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Abstract

Estimating and predicting joint second-order moments of asset portfolios is of huge impor-
tance in many practical applications and, hence, modeling volatility has become a crucial
issue in financial econometrics. In this context multivariate generalized autoregressive condi-
tional heteroscedasticity (M-GARCH) models are widely used, especially in their versions for
the modeling of conditional correlation matrices (DCC-GARCH). Nevertheless, these models
tipically suffer from the so-called curse of dimensionality: the number of needed parameters
rapidly increases when the portfolio dimension gets large, so making their use practically
infeasible. Due to these reasons, many simplified versions of the original specifications have
been developed, often based upon restrictive a priori assumptions, in order to achieve the
best tradeoff between flexibility and numerical feasibility. However, these strategies may im-
plicate in general a certain loss of information because of the imposed simplifications. After a
description of the general framework of M-GARCH models and a discussion on some specific
topics relative to second-order multivariate moments of large dimension, the main contribu-
tion of this thesis is to propose a new method for forecasting conditional correlation matrices
in high-dimensional problems which is able to exploit more information without imposing
any a priori structure and without incurring overwhelming calculations. Performances of the
proposed method are evaluated and compared to alternative predictors through applications

to real data.
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Chapter 1

Multivariate volatility models

1.1 Introduction

Since the seminal work of Engle (1982) modeling volatility has become one of the main issue
in financial econometrics. Starting from the mentioned paper a large field of literature has
developed that has faced dynamic modeling of univariate second-order moments of financial
returns. Almost simultaneously many authors have begun to realize that returns often show
comovements, therefore motivating the research on multivariate volatility models. Indeed,
understanding and predicting multivariate second-order moments of financial returns is par-
ticularly crucial in practical applications, for example in asset pricing, in portfolio allocation
or in risk management. In this context the so-called multivariate (M-)GARCH models were
born (Bollerslev, Engle and Wooldridge [1988], Ng [1991], Engle and Kroner [1995], Hansson
and Hordahl [1998], Kroner and Ng [1998])!. A few years later, a paper of Bollerslev (1990)
and especially a new article by Engle (2002) have given birth to models to be applied not
directly to the covariances but rather based on separate modeling of conditional variances
and correlations. Nowadays M-GARCH models are at the same time a cornerstone and an

object of further development in this field of econometrics. One of the crucial limitation of

!Every contribution in this field focuses on the analysis of the dynamics governing the time evolution of
conditional covariance matrices
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this kind of models which scholars have had and have yet to tackle is that they suffer from
the so-called curse of dimensionality: the number of parameters rapidly increases when the
dimension of the problem (that is the number of assets) gets larger; so the main effort of
researchers has been particularly aimed to find M-GARCH models that combine flexibility
and parsimony. Indeed, a good model should be flexible enough to accurately track the the
dynamics of covariances and correlations, but at the same time it is also supposed to be
sufficiently parsimonious: a model with too many parameters would turn out to be hard to
handle and practically useless.

The chapter is organized as follows: Section 1.2 defines the general framework of multivariate
GARCH models; in Section 1.3 some fundamental M-GARCH models (namely: exponen-
tially weighted moving average (EWMA); Vectorized (VEC-) GARCH; Baba-Engle-Kraft-
Kroner (BEKK-) GARCH) are discussed which can be derived as generalizations of standard
univariate GARCH specifications, along with some of related typical features (curse of di-
mensionality, positive definiteness, stationarity, covariance targeting); Section 1.4 describes
Factor Volatility (FV-) GARCH models; in Section 1.5 models for conditional correlations
are presented with a particular detail on Engle’s DCC and its noteworthy aspects; Section 1.6
illustrates some of more recent contributions in DCC literature (Diagonal DCC, Generalized
DCC, Rotated DCC).

1.2 The M-GARCH framework

Let us consider a stochastic vector r; € RY representing N asset returns. We can describe

the vector process as follows (see for example Tsay [2010], Chapter 10):

re =, + € (1.1)
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where, given the information set I; 1, p, is the conditional expectation E(r;|I;_1)? and €
is a vector of innovations. Denoting by 6 a vector of parameters, a multivariate GARCH

model relies on the assumption that:

e = H"*0)z , z ~iid.(0,]) (1.2)

where Ht1 s a positive definite N x N matrix and [ is the N x N identity matrix.
Consequently, the matrix Htl/ % must be a convenient decomposition? of the conditional vari-

ance of r4, so that:
var(r|I_1) = var(e|I,_1) = H*(HY?) = H,. (1.3)

More in detail, an M-GARCH model is aimed to describe Hy’s dynamics and to estimate its
parameters. Typical issues related to M-GARCH models are: the curse of dimensionality
(i.e. the over-parametrization); the flexibility (i.e. the ability to describe the real dynamics
of covariances); the positive definiteness of the estimated covariances (i.e. a natural property
of covariances matrices). These three problems will recur repeatedly in the remainder of this

chapter.

1.3 Generalizations of univariate standard GARCH models

This section presents a discussion of exponentially weighted moving average (Subsection
1.3.1), VEC (Subsection 1.3.2) and BEKK (Subsection 1.3.5) models along with a review
of a related specification called Cholesky-factor multivariate GARCH (Subsection 1.3.8).
These probably represent the most intuitive and straightforward generalizations of univariate
GARCH to the multivariate context, even though also the so-called Factor Volatility models

(which are examined in Section 1.4) are extensions of univariate conditional volatility models

2The conditional expectation E(r:|I;—1) is tipically modeled with VARMA models (see again Tsay [2010],
Chapter 8)

3For instance, Ht1 /2 may be an ordinary square root matrix or a Cholesky decomposition (about the
Cholesky decomposition see, among others, Lutkepohl [1996], Chapter 6)
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(see Bauwens, Laurent and Rombouts [2006]). In the section some of the typical related
issues are also discussed: positive definiteness and stationarity conditions of VEC and BEKK
(Subsections 1.3.3 and 1.3.6); quasi maximum likelihood estimation procedure for the VEC

model (Subsection 1.3.4); covariance targeting (Subsection 1.3.7).

1.3.1 Exponentially Weighted Moving Average

One of the simplest and classical method of estimation of conditional time-varying covariances

is the exponentially weighted moving average (EWMA) model (Riskmetrics [1996]):

1—1
Hy = 1_)\72)‘ € zetZ 0<A<. (1.4)

Since 1 i EZ L AT =1t is easy to realize that the definition (1.4) is a moving average
of the previous 7 sample covariances {et_letfl, s et_Tet,T}, where the covariances are less
relevant as i (namely the time distance from the present moment ¢) increases: indeed, the
weights involved by the moving average exponentially decline as the lag from current time ¢
grows. An important shortfall of EWMA is that it assumes the same parameter ruling the
dynamics of each entry of the conditional covariances H;. In addition, if we set the maximum
time distance 7 large enough (A\"~! & 0), we can rewrite (1.4) as an iterative equation which
allows us for recursively estimating the sequence of covariances, given a value of A and a

starting point Hy:

H; = (1 — )\)et—le;_l + AH;_q. (15)

If we define as ¥ the vector of parameters ruling the mean equation (see Equation (1.1)) and
assume that the innovations €; = r; — p, (1) have a multivariate Gaussian distribution, the

related log-likelihood function (up to an additive constant) is:
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T T
1 1 Forg !
mL(d,A) = =3 > |Hy| - 3 Y e H; e, (1.6)
t=1 t=1

Hence, once fixed the initial point Hy*, we can jointly estimate the parameter vector (i, \)
by maximizing the function in (1.6) while using the relationship in (1.5). As we will see,
expressions similar to (1.6) are employed to estimate the parameters also when using the more
complex models that we are going to discuss hereinafter. Obviously, in case the innovation
does not have a Gaussian distribution, the maximization process of (1.6) must be seen in the
context of quasi maximum likelihood (see Subsection 1.3.4 about using the quasi maximum

likelihood estimator in multivariate volatility models).

1.3.2 VEC model

The EWMA model seen in the previous subsection is a simple estimation method commonly
used by practictioners. However it can be derived as a special case from a wider class of
models which generalize the univariate GARCH to the multivariate case. The univariate

classical formulation is that introduced by Engle (1982) and can be summarized as follows:

E(Etut—l) =0

p q
Var(et]It_l) = ht =w+ Z 041‘6?72- + Z ﬁiht—i-
1=1 i=1

A natural way to extend the model in (1.7) to multivariate series of dimension N is:

4A natural way to set an initial matrix in Equation (1.5) may be to estimate it as the unconditional sample
covariance matrix: Ho = var(et)
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E(€t|-[t—1) =0 y Var(et|It_1) = Ht
p 1,.N

hpr = Wit + Y Y Oklabi€ai—i€bt—1 +
i=1 a,b (18)

q 1,..,N

+ Z Z Briab,ilab,t—i-

=1 a,b

where hg; is the generic entry of H;. For reasons of symmetry, it must obviously be wyg; = wyg,
Qklabi = Ukab,i a0d Briapi = Bikap,; While the terms ogqp; and agpy,,; can be summed up like
also Biap,i and Bipei- Taking into account these features, the general model in (1.8) can be
rearranged in its VEC (vectorized) formulation (Bollerslev et al. [1988]) which makes use of

the vech operator®:

P q
vech H; = vech ) + Z A; Vech(et_ie;,i) + Z B;vech H;_; (1.9)
i=1 i=1

where coherently the A;’s and B;’s are (N(N +1)/2) x (N(N + 1)/2) matrices and € is the
intercept matrix [wg]. The model (1.9) is practically employed only in the bivariate case
because of its very large parametrization size, considering that the number of parameters is
of order O(N*). To overcome this issue, in the same paper the authors propose a simplified
version called DVEC (diagonal VEC) where 2, A; and B; have not null entries only on their

diagonal:

p q
It = Wkt + > Okli€ki—i€le—i + > Brthkli—i (1.10)
i=1 i=1

® The vech operator is a map RV*¥ — RNN+D/2 that stacks all the unique entries of a symmetric matrix
into a vector (see Gentle [2007], Chapter 3)
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in which variances depend solely on past own values and squared residuals, while covariances
depend solely on past own values and cross products of residuals. The diagonal model can

be rearranged as follows®:

P q
He=Q+Y Ao (e, ;) +y BioH, (L.11)
=1 =1

where fli and Bi are matrices built with the diagonal elements of A; and B;. Nevertheless the
DVEC keeps suffering from the curse of dimensionality: indeed it needs N(14+p+¢q)(N+1)/2
parameters which means a number of parameters of order O(NN?) at least. This is the main
reason why this kind of parametrization is often used with only one lag, p = ¢ = 1, and for
moderate numbers of assets. Finally, note that we will obtain again the EWMA described

by (1.5) if the DVEC equation in (1.11) is modified by setting [Q];; = 0, [A];; = (1 — ),
[B]ij = ) for each pair (i,7) and p=¢q = 1.

1.3.3 Positive definiteness and stationarity conditions in VEC models
From mathematical statistics it is known that the covariance matrix operator must be positive

semidefinite. In order to show that, let us consider that we have a random vector x with

expected value &. The covariance of the random vector is:

Y=E[(xz—z)(x—x)]. (1.12)
For ¥ to be positive semidefinite, it must be for every vector w:

/ /

wIw=Elw (x —z)(x —z) w] = B[(w (z — x))?] >0 (1.13)

5The symbol ® denotes the element-wise (or Hadamard) matrix product (see, among others, Lutkepohl
[1996], Chapter 10)
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where w’(a: — &) is a scalar random variable, say X, and the linearity of the expectation
operator has been taken into account; the expected value of a squared scalar random variable
must not be negative: E(X?) > 0; moreover, F(X?) = 0 if and only if X = w' (& — &) = 0
which means that one of the random variable z; is a linear combination of the others
L1y ey Tio1, Tit1, - TN - As regards the VEC model (1.9), sufficient conditions for H; to
be positive semidefinite for all ¢ can be imposed on the parameter matrices (see Gourier-
oux [1997], Chapter 6). If we consider that by definition hyx;; = E(egt€¢|l—1), the general

formulation of multivariate conditional covariance models in (1.8) can be rewritten as follows:

p q
hiie = Wit + Y € Awi€—i + Y El€;_;Brii€—ilI-1] (1.14)
i=1 i=1

where Ay;; and By are the N x N coefficient matrices relative to hyy; therefore, Equation

(1.14) can be expressed in a compact matrix shape®:

p q
H=0+> (Ioe JAiI@e i)+ Y E((I®e )Bi(I®e i)l (1.15)
i=1 =1

where as usual I denotes an NV x N identity matrix and A} and B} are the global parameter
N? x N? matrices built by the blocks Az; and Byy;. The recursive definition (1.15) can be
used to verify that the H;’s are positive semidefinite if so are 2 and each A} and B} (as long
as the starting point of the recursive equation Hy is positive semidefinite itself); moreover,
the H;’s are positive definite if at least one among 2 and each A} and B; is also positive
definite (Gourieroux [1997], Section 6.1.2).

On the other hand, it has been demonstrated (Attanasio [1991]) that necessary and sufficient
condition to guarantee the positive semidefiniteness of the conditional covariance matrices
in the DVEC specification (1.11), with p = ¢ = 1, is the positive semidefiniteness of each

parameter matrix (€2, fl, B ) and of the starting covariance matrix Hy. Indeed, given that the

"In other terms, this would mean that a random variable can be exactly predicted as a linear combination
of two or more other random variable

8The symbol ® denotes the Kronecker product, that is the product in which every entry of the left matrix
is multiplied for every entry of the right matrix (see for example Horn and Johnson [1999])
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outer product of innovations must be positive semidefinite, the proof descends from Schur’s
product theorem (namely: the Hadamard product of two positive semidefinite matrices is a
positive semidefinite matrix) and from the clear fact that the sum of positive semidefinite
matrices is positive semidefinite itself. In addition it is easy to show” that the H,’s are
positive definite if also Hy is. In order to ensure positive the semidefiniteness of the parameter
matrices in (1.11), Attanasio (1991) proposes to reparameterize 2, A and B wvia the Cholesky
decomposition.

Another crucial issue associated with the conditional covariance modeling is the covariance
stationarity, that is the independence on time and the finiteness of the unconditional covari-
ance of the vector stochastic process: this is an important feature for the stability of the
models. In Engle and Kroner (1995, Proposition 2.7) a sufficient condition for the stationar-
ity of VEC models is proved: the condition is that all the eigenvalues of >-% | A; + 37" . Bi
must be less than 1 in modulus (see also Gourieroux [1997], Equation 6.5). As a consequence,

the unconditional covariance matrix of VEC is stated by the following relationship:

P q -1
vech H = E[vech Hy| = (I - Z A; — Z Bl-> vech (2 (1.16)
i=1 =1

Obviously the same results and relationships also hold for the DVEC specification, bearing

in mind that in this case the matrices A; and B; are diagonal.

1.3.4 Quasi maximum likelihood estimation of M-GARCH models

The estimation of the parameters @ ruling an M-GARCH model is usually carried out by the
quasi maximum likelihood estimation procedure in which a Gaussian likelihood function is
maximized, even though the related random vector of returns’ residuals €; does not have a

Gaussian distribution:

9See for example Marcus and Minc (1964)
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€ = Htl/ta N zZt ~ i.i. d(O, I)

T T T
1 ,
InLy(er,....er;0) =Y I = —5[TN 27 + Y In|H(0)|+ > eH(O)e]  (1.17)
t=1 t=1 t=1

~QML
9? = argmax In Ly(€q,...,e7;0)
0co

where © is the parametric space. The underlying assumption that €|I; ~ N(0, H;) is not
generally justified by empirical findings (for istance, fat tails are usually observed in the
empirical distributions). However, there exist some theoretical results that can ensure con-
sistency and asymptotic normality of 9§ML where the Gaussian assumption is relaxed. In
detail, Hafner and Preminger (2009b) prove consistency and asymptotic normality of 9$ML
for the VEC model: this is a very important result as many different M-GARCH specifi-
cations (BEKK, O-GARCH, GO-GARCH, FF-GARCH, etc.)!? can be reviewed as special
cases of the VEC formulation, which therefore turns out to be the most general framework
of multivariate models for conditional covariances. Let us assume a VEC-GARCH(1,1) spec-

ification!!:

vech(Hy) = vech(Q) + A vech(ese,) + B vech(Hy_1); (1.18)

hence it will be: 8" = [vech(Q)', vech(A), vech(B)']. Let us define the true parametric vector

as 0. The strong consistency'?:

prob( lim 65" = 6) = 1 (1.19)
T—o0

0Many of these M-GARCH versions are discussed in the next sections

"1n the cited paper and here a VEC-GARCH(1,1) specification is considered for the sake of simplicity: this
does not cause any loss of generality about the results

12 The strong consistency refers to almost sure convergence: a series of random variable X, converges
almost surely to a random X if, for every € > 0, the probability that lim,— | X» — X| < € is equal to 1;
an estimator qgn is defined strongly consistent if it converges almost surely to the real parameter, ¢, as the
dimension of the sample, n, goes to infinity (see Casella and Berger [2002])
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is proved by Hafner and Preminger (2009b) under the following assumptions:
(A1) the parametric space © is compact

(A2) |ABmaz| <1 (ABmae: maximum eigenvalue of B)

(A3) the process € is strictly stationary in distribution and ergodic!?

(A4) E(|e|*) < oot for some s > 0

(A5) E(|lz1]1?) < oo

(A6) V0,00 € O, if H(0) = H:(0p) then 6 = 0 (model identifiability).

~OML ~
In order to prove the asymptotic normality of 9? the authors assume that H; is the
covariance process whose initial values are drawn from its stationary distribution'®. Defined
I; as the t-th term of the related likelihood function (see Equations (1.17)), the two following

matrices are introduced:

8l~t 8l~t 82l~t
V = E[==(00)—(680)] , J=E[—=
[55(00) 5 7 (60)] 5690

s (60) (1.20)

That being said, Hafner and Preminger (2009b) prove the following convergence in distribu-

tion (asymptotic normality):

VTOM" —69) 4 N(0, 7 VI (1.21)

under the additional assumptions:

(A7) 6 is an interior point of ©

1311 the article the authors give some conditions for the process €; to be strictly stationary and ergodic (see
Hafner and Preminger [2009b], Assumptions 2.1-2.3)

"The symbol || || here denotes the euclidean norm: /3~ €2,

15The stationary distribution is a feature of Markov chains and, indeed, in Hafner and Preminger (2009Db)
the vector [e;7 vech(Ht),} is considered as a homogeneous Markov chain (see Meyn and Tweedie [2006])
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(A8) E(]ler]®) < oo

The proofs given in Hafner and Preminger (2009b) generalize many previous results reached
for special cases of the VEC model like, among others, Jeantheau (1998), Ling and McAleer
(2003), Comte and Lieberman (2003) and Hafner and Preminger (2009a).

