,d} and edges FE;.
2. For ¢ > 2, T; is a tree with nodes V; = F;_; and edges F;.

3. If two nodes in T}, are joint by an edge, the corresponding edges in 7T; must share
a common node (proximity condition).

In our notation we follow Diimann et al. (2013) by denoting the vine structure with
V, the set of bivariate copulas with B()) and the corresponding copula parameter with
0(B(V)). A specified regular vine copula we denote by RV (V, B(V),0(B(V))).

The special cases of an R-vine tree structure )V are line like and star structures of the
trees. The first one is called drawable vine (D-vine) in which each node has a maximum
degree of 2, while the second one is a canonical vine (C-vine) with a root node of degree
d — 1. All other nodes, so called leafs, have degree 1. D-vines are for example studied in
Aas et al. (2009) or Min and Czado (2010). An introduction to the statistical inference
and model selection for C-vines are given for example in Czado et al. (2012). Examples
of a five-dimensional C-vine and D-vine are illustrated in Figure 2.1.

®
1,2 2,3 3,4 4,5
" O—OO—OO—O—6 =&
1,32 2,43 3,5/4
® CH—Y

1,4]23 2,5/34
I 1,32 @ 3,54 Ty

231 @ 1,5234
n
3,512 @ T

4,5/123
Gad>——Capy - T

Figure 2.1: Examples of five-dimensional C- (left panel) and D-vine trees (right panel)
with edge indices.

34|12

The pair-copula selection for an R-vine copula can be done by Akaike Information
Criterion (AIC), Bayesian Information Criterion (BIC) or bivariate goodness-of-fit tests,
while for the structure selection at least two algorithms are available in the literature.
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Difimann et al. (2013) favor a maximum spanning tree (MST) algorithm maximizing
absolute Kendall’s 7 tree-wise, whereas Gruber and Czado (2012) follow a Bayesian ap-
proach. They propose an algorithm to select the tree structure as well as the pair-copula
families in a regular vine copula model jointly in a tree-by-tree reversible jump MCMC
approach. Figure 2.2 illustrates the tree structure of a 5-dimensional R-vine.

T T Ts T,

Figure 2.2: An R-vine tree sequence in 5 dimensions with edge indices corresponding to
the pair-copulas in an R-vine copula model.

2.2 Computation of the R-vine likelihood

In order to calculate the (log-) likelihood function of an R-vine model, we have to develop
an algorithmic way to evaluate the copula terms in the decomposition (2.3) with respect
to the appropriate arguments. To simplify notation, we will assume that all copulas under
investigation are symmetric in their arguments, such that we do not have to distinguish
between the h-functions hje) i) D(e)\s/(e) A0A Rj(e)j(e)D(e)\j/(e) given in Equation (2.4).
While this is valid for most common parametric copula families, we can easily drop this
assumption later. For calculation purposes it is convenient to use matrix notation which
has been introduced by Morales-Napoles et al. (2010), Dimann (2010) and Difimann
et al. (2013). It stores the edges of an R-vine tree sequence in the following way: Consider
the R-vine in Figure 2.2 which can be described in matrix notation as follows:

(2.5)

Il
W N s
CRTSNIUS
MO W

2
11

As an illustration for how the R-vine matrix is derived from the tree sequence in Figure
2.2 and vice versa, let us consider the second column of the matrix. Here we have 4 on
the diagonal, and 3 as a second entry. The set of remaining entries below 3 is {1,2}. This
corresponds to the edge 4, 3|1,2 in T3 of Figure 2.2. Similarly, the edge 4, 1|2 corresponds
to the third entry 1 in the third row and 4,2 to the fourth and last entry. Note that the

diagonal of M is sorted in descending order which can always be achieved by reordering
the node labels. From now on, we will assume that all matrices are "normalized” in this
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way as this allows to simplify notation. Therefore we have m,; = d —¢+ 1. For the special
cases of C-Vines and D-Vines, the matrices in 5 dimensions are

5 5

4 4 1 4
MC—Vine =13 3 3 and MD—Vine =121 3

2 2 2 2 3 2 1 2

11111 4 3 211

In the following, we will introduce some additional notation required to develop pro-
grammable algorithms for R-vine models. For simplicity, we consider the 5-dimensional
example. Similar to the way the R-vine tree sequence is given in M, we can store the
copula families B and the corresponding parameters 6.

B5,m2,1\m3,1,m4,1,m5,1
B = 85,m3,1|m4,1,m5,1 B4,m3,2|m4,2,m5,2
65,m4,1\m5,1 847m4,2|m5,2 B3,m4,3|m5,3
‘857m5,1 B4,m5,2 B3,m5,3 BQ,m5,4
Bs aj1,2,3
= | Bsi23 Bagjip € R>®
Bsoiz  Biip Bsip

Bs 3 By Bso B

95,m2,1|m3,1,m4,1,m5,1
0= 65,m3,1\m4,1,m5,1 94,m3,2|m4,2,m5,2
657m4,1|m5,1 047m4,2\m5,2 93,m4,3|m5,3
05,m5,1 94,m572 93,m5,3 92,m5,4
O5.401,2,3
= | O5123 Oazpz2 e R
Os0i3  Ou12 0312

95,3 94,2 93,2 92,1

To evaluate the (log-) likelihood function (Equation (2.3)) of an R-vine model, we
require the conditional distributions Fj)p() and Fie)p(e), evaluated at a d-dimensional
vector of observations (ui,...,u4), as arguments of the copula density Cj(e),k(e);D(e) COT-
responding to edge e. We will store also these values in two matrices. In particular, we
calculate
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F(u4|um3,2> Umy o5 Ums,z)

dered = F<u4|um4,2vum5,2) F(u3|um4,37um5,3) (26>
F(u4|um5,2> F(u3‘um5,3) F(u2|um5,4>
Uy us U Uy
o F(um3,2|um4,2>um5,2>u4)
dewaat = F(um4,2’um5,2’u4> F<um4,3|um5,3>u3) . (27)
F<um5,2|u4) F(um5,3‘u3> F<um5,4|u2)
Ums o Ums 3 Ums 4

Note that for each pair-copula term c;), (e) D(e) in (2.3) the corresponding terms of
ydirect and Vindireet inyolving F; i(e)|D(e) and Fie)pe) can be easily determined by applying
(2.4). When being able to evaluate

Ca,m3 2;ma,2,ms5,2 (F(u4|um4,27 um5,2)7 F<um3,2 |um4,27 ums,z))
we do also obtain

F<u4‘um6,57 um7,57 ums,z’)) = (810>4,m3,2|m4,2,m5,2 (F(u4|um4,27 um5,2)7 F(ums,z |um4,27 um5,2>)7

F(ums,z |U4, Uy, a5 ums,Q) = (820)4,M3,2|m4,2,M5,2 (F(u4|um4,27 um5,2)’ F(ums,z |um4,2a ums,z))a

where (0,C) and (0;C') denote partial derivatives with respect to the first and second
argument, respectively. With all such conditional distribution functions being available
for e.g. T3, the copula terms in (2.3) corresponding to the next tree Ty can be evaluated.
Following the notation in (2.4), we write h(-,:|B*¢ %) for the conditional distribution
function corresponding to a parametric family B with parameter 6%, where B** and
0% denote the (k,i)th element of the matrices B and 0, respectively. Exempli gratia,

F(uglus, ur, ug) = h(F(uglug, ug), F(us|ur, ug)|Bagp,2, 0a,301,2)

h( dzrect’ ?c)lzgect|86 k) 96 5)

The only question which is left to solve for the computation of the likelihood is whether
the arguments in each step (i.e. F'(u4|uy,us), F'(ug|uy,uz) in the example) have to be
picked from the matrix V4ireet or Vindirect For this, we exploit the descending order of the
diagonal of M. From the structure of V% we see that the first argument of the copula
term with family B and parameter 6% is stored as the (k,7)th element vj1** of V#rect,

To locate the second entry, let us denote M = (Mmyili = 1,...,d;k = 1,...,d), where
My, = max{my,,...,mq;} forall i =1,...,d and k = 4,...,d. The second argument,
which is F (tm, , |, Mk+1,, - - -, Ma,;) must be in column (d—rmy,;4-1) of V4reet op Vindirect
by the ordering of variables. If my,; = my;, the conditioning variable U, , has the biggest
index and thus the entry we are looking for must be in V4ret Similarly, if M > My,
the variable with the biggest index is in the conditioning set and we must choose from
Vindireet Tp particular, for a C-Vine it always holds that My = my; and we choose from
Vdireet while for the D-vine iy, ; > my; and we must choose from Vindireet,
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Ezample 2.2 (Selection of arguments for cs3j1,2)

As an example for how this procedure selects the correct arguments for copula terms in
R-vine let us consider the copula cy3p2 in our example distribution. The corresponding
parameter 0,312 s stored as 032, thus we are in the case where i = 2 and k = 3. Since

M3o = max{msz, M2, M52} = max{3,1,2} = 3 and Mm32 = 3 = may we select as
second argument the entry vglz"jftmk 4y = vdrect = F(usluy, ug). Together with vikect =
) ,% ’ )

F(uyluy, us), which we have already selected, this is the required argument.

These sequential selections and calculations are performed in Algorithm 2.2.1, which
was developed in Difmann (2010) and Diimann et al. (2013).

Algorithm 2.2.1 Log-likelihood of an R-vine specification.

Require: d-dimensional R-vine specification in matrix form, i.e., M, B, 0, set of obser-

vations (uq, ..., uq).
1: Set L = 0.
2: Let Veireet — (pirecty — 1 dik =1i,...d).
3: Let V/indireet — (yindirect|; — 1 ik =i, d).
4: Set (Vg vgse, L vPe) = (g, ug-1, . . . u1).
5 Let M = (Mysili = 1,...,d;k = 1,...,d) where my,; = max{my,,...,mg;} for all

i1=1,....,dand k=1,....,d.

6: fori=d—1,...,1 do {Iteration over the columns of M}
7. for k=d,...,i+1 do {Iteration over the rows of M}
8: Set z; = vt
9: if mk,i = Mg, then
_ pydirect
10: Set 29 = Ukjfsc—mkﬁl)‘
11: else
12: Set 29 = v};g}i"’f}‘;kﬁl).
13: end if
14: Set L = L + c(zy, 25| B, 9F+).
15: Set vpSt = h(z1, 25| B, 0%7) and v = h(zg, 21|B"", 0%7).
16:  end for
17: end for

18: return L

2.3 Software

There are two packages CDVine and VineCopula publicly available for the selection,
estimation and validation of vine copula models based on the statistical software R (R
Development Core Team 2013) given on the Comprehensive R Archive Network (CRAN,
http://cran.r-project.org/). While the R-package CDVine of Brechmann and Schep-
smeier (2013) provides the functionality for the special classes of C- and D-vines, the
R-package VineCopula of Schepsmeier et al. (2012) is available for R-vines.

Since vine copula models are based on bivariate copulas as building blocks, both
packages contain tools for bivariate exploratory data analysis and inference of a wide
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range of bivariate copula families. In particular, we provide bivariate copula families from
the two major classes of elliptical and Archimedean copulas as introduced in Chapter 1.
Graphical tools as contour plots, A-functions, K-plots or Chi-plots are included for copula
selection. They assist the automatized Akaike information criterium (AIC) or Bayesian
information criterium (BIC) based methods. Furthermore, copula selection or verification
are possible with several implemented goodness-of-fit tests returning the corresponding
test statistic and a (bootstrapped) p-value. Dependence measures such as Kendall’s 7 or
tail dependence can be calculated, as well, to analyze and characterize bivariate copulas.
It is important to know whether a particular parametric copula might be suitable for a
given data set (Joe 1997).

But the main functionality is focused on vine copula models. The packages enable
the user to facilitate vine copula inference. Parameter estimation and model selection
as well as sampling algorithms are available. Therefore, the recursive algorithm of the
log-likelihood is implemented in a fast and optimized manner for maximum likelihood es-
timation (MLE). A much faster but only approximating approach is sequential estimation
(Aas et al. 2009), which is also included. It is typically used to generate starting values
for the MLE. Furthermore, there is an extensive functionality for model verification and
model comparison. The tests of Vuong (1989) and Clarke (2007), introduced for non-
nested models, can be applied to vines as well as classical Akaike or Bayesian information
criteria.

Recently, the possibility to calculate the Hessian matrix or the gradient are imple-
mented thus providing estimated standard errors of the vine copula parameters as we will
discuss in Chapter 3. Verification of a given or estimated vine copula model by goodness-of
fit tests will also be available in the near future (see Chapter 4).

In the next two subsection we will discuss methods for bivariate data analysis and for
statistical inference of R-vine copula models in more detail. For explicit documentation of
each function we refer to the extensive manuals of CDVine and VineCopula, and the
vignette of Brechmann and Schepsmeier (2013).

Bivariate data analysis

In both packages several bivariate copula families are included for bivariate analysis as well
as for multivariate analysis using vine copulas. Beside the four mentioned Archimedean
copulas, Clayton, Gumbel, Frank and Joe, the packages provide functionality for four
Archimedean copula families with two parameters, namely the Clayton-Gumbel, the Joe-
Gumbel, the Joe-Clayton and the Joe-Frank. Following Joe (1997) we simply refer to
them as BB1, BB6, BB7 and BBS, respectively. Their more flexible structure allow for
different non-zero lower and upper tail dependence coefficients. As boundary cases they
include the Clayton and Gumbel, the Joe and Gumbel, the Joe and Clayton as well as
the Joe and Frank copula, respectively.

In addition to these families, we also implemented rotated versions of the Clayton,
Gumbel, Joe and the BB families. By rotating them by 180 degrees, one obtains the
corresponding survival copulas. In contrast, rotation by 90 and 270 degrees allows for
the modeling of negative dependence which is not possible with the standard non-rotated
versions. In particular, the distribution functions Cyy, C'g9 and Ca7g of a copula C' rotated
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Figure 2.3: Samples from Clayton copulas rotated by 0, 90, 180 and 270 degrees with

parameters corresponding to Kendall’s 7 values of 0.5 for positive dependence and —0.5

for negative dependence.

by 90, 180 and 270 degrees, respectively, are given as follows:

Coo(ur, ug) = us — C(1 — uy, ug),
Cigo(ur, ug) = ug +us — 1+ C(1 —up, 1 — ug),

Coro(uy, ug) = uy — C(ug, 1 — ug).

To illustrate rotated bivariate Archimedean copulas, we simulate samples of size N = 500
from Clayton copulas rotated by 0, 90, 180 and 270 degrees, respectively. Parameters
are chosen according to Kendall’s 7 values of 0.5 for positive dependence and -0.5 for
negative dependence. Corresponding scatter plots are shown in Figure 2.3. The first plot
corresponds to the standard Clayton copula modeling positive dependence and lower tail
dependence. The survival copula in the third plot also covers the positive Kendall’s 7
range put has upper tail dependence. The rotated versions of the Clayton copula in the
second and forth plot model negative dependence. Again different tail behavior can be
captured by rotation.

The main functions for exploratory data analysis, simulation, selection and estimation
of bivariate copulas are:

e BiCopMetaContour gives a bivariate contour plot corresponding to a bivariate meta
distribution with different margins and specified bivariate copula and parameter
values or creates corresponding empirical contour plots based on bivariate copula
data.

e BiCopSim simulates from a given parametric bivariate copula.

e BiCopGofTest calculates goodness-of fit tests for bivariate copulas, either based
on White’s information matrix equality (White 1982) as introduced by Huang and
Prokhorov (2013) or based on Kendall’s process (Genest et al. 2009). It computes
the test statistics and calculates bootstrapped p-values.

e BiCopSelect selects an appropriate bivariate copula family for given bivariate cop-
ula data using one of a range of methods. As selection criterion either AIC or BIC
can be used.
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e BiCopEst estimates the parameter(s) for a bivariate copula using either inversion of
empirical Kendall’'s 7 for single parameter copula families or maximum likelihood
estimation for one and two parameter copula families.

To calculate the maximum likelihood estimates of the copula parameters in a fast and
efficient way the partial derivatives with respect to the copula parameter(s) or arguments
of several copula families are implemented. In particular, the derivatives of the elliptical
bivariate copulas Gauss and Student’s t as well as of the one-parametric Archimedean cop-
ulas calculated in Chapter 1 are available in the functions BiCopDeriv and BiCopDeriv2.
Since the bivariate derivatives of the copula density as well as of the h-function form
the building blocks of the R-vine score function and Hessian matrix these are also imple-
mented in BiCopHfuncDeriv and BiCopHfuncDeriv2. They provide the first and second
derivatives of a given conditional parametric bivariate copula (h-function; BiCopHfunc)
with respect to its parameter(s) or one of its arguments, respectively. See therefor also
Section 1.3.3.

Statistical inference for vine copulas

The statistical inference for regular vines is provided in the package VineCopula on
which we will concentrate here. Most of the functions explained in the following are
also available for C- and D-vine in the package CDVine. Brechmann and Schepsmeier
(2013) gave a detailed introduction for the handling and the functionality of the CDVine
package, which follows a slightly different notation than the VineCopula package.

As mentioned above it is convenient for calculation purposes to use the matrix notation
for R-vines as introduced by Morales-Néapoles et al. (2010), Diimann (2010) and Dimann
et al. (2013). The function RVineMatrix creates an R-vine matrix object which encodes
an R-vine copula model. It contains the R-vine structure matrix M, denoted as Matrix,
and three further matrices identifying the pair-copula families B (family) utilized and
their parameter matrices 8, (par) and 0y (par2). The RVineMatrix-object forms the basis
for all R-vine related functions, for example the simulation from a given R-vine copula
model (RVineSim) or the calculation of the log-likelihood (RVineLogLik).

Having decided the structure of the R-vine to be used, one has to select pair-copula
families for each (conditional) pair of variables or using the function RVineCopSelect.
Based on BiCopSelect, this function selects for a given copula data set appropriate
bivariate copula families from a set of possible copula families according to the AIC
(default) or the BIC criterion. This copula selection proceeds tree by tree, since the con-
ditional pairs in trees 2, ...,d — 1 depend on the specification of the previous trees through
the h-functions. Hence, initially R-vine copula models are typically fitted sequentially by
proceeding iteratively tree by tree and thus only involving bivariate estimation for each in-
dividual pair-copula term. This can be established using the function RVineSeqEst which
internally calls the function BiCopEst.

Even though these sequential estimates often provide a good fit, one typically is inter-
ested in maximizing the (log-)likelihood of a vine copula specification, which is facilitated
in RVineMLE using the sequential estimates as initial values. The log-likelihood of a vine
copula for given copula data, pair-copula families and parameters can be obtained using
the function RVineLogLik which implements the algorithm given in Algorithm 2.2.1.
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If the vine structure has to be selected as well given a d-dimensional copula data
set, one can apply the function RVineStructureSelect. It performs the maximum span-
ning tree algorithm suggested by Difimann et al. (2013) maximizing the absolute sum of
Kendall’s 7 tree by tree. In particular, the following optimization problem is solved for

each tree
max Z ’7A'Z] ’,

edges e;; in spanning tree

where 7;; denote the pairwise empirical Kendall’s taus and a spanning tree is a tree on
all nodes. The setting of the first tree selection step is always a complete graph. For
subsequent trees, the setting depends on the R-vine construction principles, in particular
on the proximity condition. The special case of a C-vine can be selected too, using the
algorithm of Czado et al. (2012). Tree structures are determined and appropriate pair-
copula families are selected using BiCopSelect and estimated sequentially.

The vine tree structure can be plotted with RVineTreePlot. This function plots one
or all trees of a given R-vine copula model. The edges can be labeled with the pair-copula
families, its parameters, the theoretical or empirical Kendall’s 7 values, or the indices of
(conditioned) pair of variables identified by the edges. For an example see Figure 4.12 in
Chapter 4 illustrating the first example.

