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1 Introduction

The classic mean-variance approach to portfolio optimization proposed by [Markowitz|(1952)
constitutes a breakthrough in finance. This is the first mathematical model that formalizes
the concept of diversification. This model allows investors to attain lower risk for a pre-
specified level of return. But it also requires the knowledge of the distributional moments
of stock returns, which are usually unknown. Therefore, they have to be estimated with
sample information via maximum likelihood estimation. Usually, maximum likelihood es-
timators carry a lot of estimation error, making the investor’s choice problem even more
uncertain. In fact, the classical mean-variance model turns out to offer estimated portfolios
below the true efficient frontier (see|Jobson and Korkie| (1981))). The effects of estimation
error is one of the main drawbacks that practitioners have found in portfolio optimization
and it has been one of the most active areas of the last decades. To study this issue, many
authors have study the effect of estimation error in practice. For instance, Best and Grauer
(1991) show that mean-variance portfolios are quite sensitive to small changes on the vec-
tor of means. Britten-Jones| (1999) proposes a statistical procedure to test mean-variance
portfolios. He showed that the sampling error of an international portfolio formed by 11
countries is large. DeMiguel et al.|(2009) show that an “inefficient” equally weighted port-
folio might outperform estimated optimal portfolios due to estimation error. To address the
issue of estimation error, the researcher might attack either the inference about the inputs
that form the portfolio weights or the portfolio weights themselves. In this paper we focus
on the special case of shrinkage estimators, which arise from the well known literature of

James-Stein estimators (see James and Stein| (1961])).

As pointed out by [Ledoit and Wolf (2003), maximum likelihood estimators are “the
most likely parameter values given the data. In other words: let the data speak (and only
the data)”. Therefore, when the data is not enough to estimate, maximum likelihood might
result very cumbersome and erratic. At this point, shrinkage estimators arise as a potential
alternative to maximum likelihood estimation. In general, these methods dominate classical
estimators in terms of quadratic loss. Moreover, shrinkage estimators have been shown to
perform much better than naive estimators in the out-of-sample analysis (see Brandt|(2004)

for a revision of the literature).

Shrinkage estimators have been widely studied to diminish the estimation error on the
estimation of the moments of asset returns. |[Frost and Savarino| (1986) estimate the vector
of means with the mean of a posterior density defined by a Normal-Wishart conjugate prior.
Jorion| (1986) proposes an empirical Bayes-Stein estimator for the vector of means. The
author estimates it as the mean of the posterior density function defined by an informative

prior which belongs to the class of exponential families. Both works, Frost and Savarino



(1986) and [Jorion| (1986), hold the underlying concept of inadmissibility of the sample
mean (see [Stein/ (1956)). More studies on the estimation of the vector of means based on
shrinkage estimators have been made by Jobson et al.| (1979) and [Jorion (1985). In this
paper, we propose a new class of shrinkage estimator for the vector of means constructed
as a convex combination between the sample mean and a and a given target. The convex

parameter or shrinkage intensity is computed to minimize a quadratic loss function.

Although some work has been devoted to study the estimation error in the vector of
means, since Merton (1980) it is well known that variances are more stable along time
and therefore, they are easier to be estimated. This issue prompted many investment man-
agers to drop the vector of means out of their models. But even covariance matrices are
deeply affected by estimation error, in particular in high-dimensional data sets. To deal
with this problem, practitioners have implemented portfolio constraints which help to ob-
tain better out-of-sample performance. Until Jagannathan and Ma (2003)), it was not clear
why portfolio constraints improved the performance of the minimum-variance portfolios.
These authors show that implementing portfolio constraints is equivalent to solve an un-
constrained minimum-variance portfolio problem where the covariance matrix is shrunk by
the lagrange multipliers of the constrained problem. The literature of shrinkage estimators
for the covariance matrix is one of the main practical streams in portfolio optimization.
Ledoit and Wolf (2003) propose a shrinkage estimator for the covariance matrix which is
a weighted average of the sample covariance matrix and a single-index covariance matrix
implied by the market factor model (see Sharpe (1963))). In the same manner, Ledoit and
Wolf (2004a) propose a shrinkage estimator for the covariance matrix where the sample co-
variance matrix is shrunk towards the identity matrix. They show that the resulting matrix
is well-conditioned, even if the sample covariance matrix is not. The shrinkage intensity
given in Ledoit and Wolf (2004a) is obtained under asymptotic results. On the other hand,
DeMiguel et al.| (2009) introduce a new class of portfolio constraints in the minimum-
variance portfolio problem, where the norm of portfolio weights must be less or equal than
a given threshold. They show that these constraints have a shrinkage effect over the sample

covariance matrix.

The main motivation of using shrinkage estimators is to reduce the estimation error.
When dealing with naive estimators (i.e. maximum likelihood estimators), optimal es-
timated portfolio weights might be very damaged by the estimation error. The first work
where we find analytical expressions defining the estimation error of portfolio weights goes
back to|Jobson and Korkie (1980). In this work, the authors provide approximations to the
distributional properties of the mean-variance portfolio weights. Moreover, they also pro-
vide approximations to the portfolio mean and the portfolio variance. The study of estima-

tion error in this fashion is extended in the works of |Okhrin and Schmid! (2006) and Siegel



and Woodgate (2007)). (Okhrin and Schmid| (2006) obtain closed-form expressions for the
exact moments of the mean-variance portfolio weights. They also provide explicit expres-
sions for the multivariate density of the global minimum-variance portfolio. Siegel and
Woodgate| (2007) quantify the “over-optimism” given by mean-variance portfolios. They
show that the portfolio mean tends to be biased upwards while the portfolio variance tends
to be biased downwards. They provide some adjustments to correct for the “over-optimism”
to better understand the poor out-of-sample performance of mean-variance portfolios. Kan

and Smith| (2008) provide finite-sample expressions for the minimum-variance frontier.

Shrinkage methods for portfolio weights and the impact of estimation error have been
studied in the literature as well. Kan and Zhou (2007)) studied a three-fund portfolio where
the optimal asset allocation is a combination of the mean-variance portfolio, the minimum
variance portfolio and a risk-free asset. They show that an optimal combination of the three
funds diminishes the effect of estimation error in the investor’s utility function. DeMiguel
et al.| (2009) study another type of three-fund rule where the minimum-variance portfolio
is combined with an equally weighted portfolio. [Tu and Zhou! (2011)) study the trade-off
between optimal mean-variance portfolios and non-contaminated equally weighted portfo-
lioﬂ The authors show that there exist an optimal trade-off between risky portfolios and
an equally weighted portfolio such that the equally weighted portfolio and the considered

mean-variance portfolios can be outperformed by this combination.

In this paper, we study shrinkage estimators for the vector of means, the covariance ma-
trix and portfolio weights themselves. Throughout the whole paper, the basic assumption
is that returns are independent and identically distributed with unknown vector of means
(1 and covariance matrix 2. ﬂ The independence assumption is required to calibrate the

shrinkage estimators.

We consider a data set R of NV > 2 assets over a sample of 7" observations, where each
observation R; € RY is independent and identically distributed. The naive estimator of the

vector of means is /i = (1/7) 3_,_, R, and the naive estimator of the covariance matrix is
3 T ~ ~
Y= )T - 1) X (B — i) (Re — 1)

In the classical mean-variance formulation, the objective is to maximize a investor’s
quadratic utility which is defined as the trade-off between portfolio return and portfolio

variance. Hence, the estimation of the population moments y and Y is quite relevant for

'The term non-contaminated stands for the case case where estimation of moments is not required to
construct the portfolio, which is the case of the equally weighted portfolio. Due to the absence of estimation
error, this portfolio can be seen as a non-contaminated portfolio.