1.3.5 BEKK model

A way to implicitly ensure the positive definiteness of the estimated conditional covariance
matrices is to use the BEKK (Baba-Engle-Kraft-Kroner) parametrization (Engle and Kroner
[1995]). The BEKK dynamic updating equation for H; is given by:

K K m
H=CC+Y Y Ayeie Ap+> > ByHe B, (1.22)
k=1 i=1 k=1 i=1

with C upper triangular. The BEKK model involves problems about the parameter iden-
tification (uniqueness of representation) which need a bunch of restrictions (e.g. positivity
of the entries, determination of the right K, etc.). In the most simple case, namely for
K =1 = m = 1, the conditions able to eliminate all other equivalent structures are for-
mulated in Engle and Kroner (1995, Proposition 2.1): all diagonal elements of C' and the
upper-left entries of A and B, say ai; and b1, must be positive. Other restrictions ensure
the uniqueness of representation in more complex parametric specifications. The BEKK
model can be viewed as a restricted version of VEC. In order to show that, let us take the
vectorization of Equation (1.22) with K =1 =m = 1 (for the sake of simplicity); bearing in
mind that vec(XY Z) = (Z' @ X)vecY (see for example Lutkepohl [1996]), Equation (1.22)

becomes!F:

vec Hy = vec(C'C) + (A} @ A)) vec(e_1€; 1) + (B, ® By) vec Hy_1. (1.23)

16The vec operator stacks all the elements of a N x N matrix into a vector of dimension N2
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As H;, H;_1, CC' and 6t—1€;,1 are symmetric matrix, their vec transformation can be
reformulated in terms of the vech operator by means of a convenient N? x N(N + 1)/2

duplication matrix D:

D vech Hy; = D vech(C'C) + (A] ® A})D vech(ei_1€, ;) + (B} ® By)Dvech Hy_1. (1.24)

The matrix D is a full rank matrix made up with 1 and 0 and admits a generalized inverse
D such that DD = I (see for example Gentle [2007], Section 3.6):

vech Hy = vech(C'C) + D(A] @ A})D vech(e_1€; ;) + D(By ® B))Dvech H,_;. (1.25)

Equation (1.25) is clearly a VEC representation as long as D(A] ® A})D = A and D(B] ®
B))D = B (c¢f. Equation (1.9)). This result means that, given a BEKK parametrization,
there always exists an equivalent VEC representation but this one is not unique and, hence,
the opposite proposition is not true; further, a tranformation which shifts a VEC specification
into a BEKK one does not exist necessarily: in this sense, VEC is more general than BEKK.
It is apparent that in the BEKK model the elements of the matrices A;. and B;, do not
have a direct ecomometric interpretation; in addition to this, the model needs N(N +1)/2+
K (I 4+ m)N? parameters as A;; and By, are not symmetric. A common method to reduce

the number of parameters is to force A;; and B;, to be diagonal.

1.3.6 Positive definiteness and stationarity conditions in BEKK models

As mentioned in the previous subsection, the BEKK representation yields positive definite
covariance matrices. This is true if at least one matrix among C' and By, is full rank. Indeed,
all the terms A;ket_ie;%Aik are surely positive semidefinite because so are et_ieéﬂ.. Further,
as the product between a non singular matrix and its transpose is positive definite (see for
example Horn and Johnson [1999]), for every vector w different from the null vector, it must
be:
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K m
w/ (C,C—l— Z Z B,:kHt_Zsz)w =
==l (1.26)

K m
w' (C'C+ YN By H 1 Byw > 0
k=1 1i=1

provided that C or one of the By;’s is full rank. That being said, if the starting covariance

matrix Hy is supposed to be positive definite, so will be all the H;’s for recursion.

As regards the covariance stationarity, the BEKK model is stationary if and only if all the
cigenvalues of S0 S (A, ® Ag) + S5 U™ (B ® Bjy,) are less than one in modulus
(Engle and Kroner [1995], Proposition 2.7). The unconditional covariance of a BEKK model,

if it exists, is:

K 1 K m -1
vech H = E[vech H;] = (I ZZ( ik @A) — ZZ(B’k ®Bik> vech(C'C) (1.27)

k=1 1=1 k=1 1i=1
1.3.7 Covariance targeting

In Pedersen and Rahbek (2013) the so-called variance targeting is discussed. Despite this
discussion is carried in the BEKK framework, the variance targeting is both a property and
an estimation technique which can apply also to other types of specifications provided that
certain assumptions hold. In Subsection 1.3.6'7 it has been seen that the BEKK model is
covariance stationary if all the eigenvalues of Zszl Zi’:l(Aik ® Aik) + Ele Yot (Bir ® Big)
are less than one in modulus. The covariance stationarity of the demeaned returns e; is

equivalent to the existence of the unconditional second-order moment, say I':

T = var(e;) = E[E(ev€;|I,_1)] = E[H,y). (1.28)

170f. also Subsection 1.3.3
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which is a positive definite solution of equation (1.22)'%:

I'=C'C+ATA+ BTB. (1.29)

This result is ensured by Proposition 4.3 in Boussama, Fuchs and Stelzer (2011). That being

said, the formulation:

H =T —ATA—BTB+Ae¢ 16, A+ B H, B (1.30)

is called wvariance (or covariance) targeting BEKK representation. The variance targeting
estimation procedure considered in Pedersen and Rahbek (2013) is a two-step method where
I" is estimated by the sample unconditional covariance matrix of €; and, next, the remaining
parameters are estimated with the quasi maximum likelihood estimation by optimizing the
resulting log-likelihood with respect to A and B. If € is strictly stationary and ergodic, the

ergodic theorem guarantees that the moment-based estimator:

1 T
I'= T ;etet (1-31)

is consistent for I".  Then the authors show that under certain assumption (Pedersen and
Rahbek (2013), Assumptions 4.1, 4.2 and 4.3) the second-step quasi maximum estimates,

(A, §|f), along with the first-step estimate f, converge almost surely to the true parameters:

(T',A,B) 5 (I',A,B) as T — oc. (1.32)

Furthermore in Pedersen and Rahbek (2013) also the asymptotic normality of (I, A, B) is
shown provided that some additional conditions are satisfied (Assumptions 4.4 and 4.5 in

the paper).

8Equation (1.22) is here considered for K =1 = m = 1 for simplicity
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1.3.8 Kawakatsu parametrization

Another useful solution to the issue of the positivity of the H;’s is the one proposed by
Kawakatsu (2003) who suggests to directly reparameterize the conditional covariances in
the VEC model by means of lower triangular matrices L; (Cholesky Factor [FC-] GARCH
model). As is known from matrix algebra, a necessary and sufficient condition for a matrix
H to be positive definite is that it can be expressed as the product of a lower triangular

matrix L and its tranpose: H = LL/; so the general econometric model becomes:

l m
vech(Ly) =hy=co+ Y _ Aihi i+ > Bi€r (1.33)
=1 =1

where A; is of dimension N(N +1)/2x N(N +1)/2 while B; is of dimension N(N+1)/2x N.
However, the Cholesky decomposition of a positive definite matrix is not uniquely defined
and for this reason the author introduces some identification restrictions. Bearing in mind
that the operator vech stacks in a column vector the column elements of L;, say l;j;, as
long as ¢ > j, then the elements of h; which correspond to the diagonal entries of L; are in
place k(k+1)/2 with k = 1,..., N. A common way to uniquely identify the decomposition
factor L; is to set all of its diagonal elements positive; this is equivalent to requiring that
simultaneously: the entries (k(k+1)/2, k(k+1)/2) of A; are positive and those ((k(k+1)/2,7)
are zeros (with {j = 1,..., N(N +1)/2} N {j # k(k + 1)/2}); all the entries (k(k +1)/2,7)
(with j = 1,...N) of B; are zeros. This simple identification rule forces the diagonal elements
of the Cholesky factor L; to depend only on its past diagonal elements and not on the lagged

innovations. The general specification in (1.33) can be modified as follows:

l m
vech(Ly) =hy=co+ Y _ Aihi i+ > Bile] (1.34)
=1 =1

where the symbol |e;—;| denotes the vector built with the absolute values of €;_;’s compo-
nents. This specification needs no restrictions on matrices B;, but it clearly cannot take

into account the sign effect of innovations. Despite the identification restrictions partially
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limits the number of parameters, the model keeps being over-parameterized even in case of
small dimension. Therefore, other restrictions are introduced in order to further simplify the

specification'”. The log-likelihood function for Kawakatsu’s model is:

T T

TN al 1
InL=—=">In2m— > Inliiy - 3 > (Li'e) (Liter) (1.35)

t=1 i=1 t=1

where the starting value Ly can be assumed such that LOLIO =1/T Ethl été;. Since the
modeling of the conditional variances (i.e. the diagonal entries of H; = L;L;) depends on
how the assets are ordered?’, the log-likelihood in (1.35) is used in the empirical part of the
paper to find the ordering that best fits the data: practically, the author computes all the
N2 possible orderings and selects the one with the highest log-likelihood value.

1.4 Factor volatility models

Factor volatility models rely on the intuition that comovements of stock returns may be
due to a restricted number of common underlying variables, the factors indeed. These can
be observable or latent. These models have been proposed mainly to overcome the two
typical problems of over-parametrization and positive definiteness, but they may also have
an economic motivation. Without pretension of completeness, this section includes a terse
review of some of the most important contributions relative to this class of models: the
general model introduced in Engle, Ng and Rothschild (1990) that has been the first example
of a Factor-ARCH covariance structure (Subsection 1.4.1); a model with uncorrelated factors
proposed by Vrontos, Dellaportas and Politis (2003) (Subsection 1.4.2); the Generalized
Orthogonal (GO-) GARCH model presented in van der Weide (2002) (Subsection 1.4.3); the
Orthogonal (O-) GARCH model by Alexander (2001) (Subsection 1.4.4).

198ee namely Equations (4), (5) and (6) in Kawakatsu (2003) _
20Tt is easy to check that the (4,)-th entry of H; is equal to D1
2! Consider that in Kawakatsu (2003) the empirical application is carried out on a porfolio of three indices

12

ijt
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1.4.1 A model with Factor-GARCH covariance structure

The first example of factor volatility models is the one by Engle, Ng and Rothschild (1990).

In this paper the authors specify the following conditional covariance structure:

K
Hy =" BiBrdr +Q (1.36)
k=1

where 3, are K linearly independent non-stochastic vectors, {2 is a positive semidefinite
constant matrix and Ax; are positive random variables. The dimension of Hy, IV, is of course
supposed to be greater than the number of factors, K. This volatility model can be regarded
as the covariance counterpart of a typical factor model for asset excess returns (of the same
kind employed by Ross [1976] to derive the arbitrage pricing theory). In detail, a model for
returns related to (1.36) is:

K
L Zﬁkfkt + 1 (1.37)
k=1

where:

E(flli1) =0 , E(fifilli1) = A

, (1.38)
E(me) =0, E(nmy) = Q.

In (1.38) the covariance matrix E(ftf;\lt_l) is assumed to be diagonal: A; = diag(A1¢, ..., Akt),
while the vectors f, and n, are considered uncorrelated: F(f,1;) = Oxxn. The authors show
how to express the covariance model in (1.36) in terms of (scalar) conditional variances of
the K so-called factor-representing portfolios: these are determined by weights «; such that

a;ﬁk =0ifi+# k and a;ﬁk = 1if ¢ = k. By doing so, they obtain the following expression:
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K
Hy = BiBb +

k=1

K
O =0-> By
k=1

In the first line of (1.39) the covariance H; is formulated in terms of the scalar random
factors Oy = At — a;cQak which can be described by univariate GARCH models. As
shown in the second line of (1.39), the 6i;’s are nothing but the conditional variances
of the factor-representing portfolios. The Factor-GARCH model is a special case of the
BEKK parametrization. In order to check this equivalence, let us assume that 6; follows a

GARCH(1,1) model with a vector of parameters (wg, Vg, Ok):

Oy =wp + ka/ _ 2+5k9 1=
t Vi ( kTt 1) ki—1 (1.40)

=wy + Yk(ogn_1M_10k) + dpoy Hy p1o;

then the model in (1.39) can be rearranged as:

K K K
Hy = [+ BronBe] + Y wBro(m1mi—)ouwBy + > 0oy Hey 10wy (1.41)
k=1 k=1 k=1

So, if we set I, = ’y;/zﬁka}c and Ay = 6,1/2,6/%&;, the specification in (1.41) becomes:

K K

Hy=Q" + Zrkntfﬂ?;&r;c + Z ApHyy 1A (1.42)
k=1 k=1
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which is clearly a BEKK-type representation. Finally Engle et al. (1990) propose an applica-
tion of their model in which the number of factors (namely two) are preemptively determined
by the application of the classical principal component analysis (PCA)?? on the unconditional
covariance between U.S. T-bills of different maturity and a stock index. Despite it would
have been possible to estimate the weight vectors, in the paper two factor-representing port-
folios with prespecified weights are constructed: a portfolio with equal weights on each of
the bills and a zero weight on the stock index; a portfolio with zero weights on the bills and

all weight on the stock index.

1.4.2 A full-factor multivariate GARCH model

The factors chosen in Engle et al. (1990) are observed and obviously correlated, while in order
to efficiently capture different patterns hidden under the data it may be desirable that they
have no correlation. Due to this observation many alternative factor models with uncorrelated
factors have been proposed in the literature. They generally rely on the assumption that
unobserved underlying factors may be identified that drive movements of returns. Let us

suppose that (Vrontos, Dellaportas and Politis [2003]):

€ = Wxt

iCt|It,1 ~ N(O, Zt)

(1.43)

with W a parameter matrix and x; a vector of factors. ¥; is supposed to be diagonal (that is,
the factors are orthogonal), so that the conditional volatilities (the terms on the diagonal of
¥;) may be estimated by means of univariate GARCH models: ‘71‘275 =q; + Bix%t_l + ’YiUiQ,t—l‘

We can write:

var(e|l;—1) = Hy = W W =
a2 / (1.44)
= WEt Zt W = Lt(o-it)wij)Lt(O-it7w’L'j)

22For a clear and slightly unconventional discussion about principal component analysis see Shlens (2014)
published on arXiv.org
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where in parentheses we have stressed the dependence of L; on the parameters. It is well
known that the decomposition of a positive definite matrix into the product of a triangular
matrix and its transpose always exists and this decomposition is unique if the diagonal
elements are restricted to be positive. So we can take W triangular, with elements w;; = 0
when 7 > j and w;; > 0 when 7 = j, and build a conditional covariance matrix Hy(o, wij)
surely positive definite and driven by the volatilities of the orthogonal factors. Note that
the x;’s are not parameters since they are equal to W~le;. Vrontos et al. (2003) show
an application of the model to eight stocks from the U.S. market by forcing the number of
parameters with the setting w;; = 1 and by using a Bayesian approach; however, in theory

also a classical QML estimation can be carried out.

1.4.3 Generalized Orthogonal GARCH model

The previous model is a so-called Full-Factor (FF-) multivariate GARCH model because the
number of factors is equal to that of returns. Another version of the FF-GARCH model is the
one introduced by van der Weide (2002): the Generalized Orthogonal (GO-) GARCH model.
The fundamental assumptions are still the same as those summarized in (1.43). Also in this
case the factors x; are assumed to be incorrelated (¥; diagonal) with the o;’s governed by
univariate GARCHs; in addition to this, in van der Weide (2002) the unconditional variance

of the latent variables is set equal to the identity matrix I so that:

/ ’

Y = E(ee;) = WIW' . (1.45)

By exploiting some algebraic properties, van der Weide (2002) stresses that there exists an

orthogonal matrix U such that:

PAY2U =W (1.46)
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where P and A are respectively the matrix of eigenvectors and the matrix of eigenvalues
resulting from the singular value decomposition (see Horn and Johnson [1999]) of the uncon-
ditional variance 3J; consequently P and A can be estimated from unconditional information.
van der Weide (2002) shows a method to parameterize U by means of Euler angles, taking
advantage of the fact that, from an algebraic point of view, orthogonal matrices can be ex-
pressed by the product of rotational matrices®; the Euler angles can be estimated by ML.
Another example of GO-GARCH model can be found in Lanne and Saikkonen (2007).

1.4.4 Orthogonal GARCH model

The GO-GARCH models are by definition a generalization of another class of models, the
Orthogonal GARCH models (O-GARCH). The O-GARCH models (Alexander, 2001) allows
to generate N x N conditional covariances from m (with m < N) univariate GARCH models.
Also the O-GARCH models take advantage of the principal component analysis (PCA) to
dermine the factors to be employed. The factors identified by PCA based on unconditional
information are assumed to be also conditionally uncorrelated and this produces a certain
loss of accuracy that needs a careful initial calibration of the model. In more detail the

mathematical structure is the following:

D% =z, = Af,

(1.47)
A = Qp diag(11/?,...,11/%)

where: D = diag(o?, ...,0%) is the diagonal matrix built with the unconditional variances of
€:; f, is a vector of heteroskedastic, uncorrelated and zero-mean random processes; l1, ..., I,
are the first larger m eigenvalues of corr(z;); @, is the N x m matrix of the related eigen-
vectors. Once indentified the first m factors able to explain the most part of the variability,
m univariate GARCH process can be applied: O’chit = w; + oy fft,l + Bia‘?i,tfl' Hence, the

conditional variance of €; will have the following shape:

23Rotational matrices govern rotational tranformations, that is tranformations which preserve angles, and
have the shape of orthogonal matrices
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var(e/|I,_1) = H, = D'/2A diag(o’]%lt, ...,(IJ%M)A,DI/2 (1.48)

where H; depends only on the 3 x m parameters (w;, a;, 3;), given that ¥ and A are estimated
on sample data. The O-GARCH models can allow for a strong parameter reduction but they

may show identification problems in some cases (see van der Weide [2002]).