In the next chapter we will introduce the estimation of standard errors in regular vine
copula models and therefore the first and second derivatives of the R-vine log-likelihood
are needed. Of cause this functionality is also included in the package by the R-functions
RVineStdError, RVineGradient and RVineHessian, respectively. Note that the ordering
of the gradient and Hessian matrix follows the ordering of the R-vine matrix. The gradient
starts at the lower right corner of the R-vine matrix and goes column by column to the left
and up, i.e. the first entry of the gradient is the last entry of the second last column of the
parameter matrix followed by the last entry of the third last column and the second last
entry of this column. If there is a copula family with two parameters, i.e. the t-copula,
the derivative with respect to the second parameter is at the end of the gradient vector in
order of their occurrence. Since derivatives of the bivariate two parameter Archimedean
copulas, i.e. BB1, BB6, BB7, BB8 and their rotated versions are not implemented the
gradient and Hessian matrix is not available for R-vine copula models with BB copulas.

The function RVineStdError returns two matrices of standard errors corresponding to
the parameter matrices given the Hessian matrix. Note that the negative Hessian matrix
has to be positive semidefinite to calculate the covariance matrix as inversion of the
observed Fisher information, i.e. the Hessian matrix.

Furthermore, the R-vine goodness-of-fit tests proposed in Chapter 4 can be calculated
too, using the function RVineGofTest. Its function argument method determines which
goodness-of-fit method is used. Further function arguments like statistic or B manage
the different sub-methods and the calculation of bootstrapped p-values, respectively.

The main functionality is coded in C to speed up the calculation and R is used as
convenient user interface. Both packages depend on the packages igraph (Csardi 2010;
Csardi and Nepusz 2006) and mvtnorm (Genz et al. 2011; Genz and Bretz 2009). For the
calculation of the Anderson-Darling test statistics for the goodness-of-fit tests of Chapter
4 the R-package ADGofTest (Bellosta 2011) is required.
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For reproducibility we want to mention that all the calculations given in this thesis are
executed either on R 2.13.1 or R 2.15.0. The results are, to our knowledge, not affected
by the different versions or operating systems (UNIX or Windows). Most computations
have been performed using VineCopula 1.1. But unpublished pre-releases are used too.
The numerical calculations in Section 1.3.3, the simulation studies in Section 3.3, 4.1.3
and 4.4, and the examples in Section 1.3.4, 3.4 and 4.5 were performed on a Linux cluster
supported by DFG grant INST 95/919-1 FUGG.
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Chapter 3

Estimating standard errors in
regular vine copula models!

In the last chapter we introduced the very flexible class of regular vine copula models
for complex multivariate data. However, while it is a standard exercise in multivariate
statistics to compute the uncertainty incorporated in parameter point estimates for classes
like the multivariate normal distribution, this is often not possible for the more complex
models. But these advanced models are required to accurately capture the dependence
in real-world multivariate data. Despite the wide range of applications of R-vine copula
based models in practice, there is a surprising scarcity in the literature considering the
uncertainty in point estimates of the copula parameters. It is well known that maximum
likelihood estimates 6, of the p-dimensional vine parameter vector 6 will be strongly
consistent and asymptotically normal under regularity conditions on the bivariate building
blocks (see Hoback Haff 2013), i.e.

Vi Z(9)V? (én - 9) 45 N(0, ) as n — oo. (3.1)

Here, n is the number of (i.i.d.) observations, I, the p x p identity matrix, and

2
(8«9?8@- Z(HIXD 0,j=1,....p

denotes the Fisher Information Matriz with [(0|x) being the log-likelihood of parameter
0 for one multivariate observation . For a given data set, we can replace the expectation
in Equation (3.2) by taking the sample mean to obtain the observed information. Given
the fact that full maximum likelihood inference is numerically difficult when non-uniform
marginal distributions are involved, also two-step procedures have been developed.

In particular, Joe and Xu (1996) employ the probability integral transform using
parametric marginal distributions which are fitted in a first step to obtain uniform (copula)
data on which the copula is estimated using ML in a second step. As an alternative, Genest
et al. (1995) proposed to use non-parametric rank transformations in the first step. While
these methods are computationally more tractable, they are asymptotically less efficient.

7(0) = —Ey — E, ( 9 101X) - i1(49|X)>

00, 00,

], 32

ivjzlw"vp

!The contents of this chapter is based on J. Stoeber and U. Schepsmeier (2013), Estimating standard
errors in regular vine copula models, forthcoming in Computational Statistics.
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Following Hobezk Haff (2013), we can decompose the asymptotic covariance matrix
for the estimates of dependence parameters @ in a marginal and a dependence part:

Vﬂ,two—step — Vdependence + Vmargins

where Vdependence, ML — 7(9)~1 for ML estimation and the second part is zero only when

there is no uncertainty about the margins. Further, also the estimation of copula param-

eters can be performed in a tree by tree fashion. Denote the log-likelihood arising from
parameters in tree ¢ by

Li(6i12) == 10g (¢j(e) k()00 (Fite)pe) (o) | TD(e) ) Fre)pie) (o) [T 0(e) ) 6e))

ecE;

where the set of components of 8; is {0.]e € E;}. In particular 6, is estimated by maxi-
mizing 1 (0;|#) and the obtained estimates 6; are used to calculate the arguments of the
copula functions in Iy(8s]a). Now, we maximize Iy(6s]x) in @, to obtain 6, and proceed
until all parameters are estimated (for an algorithm see Stober and Czado 2012). This
implies that [; also implicitly depends on the parameters 8, for j < ¢ through its argu-
ments, i.c. [;(0;|x) = 1;(0;,0;_1,...,0;|x). The parameter estimates obtained from this
sequential procedure have asymptotical covariance

Vdependence,seq. _ J;lKg (j;l)T7 (33)

where J ¢ involves second derivatives of the R-vine log-likelihood function and g involves
elements of the score function, see Hoback Haff (2013). To be more precise, KCg and Jg
are defined as

Ko
Ke=| = , (3.4)
0" - Koa 242
o ... o7 Koa—1,4-1

Jo.1.1

JTo = , (3.5)

Jod-21  Ted—2d-2

Jod-11 - Ted-1,d-—2 Ted-1,d-1

T
with Cg,; = E {(azi(oiéb;mx)) (azj(ejéé;01|x)> } and Jo,; = —F [3211'(3&;~—é£1|?f>] i, =
1,....,d—1.

Again, for a given data set, the expectations can be replaced by taking the sample
mean to obtain an equivalent of the observed information. While this asymptotic theory
is well known, it is almost never applied in practice since the estimation of the asymptotic
covariance matrix will involve the Hessian matrix, i.e. the second derivatives of the R-vine
likelihood function. For these derivatives, no analytical expressions have been available,
which caused a gap between theoretical knowledge about estimation errors and practical
applicability which we will fill in this chapter. In particular, our algorithms overcome the
reliability and accuracy issues associated with statistical estimation methods based on
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numerical derivatives (see McCullough 1998, 1999 for a discussion and examples). This
allows to perform maximum likelihood estimation and compute the observed information
also in a multidimensional setup where algorithms based on numerical differentiation can
be highly unreliable.

3.1 Computation of the score function

In this section we develop an algorithm to calculate the derivatives of the R-vine log-
likelihood with respect to copula parameters and thus the score function of the model.
Throughout the remainder, we will assume that all occurring copula densities are contin-
uously differentiable with respect to their arguments and parameters. Further, we assume
that the copula parameters are all in R, the extension to two or higher dimensional pa-
rameter spaces is straightforward but makes the notation unnecessarily complex.

To determine the log-likelihood derivatives, we will again exploit the hierarchical struc-
ture of the R-vine copula model and proceed similarly as for the likelihood calculation.
The first challenge in developing an algorithm for the score function is to determine which
of the copula terms in Expression (2.3) depend on which parameter directly or indirectly
through one of their arguments. Following the steps of the log-likelihood computation and
exploiting the structure of the R-vine matrix M, this is decided in Algorithm 3.1.1.

Algorithm 3.1.1 Determine copula terms which depend on a specific parameter.

The input of the algorithm is a d-dimensional R-vine matrix M with elements (1 ;)i j=1,..4
and the row number k& and column number ¢ corresponding to the position of the param-
eter of interest in the corresponding parameter matrix 6. The output will be a matrix
C (with elements (¢; ;)i j=1...4) of zeros and ones, a one indicating that the copula term
corresponding to this position in the matrix will depend on the parameter under consid-
eration.

1: Set g := (M, Mg M1, - - -, Mai)

2 Set ¢ ;=0 l,j=1,...,d

3: fora=1i,...,1do

4: forb=k,...,a+1do

5: Set h = (Mg,q, Mpa, Mpt1,a5 - - -, Mda)
6: if #(gNh) == #g then

7: Set cpq =1

8: end if

9: end for

10: end for

11: return C

Knowing how a specific copula term depends on a given parameter, we can proceed
with calculating the corresponding derivatives. Before we explain the derivatives in detail
let us consider an example in 3 dimensions, where two of the three possible cases of
dependence on a given parameter are illustrated.
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Example 3.1 (3-dim, continuation of Example 2.1)
Let 1 ~ Fy,x9 ~ Fy,x3 ~ F3 and uy = F(x1),us = F(x3), ug = F(x3), then the joint
density can be decomposed as

f123($1, $2,$3) = f1($1)f2($2)f3(f3) : C1,2(U1,U2|91,2) : 02,3(102, U3|92,3)

: 01,3|2(h1,2(u27 Uy |91,2), h273(u3, U2|92,3) |91,3\2)-
The first derivatives of In fia3 with respect to the copula parameters are

O(In fio3(w1, 2, 73)) . a91,201,2(101,U2|9172)
5’91,2 B C1,2(U1,U2’91,2)
a101,3|2(h1,2(u2, Uy ’91,2), h2,3(U3, U2\92,3) |91,3\2)
C1,3|2(h1,2(u2, Uy |91,2), h273(u;»,, U2|92,3) |91,3|2)
O(In fio3(w1, 2, 73)) . 392,302,3@2, u3|0s,3)
6'92,3 B 02,3(U2,U3’92,3)
3201,3|2(h1,2(uz, Uy ’91,2), h2,3(U3, U2|92,3) |91,3\2)
C1,3|2(h1,2(u2, Uy |91,2), h273(u3, U2|92,3) |91,3|2)
O(In fras(zy, 29, 23)) 39173‘201,3\2@1,2(%2,U1|91,2),h2,3(U3,U2’92,3)\91,3|2)

891,3|2 B 01,3|2(h1,2(u2; U1"91,2), h273(u3, U2|92,3)|91,3\2)

: 391,2h1,2(U1, U2|91,2),

: 89273h273(u2, U3|92,3),

The first case which occurs in our example is that the copula densities ¢;2 and ca3
depend on their respective parameters directly. For a general term involving a copula
cy,v|z with parameter 0, the derivative is

& (coviz (Fujz(ulz), Fyz(v]z)|0))
cuviz (Fujz(ulz), Fyiz(v]z)|0)

_ docuviz (Fuiz(ulz), Fyiz(v]z)|0)

Cuv|z (FU\Z<U|Z)7FV|Z<U|Z)|9) '

% In (CU,V\Z (FU|z(u|z)7 FV|z(U\Z)|8)) _

(3.6)

Further, like for ¢y 32, a cp,yjz term can depend on a parameter ¢ through one of its
arguments, say Fyz(u|z, 0):

% In (CU,VIZ(FU\z(u|Z, 0), FV\z(U]Z))) _

dcy,viz (FU\z(u\Zﬁ),sz(UlZ))
6FU|Z(U|Z,9) 8

CUV|Z (FU|Z(U|Z,‘9)7 FV|Z(U|Z)) 00
_ Oicuv|z (FU|Z(U’Z79)>FV|Z(U|Z)) _ 0
cuviz (Fuiz(ulz,0), Fyiz(vlz)) 00

Finally, in dimension d > 4, both arguments of a cy vz copula term can depend on a
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parameter 6. In this case,

0
20 In (CU,V\Z(FU|Z(U|Z7 0), Fyviz(vlz, 9)))
_(71CUV|Z (Fuiz(ulz, 0), Fyjz(vle, 9)) 0
CUV\Z (FU|Z<U|Z ‘9 Fv|z ‘Z 9 ) 60
dcuviz (Fuiz(ulz,0), Fyiz(vlz,0)) 0

- —Fyiz(v|z, 0).
cuviz (Fuiz(ulz,0), Fyiz(v]z,0)) 00 viz(v]z, 0)

A5 vz (ulz,0) (3.8)

We see that the derivatives of copula terms corresponding to tree 7; in the vine will
involve derivatives of conditional distribution functions which are determined in tree T;_;.
Thus, it will be convenient to store their derivatives in matrices S147et¢ and S1idirectd
related to the matrices V4reet and Vndirect which have been determined during the cal-
culation of the log-likelihood together with the terms

In (Cj(e»k(e)w(e)(Fj(enD(e) (50 |ZD(e))s Frte) Do) (e |96D<e>))> = 0j(e)k(e)|D(e):
for each edge e in the R-vine V , which can also be stored in a matrix V/vues:
O4,m3 2lmy 2,ms. 2

=1 --- 04,m4 2|ms 2 03,m4,3/ms 3 (39)
Q4,m572 Q3,m573 92,1

Vvalues

In particular, we will determine the following matrices:

%F(U4|um3,27um4,2a um5,2)
2 F(U4’um4 25 Umg, 2) 80 (u3|um43,um5 3) ) (3'10)
39 (u4,um5 2) ae (u3’um5 5) 39 F(uz|u1)

Sldirect,@ —

o F(ums 2 |um4,2v um5,27u4)

Slindirect,@ — 8 Fa(um4 ) |Um5 s U4) 8 Fa(“ﬂu , |Um5 . ’LL3) a :
aeF(Um5 2|ua) aoF(um5 3 |us) 90 F(ur|uz)
(3.11)
Tues 0 39 94,m3 2lma 2,ms 2 5
values,0 __
S1 - %%4,7714,2\7715,2 %%3,m4,3|m5,3 . (3'12>

el
%94,7715,2 @93,771573 %02,1
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Here, the terms in S1%ret? and S1indirectd can be determined by differentiating (2.4)
similarly as we did for the copula terms in (3.6) - (3.8). For instance, we have

0

FUWZ(u]v,z,H) 0 (hU|Vz (FU|Z(u’Z 0), FVlz( vz )))

00 a0
0
= Ohyvz (FU|Z(u’Za 0), FV|Z(U‘Z)) ) %sz(ulz, 0)
0
= cupvz (Fujz(ulz,0), Fyjz(v]z)) - (%FU\Z(U\Z 0)
and
0 0
- huvz (FU\Z<U|Z>a FV\Z(U|Z7 9)) = Ohuvz (FUIZ(“|Z)7 FVIZ(U|Z= ‘9)) —5Fviz(v v|z,0).

06 00

The complete calculations required to obtain the derivative of the log-likelihood with
respect to one copula parameter 6 are performed in Algorithm 3.1.2.

Algorithm 3.1.2 Log-likelihood derivative with respect to the parameter gk

The input of the algorithm is a d-dimensional R-vine matrix M with maximum matrix
M and parameter matrix €, and a matrix C' determined using Algorithm 3.1.1 for a
parameter 0% positioned at row k and ¢ in the R-vine parameter matrix 8. Further, we
assume the matrices Vdrect Jyindirect and J/values corresponding to one observation from
the R-vine copula distribution, which have been determined during the calculation of
the log-likelihood, to be given. The output will be the value of the first derivative of the
copula log-likelihood for the given observation with respect to the parameter gk,

1: Set z; = vl‘j"“t
2: Set sldf;"ed =0, 312}{1’”“ =0, 51};‘;.[“65 =0,i=1,...,d;k=1,...,d
3. if mm == mk; then
. — o, direct
4: Set 29 = Vhides 41
5. else
. _ z;ndirect
6:  Set zp = Vkiderm 41
7. end if o
8: Set slfl"e‘it = Opiih(z1, 2| B, 6F)
9: Set slmd"“t Dyiih(z2, 21| B*, 0F+)

k17 -

. ki gk,i

10: Set g1vatues — Zppicz1z2l57 67
ki ezp( values)

)

11: for i =4,...,1do
122 fork=k—-1,...,i+1do
13: if ¢;; == 1 then
14: Set 2y = vfirect| z) = g]direct
15: if my; == ’ﬁ”L]” then
16: Set o = ,Udzrect o, = Sldzrect
: 2 — Ygd— my ;+1° 2 k,d—my ;+1
17: else

. __ andirect indirect
18: Set zp = Vgl p1s 22 = SLIGUE
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19: end if
20: if cx11;, == 1 then
21: Set Slz(j;lues — Slz(filues + 810(%;2?11_'5:;,9]“) . 51
2 Set S5t = SISl + Oy (21, 2 |BH, 0%) - 2
. Set s1ird7ee = sTMeet + Oph(29, 21| BM, 08 - 2
24: end if
25: if Ckil,d—m+1 == 1 then
ki pk,i _
26: Set s1yafues = s1joues 4 —82622(?@”6;9) ). 3,
27: Set s1{irect = s1grect 4 Ooh (21, 20| BM, 0%) - Z)
28: Set s1irdireet = g1pndirect 4 9y h(z9, 21| B*, 0% - 2,
29: end if
30: end if
31: end for
32: end for

. values
33 return 0, s1YG

In particular, this algorithm allows to replace finite-differences based numerical maximiza-
tion of R-vine likelihood functions with maximization based on the analytical gradient.
In a numerical comparison study across different R-vine models in 5-8 dimensions this
resulted in a decrease in computation time by a factor of 4-8. Note that Algorithm 3.1.2
also allows to determine the terms 0l;(0;, ..., 61)/00; which are required to estimate the
matrix ICg needed for the calculation of standard errors of the sequential estimator. Here

the sum in line 33 of Algorithm 3.1.2 has to be replaced by i=1...d slg‘il}ffs for derivatives

with respect to parameters §4-3+1 in 0;.

3.2 Computation of the observed information

Based on the calculation of the score function performed in the previous section, we
will present an algorithm to determine the Hessian matrix corresponding to the R-vine
log-likelihood function in this section. Considering a derivative with respect to bivariate
copula parameters 6 and ~ associated with the vine, it is clear that the expressions for the
derivatives of the log-densities in this case will contain second derivatives of the occurring
h-functions. Thus, our algorithm will determine the following matrices:

S2direct,9,'y —

8988 F(u4‘um3,2vum4,2>um5,2)
7o o (3.13)
8987F(u4‘um4,2aum5,2) 3937F(u3|um4,3yum5,3) ,
o) o) o)
393’7F<u4’um5v2) 6067F(u3’um5,3) 3937F(U2‘U1)
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Sz'mdirectﬁ,’y —

0
mg(um:mmmzl,z?ums,w U4) 5 (3‘14)
mg(um&ﬂumw,u@ Wavg(umm’ums,:wu?)) 5 )
WMF(UW5,2‘U4) WF(Ums,g\UB) mF(Uﬂw)

o)
Iues.0 900~ 24,m3 2|ma,2,ms 2 )
values, 0,y __
S2 = 000~ Q4,m472|m572 000~ 937m473|m573 . (315)

o)
900~ 24,m5,2 900~ 93,ma,2 9009~ 02,1

Since not all entries in (2.6), (2.7) and (3.9) depend on both 6 and ~, not all entries in

(3.13) - (3.15) will be non-zero and required in the algorithm. Employing Algorithm 3.1.1
to obtain matrices C? and C7 corresponding to the parameters § and v, respectively, we
see that the second derivatives of all elements where the corresponding matrix entry of
either C? or C7 is zero vanish.
To derive an algorithm similar to Algorithm 3.1.2 which recursively determines all terms
of the second derivatives of the log-likelihood with respect to parameters 6,~, we need
to distinguish 7 basic cases of dependence on the two parameters (Table 3.1) which can
occur for a term cyy |z (FU‘Z(u|z), FV‘Z(U|Z)).

dependence on 0 y
case 1 FU|Z FV\Z
case 2 Fuz, Fyviz Fyz
case 3 Fuiz, Fviz  Fujz, Fviz
case 4 through Fyz CUV|zZ
case b Fuiz, Fvz CuVv|z
case 6 Fuiz Fuiz
case 7 CuVv|z CUV|Z

Table 3.1: The 7 cases of how a copula terms can depend on 6§ and 7.