>The independence assumption is very strong with high frequency data like weekly, daily or tick by
tick data. In the empirical analysis we work with monthly data where the independence assumption is less
unrealistic.



the investor’s choice. The population optimal mean-variance portfolio is w = %Z_lu

. . . .o~ T—-N—-2)13&_ . .
and its naive estimator counterpart is W, = ((TT))}/E 1 where 7 is the investor’s

risk aversion level. In this portfolio, investors can allocate/borrow part of their budget
in/from the risk free asset. Throughout the paper, we assume that there is no risk free

asset, therefore we normalize the estimated optimal mean-variance portfolio obtaining the
o

tangency portfolio (TP) Wrp = %z—_lﬂﬁ

We also pointed out that many investors were prompted to drop the vector of means
out of their models since Merton (1980). In this case, the objective is to minimize the

portfolio variance. The population global minimum-variance (GMV) portfolio is defined
S-1
U310

proper vector of ones. This portfolio adds up to one because of the denominator /¥ 714,

-1 . . . . ~ .
as wagymy = L,ZE—,fL, and its naive estimator counterpart is Wgyy = where ¢ is a

which normalizes the element X~ !;. In the following sections, whenever we mention the

estimated minimum-variance portfolio, we refer to the non-normalized element, which is

(T-N-2)
(T-1)

of the random variable x. This statement holds for the following sections.

Winin = ~1;. In general, and for notational simplicity, we set Z as the estimator

Our contribution to the literature is threefold: first, we propose new procedures to ob-
tain the shrinkage intensities of the shrinkage estimators for the vector of means and the
covariance matrix. We obtain closed form expressions of the shrinkage intensities under
the assumption of independent and normally distributed asset returns. We find a more ro-
bust calibration method for the shrinkage vector of means, which gives better empirical
results than the bayes-stein shrinkage estimator for the vector of means proposed by [Jorion
(1986). We also propose two different methods to obtain the shrinkage intensities of the
shrinkage covariance matrix. In the first one, we obtain a closed form expression which
allows us to understand its dependence with the number of assets and observations under
consideration. In the second, we come up with a calibration method that accounts explic-
itly for the condition number of the covariance matrix. As we will show in the empirical
analysis, this procedure is very convenient in high-dimensional data sets. Furthermore, we

propose a new class of shrinkage estimator over the inverse covariance matrix.

Second, we make an extensive empirical study of four different calibration criteria for
shrinking portfolio weights. We apply each calibration method through three different
shrinkage portfolios across six different real data sets. Moreover, we account for the impact
of transaction costs. To the best of our knowledge, this is the first paper that makes such
a empirical analysis in the study of shrinkage portfolios. After adjusting for transaction

costs, we find that the expected portfolio variance minimization technique is more robust

(T=N=2) {4 correct the bias

3We multiply the sample mean-variance portfolio @,,, = %iflﬁ by a factor 0

implied by the inverse of S when returns are assumed to be normally distributed.



across every data set in terms of Sharpe ratio. Moreover, we also observe that when the
shrinkage portfolio does not consider the vector of means, a mean-squared loss criteria to

calibrate the shrinkage portfolio is very convenient in terms of Sharpe ratio and turnover.

Third, we propose two different methods to calibrate shrinkage portfolios. In the first
one, we assume that asset returns are independent and normally distributed (i.e. N (i, X)).
This assumption allows us the obtain closed form expressions of the optimal shrinkage in-
tensities in general. These closed form expressions allows us to study the dependence of the
shrinkage intensities with respect to the number of assets and observations under consider-
ation. The second method to calibrate shrinkage portfolios does not make any assumption
about the distribution of asset returns. In this case, the optimal shrinkage intensities are
obtained via smoothed bootstrap. We show that this calibration method gives good results

in high-dimensional data sets.

The paper is organized as follows. Section[2]study and extend the analysis of shrinkage
estimators of the moments of stock returns. Section [3] study the mixture of portfolios,
understood as an alternative way of shrinking portfolio weights, and their calibration. In
Section 4] we make an extended empirical analysis of shrinkage estimators. Section [3]

concludes.

2 Shrinkage estimators of moments

We first address the problem of estimation error within the estimation of moments. This is
a natural approach to deal with the poor performance of classical methods in portfolio opti-
mization. Because of estimation error within naive sample momentﬂ portfolio weights are
highly contaminated and this is why classical methods perform badly in real life. Through-
out this section, we study shrinkage estimators which try to alleviate the effect of estimation
error of the naive sample moments. We closely follow the shrinkage framework described
in |Ledoit and Wolf (2004a), where the naive estimator is shrunk toward a target element.
The shrinkage intensity is chosen to be the optimal shrinkage that minimizes the mean-
squared loss of the shrinkage estimator with respect to the true value. Hence, if we want
to estimate some population property fi, of a random variable z, such that i, is the naive

estimator, we define its mean-squared loss as follows:

MSE (ﬁx) =F ((ﬁx - ﬂm)2) = \E ((ﬁx - F (ﬁz))2)1+£,ugc ) (ﬁx))zj (D
Var?;nce Squar?:fi Bias

“For the rest of the paper, naive estimator are understood as maximum likelihood estimators.



Therefore, our criteria to select the shrinkage intensity is the expected mean-squared loss.
This section deals with the estimation of the moments of stock returns. To diminish the
estimation error, we study shrinkage estimators for the vector of means and the covari-
ance matrix. In Section [2.1} we derive a shrinkage estimator for the vector of means. In
Section [2.2] we derive a shrinkage estimator for the covariance matrix. We also derive a
shrinkage estimator for the inverse covariance matrix. Throughout this section and Sec-
tion |3, we understand shrinkage estimators as a convex combination of some naive sample

estimator and a target element:
Shrinkage Estimator = (1 — «) x Sample Estimator + « x Target, ()

where « is the shrinkage intensity. This parameter determines the “strength” under which
the naive sample estimator is shrunk towards the target element. This value is between zero
and one. Therefore, the maximum “strength” is one, being the shrinkage estimator equal to
the target element. If « is zero, the “strength” is zero and therefore the shrinkage estimator
corresponds with the naive sample estimator. The optimal shrinkage intensity « is defined

by a mean-squared loss criteria.

2.1 Estimation of the vector of means

Shrinkage rules to diminish the estimation error of the vector of means have been a matter
of study in the literature. |[Frost and Savarino (1986) assume an informative prior where all
stocks have the same expected values, variance and covariances, such that the predictive
mean turns out to be a weighted average of the sample mean and a grand mean equal to
the historical average return for all stocks. Jorion (1986) estimates the vector of means by
integrating a predictive density function defined by an exponential prior which is only spec-
ified for the vector of means. DeMiguel et al. (2009) study the performance of James-Stein
shrinkage estimators for the mean, defined as a weighted average of the naive sample mean
1t and the portfolio mean of the minimum-variance portfolio. The James-Stein shrinkage

intensity parameter is in general expressed as follows:

N+2
(N + 2) + T (/vb _ utarget) -1 (M _ Mtarget)”

ajs = (3)
where ;¥ is a target vector. Expression is estimated with sample information to
construct the shrinkage estimator ji;5 = (1 — ayg)i + @ sp™e". This estimator belongs to
the class of estimators with lower expected quadratic loss than the usual sample estimator
1t (see James and Stein|(1961)).