1.5 Conditional Correlation models

The models for conditional correlations exploit the decomposition of the conditional co-
variance matrix into the related conditional standard deviations and correlations which are
separately estimated in a two-step procedure. From a theoretical point of view these mod-
els can be classified as nonlinear combinations of univariate GARCH’s (see Bauwens et al.
[2006]). Since they can be estimated in two stages, they generally exhibit a greater computa-
tional tractability compared to models like VEC or BEKK and they also turn out to be more
flexible. This section presents a review of: the Constant Conditional Correlation (CCC-)
GARCH by Bollerslev (1990) Subsection 1.5.1); the Varying Correlation (VC-) GARCH in-
troduced in Tse and Tsui (2002) (Subsection 1.5.2); the Dynamic Conditional Correlation
(DCC-) GARCH introduced in Engle (2002) (Subsection 1.5.3), with a particular attention to
the related likelihood decomposition (Subsection 1.5.4) and to Aielli’s critique (Aielli [2013])
(Subsection 1.5.5).

1.5.1 Constant Conditional Correlation model

The ancestor of models for conditional correlations is the CCC-GARCH by Bollerslev (1990).
In order to model short-run nominal exchange rates the author suggests to split the condi-
tional covariance into multiplicative components determined by conditional standard devia-

tions, o1, ..., oNt, and correlations, I':



Chapter 1. Multivariate volatility models 24

H; = DiI'Dy, (1.49)
= diag(alt, caey UNt)-

As we can see from the definitions in (1.49), the correlation matrix I" is assumed to be
constant over time. The matrices H; are almost surely positive definite if and only if each of
the N conditional variances are well defined and I is in turn positive definite. To estimate

the standard deviations in D; univariate GARCH(1,1) models are used*?:

UZ-Qt = w; + 041'5@2,1&—1 + 51‘(7@'2,75—1- (1.50)

A very important topic that Bollerslev addresses in his paper is the likelihood decomposi-
tion (see also the next Subsection (1.5.4)) which has become a cornerstone in the following

literature, especially for computational reasons:

T
1
~3 Z; (ln|Ht\ +eH 1et> =
t=
. . (1.51)
Z D] — 5 37 (imlr] + mr ',
t=1 t 1

where 1, = D;'€; are the standardized residuals. In Equation (1.51) there is a first part
depending on the conditional volatilities alone, while the correlation parameters are included
only under the second summation operator: this feature allows to maximize the likelihood in
two steps. Moreover, due to the assumed constancy of the correlation matrix, the likelihood
optimization needs the inversion of only one matrix, I', instead of T" matrices, Hy, and this
is advantageous in case of very large sets of assets?®. Hereinafter we are going to discuss this

issue again. He and Terasvirta (2004) propose a generalization (Extended CCC-GARCH) of

24In general any GARCH(p, q) can be used
25 Actually Bollerslev further simplifies the likelihood by substituting I' with its sample counterpart
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Bollerslev’s model in which interactions between the conditional variances are allowed. In

other terms the relationship (1.50) in this case becomes:

N N
2 2 2
Ot = Wj + Z Oéj€j7t_1 + Z 6]'0']‘715_1 (152)
j=1 =1

and, hence, the conditional variance of any asset depends on the first lag of squared innova-

tions and conditional variances of all the assets considered in the portfolio.

1.5.2 Tse and Tsui’s Varying Correlation GARCH

The hypothesis that the conditional correlations are constant over time may be unrealistic
in most empirical cases, therefore generalizations of the CCC model in which the correlation
matrix is considered time-dependent have been proposed in the early 2000’s: we refer in
particular to the works of Tse and Tsui (2002) and Engle (2002), in which the constant
correlation matrix, I'; is replaced by a time-varying matrix, I't. As is known from standard
matrix algebra, in order to guarantee the positive definiteness of decomposed conditional
covariance matrices, H; = D"y Dy, it is sufficient that the elements of D; (that is hlll/ 152 = 0it)
are well defined and the I'y’s are in turn positive definite. The latter property can be ensured
under simple conditions on the parameters. On the other hand, compared to CCC-GARCH,
it is apparent that, when considering time-varying conditional correlations I'y, the advantage
of numerically simple estimation is lost because the correlation matrix has to be inverted for
every ¢ during each iteration (cf. the log-likelihood function in (1.51)).

In Tse and Tsui (2002) the demeaned returns €, € RV are assumed to have conditional

covariances of the following shape:
Hy = DDy (1.53)

where D; = diag(h}{? s h}\ﬁw) with conditional variances governed by GARCH specifica-

tions: hye = wi + » p_, Qin€, ;. + > aiphiit—n?® and Ty is a time-varying correlation

26 As a matter of fact, also different more complex GARCH specifications may be used
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matrix. If we consider the standardized residuals n, = D, e, the dynamics of the condi-

tional correlation matrices are described by the following iterative equation:

Iy = (1 — 01 — QQ)F + 601 + HQ\I/(nt_l, e nt_m)
01,00 >0 , 01 +6,<1

(1.54)

where U is a matrix function of the latest M standardized residuals and I' is a suitable
constant matrix?’. More precisely, the functional form adopted by Tse and Tsui (2002) for

¥ is such that the generic entry of the matrix is:

M
21:1 Nit—1M5,t—1
M M 2 1/2
D=1 M t—1 21 M5 t—1

Yijt = (1.55)

where it must be M > N for ¥; to be positive definite. Hence, if M > N and I', I'g and
U are positive definite, from (1.54) it derives that the generic I'; is positive definite as well.
The model proposed by Tse and Tsui (2002) is named Varying Correlation (VC-) GARCH.

1.5.3 Engle’s Dynamic Conditional Correlation (DCC) model

Engle (2002) introduces the Dynamic Conditional Correlation (DCC-) GARCH model. The

nucleus of this model is expressed by the following dynamic matrix process:

Qi=(ii —A-—B)OS+Aonm,+B06 Qi (1.56)

where ¢ is an N-dimensional vector of ones, A and B are symmetric parameter matrices
and S, according to the correlation targeting (see Subsection 1.3.7), is the unconditional

covariance of 7, or, alternatively, the unconditional correlation of €2®. In Ding and Engle

2'T" must be positive definite and have unit diagonal
281 ike in Subsection 1.5.2, the vector 1, denotes the standardized returns: n, = D; '€;; the same notation
is kept in the next sections
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(2001) it is shown that if A, B and (¢4 — A — B) are positive semidefinite, then also Q; will
be; further, @); is positive definite if any one of the matrices on the right of the equal sign
is positive definite. Although the process in (1.56) ensures positive definiteness, it does not

generally produce well defined correlation matrices. They can be obtained by rescaling ;:

Ri=(0Q) "?Q (IoQ) 2. (1.57)

The conditional variances are consequently obtained as in Equation (1.53): H; = DRy Dy,
where D, is as usual the diagonal matrix of the conditional standard deviations. However
the model in (1.56) needs a large number of parameters, also when the number of assets
is only moderately high. For this reason Engle (2002) proposes also a scalar version of the

specification in (1.56):

Qi = (1—a—B)S+anm; + BQ1. (1.58)

where a, 5 € R. The scalar version of DCC clearly simplifies the estimation procedure in
case of large N but at the same time usually turns out to be empirically unfounded: indeed,
forcing the dynamics of the comovements of many heterogenous assets to be described by
only two scalar parameters, « and 3, generally causes a great loss of information which

translates into inaccurate estimates and poor forecasting performances.

1.5.4 DCC and likelihood decomposition

Another essential issue Engle (2002) deals with is the likelihood decomposition (see also
Engle and Sheppard [2001]). Let the parameters in D; = diag(oy,...,ont) be denoted
by the vector € and the additional parameters in R; be denoted by ¢. We assume that
the conditional variances U?t are governed by univariate GARCH models. Then, assuming

multivariate normal innovations €;, the log-likelihood of a DCC model is obtained as follows:
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L(O,p) = — Z <N In 27 + In |Hy| + e;Htflet) . (1.59)

t=1

DN =

By using some algebra, the log-likelihood in (1.59) can be rearranged in the form:

L(0,¢) = — <N1n27r+21n|Dt| +e;D;1Dglet) v

| =

(1.60)

- I

<_77t77t +In |Ry| + mRZlm) =

N~

t=1

= L1(0) + L2(6, )

where the first part of the function (namely L1, in the first line of (1.60)) depends only on 6.
Engle and Sheppard (2001) show that under weak conditions the first-step estimation of 6,
obtained by maximizing L;, and the second-step estimation of ¢, obtained by maximizing
Lo conditional on 9, give consistent and asymptotically normal results?’. This feature of
DCC clearly makes it more computationally advantageous than other M-GARCHs for the

modeling of conditional covariance matrices (like VEC and BEKK, for istance).

1.5.5 Aielli’s critique and cDCC

Due to the possibility of two-step consistent estimation and to the presence of only two
scalar parameters a and 3, the scalar DCC model is very attractive because of its feasibility
also when N is high. Nevertheless, the computational easiness of parameter estimation in
Equation (1.58) also presumes the correlation targeting, that is the estimation of S by means

of the sample covariance of the estimated standardized returns, 7),:

S

1 &
S==) 0, (1.61)
=1

N

2*The authors claim that their proofs closely follow some related results presented in White (1996)
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However, as shown in Aielli (2013), taking the unconditional expected value of Equation

(1.58) does not return:

S = E(nyn;) (1.62)

unless E (Q;) = E(n,n;) = E (R;), which is not true in general. Thus, the assumption (1.61)
yields unconsistent estimates of (J; and, hence, of R; and H;. To solve this problem Aielli

(2013) proposes a corrected version (¢cDCC) of the specification in (1.58):

Qi=1-a-p)S+a(le Qz‘fl)l/2 771%1771,:—1 (Io Qt71)1/2 + BQi-1 (1.63)

where as usual [ is the identity matrix. The specification in (1.63) along with the assumption
in (1.61) produces consistent estimates but needs an identifying restriction: [S];; = 1 for every
i. Let us note that the correlation targeting may be avoided by using the alternative dynamic

equation (see for example Caporin and McAleer [2012]):

Qi = CC" + anmy + BQi-1 - (1.64)

where C' is upper triangular. Obviously with this specification the number of parameters

increases up to 2+ N(N —1)/2.

1.6 Some more recent contributions in DCC literature

More recently we have assisted to the development of a new trend in literature that aims to
overcome the strict assumptions of the scalar DCC model and to propose richer and more
flexible parametrizations. In this section we will examine some of these contributions: the Di-
agonal (D-) DCC (Cappiello, Engle and Sheppard [2006]) (Subsection 1.6.1); the Generalized
(G-) DCC (Hafner and Franses [2009]) (Subsection 1.6.2); the Rotated GARCH (RARCH)
and the Rotated DCC (RCC) (Noureldin, Shephard and Sheppard [2014]) (Subsection 1.6.3).
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1.6.1 Diagonal DCC

As is well known from empirical observations, volatility typically increases more after a
negative shock (for instance, news about a worsening of economic outlook) than after a
positive shock of the same strength (for example after a swift drop in oil price); further, the
effect of such shocks is different for different types of assets. Cappiello et al. (2006) remark
that these changes in volatilities cause subsequent changes in conditional covariances and
correlations. On this background they propose a diagonal version (previously introduced in
a manuscript of Sheppard [2002]) of the DCC model able to take into account the above-

mentioned asymmetric effects:

Qi =(Q—-A'QA—-BQB-G'NG) + A'n,_1m,_ A+

/ , , (1.65)
+ B Qt_lB + G nt_lntilG

where A, B and G are diagonal parameter matrices. The i-th vector element n; ;1 is set equal
to n;t—1 when 7n; ;1 < 0, while it is assumed null otherwise. The two expectation matrices Q
and N are replaced with their sample counterpart 7- 3", 7,7, and T~ > ;. Note that
in Equation (1.65) Q; is almost surely positive definite if (Q — A'QA — B QB — G'NQG) is.
The empirical application is carried out on 21 national equity and 13 national bond indices.
Relative to worldwide bond and stock indices, the authors find evidence of the superiority
of specifications with diagonal matrices compared to the scalar ones. The other interesting
result of their empirical application is that both stock and bond indices exhibit asymmetry
in conditional correlations, while there is strong evidence of asymmetric effects only in the
volatility of stock index returns. It is worth noting that, provided that the correlation
targeting is used, the specification (1.65) involves the estimation of 3N parameters (2N if
asymmetric effects are not considered): so the specification is definitely more flexible than

the scalar DCC, but the number of parameters increases linearly with the number of assets.
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1.6.2 Generalized DCC

Another more flexible version of DCC can be found in Hafner and Franses (2009) where it is
applied on 18 German and 25 UK stock returns. The authors name their model Generalized
(G-) DCC and find convincing evidence that it improves on the DCC model. In Hafner and
Franses’ specification the matrices associated with both the lagged standardized innovations
and the autoregressive term are built by outer self-product of two IN-dimensional vector
(where as usual N is the number of assets) so that they turn out to be rank one matrices.

More precisely, the proposed dynamic specification is:

Q= (1-a*— 32)@ +ad © 77#177;_1 +88 © Qi (1.66)

where a and B are N-dimensional vectors (so that the numbers of parameters raises up
to 2N) and @ = % Zf\il a; and B = % Zf\il B;. Since in many empirical applications the
parameters related to the innovations’ matrix are more variable across the assets than the
ones associated with the autoregressive term, Hafner and Franses (2009) suggest that, when
2N is still too large, the matrix 303’ can be replaced by a scalar. As an alternative, the
a;’s and the f3;’s may be pooled into sufficiently homogeneous clusters (for example based
upon a priori economic considerations or previous empirical findings). In Equation (20) the
authors use the matrix (1 —a? —BZ)@ because (ii/ —aa — ,8,6/) ® @ would not be in general
positive definite; on the contrary, provided that (g is positive definite, the specification in
(20) ensures the positive definiteness of Q); and, hence, of H;. Besides, note that in this case,

even though we assume E(Q;) = E(n,n;) = R, we will obtain:

(it — aa' — BB) /
12 ) © E(nym,) (1.67)

Q=

and, therefore, setting Q = 71 ZtT:l ﬁtﬁ/t leads to a biased and inconsistent estimate of the

intercept matrix. Despite this circumstance the authors employ the correlation targeting.
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1.6.3 Rotated ARCH and Rotated DCC

The main idea in Noureldin, Shephard and Sheppard (2014) is related to the orthogonal mod-
els (see Section 1.4) and consists in transforming the raw returns by rotations in order to fit
flexible multivariate models using the covariance targeting. However, unlike the O-GARCH,
in this paper the transformed returns are not assumed to be conditionally uncorrelated. They
propose two different specifications: the RARCH (Rotated ARCH) which is based upon a
BEKK-type parametrization; the RCC (Rotated DCC) that entails the application of the
DCC framework. One of the crucial elements of the model is that the unconditional variance
of the rotated residuals is equal to the identity matrix; indeed, the rotated residuals e; are

obtained as follows:

er=H e = PATV2P', (1.68)

where H = var(e;) with spectral decomposition H = PAP', where P is the orthogonal
matrix of the eigenvectors and A is the diagonal one of the eigenvalues. That being said, a

BEKK-type specification is applied:

Gy =(I—AA —BB') + Ae;_ie; A + BG,_B (1.69)

where G; = var(es|l;_1) is the rotated residuals’ conditional variance, E (G;) = I°° and
A and B are two conformable parameter matrices such that (I — AA" — BB') is positive
semidefinite. With these assumptions the positive definiteness of G; is easy to be ensured.
The model in (1.69) is covariance stationary if all the eigenvalues of (A ® A + B ® B) are
less than 1 in modulus (see Engle and Kroner [1995] and Subsection 1.3.6). In the article
in discussion some special cases are taken into account. The first one is a straightforward

scalar specification with A = 2T and B = 8Y/2]. In the second A and B are assumed

30 Cf. Equation 1.68
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1/2
g
special case the so-called persistence parameters are introduced?!:

to be diagonal with elements «; Bl/ 2 # 0 only when ¢ = j. In the context of this second

\j = a o1/ 1/2+51/2ﬁ1/2- (1.70)

(23

On the other hand, the authors define as smoothness parameters the 3,/ 1/2 ﬁ 1/2;

s alone. Setting
all the persistence parameters equal (that is A;; = A for each couple 1, ]) we have a third

special case (the common persistence or CP specification):

Gy=(1—-NI+Aei_1e;  — Gi_1)A + AGi (1.71)

with A diagonal and 0 < A < 1. The specification (1.71) is motivated by the empirical
observation that the persistences A;; are not so much heterogenous across assets while the
heterogeneity of the a;;’s and that of the S3;;’s seems to be inversely correlated®?. The CP
specification is rather parsimonious as it entails only N + 1 parameters: {\, a11,..., NN}
Once estimated the parameters of the RARCH specification, the conditional variance of the
72 , 72

In the case of the RCC model the same procedure applies to the standardized residuals
n, = D; 'e;, where as usual D; = dlag(hi{?, ...,h}\ﬁw) and h;; ~ GARCH(0,)33. Also in

this case Noureldin et al. (2014) decompose the unconditional variance of n,, II, to obtain

unrotated returns €; is coherently obtained as H; =

the rotated devolatilized residuals:

Il = PAP'
é, = PA™Y2pP'p, (1.72)

var(é;) = 1.

311n order to reahze why these parameters are defined that way, one just needs to notice that giix =
(1- — Bii) + i€l 1 + BiiGiii—1 and gije = %12/2&;]/261 t—1€5,4—1 + 6111 25 Gij,t—1

321n other terms, it is observed empirically that, while the a1/2 1/2’ and B;/Qﬂl/%s tend to vary across
assets, at the same time their sum tends to be somewhat costant

33The structure and the dimension of the parameter vector 8; will obviously depend on the type of thechosen

GARCH specification
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Hence, the dynamics of the conditional correlation matrices of the rotated standardized

residuals are modeled as follows:

Qf = —AA —BB')+ Aé,_1e, \A +BQ' B , Q5=1 (1.73)

where the QQf’s are the quast conditional correlation matrices, according to the classic Engle’s
DCC symbology (see Equation (1.56)). Then, the correlation matrices of the unrotated

standardized residuals is reconstructed wvia the following two steps:

Q: =PA'Y2P'Q: PAY2 P!
(1.74)
Re =(10 Q) 2QuI © Q) ™'/,
Applying the dynamic equation to the rotated residuals also avoids the inconsistence of
the correlation targeting because the intercept (I — AA" — BB') needs not be estimated
by a sample estimator. The paper ends with empirical applications that show the superior
predictive capability of RARCH and RCC compared to O-GARCH and GO-GARCH. Note

that the empirical applications are carried out on 10 assets.