Here, case 7 is relevant only for derivatives where 6 = v, since we assume that all bivariate
copulas occurring in the vine density have one parameter in R. Because of symmetry in
the parameters, all other possible combinations are already included in these cases, we
only have to exchange 6 and . A more detailed description of the occurring derivatives
is given in Appendix A.1.

As before, the terms in S§24rect07 and S2mdirect9:7 can be determined by differentiating
(2.4) similarly as we did for the copula terms in (A.1) - (A.7) of Appendix A.1. Thus, the
second derivatives can again be calculated recursively (see Algorithm A.1.1). Again, the
algorithm allows to determine also the terms 9%1;(0;, .. ., 01)/00,;00}, required to estimate
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Jo. For this, the summation over 52v®es97 is replaced by summation over line d — j,
ie.

a2lj (0]'7 ey 01) values,0,y
TS S

i=1,...,

Combining Algorithm A.1.1 and numerical integration techniques? we can also calculate
the Fisher information (see Equation (3.2)) matrix of R-vine copula models and determine
asymptotical standard errors for ML estimates.

Ezxzample 3.2 (3-dim. Gaussian and Student’s t copula vine models)

Let us consider a 3-dimensional vine copula model with Gaussian pair-copulas (structure
matriz Ms and family matriz BE4**). The parameter matriz 09 gives the correlation
parameters of the bivariate Gaussian copulas.

3
M;=11 2 , BEwss — | Gauss , 9%y — 10.34
2 11 Gauss Gauss 0.79 0.35
Then, we can calculate the asymptotic standard errors for each parameter based on the
expected information matriz T(09%s%) or rather V9 for the MLE case (see Equation
(3.2)) and for the sequential estimation case (Equation (3.3) and Hobek Haff 2013),
respectively. The order of the entries in the according asymptotic standard error matrices
ASEMLE gnd ASE*“ are the same as in the parameter matriz @S, For T(6%uss)

and V%P the order of the parameters is (p12, p2s, P13)2)-

1.62 —0.77 0.15

ik
- 1(@Causs) ]: —0.77  12.40 0.80
Gauss nGauss . )
<89i %, >W—1"“’3 0.15  0.80 1.42

IMLE(QGauss) — EO

X 0.65 0.05 -0.10
Vdep,MLE — (IMLE>* (eGauss) _ 0.05 0.09 —0.05
—0.10 —-0.05 0.75

This implies that the asymptotic standard errors are given by the square roots of the
diagonal elements as

ASEMEE — | 0.86 ., ASE*“ = 0.89
0.29 0.80 0.31 0.83

For the Gaussian distribution the occurring integrals can be computed both numerically
and analytically (see Appendiz A.2). The results indicate that regardless of the applied
estimation method approximately 100 observations are required to estimate the parameters
of the 3-dimensional Gaussian copula up to o = 0.01.

In the second setting we change the bivariate copula families to Student’s t copulas. The

2We use the adaptive integration routines supplied by Steven G. Johnson and Balasubramanian
Narasimhan in the cubature package available on CRAN which are based on Genz and Malik (1980)
and Berntsen, Espelid, and Genz (1991).
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corresponding copula parameters are stored in @5%4"t where the lower triangle gives the
association parameter (parameter 1) and the upper triangle gives the degrees of freedom
(parameter 2). As before ASEMEE and ASE** denote the corresponding standard errors
based on Equation (3.1) for the full ML estimation and Equation (3.3) for sequential
estimation, respectively.

3 3
OStudent — 0.34 3 ’
0.79 0.35
12 12 12 14
ASEMLE — | 1.04 11|, ASE* = | 1.04 12
0.39 0.97 0.48 1.15

Note that our results show that for uniform [0,1] marginal distributions, the sequen-
tial procedure is less efficient than full MLE. This is interesting in combination with
(Hobeek Haff 2013, Theorem 2) which states that together with non-parametric estima-
tion of the marginal distributions, the sequential estimation procedure for the Gaussian
distribution is asymptotically as efficient as the full MLE.

3.3 Simulation study

This section presents the results of a simulation study which shows that the standard
errors we compute for sequential and ML estimation are appropriate. We will estimate
confidence intervals using the observed information and the sample estimate of (3.3) and
compute their coverage rate.

The simulation setup is as follows: We use the 5 dimensional R-vine structure given in
Equation 2.5 (Figure 2.2), with pair-copula families B,

Indep.
Clayton Clayton

Gumbel Gumbel Frank
Gumbel  Gauss ts5 Clayton

B:

Here, t5 is a Student’s ¢t copula with degrees of freedom parameter v = 5. For the cor-
responding parameters, we consider two setups: all copula parameters are chosen to cor-
respond to a Kendall’s 7 rank correlation of 7 = 0.2 (Setup 1) and 7 = 0.6 (Setup 2).
Further, we consider four different sample sizes with N = 100,200,400 and 1000 obser-
vations and simulate 10000 data sets for each scenario. The coverage rate of estimated
90% confidence intervals, computed as the percentage of simulations for which the true
parameter was within the [0 — 1.6456, 6 + 1.6456] interval, is given in Table 3.2.

As our results show, the coverage rate is close to the expected 90% for all parameters.
The only parameter where we observe coverage rates closer to 95% for low sample sizes is
the degrees of freedom parameter of the Student’s ¢ copula. With increasing sample size,
however, the coverage rate decreases to 90% also for this two-parametric family. These
results are independent of the strength of dependence (as measured in terms of Kendall’s
78 which is present in the data).
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T=02

n est 91,2 P24 V24 P23 ‘93,5 91,4\2 91,3|2 92,5\3 93,4|1,2 91,5|2,3

100 MLE 89.1 88.5 94.8 88.8 88.9 89.7 89.3 89.3 89.3 894
seq. 88.2 88.8 95.0 88.0 88.7 89.7 88.8 88.9 889 889
200 MLE 89.5 89.3 90.2 89.6 89.7 89.8 89.7 89.3 894 89.4
seq. 89.4 89.1 90.8 89.3 89.6 89.7 89.5 89.6 89.0 894
400 MLE 89.8 89.9 91.2 90.1 90.2 90.1 89.8 89.7 894 89.8
seq. 89.3 89.8 91.4 89.5 90.1 90.1 89.7 89.6 894 89.5
1000 MLE 90.2 90.1 90.4 90.3 89.9 90.0 90.2 89.5 89.9 89.8
seq. 89.3 89.9 90.4 90.4 899 90.0 90.2 89.5 899 89.5

7=0.6

n est 91,2 P24 Vo4 P23 93,5 91,4\2 91,3|2 92,5\3 93,4|1,2 91,5|2,3

100 MLE 89.0 88.1 89.9 88.6 88.9 89.5 89.0 89.1 89.0 89.3
seq. 88.9 87.4 96.9 87.7 83.8 89.8 894 889 86.6 88.8
200 MLE 89.6 88.4 90.2 88.7 89.2 89.5 89.2 89.9 895 90.1
seq. 89.4 88.4 93.6 89.3 89.6 89.8 89.5 89.5 8.4 90.0
400 MLE 89.8 89.2 89.7 89.8 89.9 89.8 90.1 89.9 90.0 90.0
seq. 89.6 89.6 91.2 89.5 89.7 90.1 89.7 89.8 88.6 89.4
1000 MLE 90.2 90.2 89.7 90.4 90.1 90.2 89.7 89.8 89.9 89.5
seq. 89.9 89.7 90.3 90.4 899 90.6 90.1 90.0 89.8 89.1

Table 3.2: Coverage rate of the 90% confidence interval.

Like many complex models, our implementation shows some numerical instabilities
for low sample sizes. While the numerically stable computation of derivatives has been
discussed in Chapter 1 and Schepsmeier and Stéber (2013), the recursive structure of an
R-vine can amplify numerical inaccuracies. For low sample sizes and weak dependence,
this resulted in some of the computed Hessian matrices not being negative (semi-) definite
at the estimated parameters. In the simulation setup with Kendall’s 7 = 0.2 and N = 100,
this occurred for 263 of the 10000 data sets. For N = 400 only one exception was observed
and no exceptions for bigger sample sizes and 7 = 0.6.

If the Hessian matrix is not negative semidefinite, a ”close” negative definite matrix
can be considered instead. We use the function nearPD of the package Matrix provided
by Bates and Maechler (2012). Their implementation is based on an algorithm of Higham
(2002).

Finally we apply our algorithms for the computation of the score function and observed
information to a financial data set. It illustrates the applicability of our methods allowing
to compute standard errors in a routinely manner for R-vines. Here, as in the simula-
tion study before, we used the implemented algorithms of the functions RVineStdError
of the R-package VineCopula to compute the standard errors out of the inverse Hes-
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sian matrix given by RVineHessian. The matrices Ky and Jg for the covariance matrix
in the sequential approach of Hobaek Haff (2013) can be computed by sub-routines of
RVineHessian.

3.4 Example: Rolling window analysis of exchange
rate data

In this section, we illustrate the computation of standard errors in a rolling window anal-
ysis of the exchange rate data analyzed by Czado et al. (2012) and Stober and Czado
(2012). The data consists of 8 daily exchange rates quoted with respect to the US dol-
lar during the period from July 22, 2005 to July 17, 2009, resulting in 1007 data points
in total: Australian dollar (AUD), Japanese yen (JPY), Brazilian real (BRL), Canadian
dollar (CAD), Euro (EUR), Swiss frank (CHF), Indian rupee (INR) and British pound
(GBP). The marginal time dependence has been removed in a pre-analysis as described
by Schepsmeier (2010, Chapter 5) (see Appendix A.3 for details) and the data is given as
copula data on the unit hypercube. We employ the sequential model selection procedure
of Difimann et al. (2013) to select an adequate model for the data set. The selected R-vine
structure, pair copula families, and estimated copula parameters for the whole data set
are given in Appendix A.3.

To study possible inhomogeneities in dependence over time, we apply a rolling win-
dow analysis as follows: A window with a window-size of 100, 200 and 400 data points,
respectively, is run over the data with step-size five, i.e. the window is moved by five
trading days in each step. For each window dataset under investigation we estimate the
R-vine parameters using ML (and sequential estimation) while keeping the R-vine struc-
ture V given by (A.17) and the copula families B given by (A.19) fixed. Additionally, we
compute the observed information (and the equivalent for the sequential estimator) for
each window and use it to obtain standard errors for the parameter estimates. In some
windows the estimated degrees of freedom parameters are very high leading to numerical
instabilities and indicating that the Student’s ¢ copulas which are associated with some
bivariate marginal distributions might not be appropriate for the whole dataset. In Figure
3.1 we illustrate the estimated copula parameters and pointwise confidence intervals given
by [é — 26,0+ 25] for some selected pair-copulas.
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Figure 3.1: Rolling window analysis for the exchange rate data with window size 100 (left), 200
(middle) and 400 (right) for some selected par-copulas with different copula families (t-copula

(row 1-2, degrees of freedom are cut off at 100), Gumbel (row 3) and Frank (row 4)). The

x-axis indicates the endpoint of each window, with the corresponding parameter estimate (ML:
solid, sequential estimation: dashed) on the y-axis. The dash-dotted horizontal line in each plot

is the MLE corresponding to the whole dataset. The confidence intervals for ML and

sequential estimation are indicated by the dark and light grey areas, respectively.
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Chapter 4

Efficient goodness-of-fit tests in
multi-dimensional vine copula
models!

Although vine copula model inference and model selection is covered in several books
and papers in the last decade the important statistical tool of goodness-of-fit testing is
poorly addressed. It is unfortunate that there is little progress known in the theory and
method concerning a goodness-of-fit (GOF) test for vine copulas, an important aspect of
statistical model diagnostics. In fact, most of the published work has been only focused
on bivariate copula models (see for example Genest et al. 2006, Dobri¢ and Schmid 2005,
Dobri¢ and Schmid 2007, Huang and Prokhorov 2013, Genest et al. 2012 and may more).
Comparison studies of Genest et al. 2009 or Berg 2009 investigated the most promising
ones. But very little is provided for the validation of vine copula models. First GOF ap-
proaches are for example proposed in Aas et al. (2009) or Berg and Aas (2009) but not
further studied or tested.

But model diagnosis becomes ever so imperative in the application of multi-dimensional
vine copulas. Developing efficient GOF tests is now a timely task as already noted in Fer-
manian (2012), and an important addition to the current literature of vine copulas. In
addition, comprehensive comparisons for many of the classical GOF tests are lacking in
terms of their relative merits when they are applied to multi-dimensional copulas. So far
model verification methods for vine copulas are usually based on the likelihood, or on the
Akaike Information Criterion (AIC) or Bayesian Information Criterion (BIC) as classical
comparison measures, which take the model complexity into account. The tests proposed
by Vuong (1989) and Clarke (2007), suitable for non-nested models, may be applicable
for vine copula models (see for example Brechmann et al. 2012). Note that these tests are
not GOF tests, since they only compare two given (estimated) vine copula models based
on their likelihood ratio.

!The contents of this chapter is based on Schepsmeier (2013), A goodness-of-fit test for regular vine
copula models, submitted for publication, and Schepsmeier (2013), Efficient goodness-of-fit tests in multi-
dimensional vine copula models, Submitted for publication
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In our goodness-of-fit tests we would like to test
Hy:CeCy={Cp:0€ 0O} against H;:C & Cy={Cy:0 € O}, (4.1)

where C' denotes the (vine) copula distribution function and Cy is a class of parametric
(vine) copulas with © C R? being the parameter space of dimension p. Here we assume a
known tree structure in the case of parametric vine copulas.

In this chapter we will propose two new rank based, “blanket” GOF tests for the
vine copulas, based on the information matrix equality and specification test proposed by
White (1982). The equality is sometimes called the Bartlett identity and is defined as

_H(8) = C(6). (4.2)

Here H(0) is the expected Hessian or variability matrix, and C(0) is the expected outer
product of the gradient or sensitivity matrix, which will be defined in more detail in
Section 4.1.

Thus, the copula/vine misspecification test will be

H, : H(6y) + C(6y) = 0 against H, : H(8y) + C(8y) # 0, (4.3)

with @y being the true value of the vine parameter vector. Consequently, the correspond-
ing test statistic will be based on the difference between —H(8) and C(0). Such a test
statistic was already proposed by Huang and Prokhorov (2013) for the bivariate cop-
ula case specializing White’s information matrix equality and specification test. They
investigated the size and power behavior for several bivariate parametric copulas given
different alternatives of the same set of copula families. But multivariate extensions and
generalizations were not investigated in their simulation study. Especially the asymptotic
distribution function of the test statistic and the derived p-values were not taken into
account in higher dimensions.

Here, we will derive the test statistic for the vine copula case and prove its asymptotic
distribution. An extensive simulation study will reveal that the simulation based test
shows excellent performance with regard to observed size and power, while the asymptotic
theory based test is inaccurate for n < 10000 for a 5-dimensional model (in d = 8 even
20000 are not enough). We will denote this GOF test as White test.

In contrast to the White test, which relies on the difference between —H(60) and C(8),
the second new test is based on the information matrix ratio (IMR) of Zhou et al. (2012):

U(0) .= —C(6)""H().
Here, our test problem is the reformulated general test problem of White (1982):
Hy:W(0) =1, against H,:V(0) # I,

where [, is the p-dimensional identity matrix.

In Section 4.2 the IMR based test statistic for vine models will be derived and its
asymptotic normality under the Bartlett identity will be proven. Secondly, the small
sample performance for size and power will be investigated. Furthermore, the two new
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GOF tests are compared to 13 other GOF tests for vines in a high dimensional setting
(d =5 and d = 8). These test are simple extensions of good performing (Genest et al.
2009) GOF tests for bivariate copulas. In particular, we will compare to GOF tests based
on the following quantities

e empirical copula process C, (u) — Cy (w), with w = (uy, ..., uq) € [0,1]%,
. 1 <«
Cu(u) = ——— ; L{wn <. Una<ua}s (4.4)

~

and Cy (u) being the copula with estimated parameter(s) 8, and/or
e multivariate probability integral transform (PIT).

The multivariate PIT aggregation to univariate test data is facilitated using different
aggregation functions. For the univariate test data then standard univariate GOF test
statistics such as Anderson-Darling (AD), Cramér-von Mises (CvM) and Kolmogorov-
Smirnov (KS) are used. In contrast, the empirical copula process (ECP) based test use the
multivariate Cramér-von Mises (mCvM) and multivariate Kolmogorov-Smirnov (mKS)
test statistics. The different GOF tests are given in the appendix for the convenience of
the reader.

The power study will expose that the information based GOF tests outperform the
other GOF tests in terms of size and power. The PIT based GOF tests reveal little to no
power against the considered alternatives. But applying the PIT transformed data to the
empirical copula process, as first suggested by Genest et al. (2009), is more promising.
Here Cy (w) is replaced by the independence copula C'; in the ECP.

A first overview of the considered GOF tests is given in Figure 4.1. The two new GOF
test are highlighted.

4.1 White’s information matrix test

The first goodness-of-fit test we introduce for regular vine copula models arises directly
from the information matrix equality and specification test proposed by White (1982) and
extends the goodness-of-fit test for copulas introduced by Huang and Prokhorov (2013).
Therefore, let us define first the misspecification test problem as already shortly touched
in Equation (4.3).

4.1.1 The misspecification test problem

Let U = (Uy,...,Uy)" € [0,1]? be a d dimensional random vector with distribution
function G(u) = Cyg(uy,...,uq), where Cy is a d dimensional copula with parameter 0
and U; ~U(0,1) for i = 1,...,d. Let cg be the corresponding copula density, then

H(0) = E [95ln(co(Un, ..., Ua))],

C)=E [am(ce(m, -+ Ua)) (Dl (co (U, .. Ud”)T] o



Goodness-of-fit tests for R-vines

CHAPTER 4. EFFICIENT GOODNESS-OF-FIT TESTS FOR R-VINES

o6

Hy : —H = C versus H; : —H # C _ _ Hy : C € Cy versus Hy : C ¢ Cy
test statistic test statistic multivariate PIT test statistic based on
based on H + C based on C™'H u~Cry ~Cy empirical copula process using u
(White test) (IR test) t=1,...,T (ECP test)
original aggregation . oaowoaﬂ aggregation test statistic based on
Y1, oL Yn > Siy...,8n Yy Yy 7 St Sn empirical copula process using y
se =i Llyu),t=1,...,n s = MMNHH D(ysiy)st=1,...,n (ECP2 test)
IO — & (2 () = —05] O =( 05"
(Breymann tests) (Berg tests) a=2.4,...