We propose another type of shrinkage estimator where the mean is also a weighted
average of the sample vector of means and the target © = 1 € RY, scaled by a scalar
factor v. The scale factor v is introduced to approach the target to the true vector of means.
Since the considered target has zero variance, its squared bias defines the mean-squared
loss. Therefore, to control for the bias we include the scale factor v. The optimal shrinkage

intensity « and scale factor v, are obtained by solving the following problem:

min B [||i — pll3] )
st. = (1—a)p+av, 3)

where ||z]|3 = S, 22, a is the shrinkage intensity and v is the scale factor. Problem

minimizes the expected squared loss of the estimated vector of means with respect to
the true vector of means. The variables of the problem are the shrinkage intensity « and
the scale factor v. The constraint shows that the estimated vector of means /i is a
convex combination of the sample vector of means with the scaled target .. We choose
the target : = 1 € RY because when the shrinkage intensity is equal to one, the solution
of the estimated mean-variance portfolio with our shrinkage estimator for the vector of
means would be the minimum-variance portfolio, which is known to perform better than
the mean-variance portfolio due to the estimation error (see [Merton| (1980)). On the other

hand, introducing constraint (5] in problem (), we have that:
min B [i — pl2] = (1 - 0B (i - ] +0? on— P> ©)

We observe that the optimal scale parameter v is v* = argmin,, ||z — u||?, such that the
squared bias of the scaled target v¢ is minimized. The following proposition gives the

optimal values for a and v.

Proposition 2.1. Assuming R; are independent and normally distributed, the optimal finite

shrinkage parameter o and the optimal scale factor v of problem () are:
v, =H, (7)

and

L wn
TN - @

where Ti is the scalar average of the vector of means, i, = (1/N)u/p, and o2 is the average

of the population variances.



Proof. The proof of Proposition [2.1]is given in the appendix. O

The optimal shrinkage intensity «;, for the vector of means shows some interesting
properties. First, we see that when 7" — oo, the optimal shrinkage intensity converges to
zero. This confirms that the shrinkage estimator holds with the Glivenko-Cantelli theorenﬂ
Second, from formula (), we observe that the larger the average population variance, the
closer the shrinkage intensity is to one. Third, it is important to point out that the optimal
shrinkage intensity does not depend on the number of assets. The advantage of our estima-
tor is twofold: first we scale the target such that the bias of the target is reduced. Second,
the computation of the shrinkage intensity does not involve the inverse covariance matrix
of asset returns ¥,~1. This is an advantage because when estimating the shrinkage inten-
sity, X! might be extremely large and very erratic if the condition numbelﬂ of ¥ tends to
infinite. It might happen when N is large and 7’ is relatively small. When this happens, we
usually refer to that matrix as an ill-conditioned matrix. To control for this issue, we may
shrink the covariance matrix as well. In the following subsection, we deal with shrinkage

estimators for the covariance matrix.

2.2 Estimation of the covariance matrix

In this section, we study shrinkage estimators for the covariance matrix. There is a vast
literature of shrinkage estimator for the covariance matrix. In particular, we focus on the
shrinkage estimators which define the shrinkage intensity by a mean-squared loss criteria.
The general framework is based on a convex combination between a naive estimator of the
covariance matrix and a target matrix that imposes some structure on the naive estimator.
Ledoit and Wolf] (2003) propose as a target matrix the single-index covariance matrix im-
plied by a market factor model. On the other hand, Ledoit and Wolf (2004b) propose a
target defined by a “constant correlation matrix”, where all the correlations are equal to the
average of all the sample correlations. Ledoit and Wolf| (2004a) shrink the naive sample
covariance matrix toward a scaled identity matrix. Due to the high bias of the identity ma-
trix, it is scaled by a factor v, imposing the structure that all the variances are equal to v and
the covariances are zero. Likewise, we estimate the covariance matrix as an optimal con-
vex combination between the sample covariance matrix and a scaled identity matrix. We

focus on this shrinkage method because the target is deterministic, i.e. its variance is zero.

>The Glivenko-Cantelli theorem states that the sample probability function converges to the population
probability function when the number of sample observations tends to infinite (see Shorack and Wellner
(1986)).

®The condition number is the ratio between the largest eigenvalue and the smallest eigenvalue. Big con-
dition numbers are usually referred to define unstable systems of equations in linear algebra.



Ledoit and Wolf (2004a)) obtain an asymptotic optimal shrinkage intensity o assuming that
observations are independent and identically distributed. We instead assume normality to
obtain finite closed-form expressions for the optimal shrinkage intensity and the scale fac-
tor. Under these assumptions, we can observe how the shrinkage intensity evolves with

the number of observations. |Ledoit and Wolf] (2004a)) propose the following minimization

problem:
~ 2
min sz—z ] )
a,v F
st. S=(1-a)S+avl, (10)

where || X||% = tr(X'X), tr(-) is the trace operator, « is the shrinkage intensity and v is the
scale factor. Note in (9)) that we are minimizing the expected quadratic loss of the estimator

with respect to the true moment like it was made in (@).

Ledoit and Wolf (2004a) assume that the observations are independent and identically
distributed, but they do not assume any particular distribution. They show that the optimal

shrinkage intensity can be asymptotically estimated as follows:

1 T / all?
R L

~ 2
‘Z—mw
F

; (11)

Qg =

where m = tr (i) /N.

The challenge of shrinkage estimators is to obtain an optimal shrinkage intensity with
statistical meaning. We contribute to the literature defining a finite closed-form expres-
sion for the optimal shrinkage intensity when asset returns are independent and normally
distributed. This expression allows us to understand how the optimal shrinkage intensity
is affected by the sample window length. Moreover, we can also observe how the opti-
mal shrinkage intensity might be affected by the number of assets under consideration.
Therefore, our contribution is to give a closed form expression which help us to under-
stand better the optimality of the shrinkage intensity. Thus, the finite optimal values that
minimize problem (9) are defined in the following proposition.

Proposition 2.2. When returns are independent and normally distributed, the optimal tar-
get parameter and the optimal finite shrinkage intensity parameter under a quadratic loss

criterion for the covariance matrix are:

V5, = 02, (12)

10



and

A (%tr(Zz) (T-N-1) (F)Q)' o

Proof. The proof of Proposition [2.2]is given in the appendix. O

From formula (13)), we observe that if 7" — oo, the optimal shrinkage intensity con-
verges to zero. It confirms that the shrinkage estimator for the covariance matrix is sample-
dependent. Thus, when 7" converges to infinite, according with the Glivenko-Cantelli the-
orem, the sample covariance matrix becomes the population covariance matrix. Moreover,
from formula (I3)), we also observe that the larger the number of assets, the closer the
shrinkage intensity is to one. Unlike the vector of means, it is very important the number
of assets on the estimation of the covariance matrix. This is because for the covariance

matrix, the number of parameters to be estimated grows quadratically with the number of

asset

2.3 Estimation of the inverse covariance matrix

We also propose an shrinkage estimator for the estimated inverse covariance matrix. In
portfolio optimization, the inverse of the covariance matrix is rather important. This issue
has a bigger effect when we are dealing with many assets, where inverting a covariance
matrix might be very cumbersome due to the condition number. In fact, when the number
of assets NV is approximately equal to the number of observations 7', the covariance ma-
trix tends to be singular. In this situation, the estimation error of the naive estimator for
the inverse covariance matrix explodes to infinity. Likewise, we develop another shrink-
age estimator for the inverse of the covariance matrix. The motivation of this part is to
understand the properties of the shrinkage intensity and how it is affected by the number
of assets N and the sample window length 7. This insight is important to understand bet-
ter the risk implied by the naive estimator of the inverse covariance matrix. We keep the

mean-squared loss framework to calibrate the shrinkage intensity in the estimation of the

"In fact, for N assets, the number of parameters to estimate the covariance matrix is w

11



inverse covariance matrix°k

~ 2
min B <H2—1 g ) (14)
a,v F
st. L= (1— a)i;l +avl. (15)

Problem (T4)) minimizes the mean-squared loss of the estimated shrinkage inverse covari-
ance matrix with respect to the true inverse covariance matrix. The shrinkage estimator
for the inverse covariance matrix is formed as a convex combination between the unbiased

estimator of the inverse covariance matrix and a scaled identity matrix.