Chapter 2

Models and methods for the
estimation and regularization of

high dimensional volatility matrices

2.1 Introduction

In the previous Chapter 1 the problem of the curse of dimensionality has been reminded
several times and has been recognized as the main hurdle in conveniently adapting the M-
GARCH scheme to large portfolios. As seen, many simplified versions of the original model
by Bollerslev, Engle and Wooldridge (1988) have been introduced, but they have often turned
out to be not completely satisfying: in many cases the imposed restrictions are too tight with
respect to empirical observations and economic notions, while sometimes even these simplified
specifications keep not being applicable when the number of assets exceed a certain limit.
For these reasons in the last years a specific line of research has been expressly dedicated to
find new methods of estimation which are feasible in case of large portfolios without causing
too big losses of information. In this chapter, without any presumption of completeness, we

want to offer a synthetic overlook of this recent current of literature along with a review

35
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of some contributions on a closely related issue which is the regularization of ill-defined
covariance and correlation matrices. Our attention to the latter topic is due to the fact that,
in Chapter 3, some of the regularization techniques that are here covered will represent the
key ingredients for the derivation of new flexible prediction methods for DCC models, which
is the main methodological contribution of this thesis. Consequently, this chapter is split
in two parts: the first one concerns some models and methods for the estimation of high
dimensional volatility matrices in the DCC framework (Section 2.2), while the second one
is about a few methods of regularization of covariance and correlation matrices and their

application to financial econometrics (Section 2.3).

2.2 Models and methods for the estimation of high dimen-

sional volatility matrices

This section deals with models and methods for the estimation of high dimensional volatility
matrices in the DCC framework (Engle [2002]) (see Section 1.5) and, in more detail, it
contains: a brief discussion of the so-called MacGyver estimator introduced by Engle (2009)
(Subsection 2.2.1); an illustration of the composite likelihood (CL) method of estimation
used in Engle, Shephard and Sheppard (2008) (Subsection 2.2.2); a presentation of Engle
and Kelly (2012) who introduce the dynamic equi-correlation model or, more simply, DECO
(Subsection 2.2.3); an assessment of composite-likelihood (CL-) DCC and DECO carried
out by Clements, Scott and Silvennoinen (2012) in which the two models are compared to
some simpler method for estimation and forecasting of large covariance matrices (Subsection
2.2.4); a presentation of a recent contribution by Bauwens, Grigoryeva and Ortega (2014)
in which the empirical performances of some parsimonious parametrizations of the DCC
model are assessed and where the estimation of the proposed models is carried out relying on
efficient constrained optimization techniques borrowed from the machine learning literature

(Subsection 2.2.5).
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2.2.1 MacGyver estimator

In Chapter 1 it has been seen that in the DCC framework the likelihood function can be
maximized in two steps by decomposing it in a first part relative to the estimation of volatility
parameters and a second part relative to conditional correlation ones. The segment involved

in the estimation of the dynamic parameters of the DCC model (see Equation (1.60)) is:

T
Ly=—3 " (IR + iRy ') 1)

t=1

whose maximization in case of large sets needs the computation of the determinant and,
especially, the inversion of T' big correlation matrices. We know that this may cause numerical
problems which are often insolvable. Besides, Engle and Sheppard (2001) point out that in
the DCC dynamic equation:

Q= (1—a—pB)S+anmn; + Qi1 (2.2)

the parameters a and [ regularly suffer from bias in finite sample when the problem size
N is large and the two-step likelihood maximization is used. In Engle (2009) the so-called
MacGyver estimation method is introduced in order to face this typical large-NV issues. The
MacGyver is meant to be used in the scalar DCC framework and is built upon bivariate DCC

estimations of conditional correlations p;j;:

qijt
(Qiitijt)1/2 (2'3)
Gijt = (1 — = B)q;; + amunjt + Bgiji—1-

Pijt =

Therefore, the explicit formulation of the pairwise likelihood is:



Chapter 2. High dimensional volatility matrices 38

2 1- p?jt

T 2 2

1 Mg + M — 2pigenice

Loij=—5) (111(1 = Pij) ) (2.4)
t=1

which is clearly easy to be numerically maximized. The numerical optimization of the like-
lihood in (2.4) for each pair of assets yields N(N — 1)/2 couples of estimated parameters
(Gij, Bz’j)% these couples are then blended together by means of a suitable function. More
precisely, in the cited paper the author uses and compares three blending functions: mean,
5%-trimmed mean and median, and two types of likelihood: the ordinary unrestricted like-
lihood and a constrained version in which the parameters are forced to be €]0, 1] based on

the following modified specification:

e eb

m(mmﬁ — ;) + = (Qijt—1 — qjj)- (2.5)

Qijt = qij + 1+ ob P

The finite sample properties of the MacGyver method are assessed by means of a Monte
Carlo experiment with different problem size whose net result is that the smallest root mean
square errors and biases are generally achieved by using the median. The consistency of the
MacGyver estimation is easily established when T — oo, given that the bivariate estimates

are consistent themselves under standard regularity assumptions.

2.2.2 Composite likelihood estimation and DCC

The composite (quasi) likelihood estimator for the parameters of DCC models has been
introduced in Engle, Shephard and Sheppard (2008). The method has been proposed in order
to address the bias problem caused by the two-step quasi likelihood estimation (see Equation
(1.60)) and to make the likelihood decomposition plausible for large portfolios. Let us denote
the vectors of return residuals by €1, ..., €y, with T the time length of the considered sample
and €, € RY. The standard inference method is based on the maximization of a Gaussian

likelihood function:
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T

1 1.,
In L(p; €1, ..., €7) X Z <2|Ht| - 5eth 1€t> (2.6)
t=1

where ¢ is the vector of parameters varying in the parameter space ®. The authors point out
that every matrix inversion in (2.6) has a computation complexity of order O(N?) for each
likelihood evaluation. Furthermore, the parameter space @ is typically large, so the numerical
difficulties get harder. As is known, the covariance (or correlation) targeting consists of a first
step in which a moment estimator is used for the nuisance parameters', say A, and of a sec-
ond one in which the dynamic parameters of interest, say 6, are estimated; the second-stage
maximization problem consequently becomes: max In L(6; X €l er). However, when N
and the dimension of A are large, the two-step procedure may yield an estimated @ far from
its true value: this is a general statistical problem, the so-called incidental parameter prob-
lem, that was discussed for the first time in Neyman and Scott (1948). Engle et al. (2008)
carry out an empirical application on a set of N < 96 assets and 1" = 2516 observations by
fitting three different scalar models? and they show that the innovations’ coefficient dramat-
ically decreases as IN gets higher, disclosing an apparent bias in the estimation based on the
marginal likelihood. The composite likelihood method, instead, can overcome both the bias
and the numerical problem. It is based on summing up the quasi likelihood functions of the

data subsets built with every distinct pair of the considered assets:

N(N —1)

i ={yu -y} , K= 5

/

Y1, = (e1e, €2t)
Yor = (€10, €30) (2.7)

!/

Yt = (EN—11,€N )

In the paper in discussion the nuisance parameters refer to the entries of the long-run covariance (or
correlation) included in the intercept of the dynamic equation of the model
2The used specification are a scalar version of BEKK, the EWMA and the scalar DCC
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or, alternatively, with all the contiguous overlapping pairs:

Yi={vy-¥Yxi} » K=N-1

!
Y1 = (€11, €2t)
!

Yor = (€2t7 €3t)

(2.8)
Y11= (eN—2p en—14)
Yrer = (en—1e6nt) -
The composite likelihood function is, for each period ¢:
| K
Ci(p) = T Z;M(‘P)
1=
(2.9)

1 1,
lit(p) o —5111 |Hjt| — §yitHit1yit

Hip = var(y| ;1)

The composite likelihood estimator has the advantage that there is no need to invert large
covariance matrices* because it involves the inversion of a 2 x 2 matrix at a time; besides,
it does not yield the incidental parameter problem. The underlying assumption is obviously
that each pair’s composite likelihood is a function only of that pair’s nuisance parameters,
lis(p) = 11(60,A;): this allows to estimate A; basing upon y,;, ..., y;7 which causes a loss
of efficiency but not bias. On the other hand, a related issue is the overlapping of some
components of vectors Ay, ..., Ax: this pitfall can be eluded by choosing separated subsets,
{(e1t, €2t), (€3, €at), ..., (eN—1,1t, €Nt) }, (with an additional computational simplification but

with a certain loss of information about the target parameters) or by imposing equality

3In theory the composite likelihood may be built with each kind of subsets, separated or not and of different
dimension, but we refer to the choice made in Engle et al. (2008) for their empirical exercise

“The computational complexity order of the estimator is O(N?) in the case of scheme (2.7) and O(N) in
the case of scheme (2.8)
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constraints across the A;. However, in the cited paper the pairwise nuisance parameters are
assumed to be variation free (i.e. no cross constraint in the case of overlapping subsets). In

a general formulation the problem looks as follows®:

) 1 L &E .
0= argmaX? Z ; Lt (0, ;)

(2] —
= (2.10)

T
st A\ Zgz't(e,&») =0
t=1

where g;; is a suitable moment function. The statistical performances of the estimator are
evaluated with a Monte Carlo experiment on a DCC scalar model in which it is shown that,
as N increases, the composite likelihood method outperforms the classical quasi likelihood as
regards the bias of the innovations’ coefficient but not that of the autoregressive parameter;
the performance of the composite likelihood built with each distinct pair of assets and the
one built with the contiguous ones show analogous results, with a dramatic reduction of the
estimation time in the latter case. The paper ends with an application of the composite
likelihood estimator to a set of N < 96 assets (95 stocks plus a market index) and 7' = 2516
observations by fitting three different scalar models (scalar BEKK, EWMA and scalar DCC);
the comparisons are made via an out-of-sample hedging exercise on the last one third of the
sample. The application shows that, compared to the classical quasi likelihood estimator, the
composite likelihood guarantees stability in the estimation of the parameters when N gets
higher, so overcoming the bias problem, while the results of the Giacomini-White test (see
Giacomini and White [2006]) ensure that the difference between the forecasts are significative
for more than a half of the stocks. Furthermore, it is worth noting that the conditional
correlations estimated with the composite likelihood are much more time-variable than the

ones estimated with the classical method, which are almost constant throughout the period.

°In the second line of (2.10) the symbol 0 may represent a scalar, a vector or a matrix according to the
structure of gi:
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2.2.3 Dynamic Equicorrelation model

Factor models (see Section 1.4) can be a good solution to overcome the curse of dimensional-
ity because they can model conditional correlations of large sets by using a very small number
of factors. Further, they are generally efficient under the hypothesis of correct specification.
Nevertheless, they impose stringent structures and this may cause misspecification; besides
it is not always clear which and how many factors have to be employed. On the other hand,
the composite likelihood (CL) method applied to the estimation of DCC specifications allows
for more generality because different parameters are estimated for each pair of assets (see
Section 2.2.2), but yields less efficient estimators given that little information is included in
each likelihood function. Engle and Kelly (2012) propose a new estimator which explicitly
bodes to be a solution to this tradeoff between the generality of CL-DCC and the efficiency of
factor models: the dynamic equicorrelation (DECO) model. The crucial hypothesis is that all
pairwise conditional correlations are equal in each period of time. This is an assumption that
is sometimes pragmatically made in many areas of finance and economics. Equicorrelated
matrices have an easy analytic formulation of their determinants and inverses, so likelihood
computation and maximization is extremely simplified. Also, a bit of structure may be intro-
duced into the system by blocking together (Block DECO) similar assets (for example those
belonging to the same industry) and then obtaining determinants and inverses of the blocked
correlations or, rather, applying to them the composite likelihood method. An interesting
feature of DECO is that it can provide consistent estimates even when the equicorrelation
assumption is irrealistic: more precisely the authors prove that, if DCC is consistent, DECO

and Block DECO are consistent as well. The equicorrelation matrix is defined as:

where I usually denotes the N x NN identity matrix, while J is an N x N matrix of ones. It

can be shown that:
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_ 1 Pt
R 1o ptI C(1-p)(1—(N - 1)pt)J (2.12)

[Re| = (1= p)V 11— (N = 1)py)).

R, is positive definite if and only if p; €] — 1[, in which interval the inverse surely exists.

N i
A random vector of return residuals €; follows a DECO model when var(e;|l;—1) = DRy Dy,
where, as usual, D; is the diagonal matrix of conditional standard deviations (modeled by
GARCH specifications) and Ry is defined by Equation (2.11). Under weak conditions of
regularity the usual two-step quasi maximum likelihood estimator is consistent. Also, Engle
and Kelly (2012) prove the asymptotic normality of the estimator as a conjecture deriving
from a White’s theorem (White [1996]), pointing out that a rigorous analysis of asymptotic
theory for M-GARCH is still a broadly unanswered question. The starting point in developing

the DECO model is the consistent DCC specification proposed by Aielli (2013)°:

Qi=(1-a-p)S+a(l©Q: 1) Mi— 1"7t 11O Q1) /2+5Qt71
RPC=(T0Qu1) PQIoQ 1) (2.13)

nt D th,

then the model is fulfilled by the following system of dynamic equations:

RDECO (1 _ ,Ot)I 4 th

¢ RDCC; N) (2.14)

Pt:m(

where i denotes a N-dimensional vector of ones”. Stationarity and positive definiteness are

ensured by the usual assumptions: .S is positive definite; a4+ 8 < 1; , 8 > 0. It can be easily

5See also Subsection 1.5.5
"Note that the last equation in (2.14) is nothing but the grand mean of all the scalar DCC conditional
correlations
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shown that the second-step likelihood segment takes the following shape:

LDECO — In ([1— p V7ML — (N = 1)pe]) +

1 N p N 2
A2 t A
e e (o)

N[ =
E

o~
Il
,_.

(2.15)

|
el
(]~

o~
Il

1

that does not need any numerical computation of determinants and inverses. One of the
differences between DCC and DECO that the authors stress is the ability of the DECO
model to exploit pooled information as the conditional equicorrelation absorbs all pairs of
assets’ history: p; = m ZD]. WS, According to the authors, this pooling abil-
ity is the reason behind the globally better estimation performance of DECO compared to
DCC, proved by their numerical experiments. Furthermore, in the paper in discussion it is
asserted that, under high-level regularity conditions, DECO provides consistent estimates of
the DCC parameters when DCC is the true model, even if the equicorrelation assumption is
violated: this is DECO’s winning card when the portfolio dimension exceeds certain orders
of magnitude, so making the DCC model infeasible. The flexibility of DECO is particularly
significant when the model takes a block structure, for example when assets belonging to the

same industry are gathered together. In this case the equicorrelation matrix becomes:

(1 - Pllt)Inl e 0 PlltJnl e plktJm xnk (216)
Ry

Il
+

0 co (1= prke) In, PiktInyxng 0 Prktdng

where k is the number of blocks and ny 4+ ... + np = N. Nevertheless, when the number
of blocks is greater than two the analytic calculation of inverses and determinants becomes

untractable and so the structure needs to be forced to be diagonal: p,,;; = 0, VI # m. On

8This expression of p; is equivalent to the formulation in (2.14)
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the other hand, an interesting solution to the non-diagonal case is the composite likelihood’
applied to the subsets consisting of all the pairs of blocks. Indeed, in case of two-block
models analytic expressions of determinants and inverses remain quite simple'® and this
further simplifies the use of the CL procedure. As regards numerical experiments, Monte

1is poor when the data generating process

Carlo simulations show that the DCC performance
is of DECO-type (equicorrelation); when the data are instead generated by DCC the DECO

model seems to be consistent as T' — oo, so confirming the theoretical claims of the authors.

2.2.4 An empirical evaluation of CL-DCC and DECO

In Clements, Scott and Silvennoinen (2012) an assessment of composite likelihood (CL-)
DCC (see Subsection (2.2.2)) and DECO (see Subsection 2.2.3) is carried out. The two
models are compared to some simpler methods for the estimation and forecasting of large
covariance matrices and the tool utilized for evaluation is the out-of-sample volatility of
minimum variance portfolios. The econometric exercise is applied to a selection of 200
stocks contained in the Standard&Poor1500 index, daily observed from 1994 to 2009 for
4029 global observations: the first 2000 days are used as estimation sample, whereas the
last 2029 constitute the out-of-sample interval. A minimum variance portfolio is built for

each out-of-sample period by solving the classic portfolio problem min w;HLtwt under the
wy
constraint w;i =1, where ¢ is a vector of ones and H;; is the conditional covariance matrix
generated from a generic model [ (see Engle and Colacito [2006]). As is known from basic
. . R & f . . .
portfolio theory, the algebraic solution is w; = P Before weight computation, univariate
ot
volatilities are modeled with GJR-GARCH(1,1) specifications (see Glosten, Jagannathan and

Runkle [1993)):

hit = w; + Oézf?,t_1 +0i L1 6,27,5_1 + Bihit—1 (2.17)

9See again Subsection 2.2.2

0For the sake of conciseness these expressions are not reported; however, they can be obviously found in
the original article

" The estimation of the DCC specification is carried out with the composite likelihood
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where €;; denotes the i-th series of demeaned returns, with w; > 0, o; +9;/2 > 0, 8; > 0
and o; + 6;/2 + ; < 1. The variable I;;; is an indicator function which is equal to 1

when €;;1 < 0 and 0 otherwise!2.

