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We propose a novel specification of the Dynamic Conditional Correlation (DCC) model
based on an alternative normalization of the pseudo-correlation matrix called Projected

DCC DCC (Pro-DCC). Our modification consists in projecting, rather than rescaling, the pseudo-

Bregman projection
Nearest-correlation matrix
Stein’s loss

correlation matrix onto the set of correlation matrices in order to obtain a well defined
conditional correlation matrix. A simulation study shows that projecting performs better

than rescaling when the dimensionality of the correlation matrix is large. An empirical

application to the constituents of the S&P 100 shows that the proposed methodology

performs favorably to the standard DCC in an out-of-sample asset allocation exercise.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of International Institute of

Forecasters. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Estimating and forecasting the time-varying covari-
ance matrix of asset returns is key for several applications
in finance including asset allocation, risk management
and systemic risk measurement. Over the years, the
GARCH-DCC methodology of Engle (2002) has established
itself as one of the leading paradigms in the literature
due to its flexibility and ease of estimation (see also
Engle & Sheppard, 2001). In a nutshell, the GARCH-DCC
approach consists in modeling separately the conditional
variances and the conditional correlation matrix. The con-
ditional variances are modeled using GARCH whereas
the conditional correlation matrix is modeled using the
Dynamic Conditional Correlation (DCC) model. Recent
research in the literature that is based on GARCH-DCC
includes Brownlees and Engle (2017), De Nard, Ledoit, and
Wolf (2021), Engle, Ledoit, and Wolf (2019) and Van Os
and Van Dijk (2021).

A key aspect of the DCC methodology is that the condi-
tional correlation matrix is modeled as a function of the so
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called pseudo-correlation matrix. The pseudo-correlation
matrix is a symmetric positive definite proxy of the condi-
tional correlation matrix that, crucially, is not guaranteed
to be a proper correlation matrix as it does not have a unit
diagonal (almost surely). In order to obtain correlations,
the pseudo-correlation matrix has to be appropriately
normalized, and the standard strategy followed in the
literature consists in rescaling this matrix (Aielli, 2013;
Engle, 2002; Tse & Tsui, 2002). Engle (2009, Section 4.3)
contains a discussion and a comparison of different rescal-
ing approaches used in the literature. Despite the fact that
rescaling is natural and commonly employed, it is unclear
whether such an approach is in any sense optimal.

In this work we propose a modification of the standard
DCC model based on an alternative normalization proce-
dure of the pseudo-correlation matrix. Our modification
consists in projecting the pseudo-correlation matrix onto
the set of correlation matrices rather than rescaling it.
In other words, we cast the normalization step of the
pseudo-correlation matrix as a nearest-correlation matrix
problem, that is the problem of finding the closest corre-
lation matrix to a given pseudo-correlation matrix on the
basis of an appropriate divergence function.

We begin this work by defining a class of projections
for pseudo-correlation matrices. To do so, we first intro-
duce the notion of Bregman divergence for symmetric
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positive definite matrices (Banerjee, Merugu, Dhillon, &
Ghosh, 2005; Bregman, 1967; Dhillon & Tropp, 2007;
Patton, 2020), which is used in this work to measure near-
ness between two symmetric positive definite matrices.
This family of divergences constitutes a rich collection of
divergence functions that includes many familiar losses
commonly encountered in the covariance estimation lit-
erature such as the Stein and square Frobenius losses (Dey
& Srinivasan, 1985; Pourahmadi, 2013; Stein, 1986). In
addition, this class of loss functions has been the focus
of attention in the financial econometrics literature in the
context of ranking multivariate volatility models by their
forecasting performance (Laurent, Rombouts, & Violante,
2013; Patton, 2020). In particular, the former paper estab-
lishes under mild assumptions that consistent volatility
forecast rankings using conditionally unbiased proxies are
obtained if and only if the loss function is of the Bregman
type.

We define the projection of a pseudo-correlation ma-
trix onto the set of correlation matrices as the correla-
tion matrix that minimizes the Bregman matrix diver-
gence with respect to that pseudo-correlation matrix. It
is straightforward to establish that such a projection ex-
ists and is unique. Within this broad class of projec-
tions we focus in particular on the one implied by Stein’s
loss, which we name Stein’s projection. Stein’s loss is a
natural loss function for covariance matrices that is re-
lated to the multivariate Wishart log-density -or equiva-
lently, the zero mean multivariate Gaussian log-likelihood
with respect to the covariance parameter-, it is widely
used (Ledoit & Wolf, 2018), and it guarantees to deliver a
positive definite projection. Moreover, we derive a closed
form expression to compute Stein projections in the two-
dimensional case and an efficient iterative algorithm for
the generic n-dimensional case.

We then introduce a novel DCC specification based on
our pseudo-correlation matrix projection called Projected
DCC (Pro-DCC). Simply put, the Pro-DCC corresponds to
the classic DCC of Engle (2002) with the rescaling step of
the pseudo-correlation matrix replaced by our proposed
projection. In order to estimate the Pro-DCC we propose
to follow the same multi-step procedure which is used to
estimate other DCC-type models.

A simulation study is carried out to assess the per-
formance of our projection-based methodology. We carry
out two main exercises. In the first exercise we simu-
late i.i.d. data from a multivariate Gaussian distribution
with mean zero and covariance parameter given by a
correlation matrix. We then estimate the correlation ma-
trix of the simulated data by rescaling the sample co-
variance matrix (i.e. the sample correlation matrix) and
by projecting the sample covariance matrix onto the set
of correlation matrices using Stein’s projection. We find
that the projection-based approach performs better than
rescaling in terms of correlation estimation accuracy and
that gains are larger in higher dimensional systems. In the
second exercise we compare the estimation accuracy of
DCC and Pro-DCC under misspecification, that is when the
DGP differs from both models. In particular, we consider
a dynamic equicorrelation matrix model (Engle & Kelly,
2012) in which the dynamic correlation evolves according
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to the cosine function, in the spirit of one of the DGPs
considered in the simulation exercise of Engle (2002). We
find that Pro-DCC outperforms standard DCC and that the
gains increase with the dimensionality of the system and
degree of cross-sectional dependence.

A Global Minimum Variance Portfolio (GMVP) exercise
using the constituents of the S&P 100 is used to measure
the performance of Pro-DCC. The design of the exercise
is close in spirit to the one of De Nard et al. (2021).
We compare Pro-DCC to DCC, and we consider both the
standard versions of these models as well as versions
that rely on nonlinear shrinkage (Ledoit & Wolf, 2020)
for covariance targeting. Results show that forecasts based
on the standard and nonlinear shrinkage variant of the
Pro-DCC achieve the best out-of-sample performance. For
completeness, we also consider GMVPs with exposure
constraints in order to understand if the advantage of
Pro-DCC is due to shrinkage (Fan, Zhang, & Yu, 2012;
Jagannathan & Ma, 2003). We find that adding 1-norm
constraints substantially improves performance for both
the DCC and Pro-DCC, hence suggesting that Pro-DCC
performs favorably even after controlling for shrinkage.

This paper is related to different strands of the liter-
ature. First, it is related to the literature on multivariate
volatility models and the DCC. Important contributions in
this area, besides the one we have already mentioned,
include Bollerslev (1990) and Pakel, Shephard, Sheppard,
and Engle (2018). Classic surveys of the literature on mul-
tivariate volatility modeling are Bauwens, Laurent, and
Rombouts (2006) and Silvennoinen and Terdsvirta (2008).
Second, it is related to the financial econometrics litera-
ture on large dimensional covariance estimation for asset
allocation, which include the contributions of, among oth-
ers, Hautsch, Kyj, and Malec (2015), Hautsch and Voigt
(2019) and De Nard et al. (2021). Last, it is related to
the literature on matrix projections based on Bregman
divergences and the nearest-correlation matrix problem.
Contributions in this area include the work of Dhillon
and Tropp (2007), Higham (2002) and Kulis, Sustik, and
Dhillon (2009).

The rest of the paper is structured as follows. Section 2
introduces the methodology. Section 3 contains the simu-
lation study. Section 4 presents the empirical application.
Section 5 concludes the paper. All proofs are collected
in Appendix.