The following proposition gives the optimal values for the shrinkage intensity and the

scale factor.

Proposition 2.3. Assuming asset returns are independent and identically distributed, the
optimal scale factor and the optimal finite shrinkage intensity under a quadratic loss crite-

rion for the inverse covariance matrix are:
Vi1 =072, (16)

and
tr(Q) —r (271571
i (Q) — (F)2N |

(17)

Oé;:_l =

where () = (T_]\(/:C;)A([T_E)N_4) (tr (S~ S~ + (T — N — 2)%72), and 02 is the average of

the inverse population variances.
Proof. The proof of Proposition|2.3|is given in the appendix. [

Proposition gives the optimal values for the shrinkage intensity « and the scale
factor v. We observe that the number of assets NV has a deep impact on the expression of
the optimal shrinkage intensity. In fact, the larger the number of assets, the smaller the

denominator of (2, and hence the larger the value of the shrinkage intensity.

8To simplify the computations, the sample estimator of the covariance matrix is multiplied by the factor

(T —1)/(T — N — 2), so that the estimated inverse covariance matrix is unbiased ¥, = =~

1

12



2.4 Estimation of the covariance matrix considering the condition num-

ber

In this section, we propose an alternative procedure to calculate the shrinkage intensity.
With this method we pretend to account for the mean-squared loss of the estimated covari-
ance matrix and its condition number. The way in which we account for both features is
by two measures. First, we consider the relative improvement in average loss (RIAL) (see
Ledoit and Wolf (2004a)) of the shrinkage covariance matrix > = (1-— a)i + avl:

~ 2 ~ 2
e W e (s .
~ 2 )
(o1

RIAL is a performance measure of the shrinkage covariance matrix >. This measure is

RIAL (i) -

bounded above, being one its maximum value. This is attained when the mean-squared
loss is negligible relative to the mean-squared loss of the naive sample estimator of the
covariance matrix 3. Therefore, the ideal shrinkage estimator would give a RIAL close to

one. Assuming normality, we have closed form expressions for R/ AL (i) The closed

form expressions that form the RI AL (i) are given in the Appendix.

On the other hand, the second element that we consider to compute the shrinkage in-
tensity is the condition number of the shrinkage covariance matrix:
(1 — @) Apax + 1

05 = (1— a)hmn +al’ (19)

where 05 is the condition number of the shrinkage covariance matrix, Ay is the maximum
eigenvalue of the naive sample covariance matrix S and Amin 18 the minimum eigenvalue of
the naive sample covariance matrix 5. Since we are shrinking the naive sample covariance
matrix to the identity matrix, all the eigenvalues of the identity are one and that is why « is
multiplied by one. Ideally, the smallest condition number is one, which is attained when «

is zero. In that case our shrinkage covariance matrix would be the identity.

Therefore, we propose the following problem to find an optimal shrinkage intensity
that accounts both for the mean-squared loss and the condition number of the shrinkage

covariance matrix:

o — argmin { &5, — RIAL (S)}. (20)

13



The above formulation is ideally solved when the true covariance matrix is the identity
matrix (i.e. X = [). In that case, the shrinkage intensity would be one and therefore, the
value of the objective function in (20) would be zero. The RIAL is introduced in negative
because the real objective is to maximize the RIAL as much as possible, while the objective
of the condition number is to minimize it as much as possible. Since problem (20) is a very
nonlinear optimization problem, it is difficult to obtain a closed form solution. Instead, we

solve the problem with numerical methods.

2.5 Discussion of the shrinkage estimators

In this section, we illustrate the theoretical findings of the previous sections with a simu-
lation study. Our population probability distribution is defined by a data set formed with
48 industry portfolios. Then, the sample moments of this data set constitute the population
moments of the multivariate normal distribution that governs asset returns, i.e. N (u, ).
We use the population moments to compute the true optimal shrinkage intensities and the
theoretical values of the mean-squared losses of the shrinkage moments. The objective
of the experiment is to measure the dependence of the shrinkage intensity and the mean

squared loss of shrinkage estimators with the sample window length 7.

Figure [I] shows the evolution of the shrinkage intensities for the estimation of the mean
vector of returns, the covariance matrix and the inverse covariance matrix. The sample
moments of the data set formed by 48 industry portfolios define the multivariate normal
distribution required to compute the theoretical values. Figure [Ta] shows the evolution of
the shrinkage intensities for the estimator of the vector of means. In general, we observe
that our proposed shrinkage estimator is more conservative than the classical James-Stein
estimator. Our shrinkage estimator contains a higher shrinkage intensity than the James-
Stein estimator for every window’s length 7". Then, we can say that it is more conservative
since the target is more weighted under our new shrinkage estimator. This might be due to
the fact that the James-Stein estimator utilizes the inverse of the covariance matrix in the
computation of the shrinkage intensity. It might give erratic values if the condition number

of the covariance matrix is large.

Figure shows the shrinkage intensities of the asymptotic shrinkage estimator for
the covariance matrix (solid line) the finite-shrinkage estimator for the covariance matrix
(dashed line), the finite-shrinkage estimator for the covariance matrix that accounts for the
condition number (dotted line) and the finite-shrinkage estimator for the inverse covariance
matrix (dot-dashed line). This plot shows that the finite-shrinkage estimator for the co-

variance matrix shrinks less than the finite-shrinkage estimator for the inverse covariance
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matrix. This fact suggests that the inverse of the covariance matrix has an additional source
of estimation error and therefore, it has to be shrunk to the scaled identity matrix by a larger
quantity. The main problem of shrinking the inverse matrix is that for medium-large data
sets it gives too much weight to the scaled identity matrix, loosing some information about

the covariances among assets.

Figure [2] shows the results of the experiment made to compute the theoretical mean-
squared losﬂ of the shrinkage moments (jz, i, i_l). Figure [2a| depicts the mean-squared
loss for the vector of means when it is computed by the James-Stein estimator (dashed
line) given in (3)) and the finite shrinkage estimator (dot-dashed line) given by problem (#)-
(5). Since the shrinkage estimator minimizes the mean-squared loss, it is obvious that the
mean-squared loss of this estimator will be lower than the mean-squared loss of the James-
Stein estimator. Figure [2b| shows the mean-squared loss of the finite shrinkage estimator
for the covariance matrix (dashed line), finite shrinkage estimator for the covariance matrix
that accounts for the condition number (dotted line) and the asymptotic shrinkage estimator
for the covariance matrix (dot-dashed line). We can observe that the finite and asymptotic
shrinkage estimators offer very similar losses and both of them are very small. Finally,
Figure [2c| depicts the mean-squared loss of the finite-shrinkage estimator for the inverse
covariance matrix (dot-dashed line) given by problem (14)-(15). We have also computed
the mean-squared loss of the inverse for the shrinkage covariance matrices obtained by the
asymptotic shrinkage estimator (solid line), the finite shrinkage estimator (dashed line) and
the finite shrinkage estimator that accounts for the condition number (dotted line). The
mean-squared loss of the last three estimators cannot be computed theoretically{-ﬂ thus
we make a Monte Carlo simulation to compute the mean-squared loss of the estimated
inverse covariance matrix. Then, for each window’s length 7', we generate 1000 samples
R € R™¥ from a multivariate normal distribution defined with the population moments
obtained from the 48 industry portfolios. Then, we compute the sample mean-squared loss

of the estimated inverse covariance matrix as follows:

~ 2
1000 -1 1
1 Zi:l )Zi - % P
MSE (X71) = 000 , 21

where 3 is the estimated shrinkage covariance matrix. Figure [2c| shows that the mean-
squared loss of the shrinkage inverse covariance matrix considered in problem (I4)-(I5)

is lower than the mean-squared loss of the inverse matrix of the shrinkage estimators for

°In the case of the asymptotic shrinkage estimator, we compute the shrinkage intensity with the opti-
mal asymptotic shrinkage intensity, but the mean-squared loss is computed assuming normality and a finite
sample.