The signficance of §; is tested and the parameter is
omitted when its significance is rejected (at the 5% level). The volatility series obtained
from (2.17) are as usual employed to standardize the returns: n;; = €;/ hgt/ 2 The second
step of the evaluation exercise in Clements et al. (2012) is the estimation of CL-DCC and
DECO in order to compute one-step-ahead forecasts of covariance matrices on the out-of-
sample period'®. Two estimation strategies are employed: the first one involves a one-shot
parameter estimation only on the first 2000 data (fixed-window approach), while the second
is carried out by re-estimating the parameters at each period 2000 + ¢ (¢t = 1,...,2029) on
all the previous observations (expanding-window approach). The predicted covariances are
then utilized to construct the series of minimum variance portfolios according to the above

reminded analytic solution. Moreover, alternative predicted covariance matrices are derived

from simpler methods, namely a simple moving average (SMA)“:

1< :
i = . Z’"lt—j’?t—j? (2.18)
j=1

an exponentially-weighted moving average (EWMA) from Fleming, Kirby and Ostdiek (2001)

(see also Subsection 1.3.1):

ewma _ o~ Qewma

¢ T aeT My s (2.19)

a mixed data sampling specification (MIDAS) introduced by Ghysels, Santa-Clara and Valka-
nov (2006):

12The model (2.17) has been proposed by Glosten et al. (1993) in order to model the empirical finding of
higher impacts of negativity shocks on volatility

13In both cases a cDCC model (see Equation (1.63)) with only two scalar parameters has been used; the
CL-DCC estimation has been carried out on all the unique pairs of stocks

41n Equation (2.18) the m,’s are the vectors built with the components 7, that is the standardized
demeaned returns as previously mentioned

15Q is the unconditional covariance matrix of vectors 7,
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Q" =Q+ ¢ Z Hj'rlt—jn;fj' (2.20)
j=1

In the previous model equations the authors set 7 = 252 and a = 2/(7 + 1); the weights 6;
are computed using the Beta function with parameters (1,0.98)'¢ and then normalized, while
¢ is estimated. After having estimated the series Q{™¢, Q™ and Q9%% the covariance

matrices are obtained in the usual way used for dynamic conditional correlation models'”:

A N -1/2 N\ —1/2
R’ =(10Q]) "ai(100)
Dy = diag(h}]?, ..., hy}).

The different models are assessed in terms of minimum portfolio variances for various problem
size: N = 5,10,50,100,200. The evaluation is enriched by applying the model confidence
set (MCS) procedure by Hansen, Lunde and Nason (2011) with loss function L(H/) =
wg*/Hg w{*. The MCS is an iterative procedure of elimination of the significantly worst
models from the set and is based upon the null Hy : E(L(H]) — L(HF)) = E(dji) = 0.
The procedure entails the comparison of all the pairs of models in the set and continues
until failure to reject Hy. The test statistic is computed from the sample values and has a

standard normal distribution:

(2.22)

where ajk and se(d;) are the sample mean and sample standard error of d;i:. The empirical
results show a global superiority of the simpler method of estimation and forecasting, also
when the out-of-sample interval is split into high and low volatility subperiods and basically

for every size N, although the difference between performances tends to increase for high

6See, among others, Andrews, Askey and Roy (1999, chapter 1) about the features of the Beta function
"Tn equation (2.21), and on in the subsection, the superscripts j and k stand for two generic types of model
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N (100 and 200); further, DECO globally outperforms CL-DCC and there is no substan-
tial difference between the fixed-window and the expanding-window estimation strategies.
Nevertheless, it is worth noting that the weights computed based on the simpler models are
more variable than those based on DECO and, especially, on CL-DCC and this is an impor-
tant practical shortcoming of SMA, EWMA and MIDAS because of the economic costs that

portfolio reallocation has in practice.

2.2.5 Estimation of richly parameterized DCC models

In a recent paper Bauwens, Grigoryeva and Ortega (2014) have introduced a new method
to estimate richly parameterized DCC models. The method consists in an algorithm based
upon a procedure involving Bregman matrix divergences (see Bregman [1967]); it can solve
likelihood maximization problems handling a high number of parameters and, simultane-
ously, non-linear stationarity and positivity constraints. The Bregman matrix divergence is

a measure defined as follows!8:19:

do(X,Y) = p(X) = p(Y) + trace[(Ve(Y)) (X = V)] (2.23)

where X and Y are two N x N symmetric matrices, ¢ : RV — R is a convex and
differentiable function and V denotes the gradient operator. The Bregman measure includes
different type of metrics according to the choice of . In the cited paper the authors use a

special case called Stein’s loss (see James and Stein [1961]):

dstein(X,Y) = trace(XY 1) = In| XY} - N. (2.24)

As is shown in the article, Bregman divergences are particularly appropriate in optimization

when dealing with positive (semi)definiteness constraints. The econometric specification

18 Cf. the equivalent formulation in Equation (3.5)
The trace of a square matrix A is the sum of its diagonal elements: Y I | [Al;; (see Lutkpohl [1996], p.41)
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which the procedure is applied to is the most general version of Engle’s DCC (see Equation
(1.56)):

Q=(ii —A-B)0Q+AOn_m_+BOQi 1. (2.25)

The intercept @ is obtaneid via the correlation targeting, while the parameter matrices take
on different structure: A and B are alternatively assumed to be full rank, rank two and
rank one?’. In case of full rank parameter matrices, the model corresponds with the more
general specification introduced in Ding and Engle (2001) and Engle (2002) in which the
overall number of parameters is N(N 4 1). It has been already stressed in Chapter 1 that a
sufficient condition for such a model to yield positive definite covariance matrices is that A
and B are positive semidefinite and (’L"i/ — A— B)®Q is positive definite. Further, a sufficient

condition for stationarity, that is:

E(Q¢) = @ where every entry of Q is constant and finite, (2.26)

is |as; + bij| < 1,Vi,j € {1,...,N}. The full rank version of the model is the more flexible
form but it is practically unfeasible when the dimension of portfolio N is large, as long as
ordinary numeric optimization method are used. On the other hand, the algorithm proposed
in Bauwens et al. (2014) can overcome this complication and reach convergence in the
constrainted maximization of the likelihood function. A computationally feasible alternative
is to work with reduced rank matrices. The rank one matrices are built as outer self-products
of two vectors, A = aa and B = bb': in one case @ and b are two RV-vectors having
independent components, for a total number of 2N parameters; instead, in the other case,
they are defined by using an Almon function (see Almon [1965]), that is their generic i-th
element is of type v + exp(vgi + v3i%): in other words, the Almon operator (: R? = RY)
shifts a 3-component vector into an N-component one. Therefore, when using the Almon

function there will be only 6 parameters to be estimated, say (a1, ag, a3) and (1, 52, B3), and

2035 regards the rank one specification ¢f. Equation describing the G-DCC by Hafner and Franses (2009)
(Subsection 1.6.2)
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for this reason the so-called Almon DCC turns out to be very parsimonious and a natural
competitor of the scalar specification. It is also noteworthy that the Almon specification is
a novel contribution introduced by Bauwens et al. (2014) in the DCC literature. In case of
rank one parameter matrices with A = aa’ and B = bb the positive definiteness constraints
reduce to the positive definiteness of (ii/ — A — B) ® Q, while the stationarity is ensured
by |a;a; + bibj| <1, Vi,j € {1,...,N}. The authors also use two (necessary) identification
constraints: a; > 0, by > 0. All these constraints remain virtually valid also in case of use
of the Almon function, with the only difference that in this case each one of the vectors a
and b is built with only 3 parameters. The rank two parameter matrices are obtained by the
self-product of two matrices, A = AA" and B = BB’, where the matrices denoted by the
tilde belong to the space RV*2 and are of the following type?!:

_Ul 0 _
V2 UN+1
(2.27)
|UN V2N -1 |

Therefore any parameter matrix of the rank two specification is defined by a vector with
2N —1 components, so the model needs a total amount of 4N — 2 parameters. The conditions
for stationarity are Zizl | a + Ezkéjk\ <1, Vi,je{l,.., N}, while the condition for the
positive definiteness is guaranteed by the positive definiteness of (ii/ — AA — BB/) ®oQ
provided that the starting pseudo-correlation ()¢ is positive semidefinite. Furthermore, the
identification constraints are in this case a; > 0, ay+1 > 0, by > 0 and by4q > 0. The
different parametrizations are tested in an empirical study involving daily closing prices of
the thirty components included in the Dow Jones Industrial Average Index (DJIA) belonging
to two consecutive intervals, each of 3750 days (the first 3000 observations are used for
estimating the parameters, the residual 750 for an out-of-sample study). It is worth noting

that the residuals are obtained by preprocessing the raw data according to the capital asset

2n the discussed paper definitions and conditions for generic rank r parameter matrices are reported, but
here only the rank two case is presented as it is the only actually used in the empirical application along with
the rank one, the Almon specification and the full rank
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pricing model (CAPM) (i.e. a one-common-factor regression model with intercept). The
goodness of the various specifications is evaluated by using the model confidence set by
Hansen et al. (2011). In this extensive empirical study the authors find substantial evidence
that some of the proposed parametrizations are advantageous (more precisely the Almon and

the rank one models) compared to the classical scalar DCC.

2.3 Methods for the regularization of covariance and correla-

tion matrices

This section presents two techniques for regularizing sample covariance and correlation ma-
trices in case they are ill-conditioned or even singular. In more detail, the section contains: an
illustration of the shrinkage technique of estimation and regularization of sample covariance
matrices and of its applications in finance, based on the work of Ledoit and Wolf (2004a)
(Subsection 2.3.1); a presentation of two modified versions of the above mentioned shrinkage
technique introduced in Ledoit and Wolf (2003) and Ledoit and Wolf (2004b) in which the
choice of the so-called target matrix is different from that in Ledoit and Wolf (2004a) (Sub-
section 2.3.2); the discussion on an empirical application of shrinkage estimation techniques
to covariance targeting carried out by Hafner and Reznikova (2012) (Subsection 2.3.3); an
overview of an alternative technique of regularization, borrowed from the random matrix
theory (RMT), known as eigenvalue cleaning, introduced in econometrics by Laloux, Cizeau,
Bouchaud and Potters (1999) (Subsection 2.3.4); a summary of two applications in which
the eigenvalue cleaning is employed (Tola, Lillo, Gallegati and Mantegna [2008]; Hautsch,
Kyj and Oomen [2009]) (Subsection 2.3.5).

2.3.1 Shrinkage regularization of large covariance matrices

It is known from matrix algebra and mathematical statistics that, when the number of vari-

ables is not negligible compared to the number of observations, sample covariance matrices
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are typically not well-conditioned??. Further, when the sample length is not greater than the
number of variables the covariance matrix is not even invertible. Indeed, consider a random
vector ¢; € RV and the matrix X made up of T observations of &;; its mean and covariance

matrix are:

1
— —Xi
T . (2.28)

with ¢ an N-dimensional vector of ones and I an N X N identity matrix. From matrix algebra
it is known that rank(AB) < min[rank(A), rank(B)] and that a square matrix is invertible
only if it is full rank (see for example Magnus and Neudecker [2007], p.8)). In the matrix
(I— %ul) each of the columns can be obtained as a sum of the remaining ones multiplied by
—1 and so, when N > T, it is rank(S) < rank(I — %u/) =T — 1 and the N x N covariance
matrix S is singular. Ill-conditioned or even singular covariance matrices are often found
in practical applications. Ledoit and Wolf (2004a) introduce in econometrics the so-called
shrinkage, a method of regularization of ill-conditioned or singular sample covariances which
does not only yield well-conditioned but even more accurate estimated covariances than
the ordinary moment estimator does. The method is not new in mathematical statistics
and dates back to the classical work of James and Stein (1961). In its standard version,
the shrinkage estimator consists of a weighted average of the sample covariance and the
most simple structured covariance estimator?®: a rescaled identity matrix. The difficulty
the authors have to face is that the true optimal weight depends on the unobservable true
covariance, but this issue is solved by finding a consistent estimator of the weight (the so-
called shrinkage intensity) which makes the estimated shrinkage asymptotically equivalent
to the true one. The asymptotical results on the shrinkage and weight estimator are derived
under what the authors define general asymptotics, that is with both the number of variables,

N, and the number of sample observations, T', going to infinity, plus the additional constraint

22 A square matrix is ill-conditioned when its condition number (that is the ratio of the largest to smallest
singular value in the singular value decomposition) is too large: this means a determinant next to 0 and
numerical problems in inversion (see Gentle [2007], Chapter 6)

23The structured estimator used to shrink the matrix to be regularized is usually called target
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that the ratio N/T must remain bounded®?. The true shrinkage estimator is given by the

S

minimization of the squared Frobenius norm of the difference between the true

covariance, ¥ , and the shrinkage itself, >*:

min E(|=" - 2|)
2218

(2.29)
st. Y=aul+(1—a)S
whose optimal solutions are:
u* = trace(X)/N
. E(IS-x|) (2:30)

~ B(IS = prIl?)

The shrinkage must be interpreted as the optimal tradeoff between bias and variance in the

mean square error (MSE):

E(|2" = 3I") = E(|=" - EE)I?) + 1E(E") - 3| (2.31)

where the MSE is all bias when ¥* = I, while it is all variance when ¥* = S (provided
that E(S) = X). As previously mentioned (see Equations (2.30)), the true optimal weight
depends on the true latent covariance ¥ which is unknown and not observable. However,
Ledoit and Wolf (2004a) show under some general-asymptotics conditions that the solutions

can be consistently estimated as:

i = trace(S)/N

123 |z — S|? (2.32)
15 — A2

o=

24 General is counterposed to standard asymptotics that is characterized by T — oo and N fixed: under
standard asymptotics the sample covariance is asymptotically well defined
2*The Frobenius norm of a real-valued matrix A is equal to /trace(A’A) (see Lutkepohl [1996], p.103)
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where x ; denotes the i-th column of the data matrix X and, then, the estimated shrinkage

Y(fi, &) is a consistent (in quadratic mean and norm) estimator of the true shrinkage ¥* and

has the same asymptotic expected loss, that is for T — 00?6:

Hi—Z*H AN
R (2.33)
E|X = 3|?>-E||z* — 2|? — 0.

Through Monte Carlo simulations Ledoit and Wolf’s shrinkage is compared to other estima-
tors from finite sample decision theory (namely: the Haff estimator; the Stein-Haff estimator;
the Dey-Srinivasan-Stein estimator) and it turns out to be the one with the bigger percentage
gain in expected loss compared to that of the sample covariance under fixed values of N/T,
NT and eigenvalue dispersion of the true covariance. Moreover, the shrinkage estimator
shows the best performances also when the mentioned parameters (N/T and NT') are let
to vary?’. The asymptotic theory developed by the authors approximates finite sample be-
haviour well as soon as N and T become of the order of 20. Surprisingly, the Ledoit-and-Wolf
shrinkage is not only more accurate (that is with a smaller expected loss) than the sample
covariance but is even better conditioned than the true covariance matrix: its condition
number has the smaller growth when either the the ratio N/T or the eigenvalue dispersion
increases and converges quickly (to a smaller constant) when the product NT grows. It is
worth noting that the estimated shrunk covariance remains well defined and invertible even
when N > T.

2.3.2 Shrinkage with alternative targets

The same idea discussed in Subsection 2.3.1 is applied in Ledoit and Wolf (2003), where this
time the target is not the identity matrix but the covariance deriving from a single-factor

model:

26 A series of random variables X, converges in quadratic mean to a random variable X (X, — X am, 0) if
E(X?) < +00 and limy, 0o E(X,, — X) = 0 (see Rohatgi and Ehsanes Saleh [2001], p.263)
2"Tn more detail, N/T is allowed to change from 4/200 up to 200/4 while NT from 3 x 6 up to 40 x 80
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T =a+ Bft + e

) (2.34)
var(x,) = ¥ = UJ%,B,B +A

where f; is the factor (a broad-based market index) with variance O'ch and A = var(e;) =
diag(dy,...,dn) (residuals assumed to be uncorrelated). The model defined by Equations
(2.34) can be estimated via a linear regression and O'j% by its sample counterpart. Also in
this case the basic intuition is that the sample covariance matrix S has a lot of estimation
error though it is consistent, whereas the covariance ¥ (and hence its least squares estimator
\if) has a lower estimation error but it is biased due to a stringent structure assumption: in
the wake of Stein (1956) and following literature, Ledoit and Wolf (2003) assert that there
will be an optimal point between these two extremes and this validates the use of a suitable
linear combination of them. In this case the asymptotic framework is standard: T — oo
and N fixed. The optimal shrinkage intensity is obtained by minimizing the expected loss
E[||a¥ + (1 — a)S — X||?], where X denotes the true latent covariance matrix. In the paper

in discussion it is shown that the true optimal shrinkage intensity asymptotically is :

1 _
ot = JW Py oa/r?

T
= ZZavar(\/Tsij)

%

p = Z Z acov(\/TSij, \/Tl/;m)
v = ZZ(%] — 0ij)

(2.35)

with O(1/T?) negligible infinitesimal and where avar and acov denote the asymptotical vari-
ance and covariance. The shrinkage intensity a* in (2.35) asymptotically vanishes as 1/7T

and depends on unobservables (namely on the couples (t;;,04;))*, but Ledoit and Wolf

28 According to the definition used by the authors, it is not a bona fide estimator
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(2003) obtain a consistent estimator of it??. The shrinkage-to-market estimator is tested on

a problem of portfolio selection (Markowitz [1952]):

min w Yw
w (2.36)

!

st (wi=1)N(wp=q)

where as usual g and ¥ are the mean and the covariance of a random vector of returns, ¢ is a
vector of ones and q is a scalar constant. The solution to the portfolio problem depends on the
inverse of the (estimated) covariance X, hence it needs to be invertible and well conditioned.
The application is carried out on monthly returns of a big basket of stocks (N =~ 1000)3
assuming re-estimation intervals much smaller than N (7" = 120) and portfolio updates on
every August. The shrunk-to-market covariance is checked on its out-of-sample performance
and is compared to some competing estimators: identity matrix, constant correlation, pseudo-
inverse, Sharpe’s model, k-factor model, principal component analysis, shrinkage to identity
(see Equation (2.29)). In the application the shrinkage-to-market estimator is the one that
performs better in terms of out-of-sample portfolio standard deviation in the case of both
unconstrained and constrained global return (¢ in the problem (2.36)).