2. Methodology

In this Section we first concisely review the DCC model
of Engle (2002) and we then introduce the Pro-DCC model.

2.1. The DCC model
Let ry = (¢, ..., 'nt) denote an n-dimensional vector
of log returns observed at time t, for t ranging from
1 to T. The key object of interest of this work is the
conditional covariance matrix of returns given past in-
formation, that is X Cov;_1(r¢). The GARCH-DCC
framework is based on the following factorization of the
conditional covariance matrix

S[ZDtR[D[ )
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where D; is a n x n diagonal matrix of conditional volatil-
ities (standard deviations) and R; is the n x n conditional
correlation matrix.

In the GARCH-DCC framework, the conditional volatil-
ity matrix D; is typically modeled using some appro-
priate GARCH specification. Assuming, for instance, GJR-
GARCH(1,1) dynamics we have that the ith diagonal ele-
ment of D;, which we denote by d;, is specified as

2 o2 ) )
diy =witairi+vil_ i +bidi_y,

where wj, a;, y; and b; are the GJR-GARCH(1,1) coefficients
satisfying w; > 0, a; > 0, b; > 0 and a; + y;/2 + b; < 1.

The conditional correlation matrix R; is modeled us-
ing the DCC specification. The DCC models the correla-
tion process as a function of the so-called de-volatilized
returns that are defined as ¢, = D[]r[. In the DCC
model the conditional correlation matrix is determined by
the so-called pseudo-correlation matrix Q; which evolves
according to the equation

Q=(1—-a—BIC+ae_16_+pQ-1, (1)

where « and 8 are scalar parameters that satisfy « > 0,
B > 0,a+pB < 1and Cis an nxn positive definite matrix.
It is straightforward to see by recursive substitution that

Qf—ﬂc-i-aiﬂié <
- 1-8 . t=1-i% 1 -
i=0

A crucial aspect of the DCC model on which we build upon
in the next section is that the pseudo-correlation matrix
is not guaranteed to be a correlation matrix. In particular,
it is clear from (2) that Q; is symmetric positive definite
but (generally) not unit diagonal. Thus, an appropriate
normalization step is required to obtain a correlation
matrix. The standard approach consists of rescaling the
pseudo-correlation matrix, that is

R: = diag(Q:)""/* Q: diag(Q.)"*, (3)

where for an n x n matrix A, the notation diag(A) denotes
the n x n diagonal matrix with the diagonal of A.

The GARCH-DCC family of models is estimated using a
multi-step procedure motivated by a QML argument. The
first step consists of estimating the conditional standard
deviation matrix D; by estimating n univariate GARCH
models. Next, the C matrix is estimated by covariance tar-
geting using the sample second moment of the estimated
standardized residuals, that is

T
1 ZA "
€€
t=1

where €;; = r;;/d;; with d;; being the estimated volatility
of the first step. Last, the DCC parameters are obtained
by maximizing the (Gaussian) quasi log-likelihood of the
de-volatilized returns (see Engle, 2002, for details).

We remark that, albeit being intuitive, the estimation
strategy put forward by Engle (2002) has some consis-
tency issues first noted by Aielli (2013). These have moti-
vated Aielli (2013) to introduce a “corrected” version of
the model called Corrected DCC (CDCC). However, em-
pirically, this model is found to perform similarly to the
standard “uncorrected” DCC.

(2)

C=

~
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2.2. The Projected DCC model

In this section we propose a novel DCC specification
based on an alternative normalization procedure. Rather
than rescaling the pseudo-correlation matrix as in Eq. (3)
we propose projecting it onto the space of correlation ma-
trices. In other words, we cast the problem of normaliz-
ing the pseudo-correlation matrix as a nearest-correlation
matrix problem, that is finding the closest correlation
matrix to a given pseudo-correlation matrix. In order to
introduce our projection-based model some additional
machinery is required.

We begin by introducing the notion of Bregman diver-
gence for real matrices.

Definition 1 (Bregman Divergence). Given a strictly convex
and differentiable function ¢ of Legendre type,' we define
the Bregman matrix divergence as

dy(My, Mz) = ¢p(M;) — (M) — tr(Vp(Mz)' (M; — My)) ,
for any two real matrices M; and M,.

Bregman divergences can be seen as the difference
between the function ¢ evaluated at M; and its first-order
Taylor approximation around M,. Bregman divergences
are a class of tractable divergences that enjoy a number of
useful properties and are popular in the Machine Learning
literature (Cesa-Bianchi & Lugosi, 2006). Bregman diver-
gences are always positive, like distances, and are zero
only when their arguments coincide. Unlike distances,
they are not necessarily symmetric and they do not nec-
essarily satisfy the triangle inequality. Furthermore, they
are always convex with respect to their first argument
and satisfy a generalized Pythagorean property (Dhillon
& Tropp, 2007; Kulis et al., 2009). Finally, Banerjee et al.
(2005) establishes the existence of a bijection between
Bregman divergences and regular exponential families. In
this paper the discrepancy between a correlation matrix
R and a pseudo-correlation matrix Q is measured by the
divergence dy4(R, Q).

Depending on the choice of the function ¢, we obtain
a number of well-known loss functions for covariance
matrices. If we set (M) = —Indet(M) then we have
Stein’s loss,

ds(My, Mp) = trf(M;M, ') — Indet(M;M; ') —n , (4)

where In(-) denotes the natural logarithm. This diver-
gence can also be interpreted as the negative of the n-
dimensional Wishart log-density (up to a constant) or,
equivalently, the zero mean multivariate Gaussian log-
likelihood with respect to the covariance parameter. If
we set ¢(M) = tr(MlogM — M) then we have the Von
Neumann loss

dg(My, My) = tr(M; logM; — M; logM; — M; +M,;), (5)

where log(-) denotes the matrix logarithm.? Finally, if we
set p(M) = ||M||§ then we have the squared Frobenius
loss.

1 A function is of Legendre type if it is essentially smooth and
essentially strictly convex (Bauschke & Borwein, 1997).

2 for symmetric positive definite matrices, the matrix logarithm is
logQ = Ulog AU’, where UAU’ is the eigendecomposition of Q and
log A involves taking the natural logarithm of the eigenvalues.
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Let S} (S}.) be the set of n-dimensional symmetric
positive semidefinite (positive definite) matrices. We use
Bregman divergences to introduce the following general
class of projections of symmetric positive definite ma-
trices onto the set of correlation matrices -which is un-
derstood as the set of n-dimensional symmetric positive
definite matrices with unit diagonal.

Lemma 1. Let Q € S, and let C" denote the set of
correlation matrices. Furthermore, assume that ¢ is a closed
convex proper function of Legendre type and differentiable
on int(dom(¢)) = S, . Define the Bregman projection

P(Q) = arg min dy(R. Q. (6)

Then we have that there exists a unique Py(Q) € ST, .

A few remarks are in order. First, we emphasize that
the projection depends on the choice of the function ¢. A
natural choice that also turns out to be computationally
convenient is to define a projection based on Stein’s loss
defined in (4) and the Von Neumann loss defined in (5).
We call these projections, respectively, Stein’s projection
and Von Neumann projection for short.

Second, we point out that existence and uniqueness
of the Bregman projection hold because (i) S, , N C" =
C" # 0, (ii) ¢ is Legendre and (iii) int(dom(¢)) = S ..
The Stein and Von Neumann losses satisfy requirements
(ii) and (iii), hence it follows from Bauschke and Borwein
(1997) that the projection exists in S and is unique.
However, the Frobenius loss does not satisfy property (iii)
over the set of positive semidefinite matrices. We remark
that a Frobenius projection can be uniquely defined, but
it would not necessarily preserve positive definiteness.