-~ -1
101t is because it is not clear which is the distribution of the estimator ((1 — )X+ avl ) .
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the covariance matrix (both the asymptotic and the finite shrinkage estimators). It means
that shrinking first the covariance matrix and then invert it will give higher mean-squared
loss than making the shrinkage directly over the inverse covariance matrix. The problem
of shrinking the inverse covariance matrix is that the shrinkage intensity is high, as we can
see from Figure[Ib] It implies too much structure over the naive sample inverse covariance

matrix, and it makes us loose information about the covariances among assets.

Figure [Ib| shows that the shrinkage intensity is very small for the finite shrinkage es-
timator. If the data set is big (say N>50), the condition number of the covariance matrix
might be very extreme, so the shrinkage intensity might be insufficient to reduce the condi-
tion number. It generates that the inverse covariance matrix used to calculate optimal port-
folios might give very unstable weightﬂ This is why we introduce the finite-shrinkage
estimator that accounts for the condition number. In fact, this estimator gives lower mean-
squared loss of the inverse covariance matrix for small samples as we observe in Figure
It is because in small samples it is more likely that the condition number of the sample
covariance matrix will be high. In that case it is important to shrink the covariance matrix

accounting for the condition number.

To conclude, we summarize this section about shrinkage over the moments of stock
returns in three points: first, we have obtained an alternative shrinkage estimator for the
vector of means which offers a finite shrinkage intensity higher than the one given by the
James-Stein estimator. Moreover, our shrinkage intensity does not depends on the inverse
covariance matrix, as the James-Stein shrinkage intensity, which is specially good when
the condition number of the covariance matrix of returns is large. Second, we observe
from the simulation study that the shrinkage intensity for the shrinkage covariance matrix
is small for medium-large data sets. This issue might be cumbersome when the condition
number of the sample covariance matrix is large, fact that is likely with real data. We
solve this problem by introducing a new shrinkage intensity which is optimally calculated
to minimize the relative mean-squared error of the shrinkage covariance matrix and the
condition number. Third, we observe that shrinking over the inverse covariance matrix
gives too much weight to the scaled identity matrix. Too much structure is imposed over
the naive sample inverse covariance matrix and all the information about the covariances

might be lost.

"'"This means that little changes on the covariance matrix would generate very different results.
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3 Shrinkage estimation of portfolio weights

In this section, we introduce an analytical study of shrinkage estimators of portfolio weights.
From a statistical point of view, shrinkage portfolios can be understood as a linear combi-
nation of portfolios which contain smaller estimation error than naive portfolios. In the
literature, combination of portfolios and its performance have been studied. Kan and Zhou
(2007) propose a three-fund portfolio which combines the risk-free asset with the mean-
variance portfolio and the minimum-variance portfolio. |DeMiguel et al.| (2009) propose
a mixture of minimum-variance portfolio and equally weighted portfolio. [Tu and Zhou
(2011)) propose a bunch of portfolio models constructed as an optimal convex combina-
tion of different mean-variance portfolios and the equally weighted portfolio. Our view of
shrinkage estimators holds with the definition of shrinkage used in the previous section and
it is related to the concept of combination of portfolios described in [Tu and Zhou| (2011).
We consider a shrinkage portfolio as a weighted average or convex combination of some
naive portfolio and a target portfolio. The target may be any portfolio, but in general it
must satisfy two properties: first, it has to be a portfolio with low volatility of its weights
(or even null volatility, like the 1/N rule). Second, it has to perform “well” in practice{lzl
The convex combination of the naive portfolio with the target portfolio offers insightful
information. The shrinkage intensity (i.e. the parameter which defines the convex combi-
nation) specifies the trade-off between the naive portfolioﬁ and the target portfolio. This
trade-off is optimal under some calibration criteria, which defines the value of the shrink-
age intensity. Hence, the importance of the calibration criteria. Therefore, the amount of
shrinkage is defined by the calibration method and it is crucial for the performance of the
portfolio. Then, according with the framework described above, our definition of shrinkage

portfolios is as follows:
wsp - (1 - a){U\n + aywtarget) (22)

where w,, is the naive portfolio estimator of the true portfolio w*, w,,. is the target portfo-
lio, «v is the shrinkage intensity and v is a scale parameter. The scale parameter is the main
difference between our methodology and the methodology of Tu and Zhou (2011). We
introduce this parameter to correct for the bias of the target portfolio. Later, we go through

this topic in more detail.

2The term “well” stands for portfolios which are well known to obtain good out-of-sample results, like
the 1/N portfolio or the minimum-variance portfolio.

13Unlike DeMiguel et al. (2009), the meaning of naive stands for the sample portfolio estimator. Relying
on maximum likelihood estimators might be very “naive” for finite samples.
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We have pointed out that to fully understand the meaning of the shrinkage intensity,
we have to understand the calibration method. In this paper, we calibrate shrinkage in-
tensities from four different perspectives: expected out-of-sample utility maximization,
mean-squared loss minimization, expected out-of-sample portfolio variance minimization
and Sharpe ratio. The out-of-sample utility, or portfolio variance, is the utility, or port-
folio variance, of the estimated portfolio w, given the true moments p and Y, that is
U(w) = w'p — (v/2) w'Sw, or w'¥w. From now on, and for the sake of simplicity, the
expected out-of-sample utility maximization and the expected out-of-sample portfolio vari-
ance minimization will be named as expected utility maximization and expected variance

minimization, respectively.

Thus, the following expressions define each calibration method:

max B (fa () =max B (|| —w'), (23)

max B (fu (D)) =max B (@,u — (v/2) 0, Y0,) (24)

max B (fur (W) = max  E (@, X0,) (25)
E (@)

max E (fsg (Wsp)) = max (26)

E (@0, Sw,)
Equation solves for the optimal shrinkage intensity « that minimizes the mean-squared
loss. For this method, the shrinkage intensity will give us the optimal trade-off between the
naive portfolio and the scaled target portfolio which minimizes the mean-squared loss. On
the other hand, equation (24) solves for the optimal shrinkage intensity « that maximizes
the expected utility. The shrinkage intensity obtained with this method gives the optimal
trade-off between the naive portfolio and the scaled target portfolio in terms of expected
utility, that is, it is the optimal trade-off that maximizes the expected utility. Equation (25))
solves for the optimal shrinkage intensity « that minimizes the expected portfolio variance.
Hence, the shrinkage intensity gives the trade-off between the naive portfolio and the scaled
target portfolio which defines the combination that minimizes the portfolio variance of the
combined portfolio. The last calibration method considered in equation (26)) solves for the
optimal trade-off between the naive portfolio and the scaled target portfolio that maximizes

the Sharpe ratio.

In any good calibration method there exist an underlying concept about investor’s pref-
erences. Therefore, the most reasonable calibration methods are the expected utility max-
imization, the expected variance minimization and the Sharpe ratio maximization. The
mean-squared loss minimization method does not represent any clear desire of investor’s

preferences. We decide to take into account this calibration method for two reasons. First,
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to be consistent with the mean-squared loss framework showed in Section [2] for the mo-
ments of asset returns. Second, and more important, because there exist an underlying
investor’s desire within this method. In fact, minimizing the mean-squared loss of any
portfolio model is the same to minimizing the expected squared error. Therefore, assuming
that returns are independent and identically distributed, the true optimal portfolio w* is the
same throughout time because the distribution of returns does not change. Therefore, each
time that we calibrate our model, we are minimize the expected squared error. In this way,
this calibration method penalizes big errors over small errors. Hence, penalizing big errors
over small ones is a mechanism to control for the turnover of our portfolios. But as we
have said, this reasoning is feasible when the true optimal portfolio w* does not change
throughout time. In general it is not true, but this might be the case when the vector of
means is not considered such that the combination of portfolios is constructed only with
the covariance matrix, which is well known to be more stable than the vector of means (see
Merton! (1980)). Therefore, this calibration method is convenient to control for the turnover

only with portfolio models which do not consider the vector of means.