0 univariate Anderson-Darling test Q univariate Cramer-von Mises test @ univariate Kolmogoroov-Smirnov test
g multivariate Cramer-von Mises test @ multivariate Kolmogorov-Smirnov test

Figure 4.1: Structured overview of the suggested goodness-of-fit test hypotheses and their test statistics.
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are the expected Hessian matrix of in(cg(u1, ..., uq)) and the expected outer product of
the corresponding score function, respectively, where 0y denotes the gradient with respect
to the copula parameter 6. Now, the theorem of White (1982) shows that under correct
model specification (6 = 6y) the negative expected Hessian matrix H(6) and the expected
outer product of the corresponding score function C(6y) are equal, see Equation (4.2).
Thus, the corresponding vine copula misspecification test problem is therefore given by

Hy : H(6y) + C(6y) = 0 against Hy : H(8y) + C(8y) # 0,

as already stated in Equation (4.3). Here we will expand the GOF test of Huang and
Prokhorov (2013) who used White’s information matrix equality (4.2) to the vine copula.
In our setting we replace the d-dimensional density cg(u,...,uq) in (4.5) with the vine
density ¢1_a(u1, ..., uq) given in (2.3), with a parametric vine copula, i.e. the parameter
vector @ is given by 0 = (0;() k(e):ne), € € Ei,i = 1,...,d). Remember we assume copula
data, i.e. known margins.

4.1.2 Goodness-of-fit test for R-vine copulas

The first step in the development of a GOF test for the testing problem given in (4.3)
will be the estimation of the Hessian matrix H(@) and the outer product of gradient
C(0). For this we assume the availability of an i.i.d. sample in d dimensions of size n,
denoted by w := (uy,...,u,) in the copula space. This pseudo data w is used to estimate
the unknown true parameter @, of the vine copula. Algorithms for maximum likelihood
estimation for vine copula parameters are given in e.g. Czado et al. (2012) for C-vine
copulas or Difmann et al. (2013) for R-vine copulas. We call the estimate derived from
these algorithms applied to uq,...,u, pseudo maximum likelihood (ML) estimate and
denote it by 6, = é(ul, ..., Uy). Assuming that U follows an R-vine copula model,
ie. U ~ RV(V,B(V),0(B(V))) we define the random matrices
] 9 g
H(O|U) .= —1(6|U) and COU) := 8_0l(0|U> (a—el(elU)) (4.6)

for the second derivative of the log-likelihood function [(@|U) and the outer product
of the score function, respectively. Further, we denote the sample counter parts of the
Hessian matrix and the outer product of the score function for the copula data u; =
(U1, .., ug)T,1 <t <nat @ =80, of a vine copula with density given in (2.3) (in (2.3)
the margins are assumed to be uniform) by

H,(6,) := H(0,|u;) € R”*?  and  Cy(6,) := C(0,|u,) € RP*P.

Here p is the length of the parameter vector 6. Thus, the sample equivalents to H(@)
(expected Hessian) and C(@) (expected outer product of gradient) for the pseudo ML
estimate 8,, are

. 1< o . . A
H(6,) =~ > (6, and  C(8,):= - > Ci(6,), (4.7)
t=1 t=1
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given n observations. In Chapter 3 we provided algorithms for the calculation of the
gradient as well as of the Hessian matrix for R-vines. Alternatively numerical versions
based on finite differences can be used as well, unless they are not precise enough.

Note that the matrices H,(6,) and C(6,,) are of size d(d—1)/2 x d(d—1)/2 if all pair-
copulas are one-parametric. In this case we have p = d(d — 1)/2. For each two or higher
parametrized bivariate copula in the vine the dimension of the matrices increases by 1 or
the number of additional parameters. An example for a two-parameter bivariate copula is
the bivariate Student’s t-copula. But the dimension of the information matrices decrease
if independence copulas are used in the pair-copula construction. This often appears in
higher trees since the dependence usually decreases as number of trees increases. For
higher dimensional vines a truncation, i.e. setting all pair-copula families of higher order
trees to the independence copula, may be helpful to reduce the number of parameters
significantly (Brechmann et al. 2012).

To formulate the test statistic we vectorize the sum of the expected Hessian matrix
H(6y) and the expected outer product of gradient C(6y). Therefore we define the random

vector
p(p+1)
2

d(0|U) :=vech(H(O|U) + C(B|U)) € R

and its empirical version by
d,(0,) = d(0,|u,) and Z d,(0 R™%

Note that because of symmetry only the lower triangle (including the diagonal) of the ma-
trices has to be vectorized. Further, assuming existence of derivative and finite expectation
we define the expected gradient matrix of the random vector d(@|U) as

VDo = E (00, di(01U)],_, sen,, , €R"57, and

----------

p(p+1)
3 XP

VDo =~ > [90,du(6, . eR

=1 T rThmoma TR

as its estimate. White (1982, Appendix) derived the corresponding asymptotic covariance
matrix of \/nd(8,), which is given by

Vo, =E {(d(G’o\U ) — VD, H(80) 0o, 1(8|U)) (d(80|U) — V Do, F(8) ~ 0, (86| U)) "
(4.8)

In particular /nd(6,) —L5 N(o, Vo, ), as n — 00.

The following proposition of Whites theorem is valid under the assumptions A1-A10 of
White (1982). This assures that [(6,|u,) is a continuous measurable function and its
derivatives exist; A10 assumes that Vjp, is nonsingular.
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Proposition 4.1
Under the correct vine copula specification and suitable reqularity conditions (A1-A10 in
White 1982) the information matriz test statistic is defined as

T.=n (d(én))T V1d(6,). (4.9)

where Vgl is an consistent estimate for the inverse asymptotic covariance matrix Vg,. It
follows that T, is asymptotically X;(p+1)/2 distributed.

The proof is an extension of the proof of White (1982) since the maximum likelihood
estimator 6,, in a vine copula is also to be shown normally distributed (see Hobaek Haff
2013 and Equation (3.1) in Chapter 3). Since the asymptotic distribution is independent
of model parameters the test is asymptotically pivotal. The y2-distribution only depends
on the parameter vector dimension p, which is known aforehand given the pair-copula
families, and not on 6y. Furthermore, the test is a so called ”blanket” test in the sense of
Genest et al. (2009).

Note that all calculations are performed using copula data, thus ignoring the uncer-
tainty in the margins. In Section 4.1.4 we extend our GOF test adjusting Vg, for the
estimation of the margins. For general multivariate copulas this is already done by Huang
and Prokhorov (2013). Given the test statistic 7, of Proposition 4.1 we can define an
a-level test.

Corollary 4.2
Let o € (0,1) and T, as in Proposition 4.1. Then the test

Reject Hy : H(0y) + C(0g) =0  wversus Hy : H(8y) + C(6y) # 0
-1
< T > (Xzzy(p—‘rl)/Q) (1-a)

1s an asymptotic a-level test. Here (Xflf)fl (B) denotes the B quantile of a X?jf distribution
with df degrees of freedom.

4.1.3 Power studies

A GOF test’s performance is usually measured by its power, which is often unknown. In
this case, it can only be investigated by simulations. Given a significance level o a high
power at a specified alternative indicates a good discrimination against the alternative.
In this section we will investigate the introduced test for a suitable large n and under
a variety of alternatives. In particular we determine the power function under the true
data generating process (DGP) and under the alternative DGP. In the first case the null
hypothesis Hy holds, while in the second case the null hypothesis Hy does not hold. The
power at the true DGP assesses the ability of the test in Corollary 4.2 to maintain its
nominal level.



60 CHAPTER 4. EFFICIENT GOODNESS-OF-FIT TESTS FOR R-VINES

Performance measures

As performance measures we use p-value plots and size-power curves, introduced by David-
son and MacKinnon (1998) and explained in the following.
Given an observed test statistic 7,, = ¢ the p-value at ¢ is

p(t) == P(T, > t),

i.e. the smallest « level at which the test can reject Hy when 7, = t is observed. The
distribution of 7,, has to be known at least asymptotically such as the y?-distribution in
our case or has to be estimated empirically using simulated data.

Let Zyy, = p(To(M;)) be the random variable on [0, 1] with value p(t) when 7, =t
is observed and data is generated from model M;. The distribution function for Z,, we
denote by Fiy, (+), i.e. Fiay(a) := P(Zy, < @), being the size of the test. To estimate Zy,
and Fy, we assume B realizations of the test statistic 7,(M;) when n observations are
generated from model M;, denoted as t/ (M;),j = 1,..., B, and estimate the p-values pJM1
as

R

y o 1

b, = (6, (M) = 5 > Lt on)y
r=1

and consider the empirical distribution function of them. Thus,
1B

FM1 (Oé) = E Z 1{ﬁ£{1§a} o€ (0, 1),
r=1

forms an estimate for the size of the test at level a. F. v, (@) is called actual size or actual
alpha (probability of the outcome under the null hypothesis), while a is known as nominal
size.

p-value plot: The p-value plot graphs a versus F a, (@), i.e. nominal size against
actual size. The plot indicates if the test reaches its nominal size, i.e. if the assumed
asymptotic holds.

Size-power curve: We are not only interested in the size of the test but also in its
power. For data generated under model M we want to determine Fyy, («v), which gives the
power of the test when H, is true, i.e. My holds, and a level « is used for the test. Gener-
ate B i.i.d. data sets from M, and use them to estimate Fiy(a) by Fig(a). The plot of
Fuy, (@) versus Fyy, (a) is called the size-power curve. A test with good power should have
small power when the size is small and approach power one rapidly as the size increases.

Remark: Note that these curves correspond to the better known Receiver-operating-
characteristic curves (ROC), which plot the fraction of true positives (TP) out of the
positives (TPR = true positive rate) versus the fraction of false positives (FP) out of the
negatives (FPR = false positive rate), at various threshold settings. TPR is also known
as sensitivity, and FPR is one minus the specificity or true negative rate. False positive
(FP) is better known as Type I error. Since o (nominal size) is the false positive rate and
power is one minus the false negative rate (FNR; prob. of of a Type II error occurring),
ROC plots nominal size versus power (Fawcett 2006).
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General remarks on size and power, and the implementation of the test

It is shown for other statistical models that the size behavior of the information matrix
test (IMT) is very poor. E.g. in the regression model context the IMT has poor size
properties even in samples of size 1000 and more (see Hall 1989 and references within,
especially Taylor 1987). Similar observations are made by e.g. Chesher and Spady (1991).

In the bivariate copula case the asymptotic approximation holds even for relative
small number of observations. But this is not investigated or documented in Huang and
Prokhorov (2013).

In this simulation study three possible errors can occur, which may influence the
asymptotic behavior: simulation error, estimation and model error, and numerical errors.
Simulation errors are always involved since only pseudo random variables can be gen-
erated on a computer. For the parameter estimation maximum likelihood is used based
on Newton-Raphson algorithms for maximization. In higher dimensions this can be quite
challenging, even given the analytical gradient (and the analytical Hessian matrix). A
local maximum may be returned. Further, numerical instabilities can occur, especially in
the calculation of the score function and the Hessian matrix as discussed in Chapter 3.

Even the estimator of Vp, may not be positive definite, though this becomes increas-
ingly unlikely as the sample size increases.

Furthermore, the normal asymptotic theory only holds for full maximum likelihood,
but a sequential maximum likelihood, i.e. a tree-wise estimation, is performed due to
resource and time limits. Usually sequential estimates are close to full ML estimates,
except of the degree-of-freedom parameter v of the Student’s t copula. There exists even
an asymptotic theory for sequential estimates similar to Equation (3.1), see Hoback Haff

(2013).
General simulation setup

We test if our goodness-of-fit test 7, based on the vine copula model
My, = RV(Vy,B:(V1),0,(B1(V1))) has suitable power against an alternative vine copula
model My = RV (Va, Bo(Vz), 02(B2(Vs))), where My # M;. To produce the corresponding
p-value plots for M; and the size-power curves we proceed as follows:

1. Set vine copula model M;.
2. Generate a copula data sample of size n = 1000 from model M; (pre-run).

3. Given the data of the pre-run select and estimate M, using e.g. the step-wise selec-
tion algorithm of Diffimann et al. (2013).

4. Forr=1,...,B
e Generate copula data u}, = (u}j ..., u%; ) from M; of size n.

e Estimate 6, (B1(V1)) of model M, given data u},, and denote it by 0,(B,(WV); )

e Calculate test statistic 7 (M) = t7(0,(B;(V); ufy,,)) based on data uj, as-
suming the vine copula model M; = RV (Vy, Bi(V), 0,(B,(V,))).
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o Calculate asymptotic p-values p(t7,(M1)) = (X2, 1y,2) " (G(M)),
where p is the number of parameters of 8;(B1(V})).

e Generate copula data u},, = (uyy,,...,ul;,) from M, of size n.
o Estimate 6, (B;(V1)) of model M, given data u},, and denote it by 6; (B1(V1); was,).-

e Calculate test statistic ¢ (My) := t7 (0, (Bi(V1); u}y,)) based on data w},, as-
suming vine copula model M;.

o Calculate asymptotic p-values p(t7,(Mz)) = (X2, 1y,2) " (6,(Mz)).
end for

5. Estimate p-values pJM1 and png by

| =
M=
-

31

]53\41 :ﬁ(ti(Ml)) = {tr (M) >t (M)} and

%
Il
—

1

PM2 (t] (M2)) = E tr (Ma) >t (Ma)}

i Mm
|_\
=

respectively, for j =1,..., B.

6. Estimate the distribution function of Z);, and Zy;, by

FMl( Z ]_{pr <a} and FM2 B Z {pMQ<a}a

respectively.

The following simulation results are based on B = 10000 replications and the number
of observations n are chosen to be 300, 500, 750 or 1000. The dimension of the vine
copula models M;,i = 1,2 is 5. Possible pair-copula families are the elliptical Gauss and
Student’s t-copula, the Archimedean Clayton, Gumbel, Frank and Joe copula, and the
rotated Archimedean copulas. A p-value plot to assess the nominal size of the test is
achieved by plotting « versus Fiy, (). Evaluating Fiy, (o) and Fyy, () on the grid

a = 0.001,0.002, . ..,0.010,0.015, .. .,0.990,0.991, . ..,0.999

with smaller grid size near 0 and 1 we can plot a size-power curve Fyy, () versus EFyy, ().

All calculations are performed with R (R Development Core Team 2013), the R-
package VineCopula of Schepsmeier et al. (2012) (see Section 2.3) and the copula-
package (Yan 2007; Kojadinovic and Yan 2010; Hofert et al. 2013).

Specific setting

In the following three power studies we investigate the properties of the introduced test
with respect to its size and power. In the first power study we determine the power of
the test assuming an R-vine copula as true model (M in the notation from above) under
three alternatives of simpler copula models such as
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e the multivariate Gauss copula,
e the C-vine copula and
e the D-vine copula,

which are special cases of the R-vine. Every multivariate Gaussian copula can be written
as a vine copula with Gaussian pair-copulas and vice versa (Czado 2010). Only in the
Gaussian case the conditional correlation parameters, forming the pair-copula parameters,
are equal to the partial correlation parameter, which can be calculated recursively using
the entries of the multivariate Gauss copula variance-covariance matrix.

The second power study investigates the power of the test between two R-vines, which
are chosen with two different selection methods - a maximum spanning tree approach
introduced by Difimann et al. (2013) versus a Bayesian approach (MCMC) investigated
by Gruber and Czado (2012), based on a generated data set given a specified R-vine
copula model.

In a third simulation study we compare the often used multivariate t-copula under
the alternative of an R-vine with only bivariate t-copulas, and vise versa. The difference
is the common degree-of-freedom parameter v in the multivariate t-copula versus vari-
able, separately estimated vs in the R-vine model. The correlation parameters p can be
set/estimated such as in the Gaussian case described above.

Table 4.1 gives an overview of all three power studies, their true model and their
alternatives.

Study True model (M) Alternative (M)

I R-vine (Vg, Br(VRr),O0r(Br(Vg))) multivariate Gauss
C-vine Ve, Be(Ve), 0c(Ba(Ve)))
D-vine (VD, BD(VD), GD(BD(VD)))

I1 R-vine (Vr, Br(VRr),O0r(Br(Vr))) R-vine estimated by Difimann et al. (2013)
(Vust, Brst(Vust), Ovst(Bust(Vimst)))
R-vine estimated by Gruber and Czado (2012)
(Vi,Bs(VB),05(Bs(VE)))

II1 multivariate t-copula R-vine estimated by Difimann et al. (2013)
with only Student’s t-copulas
R-vine with only t-copulas multivariate t-copula

Table 4.1: Overview of the studied test settings

Power study I
We investigated three variants of the dependence:
e M, with mixed Kendall’s 7 values,
e M, with constant low (7 = 0.25) Kendall’s 7 values and

e M, with constant medium (7 = 0.5) Kendall’s 7 values
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for the d(d — 1)/2 pair-copulas. An R-vine with constant high dependencies is omitted
since the power in the medium case are already very high and allow to draw conclusions
for the high dependency case. The structure of the chosen R-vine is given in Figure C.1
and Equation (C.1) of Appendix C.1. The chosen bivariate copula families and Kendall’s
7 values can be found in Table C.1 of Appendix C.1.

The selected D-vine structure (Step 3 in the test procedure) is already defined by
the ordering of its variables in the first tree. Here the ordering is 3-4-5-1-2, see Equation
(C.3) of Appendix C.1. Similarly, the C-vine structure is defined by its root nodes. The
root in the first tree is variable 2 while in the second tree variable 1 is added to the
root, i.e. the root in Tree 2 is 1,2. Variable 4, 5 and 3 are added in the next trees,
respectively, see Equation (C.2) of Appendix C.1. The selected copula structure and pair-
copula parameters in Step 3 are quite stable given more than one data set in Step 2, i.e. no
changes in the vine copula structure and minor changes in the pair-copula choice (e.g. the
algorithm selects a rotated Gumbel copula instead of a Clayton copula, which are quite
similar given a low Kendall’s 7). Neglecting possible small variations in the pair-copula
selection given R different data sets we fix the C- and D-vine structure as well as the
pair-copula family selection after one run of Step 2.

An overview of all investigated models is given in Table 4.2.

Model V B(V) 6(B(V)): 0(B(V)): 0(B(V))s
R-vine Eq. (C.1), Fig. C.1 Tab. C.1  Tab. C.1 T=0.25 7=0.5
Gauss - Gauss 0 0, 05

1
C-vine f}c, Eq. (C2) Bc<Vc) éC(BC(
D-vine VD, Eq. (C?)) BD<VD) HD(BD(

Table 4.2: Model specifications

Results with regard to nominal size: A p-value plot (a versus Fyy, ()) for the
simulated results shows that the test works perfectly under the null independent of the
number of observations, since the p-value plot fits the 45 degree line nearly perfect (see
Figure 4.2a). That means that the test reaches its nominal level in the case of simulated
p-values.

Given the asymptotic p-values p(ty,(M1)) = (X2,41)/2)  (6(M1)) and their corre-

sponding empirical distribution function Fﬁjly(a) we have a different picture. The actual
size is much greater than the nominal size (see Figure 4.2b). Also the test does not hold
its nominal level in the case of asymptotic p-values given a small/medium data set. The
test over-rejects quite too often based on asymptotic p-values.

Comparing the finite sample distribution of the test statistic with the theoretical
x? distribution in Figure 4.3a (left panel) we can clearly see, that even in the case of
1000 observation points the y? distribution does not fit the empirical distribution given
the observed test statistics ! (M;). For the investigated 5-dimensional case the empirical
distribution fits the theoretical one not until n = 10000 . In this case the actual size is
the nominal size (see Figure 4.3a, right panel).
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Additionally, we investigated the size behavior in a 8-dimensional vine copula model,
whose details are not provided here. Figure 4.3b clearly illustrates that the asymptotic
theory based test is too conservative, while in the 5-dimensional case the test is too lib-
eral. Even for a sample size of n = 20000 for d = 8 the the actual size does not reach the
nominal size.
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Figure 4.2: p-value plots for the three different scenarios; left: mixed Kendall’s 7, center:
constant Kendall’s 7 = 0.25, right: constant Kendall’s 7 = 0.5.
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Figure 4.3: Empirical density plot (left panel) and p-value plot for the asymptotic p-values
(right panel)

Results with regard to power: In Figure 4.4 we show the behavior of the size-power
curve for varying number of observations n in each scenario. The number of observations
increase from n = 300 in the upper left panel over n = 500 (upper right panel) and
n = 750 (lower left panel) to n = 1000 in the lower right panel. Due to the results of
the p-value plots we only consider the results of the simulated p-values in the following.
The dotted diagonal line represents the case where size (x-axes) equals power (y-axes).
In addition, we list in Table 4.3 the power for n = 500 at nominal size 5% in several
senarios. Given a true vine model different vine models are tested. E.g. given a C-vine
with Kendall’s 7 value of 0.25 the test for an R-vine returned on average a power of 18.4%
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using simulated p-values (Simul.) and 59.9% using asymptotic p-values (Asy.).