Third, in the case of the Stein’s loss we have that the
projection is related to constrained maximum likelihood
estimation (MLE) of the covariance of the zero-mean mul-
tivariate Gaussian with unit diagonal. In particular, the
constrained MLE would be given by arg mingecr dg(Q, R)
where Q is the sample covariance matrix. Note that in
general this differs from Pearson’s sample correlation. In
fact, in Example 18.3 of Kendall and Stuart (1979) it is
shown that the constrained MLE for a bivariate Gaus-
sian distribution is obtained by solving a cubic equation
- which in large samples has only one real solution.
In higher dimensions, finding such MLE is computation-
ally burdensome. On the contrary, projecting the sample
covariance under Stein’s loss involves solving a convex
problem (as opposed to the MLE) and the solution is easily
obtained with a much lower computational burden.

Finally, we introduce the Pro-DCC(1,1), that is

Q =(1—a—pB)C+ae_16_; + BQ_1
R: = Py(Q:) .

In other words, the Pro-DCC replaces the rescaling equa-
tion of the DCC (3) with a projection. We point out that
the Pro-DCC depends on a choice of an appropriate diver-
gence function ¢.

A number of comments are in order. First, we re-
mark that the projection yields the closest correlation
matrix with respect to the loss induced by ¢, which
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does not automatically imply any optimality properties
for the purposes of forecasting or minimizing other rel-
evant classes of losses such as the GMVP. Nevertheless,
Sections 3 and 4 -which provide both simulation and em-
pirical evidence that the projection performs favorably to
standard rescaling- shed some light on this point. Second,
as discussed at the end of Section 2.1, the original for-
mulation of the DCC model was criticized by Aielli (2013)
and a corrected version of the model was introduced. We
remark that we do not use the Aielli correction in the
Pro-DCC methodology.

For large dimensional models, we propose estimat-
ing the model by composite likelihood as in Pakel et al.
(2018). However, we note that for the Stein and Von
Neumann cases, projecting the pseudo-correlation of any
2 assets i and j is not equal to the (i,j) entry of the
projection of the entire matrix Pg(Q;). This is because
for this loss function the projection takes into account
the full correlation structure and not just the correlation
between assets i and j. In practice, the resulting composite
likelihood estimates of the dynamic parameters do not
vary substantially from their full likelihood counterparts,
so this is a minor concern.

Last, we remark that, as it is widely known, the sample
correlation matrix performs poorly when the concentra-
tion ratio n/T is large - see Lecture 4 in Stein (1986).
For that reason, we consider using a nonlinear shrinkage
estimator to rectify the in-sample bias of the sample
correlation as in Ledoit and Wolf (2020).

2.2.1. Computing the Bregman projection

In order to apply the Pro-DCC in practice it is key to
be able to compute the projections in a computationally
cheap way. We derive a closed-form expression for the
projection in the 2 dimensional case for the Stein and von
Neumann losses and we provide an efficient algorithm
for the computation of the projection in the general n
dimensional case for the Stein projection.

The following two lemmas derive the closed form of
the projection.

Lemma 2. Let Q be a 2 x 2 symmetric positive defi-
nite matrix. Consider the Bregman Projection of Q onto the
set of correlation matrices under Stein’s Loss. The unique
minimizer of this problem is given by

1—+/ 144k2

T ks #0
0

, (7
ks=0

[):

q12

where k; = — Fen -

Lemma 3. Let Q be a 2 x 2 symmetric positive definite
matrix. Consider the Bregman Projection of Q onto the set
of correlation matrices under the Von Neumann Divergence.
Then, the unique minimizer of this problem is given by

p = tanh(k,)
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where k, denotes the off-diagonal entry of log Q.

It is important to emphasize that the optimal projec-
tion in these two cases looks different from rescaling, thus
implying that rescaling, at least as far as the Stein and Von
Neumann divergences are concerned, is not optimal.

In the n-dimensional case we can derive an algorithm.
Computing the Bregman projection P4(Q) is equivalent to
solving the following optimization problem with n affine
constraints (one for each diagonal element of R):

min dy(R, Q) subjecttoR; =1foralli=1,...,n. (8)
Res
R;; stands for the ith diagonal element of the matrix R.

To solve this problem, we use Bregman'’s cyclic projec-
tions method. Let C; be the set of n-dimensional symmet-
ric positive definite matrices whose ith diagonal element
is unity. Clearly, the set of correlation matrices C" =
ﬂ?:l C;. Bregman'’s cyclic projections method is an iter-
ative algorithm in which one projects successively onto
each basic constraint set C; until the sequence of iterates
converges to the Bregman projection onto the intersection
C". Theorem 1 establishes that this algorithm is asymptot-
ically valid. We refer to Dhillon and Tropp (2007) and the
references therein for a proof.

Theorem 1. Suppose

1. ¢ is a closed convex proper function of Legendre type
such that int(dom(¢)) =S .

2. {C;}L, are the sets of n-dimensional symmetric posi-
tive definite matrices with unit ith diagonal entry.

3. the control mapping m : N — {1,...,n}is a
sequence that takes each output value an infinite
number of times.

For k = 1,2,..., define Py mi(R* V) as the Bregman
projection of R*~1 onto Cpy). Choose R?) = Q € s,
and form a sequence of iterates via successive Bregman pro-
jections RK) = Py 0y (R®=1). Then the sequence of iterates

{RWY} converges in spectral norm to P4(Q).

Lemma 4 establishes a closed-form formula for Py m)
(R*=1y and is a special case of the derivation in Kulis et al.
(2009) when ¢(M) = — Indet(M).

Lemma 4. Consider the setting in Theorem 1 and let
¢(M) = — Indet(M). Then, foralli e {1,...,n},
Py i(R*1)
_ k—=1)7— k—1 - Iy (k—
— R&D 4 [RED)2 (1 _ R )) R De;e/RK-D
where e; denotes the ith canonical basis vector.

3 Straightforward computations show that k, has the following

: . Inx Yy Inky
analytical expression k, = Y0241 4 Y2ty \yhare
y P v 1+y? + 1+y2

1 .
Ai = 3 [q11 + g2 + (=17 /(g1 — g2 +4‘I%z}

Vi = —2q12/ (qn =g+ (—1)y/(q11 — g2 +4£1%2)

and i =1, 2.
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We concisely describe this procedure in Algorithm 1.
We point out that the algorithm has a complexity of
0(n?) per iteration. We remark that Algorithm 1 is an
iterative procedure that relies on a tolerance parameter to
determine convergence. In practice, in the empirical ap-
plication and simulations we have found that a tolerance
value of 107% is sufficiently accurate.

Algorithm 1 STEIN'S PROJECTION

Compute Stein’s projection of a symmetric positive
definite matrix Q onto the set of correlation matrices.

INPUT: A symmetric positive definite matrix Q.

INITIALIZATION
Set R® = Q.

ITERATE UNTIL CONVERGENCE
In the k-th iteration of the algorithm choose the i-th
constraint as

,,,,,

and update the projection according to the formula
-2
k k—1 (k—1) (k—1)\p(k—1 k—1
RK — Rk 4 [Rn ] (1— RED)REDee/RED)

where e; is defined as the i canonical basis vector.

COVERGENCE CRITERIA
If maxg |1 — R§§)| < tolerance then stop.

OutpUT: The projected correlation matrix R,

2.3. Discussion

2.3.1. Projecting vs rescaling a pseudo-correlation matrix

In this section we show that the difference between
rescaling and projecting can be relevant enough in many
cases.