The calibration method is as important as the choice of portfolios that form the shrink-
age portfolio. We have pointed out that some calibration criteria might only succeed un-
der some specifications. This is why we require some specific structure in our shrinkage
portfolios. The following sections give a detailed description of the shrinkage portfolios

considered in this paper.

3.1 Shrinkage from mean-variance to minimum-variance portfolio

The combination of the mean-variance portfolio with the minimum-variance portfolio is a
well known strategy pioneered by Kan and Zhou| (2007). The authors define this strategy
as a three-fund portfolio because some wealth goes to the risk free asset, and the rest of the
wealth is divided between the mean-variance portfolio and the minimum-variance portfolio.
According with our definition of shrinkage portfolios, the mixture of the mean-variance and

minimum-variance portfolios is as follows:
Wmy-min = (1 - a)wmv + QVWnin, (27)

where parameter v is a scale parameter that corrects for the bias of the naive minimum-
variance portfolio. The bias correction is not with respect to the true minimum-variance

portfolio, because it is our target, but rather we correct for the bias with respect to the true
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mean-variance portfolio, this is:
. " 2
v = argmin |VE (Wpmin) — w5, (28)
where w; . 1s the true mean-variance portfolio. Deriving the first order condition of prob-
E(@min) why,

) ) o
lem || we obtain that the optimal scale parameter is v* = oo B

define the optimal value of the shrinkage intensity « given the optimal scale parameter v*.

. Now, we can

The following proposition gives the expressions for the optimal shrinkage intensities for
calibration methods given in (24)-(23):

Proposition 3.1. If asset returns are independent and identically distributed, then the
shrinkage intensities of calibration methods given in ([23)-(26) for the optimal combina-
tion between mean-variance and minimum variance portfolios are:

B (1ma = 05y 13) = Tma-min
B ([@my =i 13) + B (17" @min = wio|3) =27
E (/0-\72m)> —V'E (ﬁmmmin)
T B (62,) + V2E (62) — 20°E (ravamin)
_ E(ﬂmv) - E(V*ﬁmin) l (30)
E (a?nv) + v2E (872nin) - 2v*F (ﬁmv,min) ’7,

E (872nv) —V'E (ﬁmv,min)
e T B (62,) + v2E (02,) — 20°E (Brvmin)’

(1= Q)E(fimy) + av*E(limin)
V(1 —)2E (62,,) + a2v22E (62,,,,) + 2(1 — @)av* E (Pmuv,min) ’

(29)

Umsl =

€29

(32)

Qagr = arg max
«

where Tpy—min = E ((Omy — W) (V @min — Why)), E (0%,) = E (W, SWmy), E (52,

=F

E ('&7 Eamin)) E (ﬁmv,min) =F (@%UZ@mm), E (//va) (ﬁ)\;nv:u) and £ (ﬁmm) =

min

E (@i 10)-
Proof. The proof of Proposition|3.1|is given in the Appendix. U

Proposition[3.T]gives the optimal shrinkage intensities of the shrinkage portfolio formed
by the scaled naive mean-variance portfolio and the naive minimum-variance portfolio. The
shrinkage intensities of every calibration method is in general a fraction of the error/risk
of the naive mean-variance portfolio with respect to the total error/risk of the naive mean-
variance portfolio and the scaled minimum-variance portfolio. This fraction specifies how
much the naive mean-variance portfolio is shrunk to the scaled naive minimum-variance

portfolio.

Equation (29) gives the optimal shrinkage intensity that minimizes the mean-squared
loss of the considered shrinkage portfolio. For this calibration method, the shrinkage inten-

sity 1s defined as the ratio of the error of the naive mean-variance portfolio with respect to
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the total error formed by error of the naive mean-variance portfolio and the error of naive
scaled minimum-variance portfolio. The definition of error for the naive mean-variance
portfolio is given by the mean-squared loss and a corrector element 7 which is a measure of
the dependence between the naive mean-variance portfolio and the scaled naive minimum-
variance portfolio. The definition of error for the naive scaled minimum-variance portfolio
is referred as the mean-squared loss of the naive scaled minimum-variance portfolio with

respect to the true mean-variance portfolio minus the corrector parameter 7.

Equation gives the optimal shrinkage intensity that maximizes the expected util-
ity. In this case, the shrinkage intensity is defined as the ratio of the risk of the naive
mean-variance portfolio with respect to the total risk composed by the risk of the naive
mean-variance portfolio and the risk of the scaled naive minimum-variance portfolio. This
ratio is smoothed by the ratio of the expected return of the naive mean-variance portfolio,
in excess of the expected return of the scaled naive minimum-variance portfolio, divided by
the total risk. The risk of the naive mean-variance portfolio is defined as its variance minus
a corrector term defined by the covariance between the naive mean-variance portfolio and
the scaled minimum-variance portfolio. The risk of the scaled naive minimum-variance
portfolio is defined as the portfolio variance of the scaled naive minimum-variance port-
folio minus a corrector term defined by the covariance between the naive mean-variance
portfolio and the scaled minimum-variance portfolio. Therefore, the shrinkage intensity
under this calibration method is defined by the relative risk of the naive mean-variance

portfolio smoothed by the excess profitability of the naive mean-variance portfolio.

Equation (31) gives the optimal shrinkage intensity that minimizes the expected port-
folio variance. In this case, the shrinkage intensity is defined as the ratio of the risk of the
naive mean-variance portfolio with respect to the total risk. The definition of risk is the

same as in the case of the expected utility calibration method.

Problem offers the optimal shrinkage intensity that maximizes the Sharpe ratio. It
has no explicit formula, but we solve problem (32)) with numerical methods.

3.2 Shrinkage from mean-variance to equally weighted portfolio

In this section we introduce the shrinkage portfolio formed by the mean-variance and
equally weighted portfolios. The mixture of this portfolio has been already studied in the
literature. 'Tu and Zhou| (2011) propose combinations of sophisticated risky portfolios with
the 1/N rule. In particular, they study four different risky portfolios to combine with the 1/N
rule:the classical mean-variance portfolio of Markowitz (1952), the Kan and Zhou| (2007)

three-fund portfolio, the bayesian mean-variance portfolio of Jorion|(1986) and the implied
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mean-variance portfolio derived from a factor model of MacKinlay and Pastor (2000). In
this paper we focus on the simplest one, the combination of the classical mean-variance
portfolio with the equally weighted portfolio. As we have mentioned, our main motivation
is the calibration of portfolios. Therefore, any good calibration method could be extended
to more sophisticated combination of portfolios. Thus, the shrinkage portfolio formed by

the mean-variance and equally weighted portfolios is defined as follows:

Bavew = (1 = @) Dy + v, (33)

N
where the scale parameter v is a bias correction term which we define by:

2

(34)

V" = arg min Hyi —w;
v N muv 9 :
Deriving the first order conditions of problem (34] we obtain that the optimal scale factor

is v* = Jw},,. The following proposition gives the optimal shrinkage intensities of the
calibration methods (23))-(26):

Proposition 3.2. Assuming that returns are independent and identically distributed, the
shrinkage intensities for the optimal combination of the mean-variance portfolio with the
equally weighted portfolio are:

E (”ﬁ)\mv - w;km; Hg) — Tmy—ew

Umsl = — B 97 (35)
E ([0 = will3) + 0" wew = w1
o _ E (372711;) - v'E (ﬁmv,ew) B E(ﬁmv) - V*,Ufew l (36)
“TE (0h0) T V202, = 2U°E (Pmv,ew) B (0h,) + 1202, = 2% E (Pmov,ew) v’
D) o2 - V'K A’r v,ew
s = g Ome) ~ VB Brovew) (37
E (Omv) + V*Qagw —2v*E (pmv,ew)
1 - E Amv * ew
QSR = argmax A( ) Blfimo) + 0¥ ic — ) (33)
A= a)E (02,) + 02202, + (1 — a)ar B (pmwew)
— .~ * I % * 2 _ 1 . . .
where Tiy—cw = E (Wno — Wy)) (V' Wew — w},,) 05, = Nzt St is the equally weighted

portfolio variance, E (Gp,,) = E (W),,,3XW, ) is the expected mean-variance portfolio vari-
ance, E (ppy.ew) = E (W), XWey) is the covariance between mean-variance and equally
weighted portfolio, jie,, = W, 1 = [ is the equally weighted expected portfolio return and

E (Jimy) = E (W], 1) is the mean-variance expected portfolio return.
Proof. The proof of Proposition [3.2]is given in the Appendix. O
Proposition[3.2]gives the optimal shrinkage intensities of the shrinkage portfolio formed

by the naive mean-variance portfolio and the scaled equally weighted portfolio. For this

shrinkage portfolio, we also observe that the optimal shrinkage intensities are defined as the
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relative error/risk of the naive mean-variance portfolio with respect to the total error/risk of

the naive mean-variance portfolio and the scaled minimum-variance portfolio.

Equation gives the optimal shrinkage intensity that minimizes the mean-squared
loss. The shrinkage intensity is a ratio defined as the error of the naive mean-variance
portfolio relative to the total error formed by the error of the naive mean-variance portfolio
and the error of the scaled equally weighted portfolio. In this shrinkage portfolio, the
error of the naive mean-variance portfolio is defined by its mean-squared loss. The error
of the scaled equally weighted portfolio is defined by the mean-squared loss with respect
to the true mean-variance portfolio w;, . In this case, there is no corrector term because
the equally weighted portfolio and the naive mean-variance portfolio are independent with
each other. Since the scaled equally weighted is deterministic (i.e. zero variance) and the
naive mean-variance portfolio is unbiased, the optimal shrinkage intensity gives the optimal

trade-off between bias and variance.

Equation (36) gives the optimal shrinkage intensity that maximizes the expected util-
ity. The shrinkage intensity is defined as the ratio of the risk of the naive mean-variance
portfolio with respect to the total risk of the naive mean-variance portfolio and the scaled
equally weighted portfolio. This ratio is smoothed by the ratio of the expected return of
the naive mean-variance portfolio, in excess of the expected return of the scaled equally
weighted portfolio, divided by the total risk. The risk of the naive mean-variance portfolio
is defined as its variance minus a corrector term defined by the covariance between the
naive mean-variance portfolio and the scaled equally weighted portfolio. The risk of the
scaled equally portfolio is defined as the portfolio variance of the scaled equally weighted
portfolio minus the portfolio covariance between the naive mean-variance portfolio and the
scaled equally weighted portfolio. Therefore, the shrinkage intensity under this calibration
method is defined by the relative risk of the naive mean-variance portfolio smoothed by the

excess profitability of the naive mean-variance portfolio.

Equation (37/) gives the optimal shrinkage intensity that minimizes the expected port-
folio variance. The shrinkage intensity is defined as the ratio of the risk of the naive mean-
variance portfolio with respect to the total risk of the naive mean-variance portfolio and the
scaled equally weighted portfolio.

Problem (38) offers the optimal shrinkage intensity that maximizes the Sharpe ratio.
Like for the previous shrinkage portfolio, it has no explicit formula, but we again solve

problem (38) with numerical methods.
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3.3 Shrinkage from minimum-variance to equally weighted portfolio

In this section, we study the shrinkage portfolio formed by the minimum-variance and
equally weighted portfolio. Likewise to the previous shrinkage portfolios, this mixture of
portfolios has been studied in|DeMiguel et al.| (2009). The authors provide a linear combi-
nation of portfolios formed by the minimum-variance portfolio and the 1/N rule or equally
weighted portfolio. We use the same portfolios to study the third shrinkage portfolio of the
paper. It takes the following expression:

@min—ew = (1 - 04>{U\min + &Vﬁa (39)

where the scale parameter v is a bias correction term which is optimally defined by:

2

*
min

(40)

L
* .
Vo o= argmin ||(V— — W
gm H N

Developing the first order conditions in (40), we obtain that the optimal scale parameter is

*

v = 1w

*
man*

Once again, we obtain the optimal shrinkage intensities for the calibration

methods illustrated in (23)-(26). The following proposition gives the expressions.

Proposition 3.3. Assuming that returns are independent and identically distributed, the
shrinkage intensities for the optimal combination of the minimum-variance portfolio with
the equally weighted portfolio are:

E (”{U\mm - w;kmn”g) — Tmin—ew

Qmpsl = 5 5! (41)
B (1@min = wininll3 ) + 10" wew = w5i, 3
oy — E (8727”,1) —v*'E (ﬁmin,ew) . E(//Zmin) - V*,uew l (42)
" F (872nin) + V*2U§w —2v°E (ﬁmimew) E (3311‘7;) + V*Qagw —2V*E (ﬁmin,ew) 77
E 6:2 1 - V*E Amin ew
a,ua,’, — A2 ( mln) (p aA ) , (43)
E (Jmin) + V*Qo—gw —2v*F (pmin,ew)
1- E Amin * ew
QSR = argmax — ( ) Eftmin) + V" jt — , 44)
o \/(1 —«a)?FE (Ofm»n) + a?v*202, +2(1 — a)oaw* E (Pmin,ew)
where Trin—cw = E(@min — W) (V Wew — W), 0%, = ~50'St is the equally
weighted portfolio variance, E (Gpin) = E (W), % Wmin) is the expected variance of

the minimum-variance portfolio, E (ppin.ew) = E (W),,;,XWey) IS the covariance between
minimum-variance and equally weighted portfolio, jie, = w., 1t = 11 is the equally weighted
expected portfolio return and E ([imin) = E (W),;, 1) is the minimum-variance expected

portfolio return.

Proof. The proof of Proposition [3.3]is given in the Appendix. ]
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Equation (#1)) gives the optimal shrinkage intensity that minimizes the mean-squared
loss. The shrinkage intensity is a ratio defined as the error of the naive minimum-variance
portfolio relative to the total error formed by the error of the naive minimum-variance port-
folio and the error of the scaled equally weighted portfolio. In this shrinkage portfolio, the
error of the naive minimum-variance portfolio is defined by its mean-squared loss. The
error of the scaled equally weighted portfolio is defined by the mean-squared loss with
respect to the true minimum-variance portfolio w,,;,. In this case, we again do not have
corrector term because the equally weighted portfolio and the naive minimum-variance
portfolio are independent with each other. Since the scaled equally weighted is determinis-
tic (i.e. zero variance) and the naive minimum-variance portfolio is unbiased, the optimal

shrinkage intensity gives the optimal trade-off between bias and variance.

Equation gives the optimal shrinkage intensity that maximizes the expected utility.
The shrinkage intensity is defined as the ratio of the risk of the naive minimum-variance
portfolio with respect to the total risk of the naive minimum-variance portfolio and the
scaled equally weighted portfolio. This ratio is smoothed by the ratio of the expected
return of the naive minimum-variance portfolio, in excess of the expected return of the
scaled equally weighted portfolio, divided by the total risk. The risk of the naive minimum-
variance portfolio is defined as its variance minus a corrector term defined by the covariance
between the naive minimum-variance portfolio and the scaled equally weighted portfolio.
The risk of the scaled equally portfolio is defined as the portfolio variance of the scaled
equally weighted portfolio minus the covariance between the naive minimum-variance
portfolio and the scaled equally weighted portfolio. Therefore, the shrinkage intensity
under this calibration method is defined by the relative risk of the naive mean-variance

portfolio smoothed by the excess profitability of the naive mean-variance portfolio.