Another application of the shrinkage approach to portfolio optimization is carrried out in
Ledoit and Wolf (2004b). In this case the shrinkage is obtained by linearly combining the
sample covariance matrix with a constant-correlation covariance. The analytic formulation

of the problem in this case is:

. !
min x Xx
xr

st. T o >g (2.37)
rz1=0

—wp <x<ct—wpg

29Gee the article for the analytic expression
39The number of considered stocks changes throughout the period of observation 1972 — 1994
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where wp are the weights of a chosen benchmark portfolio while & represents the deviations
of the weights of the chosen allocation relative to the benchmark; further, a is the vector
of the expected extra-returns (compared to those of the benchmark), ¢ is the minimum
performance level and c is the biggest allowed position in each stock. The two quantities to
be estimated are o and X3! . This time the shrinkage is obtained as a linear combination of
the sample covariance matrix S = [s;;] and a constant-correlation covariance F' = [f;;] which
is defined as follows:

£y = Sij it i = (238)

F(sisi) /% if i

where:

9 1,...,.N
F= Tij (2.39)
N(N —1) zq: “

and where the r;;’s are the sample correlations. Hence, the shrinkage estimator is S =
0F 4+ (1—4)S. The optimal shrinkage intensity ¢ is computed on the same theoretical results
obtained in Ledoit and Wolf (2003) and its analytic expression is provided in the appendix

of their paper3?.

Also in this case an application on monthly data (taking into account
different cross-section sizes) shows the superiority of portfolio management based on the

shrinkage rather than the widely used sample covariance.

2.3.3 Shrinkage regularization in covariance targeting

In Hafner and Reznikova (2012) the bias affecting the quasi maximum likelihood estimator
in case of application to DCC and large portfolios (see Subsection 2.2.2) is ascribed to the
ill-conditioning of the sample covariance matrix used in the covariance targeting. As is

known, there are two main problems related to the classic DCC estimation. The first is

31The estimation of the extra-returns is explicitly kept out from the purposes of the article
32We refer to the article for the technical details
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the inconsistency due to the original formulation of the dynamic equation based upon the
incorrect assumption: S = F(n,n;). As we have seen in Chapter 1, Aielli (2013) addresses

this problem by correcting Engle’s original dynamic specification as follows (¢cDCC):

—(l—a=B)S+a(loQ )" *n_im_ I6Q1)"*+BQ:i

1 " (2.40)
Z 160Q)"nm, (1 Q)

The second problem is the bias associated with the estimates of the dynamic parameters
« and  when the cross-section size is large and the likelihood decomposition is used in
the estimation (see Engle and Sheppard [2001]). This second issue is solved in Engle et
al. (2008) with the introduction of the composite likelihood (see Subsection 2.2.2). Hence,
combining the composite likelihood method and the corrected DCC of Aielli one can ob-
tain consistent estimates of both the intercept and the dynamic parameters. Nevertheless,
the composite likelihood is not efficient because of the partial use of information due to
subsampling. In the article in discussion Hafner and Reznikova (2012) claim that the bias
of the dynamic parameters is caused by ill-conditioned sample matrices employed in co-
variance targeting. Consequently they propose to use the shrinkage technique (Ledoit and
Wolf [2003], [2004a], [2004b]) in order to numerically regularize such sample covariances (see
Subections 2.3.1 and 2.3.2). The estimated shrinkage intensity associated to the target ma-
trix (Equations (2.32) and (2.35)) decreases as 1/7" with each one of the three versions of
the shrinkage estimators, so it practically vanishes for large T" and Ledoit and Wolf’s esti-
mators become asymptotically equivalent to the efficient ordinary MLE. The authors run a
numerical experiment with differently sized portfolios (N = 5,10,100,200) and time spans
(T = 100, 250, 500, 1000, 2000). The data are simulated on the basis of N univariate GARCH
models (w; = 0.01, a; = 0.05, 3; = 0.9) plus, alternatively, a DCC and an Aielli’s cDCC with
a = 0.05,6 = 0.93. Then, eight parametric models are used in the estimation: plain DCC
and cDCC; DCC and cDCC with shrinkage respectively to identity matrix, to single-factor
model and to equicorrelated covariance. Further, the no-shrinkage versions of DCC and

c¢DCC are estimated with both the complete and the composite likelihood. In summary,
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the Monte Carlo experiment results show that the parameter bias of ordinary DCC gener-
ally grows as N increases; on the other hand the shrinkage-adjusted DCCs reach apparent
improvement in terms of bias, particularly for the « coefficient. As regards the root mean
square errors the shrinkage DCCs are substantially equivalent to the classic ones, while gains
compared to the composite likelihood DCC are observed when N is small. There is no signif-
icant global difference between Engle’s and Aielli’s specification; however, it is worth noting
that the improvements shown by the shrinkage-adjusted DCCs are less relevant when the
ordinary DCC is estimated with the composite likelihood. Furthermore, the numerical sim-
ulations illustrate how shrinkage intensities decreases toward zero as the sample dimension
T grows. The article ends with an empirical example carried out on stocks belonging to the
SE&P500 observed throughout a (short) sample (7" = 521), with different size of cross-sections
(N = 5,10,25,50,75,100). The returns are previously cleaned by employing AR specifica-
tions and then the various models seen above are applied to them. The ordinary DCC and
cDCC specifications show the typical bias problems?? which are instead overcome by the
composite likelihood estimator and, to a minor extent, by the various shrinkage-adjusted
DCCs. Like in the simulation, the shrinkage intensity decreases as the cross-sectional dimen-
sion grows. The conditional correlations are almost constant when estimated with the classic
DCC, while the more variable are the ones derived from the composite likelihood DCC; the
shrinkage DCCs show a halfway situation.

2.3.4 Eigenvalue cleaning

In Sections 2.3.1, 2.3.2 and 2.3.3 the shrinkage regularization technique and its use in fi-
nancial econometrics have been discussed. However, other regularization procedures exist in
mathematical statistics and algebra. One of these alternative techniques has been developed
starting from random matrix theory (RMT) and has been applied in financial econometrics
by Laloux, Cizeau, Bouchaud and Potters (1999): it is called eigenvalue cleaning. Empiri-
cal correlation matrices usually contain measurement noise which generally increases as the

ratio of observations to number of time series, T/N, gets smaller. On the other hand, in

33More precisily, in this context the bias is indirectly deduced from the strong decreasing tendency of o
and § when N gets higher
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econometric applications and asset management it is crucial to distinguish noise from signal
(i.e. true information). In order to do that, Laloux et al. (1999) suggest to compare the con-
sidered empirical correlation matrix to its pure-noise counterpart, that is the one obtained
from finite strictly independent time series: deviations from this random matrix case can
detect the presence of true information. In the article the empirical correlation matrix C is

assumed to be constructed from the demeaned time series of returns:

1
C==MM (2.41)

where M is the N x T data matrix. In case of independent and identically distributed matrix
entries, M becomes a so-called random Wishart matrix whose eigenvalue distribution, for

N — oo and T — oo with T/N = constant > 1, is (see for example Mehta [1995])34:

_ idn()‘> _ T\/()‘ - )‘mam)(A - Amin)

PN = N d\ 22N\
N IN (2.42)
mazx 2
1T — G2(] 4+ — 4+ 2/ =

where dn(\) naturally denotes the number of eigenvalues less than A, Ay, and A, are
respectively the minimum and maximum eigenvalue and o? is the global variance of the
N x T data matrix®®. A sample correlation will show more or less wide deviations from
the distribution in (2.42) and, as mentioned, these deviations from the random matrix case
should suggest the presence of true information (signal hypothesis). Basing on this theoretical
background, the authors carry out an empirical application on 1309 daily observations of
406 price series of S&P500 stocks (T/N = 3.22). They find that the empirical maximum
eigenvalue, ;\maz, is 25 times bigger than the theoretical A4z, showing that the pure-noise

hypothesis is incongruous. The empirical maximum eigenvalue is interpreted as the market

34The distribution shown in (2.42) is known as Marchenko-Pastur distribution
3352 can be set equal to 1 when considering the theoretical correlation matrix (rescaled data with zero mean
and unit volatility)
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signal and it is related to the common behaviour of the considered assets. Then, in order to
obtain a more reliable theoretical distribution, the contribution of Xmax to the overall variance
is subtracted: o2 =1 — )‘m—]\;” As many eigenvalues keep being larger than the theoretical
Amaz, this subtraction procedure is repeated until the best fitting is reached; in other terms,
o2 is treated as a tuning parameter. Practically, the discussed procedure is used to split
the empirical correlation matrix in a signal component, described by the eigenvalues laying
outside the adjusted theoretical distribution, and a purely random component, relative to the
eigenvalues well described by the adjusted theoretical distribution. The adjusted correlation
matrix is obtained by replacing the noise component of the empirical correlation with a
rescaled identity matrix, such that the trace is conserved, and is utilized in the empirical
application consisting in a classic Markowitz portfolio problem. The results show that the
estimate of future risks on optimized portfolios is substantially improved with the cleaned
correlation matrix and, on the other hand, that the plain sample correlation underestimate

the real risk.

2.3.5 Other applications of eigenvalue cleaning

An application of the theory described in Laloux et al. (1999) (Subsection 2.3.4) can be found
in Tola, Lillo, Gallegati and Mantegna (2008). The authors point out that the eigenvalues of a
sample correlation matrix of stock time series almost always can be divided into three classes:
the biggest one that is totally incompatible with the theoretical distribution in (2.42) and
that describes the common behaviour of all stocks (the so-called market signal); a certain
number of eigenvalues between the largest one and the theoretical A4, which probably
describe economic information different from the market signal; the remaining large part of
the eigenvalues between the theoretical A, and Ajpqq that are congruous with the theoretical
distribution in (2.42) and, therefore, come out from measurement noise. That being said,
the authors suggest to use the following algorithm in order to clean the correlation matrix
in the framework of global minimum variance portfolio: compute the sample correlation and
its eigenvalues \; < ... < An; set 02 = 1 — ’\WN in equation (2.42); find A and Ajpaq by
using the (2.42); build the filtered eigenvalue matrix by setting to zero all the eigenvalues

smaller than A,,4,; reconstruct the related filtered correlation by pre- and post-multiplying
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the filtered eigenvalue matrix by the original eigenvector one, forcing the diagonal elements
to be 1. The adjusted correlation will preserve only the information recognized as signal.
In the paper an empirical application is shown which presents a superior predictive ability
compared to the Markowitz basic estimation.

Another application of the eigenvalue cleaning is carried out in Hautsch, Kyj and Oomen
(2009). Working on high frequency data, they use the kernel estimator proposed in Barndorff-
Nielsen, Hansen, Lunde, and Shephard (2008) to estimate large block-wise realized covariance
matrices, where the assets are blocked together with respect to their trading frequencies.
These realized covariances are constructed upon a series of asset clusters whose prices are
observed with different sampling frequencies (the so-called refresh time samplings) so that
the global number of observations taken into account is larger for the more liquid set of
assets and gradually smaller for the more illiquid ones; by doing so, the authors claim gains
in efficiency (that is minimization of data loss) and, simultaneously, an adequate control of
the market microstructure noise (which tends to become larger as the sampling frequency
increases). Nevertheless, a built-by-blocks covariance may not be in general well defined, so
they exploit the random matrix theory findings presented in Laloux et al. (1999): hence, in
this case the regularization technique is not employed to filter out the noise but to obtain
instead positive definite and well conditioned matrices. The regularization is carried out on
the correlation matrices and the first algorithm step is the computation of the eigenvalue
decomposition of each realized correlation: R = QAQ,, where A is the diagonal matrix of
eigenvalues and Q the relative eigenvector matrix. The larger eigenvalue is then employed
to filter out the market signal and to adjust the distribution in Equations (2.42), in more
detail: A\pae = (1 — )‘mﬁ)(l + % + 2\/¥) Afterwards, the original eigenvalue structure A is

modified into A as follows:
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where ¢ is the following quantity:
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Y
Amaz “% (2.44)

5 trace R, — 2is
N — #(S\z > 5\maaz)

The symbol R, stands for the positive semidefinite projection of matrix R, that is the matrix
QAOQ’ where in A? all the \; < 0 are set equal to zero. The transformation in Equation
(2.44) ensures the positive definiteness of the recontructed A. The article in discussion is
integrated with an extensive numerical study devised to simulate the empirical features of
the S&P1500 universe, in which the block-wise realized kernel estimator shows significant
improvements compared to the plain realized kernel by Barndorff-Nielsen et al. (2008),
especially in case of high dimensions and heterogeneous observation frequencies of assets.
Furthermore, an empirical application is carrried out to yield out-of-sample forecasts of the
volatility of portfolios made up of S&/P500 components and, also in this case, the proposed

estimator shows significant gains over the one-block realized kernel estimator.



Chapter 3

A new flexible estimation method
for DCC models

3.1 Introduction

In the previous chapters the issue of the tradeoff between flexibility and feasibility of M-
GARCH models has been repeatedly raised and discussed and a synthetic overview of liter-
ature devolopment in this field of econometrics has been presesented. As mentioned, after
the introduction of Engle’s DCC, many methods have been proposed in the area of models
for conditional correlations in order to allow more parametrized specifications to be esti-
mated without extremely overloading computations; in most of the cases, these approaches
are based upon some typical assumptions that we shortly recall for reader’s convenience (see

Chapter 1 for further details):

- the parameter matrices which define the most general DCC specification have some

simple a priori structure (e.g. diagonal, block-diagonal, rank deficient);

- the returns (hence their covariance structure, too) can be decomposed according to a

factor model.

64
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Obviously both of these strategies may implicate in general a certain loss of information
because of parameter pooling or other imposed simplifications. The goal of this chapter is
to propose in the DCC framework a new method able to exploit more information with-
out imposing any a priori structure and at the same time without incurring overwhelming
calculations. In more detail, this chapter contains: a recall of the general DCC framework
and of its limits and the outline of a possible solution (Section 3.2); the introduction of
a shrinkage-type predictor inspired by the shrinkage estimator of Ledoit and Wolf (2004a)
(Section 3.3); the development of a novel method for obtaining more accurate conditional
correlation forecasts (Section 3.4); an application to real data aimed to provide an empiri-
cal assessment of the performances of the proposed predictors (Section 3.5) and, finally, a
comparison between the proposed predictors and those implied by some richly parametrized
DCC models (Section 3.6).

3.2 Some limitations of the general DCC framework for high-

dimensional portfolios

As it has been seen in Chapter 1, given a vector time series of returns r;, with conditional
expectation F(r¢|l;—1) and cross-sectional dimension N, the most general version of the DCC

model (Engle [2002]) is completely described by the following equations:

ry — by, = € = Htl/ta ,  z¢ ~11.d.(0,1)

Dy = diag(h{, i hxxg) + haie = var(eir| T 1)

n = Dt_let
1 T
Q= T ;mm (3.1)

Qr = (u —A—B) OQ+AON_ 11 +BoQ1

R = (Q:® ]t)71/2 Qi (Qt© It)71/2
H;, = D:R;D;
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where the parametric symmetric matrices A and B have dimension equal to N x N and are
full rank, for a global amount of N(N + 1) parameters (because of the symmetry of the two
matrices). Due to the computational infeasibility of this model even when N is moderately
large, Engle (2002) proposes as an alternative a scalar version in which A and B collapse

into scalars:

Qir=(1—a—PB)Q+an_1n_; +BQi1. (3.2)

It is well known that the scalar DCC is particularly advantageous thanks to: the separate
estimation of each univariate conditional variance and, then, of the correlation matrices
(likelihood decomposition); the possibility of separately estimating the intercept term Q by
a sample estimator (correlation targeting); the computational feasibility (only two scalar
parameters to be estimated: « and (). However, in case of large portfolios, it relies on a
too restrictive homogeneity assumption given that the correlation dynamics is ruled by the
same two parameters for all the pairs of assets'. In addition to this, the two-step estimation
based upon the likelihood decomposition may yield massively biased estimates of the two
parameters o and 3 due to the so-called incidental parameter problem (see Engle, Shephard
and Sheppard [2008]) and this flaw generally gets more and more serious as the number of
assets increases. Given these DCC’s features, a natural solution can be conceived whose

essentials can be summarized in three steps:

- fit separately a scalar DCC to each pair of assets;
- estimate the pairwise correlation dynamics;

- reconstruct the multivariate high dimensional correlation matrices by using the pairwise
estimated correlations (obtaining something that may be called merged correlation

matrices).

Yin Engle and Sheppard (2001) it is shown, for example, that this leads to sub-optimal portfolio selection
in case of many assets
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This solution would allow to keep exploiting the simplicity of the scalar DCC, without
removing crucial heterogeneity information and succumbing to overwhelming or infeasible
computations. On the other hand, it is known that well defined correlation (and, in general,
covariance) matrices must be positive (semi)definite? (see Equation (1.13)); nevertheless, we
expect that reconstructing a correlation matrix by putting together unrelatedly estimated
entries may not yield well defined matrices, so some kind of regularization is needed. In the
next sections the features of the proposed method and the related issues of estimation and

regularization are discussed in detail.