We first consider the difference between rescaling
and projecting in a 2-dimensional setting. We denote by
q11, G22 the diagonal elements of the pseudo-correlation
matrix Q and denote by ¢y, its off-diagonal element.
Simple algebra shows that when ¢;1q2; = 1, then the
expression in Eq. (7) boils down to gy, which trivially
coincides with rescaling g1 by \/q11G22. When q11G22 # 1,
this is generally not true, as it is shown in Fig. 1. In the
top-left panel we give an example of a combination of
diagonal elements whose product is one, and observe that
rescaling and projecting are equivalent. If the product
is greater than 1, the projected correlation is below the
rescaled one, and the difference increases as the product
is larger than 1. The reverse pattern occurs when the
product between the diagonal elements is lower than 1.
We also note that the point at which the maximum differ-
ence occurs does not correspond to the same correlation
level but is a function of the product of the diagonal
elements of Q. Note that in Fig. 1 we report only positive
correlations. An analogous pattern emerges when they are
negative (if the product of diagonal elements is greater
than one, then the projected correlation is above the
rescaled one, and it is below otherwise).
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Fig. 1. Projecting versus rescaling a pseudo-correlation matrix. Red: correlation computed using Stein’s projection - see Eq. (7) - as a function of
the rescaled correlation q12/./q11q22. Black: 45 degree line. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

Next, we illustrate the difference between rescaling
and projecting in a large dimensional setting. Assume that
the n-dimensional pseudo-correlation matrix is given by

Q = Diag(1+ & + v)"?R(x) Diag(1 + & + v)'/* ,

where k1 € (0,1), & > 0, R(xq) is an n x n matrix
with Toeplitz structure, v is an n-dimensional vector, and
Diag(1 + & + v) denotes the n x n diagonal matrix with
diagonal given by 1 + & 4 v. In particular, we have that
the (i, j)-th element of R(ky) is k| 7. The v = (v1, ..., vy)
vector has its ith element equal to sin(x;), where x; =
&, X, = 2w — ¢, and Xy = x;+2- 7=F, for ¢ > 0. In Fig. 2
we see that the difference - measured with the squared
Frobenius norm divided by n - between projecting and
rescaling has an inverse-U shape with respect to the mag-
nitude of the correlations. Importantly, the figure also
shows that differences become more pronounced with the
matrix dimension.

2.3.2. Projecting as shrinking

This sub-section explores the relationship between
projecting and shrinkage. The main message is that there
are some cases where the projection may be interpreted
as a methodology that shrinks the eigenvalues of a given
pseudo-correlation matrix compared to the rescaled ver-
sion. However, this does not hold in general for all pos-
sible pseudo-correlation matrices. Hence, interpreting the
projection as shrinkage is not entirely straightforward. To
see this, consider first the case where n = 2 with the
Stein’s loss. From Laurent et al. (2013), we have that when
¢(M) = — Indet(M), then

n n
i i
dRQ =) Ef(u;uj)z ~-> In j —n,
j i

ij=1 i=1

(9)
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where A;, v; and u;, u; are the i and jth eigenvalues/vectors
of R and Q, respectively. If u; = v; for all i 1,2, and
since A1 + A, = 2 with A; > A, > 0, then we can re-
parameterize the matrix nearness problem as a function
of Aq:

min dy(R, Q)
ReC!
. 1 1
< min _— = — k1—lnk1—ln(2—k1),
Me02) \ 1 M2

with unique solution given by

1 1 1
?, §=——-—

1+ )
M2 M1

1
AM=1—-—+4
g

which is to be compared against 241 /tr(Q), i.e. the eigen-
value obtained via rescaling. After some algebra, it can
be shown that A; < 2uq/tr(Q) whenever tr(Q) > 2,
and viceversa. Therefore, even in this simplified scenario
we can see that the projection methodology may have an
effect similar to shrinking the eigenvalues of the rescaled
Q, but it may as well have the opposite effect.

Clearly, the analysis becomes more complex when n >
2 since normalizing Q into a correlation matrix involves
not just a change in the eigenspectrum but also rotating
the eigenvectors. Under the same setup of Section 2.3.1,
Fig. 3 illustrates the difference between projecting Q ver-
sus shrinking and rescaling Q via the analytical nonlin-
ear shrinkage formula of Ledoit and Wolf (2020) for dif-
ferent values of the concentration ratio n/T. The figure
shows that the gap widens with the degree of dependence
and the dimension -as in the previous sub-section- as
well as with the concentration ratio n/T, hence suggest-
ing that projecting and shrinking are essentially different
operations.
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Fig. 2. Projecting versus rescaling an n-dimensional pseudo-correlation matrix. The y-axis represents ||Ryesc — pij% /n = tr((Ryesc — pmj)z)/n, where
Rrese = diag(Q)~"/2Qdiag(Q)~"/2, and Ry = Psen(Q). The pseudo-correlation matrix is Q = Diag(1+& +v)"/?R(k;) Diag(1+£ +v)"/2, with «; € (0, 1),
& =0.05, v is an n x 1 vector with ith entry given by v; = sin(x;), where x;41 = X; + 2(7 — ¢)/(n — 1), X1 = &, X, = 2w — ¢. The notation R(xy) is

used to denote a Toeplitz correlation matrix with parameter «4, i.e. with first row/column equal to 1, x1, Kf, e K?".
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Fig. 3. Projecting versus shrinking and rescaling an n-dimensional pseudo-correlation matrix. The y-axis represents ||Rs_, — Rpij%/n = tr((Rs_; —
Ryr)?)/n, where Ry, = diag(Q)~"/>Qdiag(Q)~"/?, Ryrj = Psrn(Q), and Q is obtained after applying the nonlinear shrinkage estimator of Ledoit
and Wolf (2020) to Q with bandwidth h = T~'/3, where T is chosen to match the desired concentration ratio n/T. The pseudo-correlation matrix
is Q = Diag(1 + £ + v)"/?R(k) Diag(1 + & 4 v)"/?, with «; € (0,1), & = 0.05, v is an n x 1 vector with ith entry given by v; = sin(x;), where
Xir1 =X+ 2(r —¢)/(n—1),% =&, X, = 2w — &. The notation R(k1) is used to denote a Toeplitz correlation matrix with parameter «1, i.e. with first

row/column equal to 1, k1, K12, e K{l’

2.3.3. Measurement error

In the context of the DCC model, the observed pseudo-
correlation matrix Q is estimated. It is natural to con-
sider the impact of measurement error on the projec-

tion methodology as opposed to rescaling. The analysis
of this question is inspired by Laurent et al. (2013). Let
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Q denote the estimated value of Q, and denote R and P
the rescaled/projected Q. The structure of Bregman di-

vergences allows us to write the average discrepancy
between rescaling and projecting as
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= E[¢(R) — ¢(P)] — Etr(Ve(Q)(P —R)) .

It follows that the measurement error does not impact
the proximity rankings of R and P provided that this
discrepancy is positive. Although it seems challenging to
derive general conclusions for general Legendre functions
¢, if we consider ¢(M) = — Indet(M), then the proximity
rankings are not affected by measurement error whenever
the trace of Q is large enough and the eigenvalues of R are
more dispersed than those of P.

3. Simulation study

In this section we carry out different Monte Carlo
exercises to analyse the performance of Stein’s projection
and the Pro-DCC for correlation modeling.

3.1. Static correlations

In the Monte Carlo exercise of this section we study
the performance of our proposed projection in a static en-
vironment. We carry out a Monte Carlo exercise designed
as follows. We simulate T = 500 i.i.d. random draws from
an equicorrelation process given by

r ~ N(0,R), where R=(1— p)I+ pu’,

where ¢ is an n-dimensional vector of ones, p € (0, 1) and
I is the n x n identity matrix. The focus of the exercise
lies in the estimation of the population correlation matrix
R. We consider two competing estimators. The first can-
didate estimator is Pearson’s sample correlation matrix,
that is

RV = diag(S)~/?S diag(S)"/? ,
1

where S denote the sample covariance matrix S T
ZL] rer; . The second estimator is the projected sample
covariance matrix of the data, defined as R® = Psyy(S) .

In each replication, we compute the loss of both es-
timators with respect to the true correlation matrix. The
losses under consideration are the Frobenius and the MAE.
These are defined as follows:

. 1 -
Lrrob(R, R) = Etr[(R—RJZ] (10)

~ 1 ~
LR R) = = > IR; —Ry| (11)
ij
Note that we divide the squared Frobenius loss and the
sum of absolute errors by n to establish a fair comparison
as the dimension increases. We estimate E[£] using the
sample average of the losses obtained across 1000 Monte
Carlo replications, and repeat the same exercise for dif-
ferent levels of the correlation parameter o as well as the
cross-sectional dimension n. In particular, we consider all
combinations of p in {0.1,0.2,0.3,0.4,0.5, 0.6, 0.7, 0.8,
0.9} and nin {10, 23, 36, 50}. We remark that the concen-
tration ratio is rather low (it only reaches a maximum of
0.1) since this exercise is based on the sample covariance,
which is optimal under fixed-n large-T asymptotics but
performs poorly in finite samples when the concentration
ratio n/T is large. In unreported Monte Carlo exercises
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we have also implemented the projection of the non-
linear shrinkage estimator (Ledoit & Wolf, 2020) of the
covariance matrix onto the correlation set and compared
them to the sample correlation. The results were also
favorable to our proposed methodology.