The first observation evaluating the plots is that the power is always greater than the
size. This indicates a good performance of the test in mean. Further, an increasing number
of observations increases the power of the test. In the medium dependence scenarios the
tests are consistent since the power reaches one at quite low size.

Further conclusions are:

e The size-power curves of the C-vine and the D-vine are close to each other in each
scenario. This changes in higher dimensional data sets (a 8-dimensional scenario was
performed but is not documented here in detail). In the 5-dimensional case all vine
structures are very similar, i.e. a change of one edge can change an R-vine into a C-
or D-vine.

e The Gauss model is the first detected model, i.e. its size-power curve is the steepest
and outperforms the other two. The C- and D-vine are more flexible in their choice
of pair-copula families and thus can fit the data better.

e If the number of observations is too low, e.g. n = 300, conclusions are less robust.
This weakness can be often observed in the inferential context and is e.g. documented
for other goodness-of-fit tests for copulas in the comparison study of Genest et al.
(2009).

e Very low dependencies yield to flatter size-power curves. If Kendall’s 7 is very small
(in absolute terms) all copulas are close to the product copula and the choice of the
vine structure as well as of the pair-copula families are less significant. Increasing
power by increasing strength of dependence are already observed in other goodness-
of-fit tests for copulas, see e.g. Genest et al. (2009) or Genest et al. (2012).

e Additional simulation studies with 8-dimensional vine copula models show that the
power decreases (slightly) for increasing dimension. With increasing dimension the
number of pair-copulas and thus the number of copula parameters increases, e.g. in
scenario 3 (Kendall’'s 7 = 0.5) the power of an R-vine copula against a C-vine copula
decreases at size 5% from 92% to 57%, and against a Gauss copula from 78% to
20%, but against a D-vine copula it increases from 82% to 89%. For bigger size the
gap shrinks. Our assumption is that numerical instabilities in the calculation of the
gradient and especially of the Hessian matrix increase. Nevertheless, in 8 dimensions
the power is still substantive.

Power study II

In the second scenario we investigate if the test can distinguish between two different 5-
dimensional R-vines. One is selected and estimated with a maximum spanning tree (MST)
algorithm and sequential estimation based on bivariate maximum likelihood (MLE), which
is quite close to the full MLE (Difimann et al. 2013). The comparison candidate is an R-
vine chosen via MCMC in a Bayesian approach with the highest probability among the
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Figure 4.4: Size-power curves for different number of observations. In each panel: Upper
left: n = 300, upper right: n = 500, lower left: n = 750 and lower right: n = 1000.
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True model

mixed 7

Asy. Simul. Asy.

in the Vine 7=0.25 7=0.5
alternative H; under Hy Simul. Asy. Simul.
R-vine R-vine 5.0 81.9 5.0 53.5
C-vine 18.4 59.9  92.8 100.0
D-vine 15.6 56.8 82.7 98.2
Gauss 38.7 81.9 781 99.6
C-vine R-vine 15.8 54.6  59.8 97.7
C-vine 5.0 29.3 5.0 47.8
D-vine 14.1 50.5 67.6 98.2
Gauss 17.3 57.6 584 97.3
D-vine R-vine 6.8 36.1 358 93.8
C-vine 94 41.6 62.3 98.8
D-vine 5.0 29.0 5.0 51.2
Gauss 17.5 56.5 37.9 94.3
Gauss R-Vine 6.1 9.1 7.3 283
C-vine 6.1 9.3 6.3 254
D-vine 5.8 8.4 8.0 30.3
Gauss 5.0 7.6 5.0 23.1

5.0
42.5
40.8
33.2

30.8

5.0
51.8
36.5

54.3
35.8

5.0
60.4

7.7
6.6
74
5.0

444
89.8
90.1
88.5

88.0
6.3
94.1
92.1

95.5
90.0
444
96.5

17.9
16.0
17.5
15.2
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Table 4.3: Estimated power (in %) for n = 500 at nominal size 5% (Values in italic give

the actual size of the test)

visited variants in the MCMC (Gruber and Czado 2012). The true data generating model
and the specification of the two estimated models are given in Table C.2 of Appendix
C.2. The model selected by the Bayesian approach differs from the original R-vine just
in two copulas, i.e. ¢z 4 instead of c34 and consequently cs 42 instead of ¢y 43. In contrast,

the MST model differs in its fitted structure V and pair-copula family selection B(V) to

the other two more pronounced. Figure 4.5 shows the results and the conclusions are:

e The MST model is clearly detected as different from the true R-vine model for
n > 500, while the MCMC model, which is much ”closer” to the true model, since
the size-power curves are close to 45 degree for all sample sizes n.

e As in power study I the power for the MST model is increasing with increasing

number of observations.

e The observed log-likelihood is a first indicator for the misspecification in the MST
case, since Iy s = 3360 < lycome = 3731 < lypye = 3757 (n=1000)2. The log-

likelihood of the MCMC model is much closer to the true one.

2Results from Gruber and Czado (2012)
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Figure 4.5: Simulated size-power curves for different sample sizes in power study II. Left
panel: R-vine model fitted with maximum spanning tree (MST) and sequential estimation,
right panel: R-vine model fitted with Bayesian approach.

Power study III

In financial applications often the multivariate Student’s t-distribution or multivariate
t-copula is used. In the last simulation study we investigate the difference of the mul-
tivariate t-copula with common degree-of-freedom versus an R-vine copula based on bi-
variate t-copulas with variable and separately estimated degrees-of-freedom in terms of
our goodness-of-fit test. Again we choose the mixed R-vine model from power study I
but change all copula families to t-copulas with the degree-of-freedom parameters in the
range v € [4,20].

Using the convergence of the t-copula for large v to the Gauss copula we replace t-
copulas with estimated degrees-of-freedom greater or equal 30 with the Gaussian copula in
the R-vine copula model. This is done for stability and accuracy reasons in the calculations
of the derivatives.

In Figure 4.6 we give the size-power curves for the simulated p-values for the two
scenarios. The right panel indicates that given an R-vine with t-copulas the multivariate
t-copula is not a good fit, since the test has power to discriminate against the multivariate
t-copula. In contrast, the test has less power to discriminate an R-vine as alternative to a
multivariate t-copula regardless of the sample size. For n = 300 the test has no detection
power since the size-power curves are close to the 45 degree line.

Further observations are: The shape of the size-power curves depends heavily on
the sample size. The numerical instability in estimation of the degrees-of-freedom may be
a reason for this behavior. Compared to the other scenarios we have less power for small
size.

4.1.4 Extension to unknown margins

Goodness-of-fit tests such as the tests discussed Berg (2009) do not account for uncer-
tainties in the margins. He uses rank transformed data, i.e. so called pseudo-samples
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Figure 4.6: Size-power curves based on simulated p-values for different sample sizes. Left:
R-vine (vine in H;) versus multivariate t-copula (vine under Hy); right: multivariate t-
copula (vine in H;) versus R-vine (vine under Hy).

Uy = (Utg, .y Utd)y -y Uy = (Upty ..., Upg), Where

R; R;
U]’:(Ujl,...,u]'d)iz( J .. J ),

n+1""" "n+1

and Rj; is the rank of z;;,7 = 1,...,nand j = 1,...,d, which are i.i.d. observations of the
random vector X = (Xj,...,Xy). The denominator n + 1 instead of n avoids numerical
problems at the boundaries of the unit hypercube.

A second method to handle unknown margins is the inference functions for margins
(IFM) approach by Joe (1997), which uses parametric estimates F,,7 = 1,...,d of the
margins based on marginal parameter estimates 4; and use them to transform to copula
data.

In the case of unknown margins one has to adjust the computation of the test statistic.
Huang and Prokhorov (2013) did this for their copula goodness-of fit test. Similarly we
can adjust our proposed R-vine copula goodness-of-fit test.

The asymptotic variance matrix Vg, (Expression (4.8)) for the test statistic 7, (Ex-
pression (4.9)) is extended using expected derivatives with respect to the margins of the
log-likelihood and the expected derivatives of the vectorized sum of the Hessian matrix
and the outer product of gradient, respectively. More precisely define

Wi(F;) == / ) [I(p<uy — wi] 05, In(co, (ur, - .., ua))co, (ui, - - ., ug)duy . .. dug,
[0,1]

Mz(E) = / [I{Fzﬁuz} - uz} (9uivech (83 lIl(Cgo (Ul, Ce ,U,d))+
[0,1]¢

Do In(co, (u1, ..., uq))(0p In(co, (w1, . .. ,ud)))T> duy . . . dug,
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with F; := Fy(x;),1 =1,...,d. Furthermore, d(6,) is now defined in terms of the random
vector X:

d(00|X) := vech(H(6y) + C(6y)),
where H(68y) and C(6,) are defined in (4.5). With [(8]|X) := In(cg,(F1, ..., Fy)) the ad-

justed variance matrix is

Vo, = E

d d
(d(90|X) — VDg,H™'(6y) <3ol(90|X) +) Wi(E)) +) Mi(ﬂ))
i=1 '
d d T
(d(eoyX) — VDo, H 1(6)) (891(90|X) +) Wi(FZ-)> +) MZ-(Fi)>
i=1

But, this correction of White’s original formula would involve multidimensional inte-
grals, not computational tractable in appropriate time. An adjusted gradient and Hesse
matrix may avoid this problem. Since the goodness-of-fit test calculation does not depend
directly on the density function f but on the product of pair-copulas and marginal density
functions, the derivatives should not only be with respect to the parameters but to the
marginals too. This approach may be a topic for further research. Thus (4.8) will be used
as an approximation in the case of unknown margins, e.g. in our application in the next
section.

To justify the good approximation behavior of (4.8) we run power study I of Section
4.1.3 with unknown margins. We limit ourselves here to the mixed copula case with
n = 500 observations. The chosen data generating process uses the standard normal
distribution for all 5 margins in a first scenario, and centered normal distributions with
different standard deviations o € {1,2,3,4,5} in a second scenario. The margins are
estimated via moments in an IFM approach.

In Figure 4.7 we illustrate the resulting size-power curves. Comparing the middle
panel to the right panel or to the left panel we cannot detect significant differences in the
power if the margins are unknown. Further, the choice of the marginal distribution F,
has no significant influence on the size-power curves. This is confirmed by further power
studies not presented in this manuscript, e.g. marginal Student’s t-distributions. This is
no longer true if the choice of the marginal distribution fits badly the (generated) data,
e.g. data generated from a Student’s t-distribution fitted with an exponential distribution.
An estimation of the margins with the rank based approach returned similar results as
the IFM approach above.

4.2 Information matrix ratio test

As second goodness-of-fit test for vine copula models we introduce the information ratio
(IR) test. It is inspired by the paper of Zhou et al. (2012), who propose an IR test for gen-
eral model misspecification of the variance or covariance structures. Their test is related
to the “in-and-out-sample” (IOS) test of Presnell and Boos (2004), which is a likelihood
ratio test. Additionally Presnell and Boos (2004) showed that the IOS test statistic can
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Figure 4.7: Simulated size-power curves for the mixed Kendall’s 7 R-vine copula model
considering n = 500 observations. left panel: no uncertainty in the margins; middle panel:
data generating process with standard normal margins for all 5 dimensions, right panel:
data generating process with centered normal margins with different standard deviations.

be expressed as a ratio of the expected Hessian and the expected outer product of the gra-
dient. Following the notation of Section 4.1, H(6#) and C(6) denote the expected Hessian
matrix and the expected outer product of the score function, respectively. See Equation
(4.5) for definition of H(@) and C(0). Now the information matrix ratio (IMR) is defined
as

U(9) = —H(0) 'C(0) (4.10)

and the test problem is

Hy:W¥(0) =1, against H;:V¥(0)# L

P

where I, is the p-dimensional identity matrix.

Given again the sample equivalents to H(@) and C(8) denoted as H(6,) and C(8,) as
defined in Equation (4.7) we get as empirical version of (4.10):

U(6,) = —H(8,) 'C(8,).
As in Zhou et al. (2012) we define the information ratio (IR) statistic as
IR, == tr(¥(6,))/p, (4.11)

where tr(A) denotes the trace of matrix A. To derive the asymptotic normality of the test
statistic I R,, some conditions have to be set. The first two conditions C; and Cy guarantee
the existence of the gradient and the Hessian matrix.

Cy : The density function (2.3) is twice continuous differentiable with respect to 6.
Cy -H(én) and @(én) are positive definite.
Condition C3 — C5 are more technical and are the same as in Presnell and Boos (2004).

Cs : There exist 6y such that én it 0, as n — oo.
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Cy : The estimator 6, € R? has an approximating influence curve function h(8|u) such
that

R 1 <&

i=1
where /nR,; L0 asn — oo, E[h(6y|U;] = 0, and cov(h(6|U;) is finite.

Cs : The real-valued function ¢(@|u) possesses second order partial derivatives with re-
spect to 8, and

(a) Var(q(6oU1)) and E [Zq(8|U)] are finite.
(b) There exists a function M (w) such that for all 8 in a neighborhood of 8, and
all j,k € {1,...,p}, | Z50(0lu)jn| < M(u), where E[M(U1)] < occ.

In the following vech(A) € RPPT/2 represents the vectorization of the symmetric matrix
AeRP?P Let W = (Wi,...,Wypsn)' = (vech(C(0,)),vech(H(H,)))" € RPPH | then
Presnell and Boos (2004) showed that

- d
Zwl/Q\/ﬁW — bw = Nop1) (Op(p+1); Lpp+1))

where pyy is the mean vector and Yy is the asymptotic covariance matrix of W. Here
0pp+1) = (0,...,0)" is the p(p + 1)-dimensional zero vector and Ip41y is the p(p + 1)-

dimensional identity matrix. Furthermore, let D(0,) define the partial derivatives of IR,
taken with respect to the components of W, i.e.

D(6,) = (MR”) e RP(P+1).
Wi /)i p(p+1)

77777

Theorem 4.3

Let U ~ RV(V,B(V),0(B(V))) satisfy the conditions C; — Cs. Further, let C4 hold for
the mazimum likelihood estimator 6, with h(6|u) = C(OO)*lg%l(00|u). Additionally,
the condition Cs has to be satisfied for both q(0u) := —%l(@\u)jk and q(Blu) =
<%l(0|u) (%l(mu))T)jk for each j, k € {1,...,p}. Then the IR test statistic

IR, —1

OIR

RES iN(O,l) as m — 0o,

where orr 1s the standard error of the IR test statistic, defined as

1
Otp = gDTEWD.

Here Yy 1is the asymptotic covariance matriz arising from the joint asymptotic normality
of vech(C(6,,)) and vech(H(8,,)) defined above. By D we denote the p(p+ 1)-dimensional
vector of partial derivatives of IR, taken with respect to the components of W and eval-

~

uated at their limits in probability, i.e. D := D(8,)|

0.50,"
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Proof

The proof follows directly from the proof of Theorem 3 in Presnell and Boos (2004), since
we have a fully specified likelihood and the conditions of Theorem & are assumed to be
satisfied for vine copulas considered in Theorem 4.3. a

Since the theoretical asymptotic variance 0?5 is quite difficult to compute, an em-
pirical version is used in practice. To evaluate the standard error o;z numerically, Zhou
et al. (2012) suggest a perturbation resampling approach. Furthermore, Presnell and Boos
(2004) state that the convergence to normality is slow and thus they suggest obtaining
p-values using a parametric bootstrap under the null hypothesis.

The condition C4 for ¢(8|u) := —%l(mu) ;1 implies, that the copula density function
(2.3) is four times differentiable with respect to €. Furthermore, the first and second
moment of the second derivative has to be finite. The vine copula density is four times
differentiable if all selected pair-copulas are four times differentiable. These assumptions
are satisfied for the elliptical Gauss and Student’s t-copula as well as for the parametric
Archimedean copulas in all dimensions.

Note that in Zhou et al. (2012) the information matrix ratio is defined inversely,
ie. U(@) = —C(6)'H(H). This does not change the asymptotic normality of Theorem
4.3, since H(0,,) + C(6,) = 0 as n — oo (under the correct model). The asymptotic mean
matrix of U(@) is the identity matrix [, and therefore the mean of the IR statistic is
tr(l,)/p=1.

Let a € (0,1) and Z,, as in Theorem 4.3. Then the test

Reject Hy: ¥(0) = I, against W(0) # I, & Z,>d'(1-a)

is an asymptotic a-level test. Here ! denotes the quantile of a N(0, 1)-distribution.

4.3 Further goodness-of-fit tests for vine copulas

In the recent years many GOF test were suggested for copulas. The most promising ones
were investigated in Genest et al. (2009) and Berg (2009). However only the size and power
of the elliptical and one-parametric Archimedean copulas for d € {2,4,8} were analyzed.
The multivariate case is therefore poorly addressed. For vine copulas little is done. A first
test for vine copulas was suggested but not investigated in Aas et al. (2009). Their GOF is
based on the multivariate PIT and an aggregation introduced by Breymann et al. (2003).
After aggregation standard univariate GOF tests such as the Anderson-Darling (AD), the
Cramér-von Mises (CvM) or the Kolmogorov-Smirnov (KS) tests are applied. They are
described in more detail in B.2. We will denote the resulting tests as Breymann.

Similar approaches based on the multivariate PIT are proposed by Berg and Bakken
(2007). Beside new aggregation functions forming univariate test data, they perform the
aggregation step on the ordered PIT output data y(Tl), e 71'/(1;1) instead of yf,... yZ.
Again standard univariate GOF tests are applied. These approaches will be called Berg
and Berg2, respectively.

Berg and Aas (2009) applied a test for Hy : C' € Cy against H; : C' ¢ Cy based on
the empirical copula process (ECP) to a 4-dimensional vine copula. As the Breymann
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test, their GOF test is not described in detail or investigated with respect to its power.
We will denote this test as ECP. An extension of the ECP-test is the combination of
the multivariate PIT approach with the ECP. The general idea is that the transformed
data of a multivariate PIT should be “close” to the independence copula C'; Genest et al.
(2009). Thus a distance of CvM or KS type between them is considered. This approach
is called ECP2.

In the forthcoming sections we will introduce the multivariate PIT based GOF such
as the ones of Breymann et al. (2003) and Berg and Bakken (2007), and the two ECP
based GOF tests. For an overview see the diagram in Figure 4.1 at the beginning of this
Chapter.

4.3.1 Rosenbatt’s transform test

The vine copula GOF test suggested by Aas et al. (2009) is based on the multivari-
ate probability integral transform (PIT) of Rosenblatt (1952) applied to copula data
u= (ul,.. . ul),u; = (uy,...,un)", i = 1,...,d and a given estimated vine copula
model (V,B(V),0(B(V))). The general multivariate PIT definition and the explicit al-
gorithm for the R-vine copula model is given in Appendix B.1. The PIT output data
y=(yl,.. ., yD),vi= Wi, Yni)’,i=1...,d is assumed to be i.i.d. with y; ~ U[0,1]
for t = 1,...,n. Now, a common approach in multivariate GOF testing is dimension
reduction. Here the aggregation is performed by

d

si=» T(yu), t={l,....n}, (4.12)

=1

with a weighting function I'(-). Breymann et al. (2003) suggest as weight function the

U1 ... Uid Y11 --- Yud S1
Rosenblatt . . Aggregation . univariate

. . 7 .
(PIT) T(yei) GOF'tests

Upy .. Upd Yn1 -+ Ynd Sn

Figure 4.8: Schematic procedure of the PIT based goodness-of-fit tests.

squared quantile of the standard normal distribution, i.e. T'(yy;) = @' (yu)?, with ®(-)
denoting the N(0, 1) cdf. Finally, they apply a univariate Anderson-Darling test to the
univariate test data s;. The three step procedure is summarized in Figure 4.8.