3.3 A new forecasting approach based on shrinkage estima-

tion

As already said in Section 3.1, the goal of this chapter is to propose a more flexible and
possibly accurate approach to modeling and, especially, to forecasting conditional correlations
in case of large portfolios. In Section 3.2 the solution outline has been sketched in three steps
which should allow to exploit the easiness of estimation of scalar DCC while introducing more
information without incurring overwhelming or de facto impossible computations. The gain
in information is achieved by computing the merged conditional correlations matrices or, in
other words, the conditional correlations built by gathering the pairwise estimates relative to
each couple of assets belonging to a considered portfolio. Such matrices are expected to be
more informative about the real dynamics of conditional correlations because they take into
account the heterogeneity that the scalar DCC can hide, but it has been already stressed
that they will not be in general well defined (positive definite or semidefinite, in particular)
because obtained from unrelatedly estimated entries. In Ledoit and Wolf (2004a) a similar
problem is faced. Their work (see Section 2.3.1) is concerned with the regularization of
ill-conditioned or even singular sample covariance matrices through the shrinkage method
(James and Stein [1961]). Through numerical experiments the authors find that does not

only the shrinkage provide an estimator better conditioned than the sample covariance but

2Sample correlations are surely positive definite if the number of observations T is greater than the number
of assets N (see Equations 2.28 and the related proof)
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also generates more accurate estimates of the true covariance. We want to borrow from
Ledoit and Wolf (2004a) and transfer their intuition into our context. The idea consists
in linearly combining the correlation matrix forecasts derived from a full-sized scalar DCC
with those obtained from the estimation of all the pairwise scalar DCC models, applied to
each one of the N(N — 1)/2 pairs of assets. More precisely, in order to build what we have

*

Tige 18 used as

defined merged correlation matrices, the generic pairwise DCC forecast, say r
the (i,7) entry of the merged matrix at time ¢; then, a suitable convex linear combination is
computed between the full-sized DCC predicted correlation, say 7;;¢, and the pairwise one:
arf;; + (1 —a)riji, where a is the same for every couple (4, j). In an analogical comparison

with the shrinkage a la Ledoit and Wolf, in this context:

- the correlation matrices estimated by the full-sized scalar DCC play the role of the
shrinkage target

- the reconstructed merged correlations play the role of the matrices to shrink

and, like in the cited paper, we expect the resulting estimator/predictor to be well defined and
also more accurate according to some chosen loss function. Further, the proposed solution is
computationally feasible because it involves the estimation of only two parameters at a time.
A consequent issue is the estimation of the optimal weight in the linear combination. In
Ledoit and Wolf (2004a) the problem is solved by minimizing the squared Frobenius norm of
the difference between the combined estimator and the latent covariance, which is obviously
unknown: to overcome this problem they derive some asympotical results that allow them
to obtain consistent estimates without observing the true covariance. However, Ledoit and
Wolf’s general results cannot be useful in the DCC framework as they have been derived
for sample estimators. That being said, in the optimization problem we replace the true
correlations with consistent and unbiased proxies: adequately computed realized correlation
matrices®. This kind of regularization scheme can be defined a posteriori because it applies
after having built the linear combination and along with the weight estimation. In more
detail, the general analytic formulation of the a posteriori regularization problem is the

following;:

3For definitions and properties of realized covariance matrices we refer to Andersen, Bollerslev and Diebold
(2009)
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T
o — g 3" R4 (1= ) 9
0<a<1 iy (3.3)

s.b. aRT L (1 — ) REPCC is pd., VE =71, .0, Ty

where R7®? is the realized correlation matrix and || || denotes the Frobenius norm. Hence,
the regularization is achieved by the introduction of a numerical constraint which forces the
shrinkage estimator/predictor to be positive definite, where it is assumed that 7 < ... < 74
and that, in general, the intersection [r1,...75s] N [1,...T] may be = @) or # (). The constraint
is obtained by using a Matlab function® related to the Cholesky decomposition of the ma-
trices to be regularized. This function applies to each symmetric (in general Hermitian)
matrix, say A, and produces two main outputs: an upper triangular matrix, say U, such
that A = U'U and a real number, say p, such that p = 0 if and only if A is positive definite.
The latter output, p, can be therefore employed to write a suitable function to bind the
minimization problem in (3.3). More precisily, the constraining algorithm employed to bind

the minimization problem® is the following function loss_cons:

functionc, ceq] = loss_cons(a, R™" 9%, R*PCC 7 7))
psum = 0;
fort =1 : 75

[U,p] = chol(ar, R 1 (1 — ) RFPCC);

psum = psum —+ p; (3'4)
end
c=1[

ceq = psum,;

end

4All of the computations relative to the empirical applications of this thesis have been carried out by using
the software Matlab

®The minimization has been carried out by using of the common Matlab function for the constrained
problem: fmincon
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where the operator chol denotes the Matlab function for the Cholesky decomposition® and

R™mer9ed and RSPCC denote the 3-dimensional arrays built with conditional correlation ma-

trices R}" er9ed and R{PCC. That being said, there is no regularization of the reconstructed
merged correlations through this technique: what is regularized is the entire combined esti-
mator, according to the original Ledoit and Wolf’s intuition.

As it can be seen from (3.3), relying on the results in Laurent, Rombouts and Violante (2013)

here the (sum of) squared Frobenius norms, || ||

, are minimized rather than the (sum
of) Frobenius norms, ) \/W . Indeed, when different forecasting models or estimators are
used, their performance can be evaluated by using a loss function depending on the true
variable. However, as previously stressed, true covariances and correlations are not observ-
able, so they are generally substituted with a proxy (for example, the realized correlations
in our case). Nevertheless, when the model evaluation is based upon a target observed with
error (a proxy), the resulting model ranking may be different from that resulting from using
the latent variable (see Hansen and Lunde [2006]): for these reasons the choice of the loss
function is not irrelevant. In the cited article the authors introduce a generalized class of
functional forms which guarantee consistency of the ranking under certain conditions. This
class of forms correspond to a Bregman-type distance function (see Bregman [1967]; see also
Subection 2.2.5):

L(Si, Hy) = f(Hy) = f(7) + Vf(H,) vech(S] — Hy). (3.5)

In Equation (3.5) f : RV*Y — R is a scalar-valued matrix function and it is assumed to
be three times continuously differentiable, while ¥} and H; are respectively the covariance
proxy and its forecast at time ¢; the term V f(H;) is the gradient of f with respect to the
N(N + 1)/2 unique elements of H;. When one sets f(A) = —tr(A?) the definition in (3.5)
becomes the squared Frobenius distance: L(X}, Hy) = tr[(XF — Hy)(XF — H;)']7. Hence, the

squared Frobenius distance is a special case of the class of loss functions which preserve the

5For details about the Cholesky decomposition see Lutkepohl [1996], p.86
"The operator tr denotes the trace of a square K x K matrix: tr(M) = 3 | mi; (see see Lutkepohl [1996],
p.41)
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ordering of different forecast models when the true covariance is substituted with a proxy:

this validates our choice.

3.4 Nearest correlation problem

In the previous section the shrinkage of the merged conditional correlations has been defined
as an a posteriori regularization because it applies after having built the linear combination
and along with the estimation of the optimal weight. However, in the statistical and mathe-
matical literature there exist methods for regularizing ill-defined covariance and correlation
matrices directly. In our context, in opposition to the a posteriori regularization, this type
of methods may be defined for simplicity a priori, as they can be used on the matrices to
be regularized alone and before a possible combination of estimates or forecasts. In Higham
(2002) a regularization algorithm has been introduced with the aim to solve the so-called

nearest correlation problem?®

. This problem consists in finding the nearest (according to
a certain norm function) symmetric positive (semi)definite unit-diagonal matrix to a given

symmetric matrix. From an analytic point of view the problem is the following:

Ropt = argmin ||A — R)|
R

(3.6)
s.t. {R is positive semidefinite} N {[R];; = 1}
where A is the given generic symmetric matrix, || || denotes the Frobenius norm and R is the
matrix variable. If we define the two sets:
S={X =X eRV*N . X is positive semidefinite} 37

U={X=X eRVN . [X];y=1, fori=1,..N}

8 Another common method of direct regularization is the eigenvalue cleaning (see Subection 2.3.4). The
eigenvalue cleaning is a regularization technique based on the adjustment of the largest and/or smallest
eigenvalues. Nevertheless, this method is useless for our problem because it can apply to sample covariance
matrices only
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the nearest correlation problem is equivalent to finding the nearest matrix to the given A,
belonging to the intersection S N U. This intersection is a convex set as S and U are both
convex as well, so the solution to the problem (3.6) exists and is unique. The problem can be
solved with the so-called alternating projections method (see Algorithm 3.3 in Higham[2002])
which consists in iteratively projecting the resulting matrix on the set U (i.e. forcing the
diagonal element to be equal to 1) and then on the set S (i.e. forcing the negative eigenvalues
to be equal to 0). The convergence is determined by comparing convenient relative norms
with a chosen tolerance”: more precisely, the default tolerance is set equal to N-2.2204-10716,
while the convergence is achieved as soon as one of the three following relative Frobenius

norms is lesser than the tolerance:

llsi = si—all s — w1l ||si — ]

Isicall 7 Muicall 7 sl

(3.8)

where s; € S, u; € U and i denotes the algorithm iteration number. Although the al-
ternating projection method is reliable, in our empirical applications we have used a more
complex Newton method introduced in Qi and Sun (2006) which converges more quickly and
whose software implementation has been publicly shared by the authors'®. However, the two

algorithms give practically the same results.

3.5 Empirical application

The main empirical application has been carried out on a data set of 50 liquid stocks included
in the index S&P500 with prices observed every minute from 9.30AM to 4.00PM in the
interval 07/27/1997 through 07/18/2008 (2549 daily observations). The data are part of the
One-Minute Equity Data (OMED) database provided by Tick Data''. In Table 3.1 names

and related abbreviations of the stocks included in the data set are reported. The data

9The Matlab code (nearcorr.m) is available at the internet page https://nickhigham.wordpress.com/
2013/02/13/the-nearest-correlation-matrix/

9The Matlab code (CorrelationMatrix.m) is available at the internet page http://www.math.nus.edu.sg/
~matsundf/CorrelationMatrixNewton.m

Hwww.tickdata.com
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have been converted in log-returns and demeaned: they are represented in Figure 3.1 along
with their squared values, from which it can be seen that the first part of the considered
sample is characterized by a higher overall volatility with a new increasing tendency in the
very last part of the interval (at the beginning of the latest world-wide recession). The
related five-minute computed realized covariances have been used as a proxy for the latent
covariances: consequently the proxy series for the realized correlations has been computed
by simply standardizing the realized covariance matrices (Figure 3.2).
Returns

0.6 T T T T T

0.4

0.2
O pursmiinfiany ' AP Pirbeiois
-0.2
-0.4

500 1000 1500 2000 2500

Squared returns

0.25} 1
0.2
0.15} 1
0.1
0.05

500 1000 1500 2000 2500

FIGURE 3.1: Returns relative to the fifty price time series used for the empirical application
(upper box) and related squared values (lower box)

After that, the standardized residuals (upper box of Figure 3.3) have been obtained by
applying a univariate GARCH(1,1) model to each of the 50 series of demeaned returns €;:
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Stock Issue Name Stock Issue Name

Dataset: October 1997 — July 2008

AA Alcoa COST Costco Wholesale Corporation
ABT Abbott Laboratories CPB Campbell Soup

ADI Analog Devices CSC Computer Sciences Corporation
AFL Aflac Incorporated CTAS Cintas Corporation

AIG American International Group CTL CenturyLink

ALL Allstate DOV Dover Corporation

APD Air Products & Chemicals DOW The Dow chemical Company
APOL Apollo Education Group DTE DTE Energy Company
AVY Avery Dennison Corporation EIX Edison International

AXP American Express Company EMN Eastman Chemical Co.

AZO AutoZone ETR Entergy Corporation

BAC Bank of America F Ford Motor Co.

BAX Baxter Corporation FDO Family Dollar Stores

BBBY Bed Bath & Beyond FISV Fiserv

BDX Becton, Dickinson and Company GCI Gannett Co.

BHI Braveheart Resources GE General Electric

BMY Bristol-Myers Squibb Company GIS General Mills

C Citigroup GPC Genuine Parts Company
CAG ConAgra Foods GPS The Gap

CAH Cardinal Health HD The Home Depot

CL Colgate-Palmolive Co. HNZ HNZ Grou

CLX Clorox HON Honeywell International
CMA Comerica Incorporated HPQ Hewlett-Packard Company
CMS CMS Energy Corp. KO Coca Cola

COF Capital One Financial Corporation T AT&T

TABLE 3.1: Stocks included in the data set used for the empirical application

hiis = Wi—f'aiﬁ%t,l‘i'ﬁhii,t—l, with ¢ = 1,...,50. The related conditional variances are depicted
in the lower box of Figure 3.3.

The standardized residuals’ sample has been then split into nb blocks (nb = 26, 109) by
employing a rolling window of 2000 + s observations (s = 21, 5); for each of the nb data
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500 1000 1500 2000 2500

FIGURE 3.2: Realized covariances (upper box) and correlations (lower box) relative to the
first couple of assets (Alcoa and Abbott Laboratories) of the portfolio used for the empirical
application (the green line represents a 21-lag moving average)

blocks, a full-sized scalar DCC and N(N — 1)/2 bivariate scalar DCCs have been estimated
(according to the solution outlined in Sections 3.2 and 3.3) on the first 2000 data points; then
the estimates have been used to obtain two series (one from the full-size scalar DCC and
one from the N(N — 1)/2 bivariate scalar DCCs) of s - nb predicted conditional correlation
matrices. The choice of a rolling window scheme is based on a greater reliability of forecasts
resulting from limited memory estimators compared to those obtained from expanding win-
dow estimators. The issue is discussed in detail in Giacomini and White (2006) where the
authors claim the superiority of rolling window estimators and predictors, especially in case

of inadequately modeled heterogeneity or misspecification: a typical example could be the
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GARCH-standardized residuals
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FIGURE 3.3: Upper box: Standardized GARCH(1,1) residuals. Lower box: Related condi-
tional variances

presence of different regimes, which is often the case in long samples. To be more precise, the
approach here adopted cannot strictly be defined as a pure rolling window scheme but it is
rather a mized rolling window approach where the forecasting model is re-estimated each s
observations. The two selected re-estimation intervals (s = 21, 5) coincide respectively with
the typical trading month and week. We focus on one-step ahead forecasts which in practical

terms means that in the dynamic equation:

Qi =(1—a—B)Q+afty_1;_, + BQi1 (3.9)
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the standardized residuals 7,, with ¢t = 2001, ..., 2000 + s, are computed assuming the knowl-
edge of the returns relative to the same time points. In Figure 3.4 we can see the series of
the predicted correlations (¢ = 2001, ..., 2546) for the first couple (namely Alcoa and Abbott
Laboratories) of the considered stocks in case of 26 blocks and consequent re-estimation in-
terval of 21 periods: the forecasts resulting from the pairwise DCC model are clearly more

variable than the ones obtained with the scalar DCC applied to the entire portfolio.
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F1GURE 3.4: Predicted full scalar DCC and pairwise scalar DCC correlations for the first
couple of stocks (Alcoa and Abbott Laboratories) of the considered sample with nb = 26
and s = 21 (number of predictions = nb - s = 546)

As it has been repeatedly stressed, we expect the merged correlation matrices not to be well-
conditioned. In Figure 3.5 the eigenvalue numerical distributions of the merged predicted
correlation matrices are represented in case of nb = 26, while the related time series of each
of the 50 eigenvalues can be seen in Figure 3.6; the two graphs regard the merged correlations

before any regularization. Figure 3.5 shows that many of the smallest eigenvalues are less than
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zero, whereas the biggest three have simple averages respectively equal to 1.978, 2.617 and
14.880 (see Figure 3.6). In order to obtain well conditioned predicted conditional correlations,
the two techniques described in Section 3.3 and Section 3.4 have been alternatively adopted in
order, so obtaining three different sets of forecasts that hereafter we will define: constrained

shrinkage (CS); simple regularization (SR); shrinkage after regularization (SAR).

Numerical distribution Histogram (number of bins = 546x50/10)
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FiGure 3.5: Eigenvalue distribution for the 546 predicted merged correlation matrices in
case of 26 data blocks (s=21)

3.5.1 First case: constrained shrinkage (CS)

In this case the regularization has been achieved by imposing the positive definiteness on the

predicted correlation matrices through a numerical constraint (see Section 3.3), that is:
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FIGURE 3.6: Time series of the eigenvalues of the 546 predicted merged correlation matrices
in case of 26 data blocks (s=21)
2000
o . merged sDCC real || 2
Qjopt = argmin HOZJ'R‘J + (1 —«ay) R3Y7Y — RS
0<a;<1 ; ’ ’ ! (3.10)

st R4 (1— ) RSP is pad. = 2001, ...,2000 + 5

with j = 1,...,nb. The weights are represented (in blue) in Figure 3.7, in the case of a

re-estimation interval equal to 21 (upper box) and 5 (lower box) respectively. In both cases

an increasing trend in the weights is apparent: higher weights correspond with a greater

importance of the pairwise estimates in the linear combination and, consequently, they mean

an increase of heterogeneity across the conditional correlations in the sample. In Figure 3.8
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the predicted conditional correlations obtained via the constrained shrinkage are represented

(in blue) for the first pair of stocks in the portfolio (namely Alcoa and Abbott Laboratories).

3.5.2 Second case: simple regularization (SR)

In this case the regularization has been applied through the Qi and Sun algorithm (see Section
3.4) to the entire series of estimated merged conditional correlation matrices in order to obtain
an entire set of regularized matrices: R;?frged with t = 1,...,20004+ s and j = 1,...,nb. In
Figure 3.8 the predicted merged conditional correlations regularized with the Qi and Sun
algorithm are shown (in green) for the first pair of stocks in the portfolio (Alcoa and Abbott

Laboratories).

3.5.3 Third case: shrinkage after regularization (SAR)

The merged matrices regularized with the Qi and Sun procedure, f%fterged, have been used

to build a combined predictor by solving the problem:

2000
2
. Smerged DCC l
Qjopt = argmin g HajRj,t 9+ (1 - «) R3YVY — Ry (3.11)
0<a;<1 —

where j = 1, ..., nb. This combined estimator has been built to check whether a shrinkage-type
predictor with an a priori regularization may outperform the constrained shrinkage (CS).
While in the a posteriori (CS) case the combined forecasts, ajR?;gggj_t +(1- aj)Rjgg)gH
with t = 1, ..., s, must be numerically regularized along with the computation of the optimal
weights «;, in the a priori one they are already well defined because of the prior application
of the Qi and Sun algorithm to the pairwise-predicted correlation matrices. Hence, in the
latter case the a;’s can be calculated analytically. For a generic data block of length T, let
Thnit = [R;”erged]lm, Timt = [RiPCC 1 and pp ¢ = [RY°Y)ym. If we denote Ot = Tl — Tlmit

and 8ypm ¢+ = Pim,t — Tim,, the optimization problem (3.3) can be written as:
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_ .
0 O“SJTQ,t — o124 - 04<5TN¢ — 01Nt
7 ||| @012 — 124 0 e Ay — OaNy
aopt — argminz e e ce . . (312)
0<a<l =
_5TN,t — 01N a(S;N,t — 0Nyt o 0 J
where as usual the notation || || denotes the Frobenius norm. On the other hand, for the

symmetry of the matrices under the summation in (3.12), the problem can be reformulated

as follows:

N-1 N
(

Qopt = argmin » > > (207672, + 207, , — 400}, Oim.1) (3.13)
Osesl %9 121 m=it1

and, taking into account that % Sy =505, 2 the analytical solution for the

m da’
optimal weight is obtained by deriving with respect to « the function in (3.13) and setting

the derivative equal to zero:

T N—-1 <N
thl 21:1 Zm:zﬂ(?’fm,t - Tlm,t)(le,t - Tlm,t)

3.14)
T N-1N " (
D1 2o Zm:iﬂ(ﬁm,t = Tim,t)?