Fig. 4 reports the excess loss of the sample correlation
matrix with respect to our proposed estimator. From this
figure, it is clear that the gap between both methods
is positive and increases with the dimensionality of the
correlation matrix. We also observe that the gap is max-
imized at some intermediate value of the p parameter
between zero and one.

To conclude this sub-section, note that the results are
congruent with our findings from Section 2.3.1. The main
message is that care must be taken in choosing an appro-
priate way of normalizing a positive definite matrix to a
correlation. Rescaling is one (obvious) way of doing so, but
it may not be necessarily optimal.

3.2. Dynamic correlations

In the Monte Carlo exercise of this section we study
the performance of our proposed projection in a dynamic
environment. We carry out a Monte Carlo exercise de-
signed as follows. We consider a dynamic equicorrelation
model where the scalar correlation parameter is gov-
erned by a cosine wave, in the spirit of Engle and Kelly
(2012) and one of the simulated DGPs considered in Engle
(2002). More precisely, we consider the DGP given by the
equations

€& = Rg/zz[, where z; ~ N(0,1), fort =1,...,T,
R =(1—p)l+pud,
pr = p +0.1cos(2t/200) .

In each replication, we draw T 1000 observations
from the DGP described above for different levels of
the ambient dimension n 50, 100, 200 and p
0.4,0.5,0.6,0.7,0.8.

To predict the sequence of matrices R;, we consider the
DCC and Pro-DCC models. As customary, the parameters
of the two specifications are estimated by maximizing
the Quasi Log-Likelihood of the data with respect to the
correlation matrix parameter, where the intercept matrix
C is estimated by covariance targeting.

A few remarks are in order. In this exercise, we ab-
stract from estimation of dynamic volatilities since the
DCC and Pro-DCC methodologies employ the same uni-
variate GARCH strategy to estimate the conditional volatil-
ities. The exercise thus focuses on the main source of the
difference between both strategies, that is the correlation
modeling step. Similar to the previous sub-section, we
employ the sample covariance for the covariance tar-
geting step, but in unreported exercises we have also
implemented the non-linear shrinkage estimator and the
results were also favourable to our proposed methodol-
ogy.

In order to evaluate the precision of the correlation
forecasts with respect to the true correlation process R;
we use again the Frobenius and MAE loss functions given
by Eqs. (10) and (11). For each replication of the exercise
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Fig. 4. Static simulation study: Sample correlation versus Stein’s projection of the sample covariance matrix onto the correlation set. The y-axis
shows E[Lfrob, resc ] — E[LFrob,proj] and E[Lwak, resc] — E[LumaE, proj]- For each Montecarlo replication, we draw T = 500 observations from A/(0, R), where
R = (1— p)I + pu'. Black, green, red and blue lines correspond to n = 10, 23, 36, 50, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

we compute the average losses across all the time periods
t =1,..., T and we then average again these across 1000
replications of the Monte Carlo exercise.

The correlation plot in Fig. 5 illustrates how the Pro-
DCC correlation delivers a performance improvement over
the DCC. In Fig. 6 we report the results of the exercise
for different values of n and p. Overall, results show that
the Pro-DCC performs systematically better than rescaling
and that the gains of the projections are larger when the
dimension of the system is larger and when the degree
of correlation is higher. These results are robust to the
choice of the amplitude and period of the cosine wave.
We remark that here we have focused on the positive
range of the correlations to avoid issues related to the
positive definiteness of the equicorrelation matrix since
the corresponding lower bound for the p; parameter
varies with the dimension n.

4. Empirical application

In this Section we carry out an out-of-sample asset
allocation exercise using the constituents of the S&P 100
to assess the benefits of the Pro-DCC for forecasting. The
exercise design is close in spirit to the one in De Nard et al.
(2021). An important difference between the latter and
our paper is that we use publicly available daily data from
Alpha Vantage (closing stock prices adjusted for dividends
and splits) and that the focus is exclusively on the S&P
100. Hence, the investment universe is fixed rather than
time-varying and smaller than the one considered in that
paper.

We consider the n = 86 constituents of the S&P 100
that have continuously been trading between 2011-01-
01 and 2019-06-30 (2136 trading days). We transform
adjusted close price data into log-returns, namely r;; =
100 x log(P;;/P;¢—1) fori =1, ..., n. The exercise consists
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in constructing the global minimum variance portfolio
(GVMP) once a month on the basis of different covari-
ance forecasts and to then measure the accuracy of the
different covariance forecasts on the basis of asset allo-
cation metrics.? It should be emphasized that despite the
fact that portfolio rebalancing occurs on a monthly basis,
all models are estimated using daily data. The GMVP is
defined as rgwyp: = w1, where
w; = arg min w; X'rw; ,
wét:l

with ¢ denoting an n-dimensional vector of ones. As it is
well known, the minimizer of this optimization problem
is given by

X L

L’Z;]L '
The GMVP has become a fairly standard metric to eval-
uate covariance forecasts. In particular, the appeal of the
GMVP lies in the fact that this asset allocation strategy
only depends on covariance forecasts and in particular it
does not rely on forecasts of the expected returns. As an
additional exercise, we consider the GMVP with exposure
constraints. In the literature, it is generally documented
that adding exposure constraints improves the minimum-
variance portfolio allocations and has an interpretation
in terms of shrinkage estimation (Fan et al., 2012; Jagan-
nathan & Ma, 2003). The GMVP with 1-norm constraints
is formulated as

w, (12)

min
wpi=1,||well1<y

w = arg w, X wy, (13)

4 We follow the common convention that 21 consecutive trading
days constitute one “month”.
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Fig. 5. Dynamic simulation study: Top panel: Dynamic correlations for the true DGP (black), versus the corresponding estimates from DCC (red) and
Pro-DCC (blue), where the true DGP is given by p; = p + .1cos(2xt/200). Bottom panel: cumulative sum of absolute error for each methodology
(same color legend), divided by the sum of absolute errors from the DCC model times 100.
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Fig. 6. Dynamic simulation study: DCC’s rescaling (red) versus Pro-DCC’s projection (blue) based on Stein’s loss for dimensions n = 50, (bottom pair),
n = 100 (middle pair) and n = 200 (top pair). The y-axis shows the average Frobenius (left panel) and MAE (left panel) losses across Montecarlo
simulations, where each loss is computed as the average loss across t = 1,...,T. The x-axis shows the magnitude of the parameter p, which

captures the level of cross-sectional dependence of the process.

for some y > 0. We consider the well-known choices
y = 1 (the no-short sale portfolio) and y = 2 (the 150/50
portfolio, i.e. the portfolio that allows a maximum of 50%
of short positions). In order to understand whether pro-
jections represent an improvement beyond shrinkage, we
compute y; = Z?=1 |w; ¢| for each ¢ for the portfolio based
on the Projected DCC and add the portfolio constraints of
the standard DCC with exposure constraint y = y;.”

5 We thank one of the referees for the suggestion.
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To compute the GMVP from the data, we train some
suitable dynamic covariance model in-sample and com-
pute one-step ahead covariance forecasts out-of-sample
on a rolling basis, keeping the parameters fixed to their
in-sample estimates. The portfolio is updated every month
to mitigate the costs of rebalancing. We note that in
De Nard et al. (2021) the approach to forecasting is slightly
different, as they compute the average of k-step ahead
forecasts for k ranging from 1 to 21. However, in order to
compute those forecasts, it is assumed that E[R;.|F;] =
E[Q¢+«|F¢], which is an approximation. In this work we



J. Llorens-Terrazas and C. Brownlees

refrain from following this strategy and we focus on one-
step ahead forecasts only in order to make the comparison
between DCC and Pro-DCC more transparent.