Berg and Bakken (2007) point out that the approach of Breymann et al. (2003) has
some weaknesses and limitations. The weighting function ®~1(y;)? strongly weights data
along the boundaries of the d-dimensional unit hypercube. They suggest a generalization
and extension of the PIT approach. First, they propose two new weighting functions for
the aggregation in (4.12):

U(yu) = |y — 0.5 and  T(yy) = (yu — 0.5)% a = (2,4,...).
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Further, they use the order statistics of the random vector Y = (Y7, ...,Y}y), denoted
by Y1) < Yo < ... < Y{(g) with observed values yu) < y@2) < ... < ya)- The calculation
of the order statistics PIT can be simplified by using the fact that Yo) <Y < ... <Yy
are i.i.d. U(0,1) random variables and {Y(;),1 < i < d} is a Markov chain (David 1981,
Theorem 2.7). Now Theorem 1 of Deheuvels (1984) can be applied and the calculation of
the PIT ease to

1 -y

d—(i—1)
v; .= Fy v, N =1— . oi=1,...,d,y0 =0. 4.13
Yoo Vi (M) (1 — y@_l)) Y(0) (4.13)

Now, Berg and Bakken (2007) construct the aggregation as the sum of a product of
two weighting functions applied to y and v = (vq,...,vy), respectively, i.e.

d
Z (yti) - To(vu), t={1,...,n}.

Here I'y(-) and I'y(:) are chosen from the suggested weighting functions including the
one of Breymann et al. (2003). Let S; be the corresponding random aggregation of s;. If
[y() =1 and Ty(-) = ®71(-)? or vise versa, the asymptotic distribution of S; follows a
x5 distributed random variable (Breymann et al. 2003). In all other cases the asymptotic
distribution of \S; is unknown.

The combinations with I'y (yx) = |yx — 0.5] and Ty (y) = (yu — 0.5)* for o = 2,4, . ..
performed very poorly in the simulation setup considered later. Thus we will not include
them in the forthcoming power study. Only the weighting functions listed in Table 4.4
will be investigated. As final test statistics to the test data s; we apply the univariate
Cramér-von Mises (CvM) or Kolmogorov-Smirnov (KS) test, as well as the mentioned
univariate Anderson-Darling (AD) test. All three test statistics are given in Appendix
B.2 for the convenience of the reader.

Short Description

Breymann Ty (yi) = @ '(yu) To(vy) =1

Berg Ly(y) =1 Ly(vg;) = |vg — 0.5]
Berg2 Lylyn) =1 [y (v) = (v — 0.5)2

Table 4.4: Specifications of the PIT based goodness-of-fit tests.

Let s£t2 s¢"M and sK9 denote the 1 — o quantile of the univariate AD, CvM or
KS test statistic, respectlvely Then the test rejects the null hypothesis (4.1) if W2 >

AD CuM KS :
st w? > s¢M or D, > sK5 | respectively.

4.3.2 Empirical copula process tests

A rather different approach is suggested by Genest and Rémillard (2008) for copula GOF
testing. They propose to use the difference of the copula distribution function Cy () with

estimated parameter 6, and the empirical copula C,(u) (see Equation (4.4)) given the
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copula data w. This stochastic process is known as the empirical copula process (ECP)
and will be used to test (4.1). For a vine copula model the copula distribution function
Cy, (u) is not given in closed form. Thus a bootstrapped version has to be used.

Now, the ECP C,, (u)— Cy, (u) is utilized in a multivariate Cramér-von Mises (mCvM)
or multivariate Kolmogorov-Smirnov (mKS) based test statistic. The multivariate distri-
bution functions F,(y) and F(y) in Equation (B.1) and (B.2) of Appendix B.2.1 are
replaced by their (vine) copula equivalents C),(u) and Cg (u), respectively. Thus we con-
sider

ECP-mCvM: nwlep = n / (Cro(w) = Cy (w))2dCrn(w)  and

[0,1)¢ "

ECP-mKS: D, pcp = sup |C,(u) —Cy (u)].

u€(0,1]4 "

To avoid the calculation/approximation of Cy (u) Genest et al. (2009) and other
authors propose to use the transformed data y = (yi,...,yq) of the PIT approach and
plug them into the ECP. The idea is to calculate the distance between the empirical
copula C),(y) of the transformed data y and the independence copula C' (y). Thus, the
considered multivariate CvM and KS test statistics are

ECP2-mCvM: nw3py i= n/ (én(y) - CL(?J))Qdén(y) and

[0,1]¢

ECP2-mKS: D, geps = sup |Co(y) — CL(y)|,
yE[O,l]d

respectively. Since neither the mCvM nor the mKS test statistic has a known asymptotic
distribution function a parametric bootstrap procedure has to be applied to estimate p-
values. Thus a computer intensive double bootstrap procedure has to be implemented.
As before the test rejects the null hypothesis (4.1) if nw%op > sTM or D, gop > s7E5,
respectively. Here s7'C°M and s7'K5 are the 1 — a quantiles of the mCvM and mKS
test statistic’s empirical distribution function, respectively. Similar rejection regions are
defined for the ECP2 test statistics.

4.4 Comparison in a power study

To investigate the power behavior of the proposed GOF tests and to compare them to
each other we conduct several Monte Carlo studies of different dimension. The second
property of interest is the ability of the test to maintain the nominal level or size, usually
chosen at 5%.

As in Section 4.1.3 we use the estimated size (actual size) and power as performance
measures. Furthermore, the general simulation setup stated in Section 4.1.3 is also applied
to the different test statistics defined in Section 4.2 and 4.3, namely 7, (White), Z,, (IR),
W2 (AD), nw? (CvM or mCvM) and D,, (KS or mKS).

In all of the forthcoming simulation studies we used B = 2500 replications and the
number of observations were chosen to be n = 500,n = 750,n = 1000 or n = 2000.
As model dimension we chose d = 5 and d = 8 and the critical level a is 0.05. As
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before all calculations are performed using the statistical software R and the R-package
VineCopula of Schepsmeier et al. (2012) introduced in Section 2.3.

As test specification we consider again an R-vine as true model (M;) and the alterna-
tives

e multivariate Gauss copula,
e C-vine copula and
e D-vine copula,

as defined in Power study I of Section 4.1.3 and Appendix C.1. For the 8 dimensional
example we refer to Table C.3 and Figure C.2 of Appendix C.3.

Although all three stated alternatives have different vine structures and pair-copula
families we do not know which vine copula model is “closer” to the true R-vine model. A
often proposed approach for model comparison is the Kullback and Leibler (1951) infor-
mation criterion (KLIC). It measures the distance between a true unknown distribution
and a specified, but estimated model. In the following definition we follow Vuong (1989).
Let co(+) be the true (vine) copula density function of a d-dimensional random vector U.
Further, Ey denotes the expected value with respect to this true distribution. The esti-
mated (vine) copula density of U is denoted as ¢(8,|U), where 8, is the estimated model
parameter (vector) given n samples of U. Then, the KLIC between ¢q and ¢ is defined as

KLIC(cy, c) := /

(0,1)¢

o [ = B e (U)] — Eollnc(,[U)].
(Cwnm)) i co(©)] — ol c(8,/0)

The model with the smallest KLIC is “closest” to the true model. In the plots of the
following power study we ordered the alternatives on the x-axis by their KLIC as listed
in Table 4.5, e.g. for d = 5 we have the order D-vine, C-vine, Gauss.

The approximation of the multidimensional integral is facilitated by Monte Carlo or a
numerical integration based on the R-package cubature (C code by Steven G. Johnson
and R by Balasubramanian Narasimhan 2011). In the numerical integration copula data,
i.e. u € (0,1)4, or standard normal transformed data, i.e. ¢ = ®(u) € R?, are used. We
see that it is quite challenging to estimate the KLIC distance in high dimensions.

Results

Since all proposed GOF tests have either no asymptotic distribution at all or face sub-
stantial numerical problems estimating the asymptotic variance or have shown to have
low power in small samples, we only investigate the bootstrapped version of the tests. In
the Figures 4.9 and 4.10 we illustrate the estimated power of all 15 proposed GOF tests
for d = 5 and d = 8, respectively. On the x-axis we have the R-vine as true model and the
three alternatives ordered by their KLIC. For the true model the actual size is plotted. A
horizontal black dashed line indicates the 5% a-level.

Size: All proposed GOF tests maintain their given size independently of the number
of sample points for d = 5. In the 8-dimensional case the GOF tests based on the Berg
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Figure 4.9: Power comparison of the proposed goodness-of-fit tests in 5 dimensions with
different number of sample points. The alternatives are ordered on the x-axis by the rank
of their KLIC value with respect to the true R-vine.
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Figure 4.10: Power comparison of the proposed goodness-of-fit tests in 8 dimensions with
different number of sample points. The alternatives are ordered on the x-axis by the rank
of their KLIC value with respect to the true R-vine.
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d method C-vine D-vine Gauss

5 Monte Carlo 0.65 0.64 0.72
numerical integration based on copula margins 0.62* 0.45* 0.71*
numerical integration based on normal margins 0.48* 0.51*  0.50*

8 Monte Carlo 1.66  0.13 0.73
numerical integration based on copula margins 1.46> 1.29> 1.91P
numerical integration based on normal margins 2.15¢ 3.20°  2.14°

Table 4.5: Kullback-Leibler distances of the proposed vine copula models with respect to
the true R-vine copula model (“estimated relative error < 0.01, estimated relative error
~ 1.4, “estimated relative error ~ 3.5).

approaches do not maintain their nominal size in case of n = 500 and n = 750. All other
GOF tests do hold the 5% level and thus control the type I error.

Sample size effects on power: We have increasing power with increasing sample size
for the White, IR, ECP, ECP2 and Breymann (in combination with the AD test statistic)
GOF test. The tests based on Berg and Berg2 have no or very low power independently of
the number of observations. This is also true for the Breymann GOF test in combination
with the univariate CvM and KS test statistics. In eight dimensions the number of sample
points are important for the IR test since the tests has very small power considering only
500 data points. In five dimensions the effect is not that eye-catching but can be found
too. Almost independent from the the number of sample points is the ordering of the test
by their power. In all test scenarios the ECP2 test with mCvM test statistic outperforms
the others, followed by the IR test, the test based on White and the ECP2 test based
on the mKS test statistic. The next GOF tests are the tests based on the ECP and the
Breymann transformation with AD test statistic.

Dimension effect on the power: The power of the top four GOF tests (IR, White,
ECP and ECP2) are almost independent of the dimension. Only in the case of n = 500
sample points a clearly increase of power can be observed from d = 5 to d = 8 dimensions.
For the weaker tests the reverse is true. With increasing dimension the Breymann GOF
test decreases in power. The Berg and Berg2 tests are independently of the dimension.

Effect of alternatives on the power: The results with respect to the KLIC are
two-fold. For d = 5 the power increases with increasing KLIC for most the GOF tests
except for the Gauss copula in H;. For d = 8 it is again the multivariate Gauss copula
which is out of line for many of the tests. The exceptions are the ECP tests. For n > 1000
the power of the four “good” tests mentioned before increases with KLIC. Some of them
have even a power of 100%. The Breymann test is conspicuous, since the test is working
quite well for the C- and D-vine alternative but is relatively poor for the multivariate
Gaussian copula independent of the dimension or sample size. While the Breymann tests
have much lower power than the four best GOF tests, they still have power to distinguish
between the null and alternative models.

Effects of the test functionals on power: For ECP, ECP2 or Breymann tests it
appears that CvM based test statistics are more powerful than the KS type test statistics.
This is in line with Genest et al. (2009) for bivariate copula GOF tests.
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The poor performance of the Breymann, Berg and Berg2 approach was also recognized
in the comparison studies of Genest et al. (2009) in the bivariate case and in Berg (2009)
for copulas of dimension 2, 4 and 8. The analyzed copulas in Berg (2009) were the Gauss,
Student’s t, Clayton, Gumbel and Frank copula. But there the test statistics maintained
their nominal level and had some explanatory power.

The bootstrapped p-values or power values stabilize fast for increasing bootstrap repli-
cations, for all GOF tests. This happens for 1000-1500 replications, irrespective of sample
size or alternative. In many cases the stabilization is even faster.

Beside these last points, no clear hierarchy among the best performing proposed test
statistics is recognizable. But some tests perform rather well while others do not even
maintain their nominal level. In particular, our new IR test performs quite well in terms
of power against false alternatives.

Of cause the computation time for the different proposed GOF tests is also a point
of interest for practical applications. Therefore, in Table 4.6 the computation times in
seconds for the different methods run on a Intel(R) Core(TM) i5-2450M CPU @ 2.50GHz
computer for n = 1000 are given alongside with a summary of our findings. The computing
time of the information matrix based methods White and IR are clearly higher than the
other test statistics. Given the complex calculation of the R-vine gradient and Hessian
matrix (see Chapter 3) this is not very surprising.

4.5 Examples

4.5.1 Indices and volatility indices

As first application we consider a financial data set of four indices and their correspond-
ing volatility indices, namely the German DAX and VDAX-NEW, the European Eu-
roSTOXX50 and VSTOXX, the US S&P500 and VIX, and the Swiss SMI and VSMI.
The daily data cover the time horizon of the current financial crisis starting at August,
9th, 2007 when a sharp increase of inter bank interest rates was noticed, until April
30th, 2013, resulting in 1405 data points. For each marginal time series we calculated the
log-returns and modeled them with an AR(1)-GARCH(1,1) model using Student’s t in-
novations. The resulting standardized residuals are transformed using the non-parametric
rank transformation (see Genest et al. 1995) to obtain [0, 1]® copula data.

The contour and pair plots in Figure 4.11 reveal the expected elliptical positive de-
pendence behavior among the indices and among the volatility indices. But between the
indices and the volatilities a negative dependence can be observed. Furthermore, a slight
asymmetric tail dependence is recognizable.

To model the dependence structure we investigated four models. In particular, an R-
vine copula model, selected using the maximum spanning tree algorithm by Difimann et al.
(2013), a C-vine copula, selected by the heuristic proposed by Czado et al. (2012), a D-
vine copula, selected using a traveling sales man algorithm, and a multivariate Gaussian
copula. The corresponding first trees of the vine models are illustrated in Figure 4.12.
For the R-vine copula as well as in the D-vine copula we can see that the indices and the
volatilities cluster except for the US ones. The C-vine copula is too restrictive to recognize
such groupings. Another interesting point is that the first tree structure of the R-vine is



White Breymann Berg  Berg2 ECP ECP2 IR
main idea H(0) +C(@) =0 PIT+Aggregation+uniform test C, — Cy  PIT+ECP -H(6)7'C(0) = I,
hold nominal level + + — - + + +
power against + 0 — - 0 + +
alternatives (partly) (partly)
consistentency + — — — — + +
asymptotic + 0 — — — — +
distribution (only for high n) (proved to be (not tested)
incorrect)
complexity 0 — — — + 0 +
(difficult cov. (3 step procedure) (2 step
matrix) procedure)
computation time
d=5 3.41 0.06 0.06 0.07 0.08 0.06 1.66
d=28 58.79 0.14 0.14 0.18 0.17 0.13 30.30
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Table 4.6: Overview of the performance of the proposed GOF tests.
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Figure 4.11: Lower left: Contour plots with standard normal margins; upper right: pairs
plots of the transformed data set.

very close to the first tree structure of the D-vine. If we delete the edge “DAX-VDAX-
NEW?” and add a new edge “VSMI-SMI” in the R-vine we get the D-vine tree structure.
Further, we see evidence of asymmetric tail dependence since (rotated) Gumbel copulas
are selected.

Performing a parametric bootstrap with B = 2500 most of the good performing pro-
posed GOF tests, namely White, IR, ECP (with CvM) and ECP2 (with CvM), confirm
that a vine copula model can not be rejected at a 5% significance level (see Table 4.7).
Only the ECP2 approach returns a p-value of 0.01 below the chosen significance level of
0.05 for the estimated C-vine copula, and the White based test a pvalue < 0.01 for the
estimated R-vine copula model. The multivariate Gauss copula is rejected by the White,
the IR and ECP2 GOF test, while the ECP based test returns a p-value of 0.6. In 3 of 4
GOF tests the highest returned p-value is for the D-vine copula. But note that the size
of the p-value or the ordering of the p-values do not give an ordering of the considered
models.
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Figure 4.12: First tree structure of the selected R-vine (left), C-vine (center) and D-
vine (right). The edge label denote the corresponding pair-copula family (¢=Student’s t;
G90, G270=rotated Gumbel).

As in the simulation study the GOF tests differ in their rejection decision and several
GOF tests are needed to get a better picture of the better fitting model. The discrimination
between the estimated vine copula models is even harder than in the power study. The
MC-estimated KLIC of the R-vine to the C-vine is only 0.15, while the KLIC of the R-vine
to the D-vine is even smaller (0.11). Even the multivariate Gauss copula has an estimated
small KLIC with 0.31. Additional simulation studies based on the estimated vine copula
models for n = 1000 show that the simulated power is quite small for all proposed GOF
tests.

In terms of log-likelihood the D-vine is also the best fitting vine copula to the data
unless the R-vine has a better AIC and BIC. The significant smaller number of parameters
favors the R-vine compared to the D- or C-vine.

The economical interpretation of these findings is, that the assumption of multivariate
Gaussian distributed random vectors is not fulfilled in times of financial and economic
crises. More flexible models are needed to capture the asymmetric behaviors and tail

dependencies. R-vines are able to model these properties as already shown in Brechmann
and Czado (2013), Almeida and Czado (2012) or Min and Czado (2012).

log-lik #par AIC BIC White IR ECP ECP2
CvM KS CvM KS

R-vine 7652 33 -15238 -15065 0.002 0.75 0.18 098 0.30  0.67
C-vine 7585 42 -15086 -14865  0.14  0.74 0.51 0.36  0.01 < 0.01
D-vine 7654 41 -15226 -15011  0.41 0.52 0.82 0.24 0.5  0.67
Gauss 7320 28 -14584 -14445 < 0.01 <0.01 0.60 0.28 < 0.01 <0.01

Table 4.7: Likelihood based validation quantities and bootstrapped p-values of the White,
ECP, ECP2 and IR goodness-of-fit test for the 4 considered (vine) copula models
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4.5.2 Exchange rate data

The second example to illustrate the introduced goodness-of-fit tests is the exchange rate
data set of Section 3.4. We investigate three different fitted vine models. First, we consider
a C-vine as already discussed in Schepsmeier (2010, Chapter 5) and Czado et al. (2012).
Further, the R-vine of Section 3.4 and Appendix A.3, which was also already applied in
Stober and Czado (2012) in a regime switching model, is taken into consideration. Finally,
a multivariate Gauss copula is considered, as commonly often applied in finance.

Performing a parametric bootstrap with repetition rate B = 2500 and sample size
N = 5000 our goodness-of-fit test results (see Table 4.8) confirm that the C-vine model of
Czado et al. (2012) can not be rejected at a 5% significance level given the White, ECP
and ECP2 test. The R-vine model of Section 3.4 has only a bootstrapped p-value of 2%
in the White test, but is greater than the significance level of 5% in all other considered
tests. As in the example before the ECP based tests can not reject the assumption of a
multivariate Gauss copula. All other GOF test reject the multivariate Gauss copula at a
significance level of 5%.