Qopt =

As the second-order derivative of the function in (3.13) is equal to 37, STV PN 1 (M=
Tim.t)?, which is the sum of TN (N —1)/2 squared terms, the second-order conditions for the
minimization problem in (3.13) are always satisfied: so one can be sure that the value de-
termined by the condition (3.14) uniquely minimizes the problem (3.12). Moreover, since we

are interested only in convex combinations, we set:
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T N—1N
2t=1 21:1 Zm=1+1(Tfm,t—Tlm,t)(mm,t—nm,t)
T N-1I-N - 2
2iim1 2201 m=t1 (T e~ Timot)
Qopt = (315)

T N—-1xN
Zt:1 Zl:l Zm:z+1(Tl*m,t—Tlm,t)(le,t—Tlm,t) >0
T N—1~N = Y.

D=1 22041 Zm:lﬂ(”fm,z_”lm,i)Q

0 if <0

1 if

The formula (3.14) has been used to compute the optimal weights which solve the problem
(3.11). The weights are shown (in red) in Figure 3.7, for s = 21 (upper box) and s = 5
(lower box) respectively: like for the solutions to the problem (3.10), also in this case the
estimated weights exhibit an increasing trend, probably because (as already considered) the
volatility heterogeneity of the data raises as the rolling window moves ahead. In Figure 3.8
the predicted correlations for the first couple of the considered assets (namely Alcoa and
Abbott Laboratories) are displayed (in red): it is apparent that the two combined estimators
yield very close forecasts and that they obviously constitute a middle way between the full

scalar DCC forecasts and the more variable pairwise ones.

3.5.4 Evaluation of forecasting performances

The performances of the three estimators discussed in the previous subsections and that of
the full scalar DCC have been evaluated and compared by computing the squared Frobenius
norms of the differences between the predicted and the corresponding realized correlations.
In order to stress the dependence of the performances of the proposed estimators on problem
dimension, the forecasting evaluation has been carried out for a variable number of stocks
equal to 10, 20, 30, 40 and 50 respectively. The values of the squared Frobenius norms along
with the percentage gains (in parentheses) relative to the full scalar DCC performances are

reported in Tables 3.2 to 3.6. Three main facts come to light:

- the combined predictors (CS, SAR) show similar results and outperform the full-size

scalar DCC as soon as N > 20
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FIGURE 3.7: Optimal weights in case of 26 (upper box) and 109 data bolcks (lower box)

- the pairwise-estimated regularized forecasts (SR) perform worse than the full scalar
model up to N =40

- the estimators CS, SR and SAR show increasing performances as N grows.

The latter observation suggest that the three proposed predictors would probably be good

candidates in the context of very large portfolios (N > 100); we currently leave the empirical
investigation of this issue to future research.
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FIGURE 3.8: Predicted conditional correlations for the first couple (Alcoa and Abbott Lab-
oratories) of the considered fifty assets in case of 26 data blocks (s = 21)

Re-estimation  Scalar  Constrained Simple Shrinkage
interval DCC shrinkage regularization after regularization
s=5 2.6085 - 103 2.6091 - 103 2.7314 - 103 2.6091 - 103
(—) (0.023%) (4.709%) (0.023%)
s =21 2.6112-10% 2.6112-103 2.7259 - 103 2.6112 - 103
(—) (0.002%) (4.395%) (0.001%)

TABLE 3.2: Frobenius norms of the differences between the employed predictors and the
realized correlation matrices in case of N = 10
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Re-estimation  Scalar  Constrained Simple Shrinkage
interval DCC shrinkage regularization after regularization

s=25 1.1452-10*  1.1326 - 10* 1.1605 - 10* 1.1325 - 10*

(—) (-1.101%) (1.336%) (-1.116%)

s =21 1.1460 - 10  1.1333 - 10* 1.1598 - 10* 1.1331 - 104

(—) (-1.115%) (1.200%) (-1.130%)

TABLE 3.3: Frobenius norms of the differences between the employed predictors and the
realized correlation matrices in case of N = 20

Re-estimation  Scalar  Constrained Simple Shrinkage
interval DCC shrinkage regularization after regularization

s=5 2.5344 - 10*  2.4939 - 10* 2.5433 - 10* 2.4925 - 10%

(—) (-1.598%) (0.351%) (-1.652%)

s =21 2.5356 - 101 2.4948 - 10* 2.5413 - 10* 2.4935 - 10*

(—) (-1.609%) (0.227%) (-1.662%)

TABLE 3.4: Frobenius norms of the differences between the employed predictors and the
realized correlation matrices in case of N = 30

Re-estimation  Scalar Constrained Simple Shrinkage
interval DCC shrinkage regularization after regularization

s=5 4.5027-10*  4.4125 - 10* 4.5064 - 10* 4.4074 - 104

(—) (-2.002%) (0.083%) (-2.116%)

s =21 4.5057-10%  4.4158 - 10* 4.5058 - 10* 4.4109 - 104

(—) (-1.995%) (0.002%) (-2.103%)

TABLE 3.5: Frobenius norms of the differences between the employed predictors and the
realized correlation matrices in case of N = 40



Chapter 3. A new flexible estimation method for DCC models 86

Re-estimation  Scalar  Constrained Simple Shrinkage
interval DCC shrinkage regularization after regularization

s=25 7.0797 -10*  6.9186 - 10* 7.0465 - 10 6.9081 - 10*

(—) (-2.276%) (-0.469%) (-2.425%)

s =21 7.0857-10*  6.9260 - 10* 7.0475 - 10* 6.9157 - 10

(—) (-2.254%) (-0.539%) (-2.399%)

TABLE 3.6: Frobenius norms of the differences between the employed predictors and the
realized correlation matrices in case of N = 50

3.5.5 Comparison between forecasting performances

In Subsection 3.5.4 the results in terms of squared Frobenius norms obtained by the proposed
estimators have been shown and these results might be used to compare and rank them.
Nevertheless, it is well known that every econometric model always shows some degree of
misspecification mainly due to unmodeled dynamics, incorrect functional forms or finite
sample distortions: in these cases estimators and predictors resulting from the model may
produce partially unreliable forecasts whose comparisons do not make sense. In Giacomini
and White (2006) two predictive ability tests are introduced that allow to compare different
forecasting models taking into account these features. The tests are in a way a generalization
of those proposed in the previous literature (in particular Diebold and Mariano [1995] and
West [1996]) and are especially (but not exclusively) conceived for forecasts based on limited
memory estimators (like rolling window predictors). In the cited paper the limited memory
estimators are particularly considered because they can overcome one the main shortfall of
the economic forecasting models which is the heterogeneity of the data generating process'?.
The first test concerns the conditional predictive ability, while the second is introduced as a
special case of the first one and pertains the unconditional predictive ability. An important

feature of Giacomini-White tests is that their validity is independent on the chosen loss

12866 also the introduction of Section 3.5
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function and, besides, they allow for a unified treatment of nested and non-nested models'?.

While the tipical null hypothesis in classic tests is typically:

Ho : E[Litr(Xegr, f1(@)) = Ligr (Xigr, g1(7))] = 0 (3.16)

where L is a suitable loss function, 7 is the forecast period, X is the considered variable,
f and g are two competing models and ¢ and ~ are the probability limits of the related
parameters, the null in Giacomini-White tests takes into account the available information,

Gy, and the sample-dependent estimated parameters, q%t and 4;:

Ho : E[Liir (Xigr, fi(D1) — Lisr(Xisr, 01(31)) | Go] =
:E[ALtJ’_T | Gt] - O

(3.17)

Basing on this background, these tests do not operate assuming that in-sample estimated
parameters converge to their population values, instead they consider the sample behaviour
(evaluated on the basis of the information G;) of the competing estimators. The authors
derive the conditional and unconditional tests by assuming respectively G; = I,'* and G, =

{0, Q}'5. The multi-step test statistic for the conditional predictive test is the following:

T—1 ' T—7
Trpnr=mn (n_l Z htALm,H—T) oy <n_1 Z htALm,H-T) - (3.18)

t=m t=m

In Equation (3.18) h; € RY is a suitable test function'®, m is the length of the estimation

sample and n = T — m — 7; the central term is the consistently ¢ x ¢ estimated covariance

of htALm”t_H—l

13Tn our case the simple scalar DCC predictor can be regarded as a forecasting model nested in the shrinkage-
type estimator when a; =0

147, stands for the common time-¢ information set

15G, = {0,Q} is the largest o-field on €2, where as usual Q denotes the set of all possible outcomes (see
Casella and Berger [2002], p.6)

16See Giacomini and White (2006) for the technical details about the properties of h; and hiALp, ¢4~
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T—1
Sp=n""> (RALpyir) (RtALpsir) (3.19)

t=m

Giacomini and White (2006) show that T, ~ xﬁ under the null. The test for the un-
conditional predictivity ability is similarly obtained as a test on the sample average of the
loss function difference n=! Z’f:_nz AL, 1+ and its statistic has a standardized Gaussian
distribution.

The conditional Giacomini-White test has been used to verify the statistical significance of
the differences in norm between the proposed estimators’ performances. The test results are
displayed in Table 3.8 and Table 3.7 for N = 50: the differences are always significant except
for that between the full scalar DCC and the SR forecasts. The signs + and — in parentheses
state that the sample mean of the differences in the null hypothesis (3.17) are respectively
> 0 and < 0, where the predictor f in the formula (3.17) is here the corresponding model
in the first column of the table, while g denotes the corresponding model in the first row.
Hence, these results can be used to rank the employed predictors and the resulting ordering

can be schematized as follows:

Shrinkage after regularization > Constrained shrinkage > ... (3.20)

> Simple regularization > Full scalar DCC

where, in this context, the symbol = means that the positive difference between the norms
associated to the full scalar DCC and the SR predictors is not statistical significant and so

the latter cannot be surely preferred over the former.

3.6 Comparison with richly parametrized DCC models

In this section the proposed predictors are compared to the approach by Bauwens, Grigoryeva

and Ortega (2014) (BGO hereafter) which has been previously discussed in Subsection 2.2.5.
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s = 21 Scalar Constrained Simple Shrinkage after
DCC  shrinkage regularization regularization

Scalar - 29.54(+) 3.48(+) 29.86(+)
DCC . (0.000) (0.176) (0.000)

Constrained - - 5.99(—) 22.64(+)
shrinkage - - (0.015) (0.000)

Simple - - - 31.55(+)
regularization - - - (0.000)

Shrinkage after - - - .
regularization - - - -

TABLE 3.7: Results of the conditional Giacomini-White test on the differences between the
loss functions relative to the considered predictors in the case of a re-estimation interval of
21 periods and N = 50 (x3 test statistics, p-values in parantheses)

s=245 Scalar Constrained Simple Shrinkage after
DCC  shrinkage regularization regularization

Scalar - 43.14(+) 2.57(+) 42.81(+)
DCC - (0.000) (0.276) (0.000)

Constrained - - 14.76(—) 26.42(+)
shrinkage - ; (0.001) (0.000)

Simple - - - 109.89(+)
regularization - - - (0.000)

Shrinkage after - - - i,
regularization - - - -

TABLE 3.8: Results of the conditional Giacomini-White test on the differences between the
loss functions relative to the considered predictors in the case of a re-estimation interval of
5 periods and N = 50 (x3 test statistics, p-values in parantheses)
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The authors introduce a new (for econometric applications) method which can solve like-
lihood maximization problems handling a high number of parameters and, simultaneously,
non-linear stationarity and positivity constraints. The method consists in an algorithm based
upon a procedure involving Bregman matrix divergences (see Bregman [1967]). In Bauwens
et al. (2014) this algorithm is used to estimate on real data different parametric specifica-
tions of the general DCC model (see Equation (2.25)): a full rank DCC (called Hadamard
DCC); a rank two specification; a rank one version; an additional, more parsimonious rank
one specification obtained by using an Almon function (called Almon DCC). The number of
parameters needed by the listed specifications are respectively: N(N + 1), 4N — 2, 2N and
6.

In our first empirical comparison the rank two, the rank one and the Almon DCC have been
estimated by using the BGO method and are compared to the ones obtained by the methods
described in Sections 3.3, 3.4 and 3.5 (CS, SR and SAR) on the entire data set (N = 50)
already considered for the empirical application in Section 3.5; nevertheless, in this case
the rolling window scheme has been abandoned because of the computational cost needed
by the BGO method with N = 50. Also in this case the standardized residuals (Figure
3.3) have been obtained by applying a univariate GARCH(1,1) model to each one of the
50 series of the demeaned returns. Then the data set has been split in two parts: the first
2000 observations have been used for the parameter estimation, while the second subsequent
block of 545 data points has been utilized for forecast evaluations. In this first application
we have turned down estimating the Hadamard DCC because it would have involved the
estimation of 2450 parameters which exceed the number of observation, 2000, included in
the estimation data block. After having estimated the parameters on the first 2000 data'”,
one step-ahead forecasts of the correlation matrices have been computed (see Equation (3.9)
and related considerations). Regularization and construction of the two combined estimator
have been carried out according to the outlines in Section 3.5: in this case the estimated
weights are equal to 0.3219 for the constrained shrinkage (CS) and 0.3640 for the shrinkage
after regularization (SAR). Finally, like in the empirical application in Subection 3.5.4, the

evaluation has been done by computing the squared Frobenius norms of the differences

7"The estimation of the specifications proposed in Bauwens et al. (2014) has been carried out by applying
some software routines kindly shared by the authors: https://github.com/lgrigoryeva/DCC-nonScalar_
estimation
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https://github.com/lgrigoryeva/DCC-nonScalar_estimation
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between the predicted and the corresponding realized correlations. The norms associated
with the different employed predictors are reported in Table 3.9: gains with respect to the
scalar DCC are relevant in the case of the two predictors CS and SAR; on the other hand,
among the specifications estimated with the BGO method, only the rank one DCC performs
better than the scalar version. These results basically match those shown in the discussion
of empirical application and in the conclusions of Bauwens et al. (2014), where it is asserted
that (only) some non-scalar DCC parameterizations (in particular the rank one and the
Almon shuffle, here not considered!®), are worth being used in modeling the volatility of
portfolios of dimension up to thirty (see again Section 2.2.5).

In order to obtain a reliable ranking of the different predictors, the conditional Giacomini-
White test has been carried out, setting the forecast horizon equal to one. The results
are summarized in Table 3.11: according to the test, all the differences between the norms
are statistically significant and, taking into account the signs of sample means of the norm

differences, the predictors can be ordered as follows:

Shrinkage after regularization > Constrained shrinkage > ...
> Simple regularization > Rank one DCC

>~ Scalar DCC > Almon DCC > Rank two DCC.
(3.21)

In Figure 3.9, for the first couple of stocks in the sample (namely Alcoa and Abbott Labora-
tories), the predicted conditional correlations derived from some of the estimated models are
graphically compared to the realized correlations; in order to better highlight the evolutions
of the different forecast series, a 21-lag moving average of the realized correlations has been
included in the graph: it is apparent that the more variable series is the one coming out from
the SR predictor; however, the SAR forecasts appear to stay nearer the realized correlations’

trend on average, particularly after sudden changes; further, it can be seen that the forecasts

18The Almon shufle DCC is a modified version of the Almon DCC in which the different asset time series
included in the portfolio are reordered so that the vector entries are as monotonous as possible in order to
enhance the performance of the Almon parameterization
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resulting from the rank one DCC do not drift much apart from those obtained by the scalar

model?.

0.45} ]
0.4} 1
0.35} i
0.3 .
025 WJ\\WMW MWM
0.2
0.151 ) .
Realized correlations
21-lag MA
0.1+
Scalar DCC
SAR
0.05¢ L L - Rank 1
0 100 200 300 SR

FIGURE 3.9: Conditional correlations between the first couple of stocks (Alcoa and Abbott
Laboratories) in the sample predicted by: scalar DCC; SAR; rank one DCC; SR
Finally, in order to compare the three proposed predictors CS, SR and SAR also with the
full rank (Hadamard) DCC, the estimation and forecasting experiment has been repeated
using the same data intervals employed in the previous comparison (that is, 2000 data points
for the estimation, 545 for the one-step ahead forecasting) but on a restricted number of
assets: NN = 25. In this case the parameters to be estimated relative to the Hadamard
specification are 650 on a sample estimation interval of length 2000. The results in terms

of square Frobenius norms are presented in Table 3.10. Apart from the CS and SAR%

9These features can be observed generally with each pair of assets
29The estimated shrinkage weights are 0.3066, in the case of CS, and 0.3301, in the case of SAR
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predictors which even in this case achieve the best relative performances, this time the rank
one specification turns out be the best alternative predictor with respect to the full scalar
DCC; it is noteworthy that the full rank (Hadamard) parametrization performs poorly. Also
in this case the results in terms of norms have been tested with the Giacomini-White test,
whose outcomes are displayed in Table 3.12: the differences between the norms turn out to
be statistically significant in each comparison. The resulting ranking can be schematized as

follows:

Shrinkage after regularization > Constrained shrinkage > Rank one DCC > ...
> Scalar DCC > Almon DCC > Rank two DCC » ...

> Simple regularization = Hadamard DCC.
(3.22)
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Model Frobenius Percentage
norm gain
Scalar DCC 7.0807 - 10* -

Constrained shrinkage 6.9262-10*  —2.181%
Simple regularization 6.9865-10*  —1.330%
Shrinkage after regularization 6.9135-10* —2.362%
Rank two 7.0940-10*  40.188%
Rank one 7.0638 - 107 —0.238%

Almon DCC 7.0807 - 10* ~ 0%

TABLE 3.9: Frobenius norm values and percentage gains (with respect to the scalar DCC)
of the differences between the employed predictors and the realized correlation matrices in

case of N = 50
Model Frobenius Percentage
norm gain

Scalar DCC 1.7966 - 10* -
Constrained shrinkage 1.7758 - 10* —1.161%
Simple regularization 1.8010 - 10*  +0.240%
Shrinkage after regularization 1.7750-10% —1.206%
Hadamard DCC 1.8388- 10 +2.345%
Rank two 1.7992-10*  +0.145%
Rank one 1.7924 - 10  —0.237%
Almon DCC 1.7967 - 10*  +0.002%

TABLE 3.10: Frobenius norm values and percentage gains (with respect to the scalar DCC)
of the differences between the employed predictors and the realized correlation matrices in
case of N =25
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