We consider different covariance forecasting strategies
to construct the GMVP. We entertain: DCC, the stan-
dard version of the DCC model; Pro-DCC, the Projected
DCC model based on Stein’s projection; RiskMetrics, the
RM2006 methodology of Zumbach (2007), and RollCov,
Rolling sample covariance computed with a window of
six months. For the GARCH-DCC/Pro-DCC specifications,
the marginal distribution for each asset is assumed to be
GARCH(1,1). For benchmarking purposes, we also report
metrics for the equal-weighted portfolio (“1/N").

Moreover, since the dimensionality of the problem
is fairly large, the DCC and Pro-DCC models are im-
plemented using standard covariance targeting as well
as covariance targeting based on the analytical nonlin-
ear shrinkage (NLS) methodology from Ledoit and Wolf
(2020). Also, DCC models are estimated using the com-
posite likelihood approach with contiguous pairs for the
dynamic correlation models as in Pakel et al. (2018),
which significantly reduces the computational burden of
estimation. We evaluate the performance of these dif-
ferent forecasting strategies using the following three
out-of-sample performance measures: AV, the annual-
ized out-of-sample average of the GMVP returns; SD,
the annualized out-of-sample standard deviation of the
GMVP returns, and Sharpe, the Sharpe ratio computed
as AV/SD.% For instance, the annualized volatility of the
portfolio is given by

T+t
/ — E 2
SDGMVP =4/252 x -1 TGmvpt »
t=T+1

where t is the length of the out-of-sample period and T
is the length of the in-sample period.

The resulting portfolio metrics are presented in Table 1
and results using different split dates for the in-sample
and out-of-sample periods can be found in Tables 2 and 3.
Results from tests of the difference in portfolio variances
using HAC inference as in Ledoit and Wolf (2008) are
shown in Tables 4-6. The findings of the exercise can be
summarised as follows. First, overall, we have that Pro-
DCC-NLS and Pro-DCC-SC outperform all other candidate
estimators in terms of both the standard deviation and
the Sharpe ratio of the GMVP. The (analytical) nonlin-
ear shrinkage versions of all estimators considered in
the exercise present superior performance than doing no
shrinkage. Second, the relative ranking between models
does not change when introducing the nonlinear shrink-
age methodology, which suggests that it uniformly im-
proves performance irrespective of the modeling choice

6 Additionally, the following portfolio metrics are computed:
e Turnover: ﬁz;’zl [ @ht1 — Wh¥|l,, where H is the total

number of months out-of-sample, and wf°! is the weight vector right

before the next monthly update, that is, taking into account the price
evolution of each asset during the month.

e Proportion of leverage: — S Hwis < 0).

e Gamma: 1 S S fwiyl.

e Maximum weight: max; p wj p.

e Minimum weight: min; , w; p.
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for the time-varying covariance matrix. Third, the empir-
ical results show that the 1-norm constrained portfolios
(denoted with y in Tables 1-3) substantially improve
performance for both the DCC and Pro-DCC. In a nuth-
sell, these results suggest that projecting, rescaling and
shrinking are essentially different operations, and that
the advantage of Pro-DCC versus DCC persists even after
controlling for shrinkage. Incidentally we note that the
equal-weighted portfolio (“1/N”) in this sample performs
relatively well in comparison to other studies - despite
being the worst performing portfolio in terms of standard
deviation. However, it must be noted that for larger cross
sections and/or periods of distress like the 2008 global
financial crisis, the results from the 1/N portfolio deterio-
rate significantly - see for example De Nard et al. (2021)
and Engle et al. (2019).

4.1. Alternative parameterization of the Global Minimum
Variance Portfolio

We provide a new approach to analyze the weights
given by the Global Minimum Variance Portfolio. We de-
fine K; = Et_l and 2, = Rt”, and note that the n x n
matrix of partial correlations can be written as

o0, = —diag($2,)" 212, diag(£2,)""/* .
VA

d,t”'t, after straightforward computa-

Defining v;; :
tions we have that
«_ Ko v 0o

We = UKet (v © o)’

(14)

where vy = (v1¢,...,Un¢) and £2;, is the ith diagonal
element of £2.. This means that the sign and magnitude
of the GMVP weights depend on 3 factors: (1) d;, the
volatility of the ith asset, which always shrinks the expo-
sure to 0. (2) si; : or in words, the “spillover”

effect which is proportiollliial to the determinant of the
conditional correlation matrix R; given by all assets ex-
cluding i. The higher the s; ;, the stronger is the shrinkage
towards 0. (3) g;,: partial correlation between assets i
and j, which measures the direct effects between assets i
and j conditional on all other assets in the portfolio. Note
that if the ith asset is directly and strongly connected to
the rest of the system, the weight is likely to be negative
(i.e. increased exposure in short position).

The parameterization allows us to deepen our under-
standing of the GMVP weight vector. In Fig. 7 we can
visualize the alternative parameterization of the weight
vector for a given date. For instance, if we focus on asset
number 20, we observe that the weight implied by the
DCC model is larger than the one implied by the Pro-
DCC model (the actual weights on the given date are 7.5%
vs 1.8%, respectively). From the second column we learn
that if all assets are independent of each other, then the
weight should be the lowest since this asset is the most
volatile at the given date. Both models convey that partial
correlation effects for this asset are on the lower end of
the distribution, which makes the asset more attractive
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Portfolio selection with all constituents in S&P 100. Performance metrics for the out-of-sample period, which ranges from 2015-12-31 to 2019-06-30.
AV: annualized average portfolio return. SD: annualized volatility of portfolio returns. Sharpe: AV/SD. Turnover: m Zﬁ:l | W1 — ﬁ)zaldlh, where

H is the total number of months out-of-sample, and w

Minimum weight: min;, w; . The annualized volatility of the best portfolio is highlighted in boldface.

hold
h

is the weight vector right before the next monthly update, that is, taking into account the
price evolution of each asset during the month. Leverage: # ZL Z?:l 1{w;p < 0}. Gamma: %Z;’:l Z:’Zl |wi p|. Maximum weight: max;j w;p.

AV SD Sharpe Turnover Leverage Gamma MaxWeight MinWeight
DCC-SC 7.880 12.489 0.631 0.065 0.493 2.945 0.680 —0.125
Pro-DCC-SC 10.228 11.918 0.858 0.093 0.488 2935 0.439 —0.125
DCC-SC(y = y¢) 7.833 12.478 0.628 0.293 0.490 2.897 0.679 —0.125
DCC-SC(y = 1) 7.880 11.989 0.657 0.019 0.019 1.001 0911 —0.004
Pro-DCC-SC(y = 1) 9.133 11.427 0.799 0.028 0.019 1.001 0.592 —0.004
DCC-SC(y = 2) 8.975 12.133 0.740 0.081 0.447 2.000 0.678 —0.093
Pro-DCC-SC(y = 2) 11.245 11.676 0.963 0.036 0.451 2.000 0.441 —0.116
DCC-NLS 7.745 12.362 0.626 0.071 0.492 2.756 0.685 —0.097
Pro-DCC-NLS 10.139 11.823 0.858 0.050 0.490 2.733 0.432 —0.107
RiskMetrics 8.387 12.251 0.685 0.173 0.428 4.724 0.466 —0.418
RollCov 14.931 19.799 0.754 0.559 0.463 7.787 1.017 —0.795
1/N 10.440 12.426 0.840 0.016 0.000 1.000 0.012 0.012
Table 2

Portfolio selection with all constituents in S&P 100. Performance metrics for the out-of-sample period, which ranges from 2016-12-31 to 2019-06-30.
AV: annualized average portfolio return. SD: annualized volatility of portfolio returns. Sharpe: AV/SD. Turnover: m ZLI |Wpyr — ﬁ),’;"ldlh. where
is the weight vector right before the next monthly update, that is, taking into account the
price evolution of each asset during the month. Leverage: i Zgzl Z?:l 1{w;, < 0}. Gamma: %27:1 ZL |wi p|. Maximum weight: max;; w;p.