The log-likelihood, AIC and BIC show a similar picture since the C-vine is preferred
in terms of log-likelihood and AIC. Looking at the BIC criterion the R-vine is favorable
due to its relative small number of parameters and a quite high log-likelihood. Also, our
goodness-of-fit tests are consistent with the previous findings that the more flexible R-vine
and C-vine are appropriate to model financial data.

log-lik #par AIC  BIC White IR ECP ECP2
CvM KS CvM  KS

C-vine 2213 34 -4358 -4191 0.51 0.04 1 0.72 0.11 0.56
R-vine 2199 28 -4343 -4205 0.02  0.06 1 092 0.08 0.57
Gauss 2089 29 -4121 -3984 0.04 <0.01 0.99 0.78 0.03 0.03

Table 4.8: Likelihood based validation quantities and bootstrapped p-values of the White,
ECP, ECP2 and IR goodness-of-fit test for the 4 considered (vine) copula models
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Chapter 5

Outlook and discussion

In the recent chapters we have introduced two important statistical inference tools for the
very flexible class of regular vine copula models. The possibility to estimate standard er-
rors of the estimated vine copula parameters closes a gap in the corresponding literature.
Therefore, algorithms for the R-vine log-likelihood gradient and Hessian matrix are de-
veloped. The necessary first and second derivatives with respect to the copula parameters
of bivariate copulas are derived and implemented. Now statisticians are able to quantify
the uncertainty of their vine copula parameter estimates. Secondly, we discussed several
goodness-of-fit tests for R-vine copulas. In particular, two new approaches arising from
the Information matrix equality and specification test of White (1982) were introduced
and their small sample performance studied. For comparison other GOF tests were ex-
tended from the bivariate copula case.

The algorithm for the gradient allows us to replace finite-differences of R-vine log-
likelihood functions with the analytical gradient. Thus a great numerical improvement in
the computation of the MLE can be achieved. As mentioned in Section 3.1 a decrease
of computation time by a factor of 4-8 is possible. Other methods like maximization by
parts of Song et al. (2005) will also gain from the analytical derivatives of the (copula)
log-likelihood.

Although the calculation of copula log-likelihood derivatives seem to be a rather tech-
nical issue, it is quite challenging and was derived with flaws in the past. In particular
the derivatives of the Student’s t-copula with respect to the degrees-of-freedom parameter
was wrong in the existing literature, for example Nadarajah (2006).

Despite the fast and optimized implementation in C the algorithms for the calculation
of the log-likelihood gradient and Hessian matrix of an R-vine are very time consuming.
Assuming only one-parametric copula families for all pair-copulas of the PCC d(d — 1) /2
parameters have to be estimated. Thus the dimension of the parameter vector 8(5(V))
grows quadratically in d and the dimension of the Hessian matrix roughly in the order of
d*. Tt follows that the estimation of the Fisher information by the negative Hessian matrix
and thereby the estimation of standard errors is limited to small to medium dimensions
of data sets.

Therefore truncation methods for the vine copulas have to be considered to reduce the
number of model parameters. First approaches of parameter cutback are already proposed

89
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by Brechmann et al. (2012) truncating the vine tree structure after a certain tree level.
Here, truncation means that all (conditional) pair-copulas are set to the independence
copula after the selected tree level. It is the authors opinion that further approaches have
to be considered to stay computationally trackable. One idea is to include empirical cop-
ulas as building blocks. Especially in higher order trees. A first non-parametric method is
suggested by Haff and Segers (2012) using an idea similar to the empirical copula, called
empirical pair-copula. Here only one bandwidth parameter A > 0 has to be selected.

But current practice is to model the vine parametrically. New approaches of non-
parametric vine copulas try to obviate the possible false copula selection form a set of
parametric copula families. In some cases parametric copulas are too limited to catch
for example the specific tail dependence of a pair of variables. Non-parametric copulas
estimation can be more flexible since they refrain from any strong parametric assumption
of the data structure. Vine copula models with exclusive non-parametric pair-copulas are
for example proposed by Weifl and Scheffer (2012) using non-parametric Bernstein cop-
ulas, or by Kauermann and Schellhase (2013) using bivariate penalized splines. Since so
called non-parametric copulas need parameters as well, the term “non-parametric” may
be misleading. Here the parameters are smoothing, bandwidth (Weifl and Scheffer 2012),
or spline and penalization parameters (Kauermann and Schellhase 2013), which are not
connected anymore to copula moments such as Kendall’s 7. If at all the number of model
parameters is not reduced significantly.

Another important issue, which is broadly discussed in this thesis, is the validation of
R-vine copula models using goodness-of-fit tests. We introduced two new goodness-of-fit
tests for vine copulas based on White’s information matrix test. The calculation of the test
statistics as well as their asymptotic distribution functions showed up to be challenging.
But good empirical approximations have been found as shown in several extensive power
studies. The studies revealed good performance of the tests in terms of power against
false alternatives given simulated p-values. Given sufficient data points the tests are even
empirical consistent. Furthermore, the new GOF tests maintained always their nominal
level, controlling the type I error, independently of sample size, dimension or alternative.

Further GOF tests are extended from the (bivariate) copula case to facilitate a wider
comparison. The small sample performance for size and power were investigated for GOF
tests based on the empirical copula process and the multivariate PIT. The application
of the PIT data in the empirical copula process was also considered, which showed good
performance results.

We discuss now some additional approaches for copula GOF tests, which might yield
further useful GOF tests for regular vines.

1. Of cause further known GOF tests for copulas can be extended to the vine copula
case. But most of them will have major problems in higher dimensions. For example
the likelihood ratio based GOF test or the Chi-squared type GOF test,
both introduced for copulas by Dobrié¢ and Schmid (2005), have to partition the unit
hypercube. This will probably result in long computation time in high dimensions
as well as the need of sufficient large number of observations.
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2. Berg and Aas (2009) developed a further GOF test based on the Kendall’s pro-

cess. To define the Kendall’s process we need Uy, . . ., Uy uniform distributed random
variables with joint distribution (copula) C'. Then, Kendall’s transform K is the (uni-
variate) distribution of the random variable V' = C(Uy,...,U,;). Now we consider

w; = (uj1,...,ujq)" as U(0,1)? pseudo-observations, defined as normalized ranks.
Further, let 6,, the maximum likelihood estimator corresponding to the parametric
copula Cy given n observations. Now, Berg and Aas (2009) apply a GOF test based
on Kendall’s process K,, = v/n{ K, — K4 } to a four dimensional vine copula. Here,

1 n
Ka(t) = Y Lcuwp<y  t€(0,1)

7”H—1j:1

is the empirical distribution function of C,,(u). Further, Ky () = P(Cy < t) is the
parametric estimate of Kendall’s dependence function K(t). Remember C,, is the
empirical copula introduced by Deheuvels (1979),

1
Cn(u) n+1 ; 1{Ut1<ul7 Sugg<ug}-

K., is then used in the Cramér-von Mises statistic, i.e.:

T, = {Kn(u) — Ky (w)}2dEK,(u Z{K uy) — Ky (u))}”.

[0,1]

This approach revealed good results in the comparison study of Genest et al. (2009)
for bivariate copulas, where K has a closed form. For the vine copulas the Kendall’s
transform is not trackable. Thus the Kendall’s process based GOF test needs like
the ECP based GOF tests a double bootstrap procedure. Unfortunately Berg and
Aas (2009) did not test or investigate this GOF test in detail for the vine copula
case.

3. Further suggestions for copula GOF tests are for example presented in Fermanian
(2012). Some special GOF test designed for Archimedean or extreme value
copulas only are presented. Since the multivariate Clayton copula is the only
Archimedean copula which allows a vine representation (Stober et al. 2013), this
approach is limited for vine copula GOF tests. Further, a density based GOF is
proposed to avoid the calculation of the copula cdf like in the ECP or Kendall’s
process approach. Testing the closeness between the true copula density and one
of its estimates out of a set of possible copula families is equivalent to study the
identity C' = Cj (Fermanian 2005).

4. A very interesting hybrid approach was suggested by Zhang et al. (2013). Since no
GOF test outperforms in all cases a hybrid test is introduced. In our simulation
studies we noted, that for different scenarios or even just for different alternatives
diverse GOF tests performed best. Although the Information based tests performed
in most of the investigated scenarios best in terms of power against false alternatives
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the ECP based GOF tests outperformed them in some settings. Thus a hybrid test
for vine copula goodness-of-fit testing may be a good extension to the proposed
tests. Given the complex structure of vine copula models the strategy of a hybrid
test is particularly appealing. We hope that a hybrid test approach will lead to
more consistent test decisions in those cases where different GOF tests come to
conflicting test decisions (see for example the two applications in Section 4.5). As
possible members of a hybrid test we suggest the Information based test, namely
the White test and the IR test, as well as the ECP and ECP2 test showing good
performing results in our studies. The latter ones in the Cramér-von Mises type.
But other GOF tests may be considered as well.

We discuss now in more detail the hybrid approach. Given m test statistics tg ),z' =
1,...,m with sample size n and controlling type I error for any given significance
level o under the null hypothesis the hybrid p-value is defined as

pzybﬂd = 1m *k min{pg), o 7p7(1m)}

Here p,(f),i = 1,...,m denote the p-values of the test statistics #0), Zhang et al.
(2013) showed that the power function is bounded from below and if there is at
least one test which is consistent, then the hybrid test is consistent. The rejection
rule of the hybrid test is

Reject Hy: C €Cy={Cy:0 €O} versus H :C¢Cy < pvrid<q,

where C' denotes the (vine) copula distribution function and Cy is a class of para-
metric (vine) copulas with © C R? being the parameter space of dimension p. This
is equivalent to the situation where there is at least one test rejecting the null at
the level of a/m (Zhang et al. 2013).

Beside the choice of the best GOF test there is another issue to discuss. By testing
the validity of the null hypothesis Hy : C' € Cy one has to take the margins into account
if the margins are unknown. As pointed out by Genest et al. (2009) the marginal dis-
tribution functions Fi,..., F; of the random variables X3, ..., X, can be considered as
nuisance parameters. So far we always considered known margins. Only for the White test
we extended the GOF test statistic to unknown margins so far (see Section 4.1.4). Thus
an extension of the proposed GOF tests to unknown margins has to be considered in the
future. But this will be a tough question resulting possibly in numerical difficult solutions
as in the White case. A more practical approach is to validate the margins first and then
the dependence structure resulting from using the validated margins.

A more interesting question is the extension of the GOF tests to variable vine struc-
tures. Remember that we assume a known tree structure for the considered tests so far.
Thus GOF tests over structures of vines would be an interesting point. The question arises
“Is the underlying dependence structure of a given data set an R-vine?” Or, how much
influence does a specific vine structure have on the goodness of fit? For example different
vine copula structures can have a similar good fit in terms of likelihood, AIC or BIC.
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Different selection heuristics may estimate different vine copulas, including different vine
tree structures or just different pair-copula families, and return a comparable fit. Such
heuristics are for example the maximum spanning tree approach of Difimann et al. (2013)
or the Bayesian approach of Gruber and Czado (2012).

Model comparison in terms of distances such as the Kullback and Leibler (1951) infor-
mation criterion (KLIC) are computational difficult to handle and not trackable in higher
dimension. As shown in the examples of Section 4.4 and Section 4.5 the results of the
numerical integration algorithms can be quite unstable. Furthermore, the number of pos-
sible vine copula models grows exponentially in the dimension, making direct comparisons
between all members of a specified vine copula class impossible. Thus a goodness-of-fit
test checking a general R-vine class would be helpful.

Note that in an extended case the R-vine does not have to be specified in terms of
structure V, pair-copula families B(V) or 8(B(V)). Consider for example an arbitrary C-,
D- or R-vine with only Student’s t-copulas or any other fixed copula family. Or the class
of truncated R-vines with arbitrary copula families on the first trees and independence
pair-copulas in higher trees. The test problem would be then

Hy:CeCy versus Hy:C ¢ Cy,

where Cj is a subclass of arbitrary R-vine copula models. The GOF tests proposed in
Chapter 4 or in the previous paragraphs would be special cases defining Cp = {Cy : 0 €
© and V¢, fix}. To the authors knowledge there is no such GOF test available.
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Appendix A

Appendix for Estimating standard
errors

A.1 Algorithm for the calculation of second deriva-
tives

In Section 3.2 we introduced the seven possible cases of dependence which can occur during
the calculation of the second log-likelihood derivative. In the following, we illustrate these
cases in detail. In case 1 we determine
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and case 3 yields
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CUV|Z (FU|Z(U|Za9,7)7FV\z v|z,0,7)

(A.4)
Similarly, we have for case 4 that

o2
000~

— (%ln (cuviz (FU|Z(U\Z>9)>FVIZ(“’Z)|V))) '

F; 0), I
dy01cuviz (Fuz(ulz,0), Fyiz(vlz)|v) . <8 Foiz(ulz, 9))
coviz (Fuiz(ulz,0), Fyiz(v|z)|v) a0

In (Cva|Z (FU|Z(U|Z7 0)7 FV|Z(U|Z)”7))

—0ycuviz (Fupz(ulz, ), FV|Z(U!Z)IV)
Cu,v |z (FU\Z<U|Z 9 FV\Z |7)

(A.5)
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and
92

000~
0
= <% In (CU,V\Z (FU|Z<U|Z7‘9)7 FVlZ(U‘Zﬁ)W)))
. —0ycuv|z (FU|Z(U|Z79)7 FVlZ(U|279)|7)
coviz (Fuz(ulz, ), Fyiz(v|z, 0)]7)

Oy01cuviz (Fuiz(ulz, 0), Fyiz(v]z, 0)]7) 0
. FU‘Z<U|Z 9)
cuviz (Fuiz(ulz,0), Fyiz(v]z,0)|y) a9

OyOacuviz (Fupz(ulz, 0), Fyiz(vlz, 0)]7) 0
. Fv‘z( |Z 9)
Cu,v|z (FU|Z<U|Z76)7FV|Z(U|Z78)|7) a9

for the fifth case. Finally,

82
900 In (CU,V\Z (FU\Z(U|Za 0,7), FV|Z('U|Z)))

0101cuv |z (FUIZ(U|Z7977),Fv\z(v|z)) ( o ) ( P )
= ’ - | = F; u|z, 6’) | =F ulz, 97
cuviz (Fuiz(ulz,0,7), Fyiz(v]z)) g viz(ulz,0,7) 9 viz(ulz,0,7)

0
— (0_’}/ In (CU,V\Z (FU\Z<U|Z’ 0, 7)7 FV|Z(U|Z)))>

In (CU,V\Z (FU\Z(U|Z’ 0>’ FV\Z<U|Z7 H)h/))

(% In (CU,V|Z (FU\Z(U|Z7 0,7), FVZ(U|Z))))
dicuv|z (FUIZ(u‘Z>9>7):FV\Z(U’Z)) ' ( 0?

FU|Z(U‘Z7 97 7)) )

CUV|Z (FU|Z(U|Z7077)7FV|Z(U|Z)) 900
(A7)
2
900 In (cuviz (Fuiz(ulz), Friz(v]2)0,7))
_ 0ycuviz (Fuiz(u), Friz(v]z)|0,7) (A8)

cuviz (Fupz(ulz), Fyiz(v|2)]6,7)
 Ovevyiz (Fuiz(w), Friz(v]2)0,7) - 0scuviz (Fujz(ulz), Friz(v)]9,7)
cvviz (Fupz(ulz), Fyz(v]2)|6,)”

Algorithm A.1.1 Second derivative with respect to the parameters #%¢ and 6% i

The input of the algorithm is a d-dimensional R-vine matrix M with maximum matrix
M and parameter matrix 6, and matrices Chi C’k i determined using Algorithm 3.1.1
for parameters 6% and 6% of the R-vine parameter matrix. Further, we assume the
matrices derect) dezrect and Vvalues, the matrices Sldz'rectk: z’ Slmdzrectk i and Slvalues ki
and Sldirectki gpindirectki apq Gvalueski to he given. The output will be the value of
the second derlvatlve of the copula log-likelihood for the given observation with respect
to parameters gki and 651, Without loss of generality, we assume that ¢ > 7, and k> kif
i =1
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1. if C~~ == 1 then
2: Set m = mj; A
~ direct ki
3:  Set z; = vgmd 21 =5 f;gec o
4:  if m == my; then
. . dzrect ~ direct,fc,i
& Set zp = Vkdomir 22 = S1g o
6: else
. __ gndirect 5 __ indirect,k,i
£ Set 2y = Uhd—m+1 72 = S a1
8 end if
. dzrect _ indirect __ values __
9:  Set 527" i3 =0, 32;;,13 = 078212,2 =0
10:  if k==k & i==1 then o
11: Set, SQZZ_TTC: = OpriOpiih(21, 29| B G
. indirect __ A T ki ki
12: Set 32;;,175 = OpriOgnih(22, 21|B™", 0%")
: Set 2valu55 — 80’5389’5EC(ZI7Z2|Bk’i’6k’i) values,k,i\2
13: et s2741¢ = (o) — (s Iy )
14: end if
15: if ckle~ == 1 then
16: Set gQualues — ¢ values,k,i . _891'@20(21722‘Bk’i ™) 818912 jelz1,22|BR,0M) 5
. ’;7',; - ];’Z‘ ezp( 'Ualues) exp(vvalues) 1
17: Set 32‘1”’6“ = D10y h(21, 22]15’“ 9'“)
18: Set 82;;31”‘;& = 82891;’gh(227 21|Bk’z, 0’“) . Z~1
19: end if
20: if ck—i—ld _— == 1 then o
828 7. ~.C(Zl ZQ|Bk’i Gk’i)
. yajues — ya}ues gk,i i .
21: Set s2k7i 82k,i + a7 2o
22: if ck:Jrl =0 then
PN _ k i k i
23 Set 8213(]:!“@5 . 821357;[”@5 + Slvalues kZ . aak 7,0(21722|B 0 )
. % ki emp( values)
24: end if
25 Set s28ret = Ul 40,0, Dz, 2| B, O) - 5
. indirect __ zndzrect . k,z k,z L5
26: Set S2TE = 20 + 010piih(22, 21| B, 0%7) - 2
27:  end if
28: end if
29: for i =14,...,1do
30: forkz—k—l,...,i—i—ldo
31: Set m = my,;
32: Set 2y = v, i — SIZZECt’k’Z, i — lef:eCt’k 7 = s27et
33: if m == my,; then
. _direct ~k 1 _ direct,ff,z ~l;:,€ _ direct,fcﬂ - direct
34: Set 2o = V2410 2" = Sl g i, 20 = S1y g 0y 2 = S2U05
35: else
indirect ~k Z indirechk,g ~k,g indirect,k,% = ndirect

36: Set 2o = v o1 2 =Sl g 1y 2 = Syt 22 = S200 00
37 end if
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38: Set 5295 = —le?j“es’k’% . Slzzl“es’ic’%, S2(ret = 0, 2y et = 0
30:  if i ==1 & 7  ==1then
40: Set SZZZ}“@S = 32};%“‘33 + 8181;(;(55(15:),0“) : Ef’i . Ef’i + —alc(zl’ziﬁm’ekﬂ) - Z1
a1: Set s2direct — godireet | gy fo(z, 2| BE, 00) . 51 + 0101 (21, 2| BE, OF4) - 250 2R
42: Set 322@{?605 = 822731{?6015_’_82h(z2’ 21 |Bk’i, 9’“) '2_1 +8282h(22, Zl‘Bk’i, (9'”) gf’ggf’;
43: end if
o A G , ==1& &7, ==1then
45 Set S2z?ilues _ Sszlues + 823225;1(55%52),91@,1') ) 25,% ) 25,2 + % . %
16: Set s2firect — et 4 gy 2y |BR, 684 - 75 4 Dydoh(21, 2o BH, G4 . Zot . 5h
47: Set 822n_dli7:iect == SQ?L_dfzeCt‘i‘alh(Zz, 21 ‘Bk’i, ek’l) '52+8101h(2’2, 21 ‘Bk’i, (9’”) 221%’%257;
48: end if
19 if Yl ==1 & 7, ==1then
ki gkdy LG GG
50: Set s2pafues = s2p0ues 4 3182:;255%5%)’9 ). ghi ghi
51: Set s2direet — sodireet 39 (z,, 2| BrA Gh4) . . R
52: Set s2jirect = 52075 4 0105020, 21| B, 0%7) - Ef’ ) g;“
53: end if -
54: if cﬁilvd_mﬂ =1 & cﬁilvi ==1 then
ki gkdy R G L3
55: Set s2paues = s2patues 6281;(0‘;1(55%565)’9 ). ght gh
56: Set s2direel — sodireet 3,9 (z,, 2| BrA Gh4) . h . R
57: Set s2indircet — godirect o 3, Oy h( 2y, 21| B, OF1) - 55,2 ) 51’55
58 endif ’
59:  end for
60: end for