H is the total number of months out-of-sample, and w

Minimum weight: min;, w; . The annualized volatility of the best portfolio is highlighted in boldface.

hold
h

AV SD Sharpe Turnover Leverage Gamma MaxWeight MinWeight
DCC-SC 4,122 12.439 0.331 0.051 0.491 2.749 0.558 —0.107
Pro-DCC-SC 5.881 12.112 0.486 0.058 0.489 2.691 0.481 —0.104
DCC-SC(y = ) 4275 12.406 0.345 0.044 0.489 2.669 0.567 —0.107
DCC-SC(y = 1) 10.284 11.878 0.866 0.013 0.023 1.001 0.803 —0.004
Pro-DCC-SC(y = 1) 9.196 11.454 0.803 0.013 0.021 1.000 0.681 —0.003
DCC-SC(y = 2) 6.635 12.207 0.544 0.039 0.462 2.000 0.578 —0.087
Pro-DCC-SC(y = 2) 7.588 11.884 0.638 0.050 0.473 2.000 0.487 —0.099
DCC-NLS 4295 12.348 0.348 0.038 0.494 2.627 0.567 —0.100
Pro-DCC-NLS 5.960 12.017 0.496 0.055 0.495 2.567 0.492 —0.092
RiskMetrics 1.229 12.100 0.102 0.125 0.416 4.329 0.388 —0.368
RollCov 1.591 15.945 0.100 0.253 0.455 7.048 0.815 —0.606
1/N 9.519 12.126 0.785 0.013 0.000 1.000 0.012 0.012
Table 3

Portfolio selection with all constituents in S&P 100. Performance metrics for the out-of-sample period, which ranges from 2017-12-31 to 2019-06-30.

AV: annualized average portfolio return. SD: annualized volatility of portfolio returns. Sharpe: AV | SD. Turnover: H(H—I_U Zﬂ':l [l py1 —
H is the total number of months out-of-sample, and w

Minimum weight: min; , w; 5. The annualized volatility of the best portfolio is highlighted in boldface.

hold
h

o], where

is the weight vector right before the next monthly update, that is, taking into account the
price evolution of each asset during the month. Leverage: # Zﬁ:l Z?:l 1{w;, < 0}. Gamma: %Zﬂ:] ZL |wi p|. Maximum weight: max;, w;p.

AV SD Sharpe Turnover Leverage Gamma MaxWeight MinWeight

DCC-SC 0.186 14.672 0.013 0.069 0.499 2.606 0.392 —0.136
Pro-DCC-SC 2.198 14.443 0.152 0.064 0.500 2.483 0.336 —0.096
DCC-SC(y = ) 0.165 14.623 0.011 0.136 0.493 2.468 0.388 —0.132
DCC-SC(y = 1) 1.858 13.755 0.135 0.015 0.026 1.001 0.599 —0.004
Pro-DCC-SC(y = 1) 2.111 13.442 0.157 0.043 0.023 1.001 0.503 —0.002
DCC-SC(y =2) 1.065 14.427 0.074 0.065 0.466 2.000 0.414 —0.120
Pro-DCC-SC(y = 2) 3.095 14.172 0.218 0.072 0.467 2.000 0.342 —0.085
DCC-NLS 0.105 14.581 0.007 0.066 0.503 2511 0.395 —0.129
Pro-DCC-NLS 2.019 14.350 0.141 0.052 0.499 2.384 0.337 —0.088
RiskMetrics —4.857 14514 —0.335 0.159 0.426 4776 0.386 —0.362
RollCov —9.864 18.875 —0.523 0.232 0.462 7.715 0.814 —0.569
1/N 4.461 14.745 0.303 0.016 0.000 1.000 0.012 0.012
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Table 4
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Difference in variance test (Ledoit & Wolf, 2011) for different candidate portfolios. Split Date: 2015-12-31. Every cell computes the difference
in standard deviation from the column portfolio minus the standard deviation of the row portfolio. Figures are reported in annualized terms

i.e. multiplying by +/252).

= ~
- —~ Il — Il
i " > h > 9
3 L L % L % z g
] = = &) = &) ] ] =
5 z 7 &g 2 & = 5 = £
a £ a 8 £ 8 £ 8 £ i 2 =
DCC-SC - —-0.57* —0.01 —-0.5 -1.06"* —-0.36"* —0.81"* —0.13*** —0.67"* —0.24 7.31* —0.06
Pro-DCC-SC 0.57* - 0.56* 0.07 —0.49 0.22 —0.24"" 044 —0.09"" 0.33 7.88°* 0.51
DCC-SC(y = w) 0.01 —0.56" - —0.49 —-1.05"* —0.35"* —0.8""" —0.12""* —0.66"" —0.23 7.32*  —0.05
DCC-SC(y = 1) 0.5 —0.07 0.49 - —0.56 0.14 —0.31 0.37 —-0.17 0.26 7.81°% 0.
Pro-DCC-SC(y = 1) 1.06""*  0.49 1.05"*  0.56 - 071" 0.25 094" 04 0.82 8.377 1%
DCC-SC(y = 2) 0.36""" —0.22 0.35"** —0.14 —-0.71" —0.46 0.23"" —0.31 0.12 7.67°"" 0.29
Pro-DCC-SC(y =2) 0.81""*  0.24" 0.8 0.31 —0.25 0.46 - 0.69** 0.15** 0.58 8.12*** 0.75**
DCC-NLS 0.13***  —044 0.12***  —0.37 —0.94"* —0.23"* —0.69" - —-0.54" —0.11 7.44** 0.06
Pro-DCC-NLS 0.67** 0.09** 0.66" 0.17 —-04 0.31 —0.15""  0.54" - 043 7.98°* 0.6
RiskMetrics 0.24 —-0.33 0.23 —0.26 —0.82 —-0.12 —0.58 0.11 —0.43 - 7.55* 0.17
RollCov —7.31"7% —7.88"* —7.32"* —7.81""* —837"" —7.67""" —8.12"" 744" 798" 755" —7.37"
1/N 0.06 —0.51 0.05 —0.44 -1 —0.29 —0.75"*  —0.06 —-0.6 —0.17 7377 -

*Indicate that results are significant at the 10%.
**Indicate that results are significant at the 5%.
***Indicate that results are significant at the 1%.

Table 5

Difference in variance test (Ledoit & Wolf, 2011) for different candidate portfolios. Split Date: 2016-12-31. Every cell computes the difference
in standard deviation from the column portfolio minus the standard deviation of the row portfolio. Figures are reported in annualized terms

i.e. multiplying by +/252).

= ~
E . Il S Il
A b N
T (A - S - S S
&) = = @] = o A o =
) £ g g £ g 2 g £ 2 s =
DCC-SC - —-0.33 —0.03** —0.56* —0.98*** —0.23*** —0.56"** —0.09"** 0.42** 0.34 351" —0.31
Pro-DCC-SC 0.33 - 0.29 —-0.23 —0.66"* 0.09 —0.23** 0.24 —0.09"* —0.01 3.83* 0.01
DCC-SC(y = ) 0.03** —0.29 - —0.53" —0.95*"*  —0.2"** —0.52""* —0.06"* —0.39% —0.31 3.54"** —0.28
DCC-SC(y = 1) 0.56* 0.23 - —0.42*** 0.33 0.01 0.14 0.22 4,07 0.25
Pro-DCC-SC(y = 1) 0.98"** 0.66** 0.42* - 0.75** 0.43* 0.56** 0.65 449 0.67
DCC-SC(y = 2) 0.23** —0.09 . —0.33 —0.75""" - —0.32 —-0.19 —0.11 3.74"* —0.08
Pro-DCC-SC(y =2) 0.56"** 0.23*** 0.527* —0.01 —0.43* 0.32 - 0.13** 0.22 406" 0.24
DCC-NLS 0.09*** —0.24 0.06** —0.47* —0.89*** —0.14** —-0.46"" - —0.33* —0.25 3.6 —0.22
Pro-DCC-NLS 0.42%* 0.09*** 0.39* —0.14 —0.56"  0.19 —-0.13**  0.33* - 0.08 3.93** 0.11
RiskMetrics 0.34 0.01 0.31 —-0.22 —0.65 0.11 —-0.22 0.25 —0.08 - 3.85** 0.03
RollCov —351** —3.83* 3.54"*  —4.07"" —449* 374" —4.06"" 3.6% —3.93** _—3.85** —3.82%
1/N 0.31 —0.01 0.28 —0.25 —0.67 0.08 —0.24 0.22 —0.11 —0.03 3.82%* -

*Indicate that results are significant at the 10%.
**Indicate that results are significant at the 5%.
***Indicate that results are significant at the 1%.

than what is implied by the volatility alone. The main
difference is thus explained by the third-to-last column
(s), which captures the spillover effects from the asset in
question to the rest of the system. In other words, the Pro-
DCC model implies that asset 20 is indirectly connected
to the remaining assets way more strongly than what is
implied by the DCC model, which explains why it has a
lower weight.