. values
61: return -, ., s20

A.2 Calculation of the covariance matrix in the Gaus-
sian case

While analytical results on the Fisher information for the multivariate normal distribution
are well known (Mardia and Marshall 1984) we will now illustrate how the matrices ICy and
Jo (Equation (3.4) and (3.5)) can be calculated. We consider a 3-dimensional Gaussian
distribution

X, 1 pi2 pi3
Xo | ~N3(0,%), = |(p2 1 pxs],
X3 p13 p23 1

with density fi23 and corresponding copula c;93. Exampli gratia, we show the computation
for the entry (2, 1) in ICy in detail. The other entries in KCy and Jy are obtained similarly.
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The first step is to calculate the following integral:

0 0
/ ( 1H(012(U1,U2|p12))> (a—ln(CQ:),(UQ,U?,IpQg))) 0123(u17u2,u3)du1du2du3,
[0,1]3 P23

6,012
(A.9)
where c15 and co3 are the corresponding copulas to the bivariate marginal distributions
fi2 and fo3, respectively. Since the integral is independent of the univariate marginal
distributions, we can compute it using standard normal margins (see Smith 2007):

0 0
/ ( 1H(f12(l’1,$€2’p12))) ( 1H(f23(372,$31023))) f123($1,$2;3€3)d$1d$2d1737
R3 8p12 a)023

(A.10)
where fi5 and fo3 are the according bivariate normal distributions. The 3-dimensional and
bivariate normal densities in (A.9) and (A.10) can be expressed as

V2
m3/2 \/2 p13p12p23 — P13 — p12% + 1 — paz?
- exp { 1—21% — 29 — 132 + 2012/)232 + $22,0132 + !E32P122 + 271709012 + 22123013 }

f123($1,1327$3) =

2 —2 p13prapas + p13% + p122 — 1 4 pag?
exp {+2 ToT3peg — 2X1T2P13P23 — 2T1T3P12023 — 2 T2T3P13012 }
—2 p13p12p2s + p132 + p12? — 1+ pas? ’

(A.11)
and
1 1 1 —1'12 + 21’1[E2p12 — ZL‘QZ}
T1,T9) = —————€XpP{ — = . A.12
filtn ) = o V1= pi2? { 2 (=14 pi2)(pz+1) (A-12)
Further, the derivatives needed in Equation (A.10) are
P 3 _ 2 2 2
In( fi2(z1, 22|p12)) = Pl T Titapry T T '0122 pr2t fl P12 xle’ (A.13)
dp12 (=1 +p12)” (pr2 + 1)
and
9 3_ 2 2 2.
= In(foz(z2, 73|p23)) = _P2s” T TaspPas” + 5723 — Pas T+ Vo723 T Talls (A.14)

Opas (=1 + pa3)® (p2s + 1)°

Using (A.11), (A.13) and (A.14) in (A.10) we get

3 _ 2 2 _ 2 _
(A.10) = / P12 T1T2p12” + T2 0122 P12 + fl P12 — T1T2
R (=1 + p12)” (12 + 1)
. p23° — ToT3p23” + 3% Pa3z — pas + T2 pa3 — Tl
(=1+ P23)2 (p2s + 1)2

- f123(x1, o, x3)dr1dTodTs.

(A.15)
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The integral (A.15) can be solved using well known results on product moments of mul-
tivariate normal distributions (see Isserlis 1918).

(A.15) = prspra’ 1o pas” _23 p232p122p13 — p12°pis "’22 P23P13° P12
(P23 +1)" (=14 p23)” (=1 + p12?)

—pP12pP23 + p233p12 + pig — 0232p13

(pas + 1)2 (—1+ p23)2 (—1+ P122)2

(A.16)

Since (pas +1)° (=1 + pas)” = (1 — p35)? we can simplify Equation (A.16) to

(A 9) _ (A 16) _ (P13 - P12P23)(1 - P%z)(l - P%g) + 2,012;023(,013 - ;012p23)2
(1 - P%2)2<1 - /)%3)2
P13 — P12023 (P13 - P12023)2
= + 2p12p023
(1- P%2)(1 - 033) (1- 9%2)2(1 - P%3)2
k1o

(1—- 0%2)(1 - P%s.)’

with

P13 — P12pP23 )
1= p?y)(1 = p33)
For the computation of terms corresponding to parameter p;3j2, note that

k12 = (p13 — p12pas) (1 + 2012P23(

prap = P13 — P12pP23
13)2 = 5
\/<1 — i) (1 = p33)

and

P13 = P32 \/(1 — pla)(1 = p33) + prapas,

which means that (A.11), (A.13) and (A.14) can easily be re-parametrized.
The final matrices are

1+p7, k12 0
(1—p3,)? (1=p1o)(1-p5y)
1Co = k12 1+p35 0
0 (1—p3,) (1—p33) (1—p35)? ’
0 0 14+p13)2
(p§3‘271)2
1+p3, 0 0
(I_P%Q)Q )
1+p
— 0 Lrs 0
Je (1_933)2
P13]2P12 P13[2023 14+p13)2

(p%2_1)(p%3‘2_1) (P%g—l)(ﬂiﬂg—l) (p%3‘2_1)2

A.3 Selected model for the exchange rate data

To obtain marginally uniformly distributed copula data on [0, 1]%, we conduct a pre-
analysis as described in (Schepsmeier 2010, Chapter 5). AR(1)-GARCH(1,1) models (Ta-
ble A.1) are selected for the marginal time series, and the resulting standardized residuals
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are transformed using the non-parametric rank transformation (see Genest et al. 1995).
We could also employ the probability integral transformation based on the parametric
error distributions (IFM, Joe and Xu 1996) but since we are only interested in depen-
dence properties here, we choose the non-parametric alternative which is more robust
with respect to misspecification of marginal error distributions.

! aq w o By skew  shape

EUR 0.0011 0.9982 0.0000 0.0422 0.9554 0.9844 9.2961
GBP 0.0014 0.9972 0.0000 0.0465 0.9511 1.0533 8.1926
CAD 0.0049 0.9954 0.0000 0.0576 0.9363 0.9590 9.5090
AUD 0.0025 0.9978 0.0000 0.0755 0.9170 1.2211 7.4130
BRL 0.0023 0.9982 0.0000 0.1860 0.8137 1.1349 10.0000
JPY 0.1660 0.9986 0.0068 0.0367 0.9514 0.8823 7.1649
CHF 0.0042 0.9963 0.0000 0.0342 0.9619 0.8839 9.2343
INR 0.0305 0.9994 0.0011 0.2588 0.8169 1.0625 2.9743

Table A.1: Parameters of the AR(1)-GARCH(1,1) models. x and a; correspond to the AR~
process, while w, ay, and f; define the GARCH(1,1)-process. skew and shape describe the
Skew-t error distribution.

The R-vine describing the exchange rate data set is specified by the structure matrix M,
the copula family matrix B and the estimated copula parameter matrix L. For sim-
plicity, we use the following abbreviations: 1=AUD (Australian dollar), 2=JPY (Japanese
yen), 3=BRL (Brazilian real), 4=CAD (Canadian dollar), 5=EUR (Euro), 6=CHF (Swiss
frank), 7=INR (Indian rupee) and 8=GBP (British pound).

The pair-copula families in the application were chosen from the elliptical copulas Gauss
and Student’s ¢ copula, the Archimedean Clayton, Gumbel, Frank and Joe copula, and
their rotated versions. The selection is done using to AIC/BIC.

(A.17)

QU= = OO W N

S UL e W
L = = W N
o W N Ot

— W N
=N W

[ )
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éMLE —

Indep.
Indep.
Indep.
Indep.
Gauss
Student’s t
Student’s t

—0.70 —0.09
—0.88 —1.44
0.07 —1.10 -0.73
026 —1.23 —1.17 1.13 1.08 0.63
0.72 0.55 0.88 0.63 0.54 048
Indep.
Frank Gauss
Frank Frank Indep.
r. Joe Frank Indep.
r. Gumbel r. Gumbel Gumbel
Student’s t Student’s t Student’s t

Student’s t

11.85 8.96
7.74
3.76
9.97
8.41
7.46

0.3

Frank
Student’s t

The standard errors corresponding to the parameters in (A.18) are

SEMLE —

0.19
0.19

0.03
0.20

0.03 0.03
0.03 0.03
0.01 0.02

0.19

5.00 2.54
1.95
0.59
3.04
2.40
2.01

0.03 0.02 0.19 0.19
0.01 0.02 0.02 0.02 0.03

Gauss
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(A.18)

(A.19)

(A.20)
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1,2 1.5 5,6 6,7
IO O O S O O

2,31 3,41 4,5/1 1,6/5 5,7/6
7

2,4/1,3 3,5|1,4 4,6/1,5 1,7/5,6
T e!ﬁ, 3,41 (1.5/1) 1,6/5 elﬂb
5

2,5(1,3,4 3,6/1,4,5 4,7/1,5,6

T}

2,6/1,3,4,5 T TN 3,7/1,4,5,6
Ts 2,5(1,3,4 3,6/1,4,5 4,71,5,6

6,8/1,4,5
2,8/1,3,4,5,6 _—————_ 2,7|L,3,4,5,6
Ts 3,8/1,4,5,6 \Efﬂfiﬁi/ 3,7/1,4,5,6

7,8|1,2,3,4,5,6
Ty 2,8/1,3,4,5,6 2,7/1,3,4,5,6

Figure A.1: The R-vine tree sequence of an 8-dimensional R-vine fitted to our exchange
rate data set used in Section 3.4 and Section 4.5.2 applying the MST approach.




Appendix B

Technical details for the
goodness-of-fit tests

B.1 Rosenblatt’s transform

The multivariate probability integral transformation (PIT) of Rosenblatt (1952) trans-
forms the copula data w = (uq, ..., uy) with a given multivariate copula C' into indepen-
dent data in [0, 1]¢, where d is the dimension of the data set.

Definition B.1 (Rosenblatt’s transform)
Let w = (uyq,...,uq) denote copula data of dimension d. Further let C be the joint cdf of

w. Then Rosenblatt’s transformation of w, denoted as y = (y1,...,Yaq), is defined as
Y1 = Uy, Yo = C(UQ‘ul)a Yaqg = C(Ud|ul,...,Ud_1),
where C(ug|u, ... ,up_1) is the conditional copula of Uy given Uy = wuy,..., Uy =

uk_l,k‘:2,...,d.

The data vector y = (y1,...,¥yq) is now i.i.d. with y; ~ UJ0,1]. In the context of
vine copulas the multivariate PIT is given for the special classes of C- and D-vine in Aas
et al. (2009, Algorithm 5 and 6). It is a straight forward application of the Rosenblatt
transformation of Definition B.1 to the recursive structure of a C- or D-vine copula.
Similar, an algorithm for the R-vine can be stated, see Algorithm B.1.1. Here we make
use of a similar structured algorithm of Diffimann et al. (2013) for calculating the log-
likelihood of an R-vine copula given in Algorithm 2.2.1.

Algorithm B.1.1 now calculates the PIT of an R-vine copula model. The vector y =
(y1,--.,vyq) stores at the end the transformed PIT variables.

Algorithm B.1.1 Probability integral transform (PIT) of an R-vine
Require: d-dimensional R-vine specification in matrix form, i.e., M, B, 8, where my,;, =
d—k+1,k=1,...,d, and a set of observations (uy,...,uq).
1: Let Veireet — (pdirect)y — 1 dik=4,... d).
2: Let Vindireet — (ypndivect|y — 1 dik =14,...,d).
3: Set (vg1et, vget, L vgHY) = (ug, Ug_1, ... uy).

105
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4: Let M = (Mysili = 1,...,dyk = 1,...,d) where my,; = max{my,,...,mg,} for all
1=1,....,dand k =1,...,d.
5: Set Y1 = Uy

6: fori=d—1,...,1 do {Iteration over the columns of M}
7. for k=d,...,i+1 do {Iteration over the rows of M}

8: Set z; = vlirect
9: if my,; = my,; then
. __ ,,direct
10: Set 29 = Vgor(drivg a+1)
11: else
. __ ..indirect
12: Set. 22 = Vel d g 41)"
13: end if
14: Set it = h(z1, 2|BM, 0%') and vt = bz, 21|BM, 057).
e
15: Set Ya—ws1 = v
16:  end for
17: end for

18: return y = (yh ce ayd)

B.2 Cramér-von Mises, Kolmogorov-Smirnov and
Anderson Darling goodness-of-fit test

B.2.1 Multivariate and univariate Cramér-von Mises and
Kolmogorov-Smirnov test

Already in the third century of 1900 two model specification tests were developed by
Cramér and von Mises, and by Kolmogorov and Smirnov. Both tests treat the hypothesis
that n i.i.d. samples vy, ..., y, of the random vector Y = (Yi,...,Yy) follow a specified
continuous distribution function F', i.e.

Hy:Y ~F versus H;:Y «F.

The general multivariate Cramér-von Mises (mCvM) test statistic for a d-dimensional
random vector Y is defined as

mCvM:  o? — /R (B - Fw) CdF(y), (B.1)

while the multivariate Kolmogorov-Smirnov (mKS) test statistic is

mKS: D, = sgp |E,(y) — F(y)]. (B.2)

Here Fn(y) = #1 Z?Zl 1y, <y} denotes the empirical distribution function corresponds
to the i.i.d. sample (y,...,y,) of Y.
The univariate cases for the random variable Y are then denoted by

~

CvM: w?= /OO [Fn(y) — F(y) ’ dF(y) and

—00

KS: D, =supl|F,(y) — F(y)|.
Y
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B.2.2 Univariate Anderson-Darling test

The Anderson and Darling (1954) test, is a statistical test of whether a given probability
distribution fits a given set of data samples. It extends the Cramér-von Mises test statistics
by adding more weight in the tails of the distribution in consideration. Although it has
a general multivariate definition we introduce only the univariate case, since only the
univariate case is needed in Section 4.3.1. Let Y be a random variable then the null
hypothesis of the Anderson-Darling test is again Hy : Y ~ F(y) against the alternative
Hy : Y ¢ F(y). The general univariate Anderson-Darling (AD) test statistic is
defined as - )

W2=n [ [Bin) - P w(F@)aF) (B3)
where 1(F(y)) is a non-negative weighting function. With the weighting function ¢ (u) =
m Anderson and Darling (1954) put more weight in the tails since this function is
large near u = 0 and u = 1. Setting the weight function to ¢)(u) = 1 one gets as a special
case the Cramér-von Mises test statistic. In the case of uniform margins (B.3) simplifies
to

A

AD: W?= n/ol %d% y € [0,1]. (B.4)



Appendix C

Model specifications in the power
studies

C.1 Model specification in power study I

For the vine copula density (see Equation (2.3)) often a short hand notation is used.
For this the pair-copula arguments are omitted and denotes only the conditioned and
conditioning set. Thus, for the R-vine considered in the first power study and given in
Figure C.1 we can write

C12345 = C12°C1 3 C14°C45C24;1 " C154 C23;14 " C35:1,4 ° C25:1,34- (C.l)

Similarly the considered C- and D-vine copula can be expressed as

C12345 = C12 - C23 - C24 - C25 " C13)2 ° C1 42 " C1,5]2 " C3,4|1,2 * C4,5]1,2 * C3,5|1,2,4 (C.2)
C12345 = C12 - C15 " C45 " C34 " C25|11 * C1 4|5 * C35]4 " C2.4|1,5 * C1,3|4,5 * €2,3|1,4,5 (C.
T T T3 Ty

Figure C.1: Tree structure of the 5 dimensional R-vine copula used in the power studies.
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Tree

1

3

4

VR BR<VR> T
C12 Gauss 0.71
c13 Gauss 0.33

C14 Clayton 0.71
Cap Gumbel 0.74
Co.4)1 Gumbel 0.38
0374|1 Gumbel 0.47
C1,54 Gumbel 0.33
c2314 Clayton 0.35
c3s4  Clayton 0.31
6275|173’4 Gauss 0.13
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Table C.1: Copula families and Kendall’s 7 values of the investigated (mixed) R-vine
copula model defined by (C.1).

C.2 Model specification in power study II

True model (M) MMST MMpeme
v B(V) |V B(V) |V B(V)
12 Gauss 0.10 | c13 t, €12 Gauss
C2.3 t3 -0.15 C15 Gauss C2.3 tl,
C3.4 t3 -0.10 C25 tl, Co4 Gumbel 90
C35 t3 0.15 C45 Gumbel 270 C35 tV
C1,3)2 N 0.70 | 1255 t, C1,3)2 Gauss
C2,4)3 Gumbel 90 -0.60 | 145 t, C3,4[2 Gumbel
C25|3 Gumbel 0.85 C35)1 t,j C2,5|3 tl,
Cl,4|273 Gauss 0.45 0273|175 tl, 6174‘273 Gauss
C1,52,3 Gauss -0.50 | c3 41,5 t, C1,52,3 Gauss
cas2s  Gauss 0.10 | cou1,3,5 Gauss Casl23  Gauss

Table C.2: Copula families and Kendall’'s 7 values of the investigated R-vine models in
power study 2 (¢,= t-copula with v degrees-of-freedom, Gumbel 90 = 90 degree rotated
Gumbel copula, Gumbel 270 = 270 degree rotated Gumbel copula).
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C.3 Model specification in power comparison study
(d=5)

)

O, ()

Figure C.2: First tree of the 8 dimensional R-vine copula used in the power study.

Tree V5  BR(VE) 7 Tree V§ B(V%) T
1 C1,2 Joe 041 3 Ce6,7|1,4 Frank 0.03 7
C14 Gauss  0.59 C1,814,7 Gumbel 0.22
C15 Gauss  0.59 C3.4)1,6 Gauss  0.41
€16 Frank 0.23 C2,3/1,6 Gumbel 0.68
C3.6 Frank 0.19 4 C6,8]1,4,7 Clayton 0.17
Ca7 Clayton 0.44 C5,711,4,6 Gauss  0.09
C7.8 Gumbel 0.64 C3,51,4,6 Frank 0.21
2 c261  Clayton 0.58 C2,411,3,6 Gumbel  0.57
ci36 Gumbel 0.44 5 C2,51,3,4,6 Joe 0.25
caep  Frank 0.11 C3,7)1,4,5,6 Gumbel  0.17
cas1 Clayton 0.53 C5,8]1,4,6,7 Frank  0.02
C1,714 Clayton 0.29 6 C2,7/1,3,4,5,6 Gumbel 0.31
C4,8|7 Gauss 0.53 C3,8|1,4,5,6,7 Clayton 0.20

3 csel14 Gauss 0.19 7 C2,8]1,3,4,5,6,7 Frank 0.03

Table C.3: Copula families and Kendall’s 7 values of the investigated (mixed) R-vine
copula model in the 8-dimensional case.
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