5. Conclusions

In this paper we contribute to the DCC literature with
a novel specification inspired by the literature on Breg-
man matrix projections and the nearest-correlation ma-
trix problem. We demonstrate the benefits of using our
proposed methodology with respect to the standard
GARCH-DCC model in a simulated exercise. We also carry
out a global minimum variance portfolio exercise using
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Table 6
Difference in variance test (Ledoit & Wolf, 2011) for different candidate portfolios. Split Date: 2017-12-31. Every cell computes the difference
in standard deviation from the column portfolio minus the standard deviation of the row portfolio. Figures are reported in annualized terms

i.e. multiplying by +/252).

= ~
= — Il — Il
- X N N
O I I o] I o1 2 n
& > > & > & 9 S £
2 B 2 2 8 2 8 z 8 : §
S S < S S 9 S S S % = z
2 S 2 a £ a £ 2 & = g =
DCC-SC - -0.23* -0.05"" —0.92"" -—123"" -0.24""" -05"" —-0.09""" -0.32""" -0.16 427 0.07
Pro-DCC-SC 0.23* - 0.18 -0.69° -1 —0.02 —0.27""* 0.14 —0.09""* 0.07 443" 0.3
DCC-SC(y = w) 0.05" —0.18 - —0.87* —1.18"" —-0.2""" —0.45"" -—0.04 —-0.27""  —0.11 425 0.12
DCC-SC(y = 1) 0.92"* 0.69" 0.87" - —0.31""" 0.67*" 0.42 0.83"* 0.59" 0.76 5.12"* 0.99"
Pro-DCC-SC(y = 1) 1.23"* 1" 118" 0317 - 0.98™*  0.73* 114" 091"  1.07* 5437 13"
DCC-SC(y = 2) 0.24"*  0.02 0.2%"* —0.67" —0.98"" - —-025*  0.15* —0.08 0.09 445" 0.32
Pro-DCC-SC(y =2) 0.5 027" 045" —042 —-0.73** 0.25" - 0417  0.18"*  0.34 4.7 0.57
DCC-NLS 0.09"* —0.14 0.04 —0.83"* —1.14"" -0.15"" —-0.41""" - —-0.23*  —-0.07 429 0.16
Pro-DCC-NLS 032" 0.09"* 027" —-0.59*  —0.91""* 0.08 —0.18""" 0.23" - 0.16 453" 0.4
RiskMetrics 0.16 —0.07 0.11 —0.76 -1.07*  —0.09 —0.34 0.07 —0.16 - 436" 0.23
RollCov —4.27%  —443"%  —425" 512" 543" —445"" —47"  —429"" —453" —436"" - —4.13"
1/N —-0.07 -03 —0.12 —-0.99* —-1.3" —0.32 —0.57 —0.16 —04 —-0.23 413" -
*Indicate that results are significant at the 10%.
**Indicate that results are significant at the 5%.
***Indicate that results are significant at the 1%.
GMVP Decomposition DCC-NLS at 2016-04-13 (standardized) GMVP Decomposition Pro-DCC-NLS at 2016-04-13 (standardized)
80 1 — E— 4 80 - - *
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Fig. 7. Heatmap of GMVP at 2016-04-13. Column w shows the weights implied by the model, which are contrasted to the weights under the
assumption that X', is diagonal (second column). The column vol shows the conditional volatilities for every asset. The column s is the vector that
stacks the spillover effects s;; := 1/,/2ii¢. The column pc shows the partial correlation effects, and for every asset i they are computed as Zj £i Qij.c-

Finally, the column vsc contains the reciprocal of the v; vector, so vscj; = Ly 3. For the purposes of visualisation, all columns have been standardized.
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Appendix. Proofs

Proof of Lemma 1. The claim follows from Theorem
3.12(iii) in Bauschke and Borwein (1997). O

Proof of Lemma 2. Let K = Q. Consider the n = 2

case:
SFITSETIE
ks
ky

p 1
K= [
Therefore,
tr(RK) = k1 + 2ksp + ky, and
det(RK) = det(K) det(R) = (k1k, — k2)(1 — p?)

qi1
q12

qi2
q22

k 1
ks

and our minimization problem can be formulated as a
univariate problem:

minf(p) = min k; +2ksp+k, —In(k ky —k?)—In(1—p?)—2
» P

Since the problem is convex and the domain of f is the
open interval (—1, 1), it suffices to take the first order
condition and solve for p, which yields the result in
(7). O

Proof of Lemma 3. Let K = logQ. In the bivariate case,
we have that

tr(RlogR) — tr(RK)

1
=1In(1—p*)+pln (#) — 2k, p + const == f(p)
0

which follows since the matrix logarithm of R is given by

111 —1 In(1+ p) 0
'°gR=2[1 1][ 0 ln(l—p)]

L]

Hence, the problem is equivalent to minimizing f with
respect to p.’ Since the problem is convex and the domain
of f is the open interval (—1, 1), it suffices to take the first
order condition and solve for p:

—2p 145 1-7
P +1n< +’f)+[> P ok, =0
1—p2 1-p 1+p(1—py
e2kv _
= p = ——— = tanh(k,
P= g (kv)

To find an analytical expression for k,, let VAV’ be the
eigendecomposition of Q, where V is orthonormal. It is
easy to verify that the eigenvalues of Q are given by

1 .
Ai = 3 |:Q11 +qn + (—1)171\/(%1 —qn)?+ 4‘1%2]

7 Note that we can ignore the terms tr(R) and tr(Q) that appear in
dy(R, Q) as these do not depend on p.
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where i 1, 2. Their corresponding eigenvectors are
v; = [vi1, vi2]’, where

vit = —2q12/ (CIn — Q2

+ (—1)i\/(CI11 —qn)?+ 4Q%2> Vip = Yivp

Imposing unit norm eigenvectors, we have that v, =
(14 v¥?)"/2. Hence, it is easy to see that the (2,1) entry
of the K matrix is given by
ky = (InA1)vrivrz + (InA2)v21v2

= (Inxq)Y1v5, + (InAx)yp03,

_ Y1lnd  Ynlnd,

14y 1+y2

Proof of Lemma 4. Let R® = Q, Note that
Py (R*V) = arg min dy (RW, R*V)
RO eC;
The first order condition of the Lagrangian yields the
following matrix update for R
Vo(R®)) = VH(R*) + aeie]
tr(RMee)) = 1

When ¢(-) = —Indet(-), we have that V@(R®) =
—[R™]~1, and the first equation of the system becomes

R(l() — ([R(k—l)]—l _ O{eie;)_l

Using Sherman-Morrison’s formula, we can re-write the
first equation as

RK — RE=1 4 R(k—l)eie;R(k—l)

1 — aeRk-e;

Note that tr(R*Deiel) = e/R*Ve; = RE, It follows
that tr(R*~ Ve Rk Veiel) = (e/R*Ve;)? [REVP2,
Plugging the first equation in the second one and solving
for o we get

tr({wu «
1

T (kUR("”eie§R(kl):| eiel{) =1
i

=RV -1

Replacing « in the first equation of the system yields the
desired result, since

LA

o
1—oRED 1 - (RE]-1 — RED
=[R2 — RV
R (1-REY) o
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