Equation (43) gives the optimal shrinkage intensity that minimizes the expected port-
folio variance. The shrinkage intensity is defined as the ratio of the risk of the naive
minimum-variance portfolio with respect to the total risk of the naive minimum-variance

portfolio and the scaled equally weighted portfolio.

Problem (44)) offers the optimal shrinkage intensity that maximizes the Sharpe ratio. It

has no explicit formula, but we solve problem (#4) with numerical methods.

So far, we have assumed that returns are independent and identically distributed. In the
next section, we give closed form expressions for the defined optimal shrinkage intensities.
To obtain closed form expressions of the optimal shrinkage intensities we have to assume
that returns are normally distributed. Finally, we drop the normality assumption to propose

an alternative method for calibrating shrinkage portfolios.
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3.4 Parametric calibration

In this section, we give closed form expressions to the expected values that define all the
optimal shrinkage parameters. To do that, we assume that asset returns are independent and
normally distributed (i.e. N (1, X)). The objective of this section is to give the implemen-
tations details of the shrinkage intensities and discuss how they evolve when the estimation
window 7' increases. Then, we first define the expected values that we need to compute the

optimal shrinkage intensities.

Proposition 3.4. Assuming that returns are independent and normally distributed, i.e.

N(p, X), we can obtain closed-form expressions for the following elements:

The mean-squared loss of the naive mean-variance portfolio:

. _ T—2 _
E (”wmv - meH;) = % |:l7‘ (Z 1) (% +M/Z 1#) +

_ 1 _
+(T — N =2)p'S%u] — ﬁu'z: 2. (45)

The mean-squared loss of the naive minimum-variance portfolio with respect to the true

mean-variance portfolio:

E (||[v@min — wmv||§) =Valr (SN /ST 4+ (T — N =2)/S7 %] +

1
+ ;N’E”u - 2%/2-2“. (46)

The mean-squared loss of the naive minimum-variance portfolio:

E (||ﬂ7mm — wmmHg) =a [tr (E_l) JY
+(T — N =2)/S7%] — /872 (47)

The expected value of the naive mean-variance portfolio variance:

E (Gn) = B (@, Sm) = - (a<T ) (% ¥ u’E‘lu)) | @)

The expected value of the naive minimum-variance portfolio variance:

E (Goin) = E (W, 3,2 Wpmin) = a(T — 2)/S 711 (49)

min
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The expected value of the covariance between the naive mean-variance and naive

minimum-variance portfolio:

1
E (Prmvmin) = E (W0, XWmin) = a(T — 2)= 'S0 (50)
Y

The corrector term Tmy—min-

Tonv—mmin = V" (% [tr (Eil) WX+ (T — N — 2)//2724 — %/L/22b> , (51)

T—N-2)
T-N—1)(T—-N—4)"

where a = (
Proof. The proof of Proposition [3.4]is given in the appendix. ]

Proposition [3.4] introduces some of the elements which form the optimal shrinkage
parameters. As we observe, all of them are affected by the window’s length 7" and the
number of assets N. All the expressions show that when N > 4 and the ratio N/T tends
to zero, the expressions showed in Proposition |3.4{tends to the population counterpar@ In
the case of E/ (H@mv — Wy Hg) and £/ (H@mm — Wynin H;) , the population counterparts will

be zero in both cases.

3.4.1 Discussion of optimal shrinkage intensities

In this section, we make an experiment to study how the optimal shrinkage intensities and
the theoretical mean-squared losses of shrinkage portfolios evolve with different window’s
length 7. In the experiment we take again the sample formed with 48 industry portfolio
as the population. We use the sample moments as the population elements that define the
multivariate normal distribution, N (u, X), and governs the dynamics of the stock returns.

Figure 3| shows the results of the experiment.

Figure [3a] shows the shrinkage intensities given for the shrinkage portfolio formed by
the mean-variance portfolio and the minimum-variance portfolio. In this case, we ob-
serve that the shrinkage intensities obtained by the mean-squared loss minimization, the
expected utility maximization and the Sharpe ratio maximization methods offer similar
values. Moreover, from Figure [3a) we observe that they seem to converge at the same rate.

On the other hand, we observe that the shrinkage intensity obtained via expected portfolio

“Here, what we mean by population counterpart is that the expected values converge to the expressions
where the estimated quantity is replaced by the population one. For instance, in E (Hmﬁmm — Wiy Hg), the

population counterpart will be ||vwWonmin — Wi H; .
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variance minimization is always near one, which means that the minimum-variance port-
folio has always a much lower variance than the mean-variance portfolio, independently of

the window’s length 7.

Figure [3b| shows the shrinkage intensities given for the shrinkage portfolio formed by
the mean-variance portfolio and the equally weighted portfolio. In this shrinkage portfolio,
we observe that the portfolio variance minimization is again the most conservative method.
This calibration method gives a higher weight to the equally weighted portfolio than the
other two calibration methods. DeMiguel et al. (2009)) show that an equally weighted port-
folio has a good out-of-sample performance in terms of Sharpe Ratio. One of the main
reasons why it happens is that the equally weighted portfolio has a small portfolio vari-
ance. Therefore, it is reasonable to find that the shrinkage intensity obtained via portfolio
variance minimization is higher. Moreover, we observe that the shrinkage intensity given
by the Sharpe ratio maximization method gives the lowest value among all the considered

calibration methods.

Figure [3c|shows the shrinkage intensities given for the shrinkage portfolio formed with
the minimum-variance portfolio and the equally weighted portfolio. In this case, we ob-
serve that the most conservative calibration method is the mean-squared loss minimization
method up to 7" ~ 550. From that point onwards, the most conservative calibration method
is the Sharpe ratio maximization. Thus, up to 7' ~ 550, the mean-squared loss mini-
mization method offers a higher shrinkage intensity than the three other methods. This
is because the equally weighted is a portfolio with a very low estimation error. Since the
equally weighted portfolio is deterministic, the bias of this portfolio is the element that
defines its squared-loss. Moreover, with the scale parameter v/*, it is expected to reduce the
bias and this is why the shrinkage intensity of this method is higher. On the other hand, we
observe that the shrinkage intensities obtained via utility maximization and portfolio vari-
ance minimization are the same. It is because the smoothing element of expression (42)
given by the ratio proportional to the profitability of the minimum-variance portfolio fi,,,
in excess to the profitability of the equally weighted portfolio 1., is negligible. Therefore,

both portfolios must offer a similar expected return in this example.

Figures [3d] [3¢] and [3f] obviously show that the mean-squared loss minimization offers
the best shrinkage intensities to minimize the mean-squared loss. By definition, ;g is
obtained to minimize the mean-squared loss. In Figure [3d we observe that the mean-
squared loss of the expected utility maximization, the mean-squared loss minimization and
the Sharpe ratio maximization converge at the same rate. Actually, we can see that their
values are quite similar. In Figure|3e} we observe that the mean-squared loss of the Sharpe

ratio maximization method increases while the sample window’s length 7' is small. This
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is because in small samples, the shrinkage intensity of this method decreases faster than
it should be decreasing. Then, it gives more weight to the naive mean-variance portfolio,
which is well know to be highly contaminated by estimation risk, and this is why the mean-
squared loss increases. Finally, in Figure 31, we observe that the mean-squared losses of

the four calibration methods converge with a similar rate.

3.4.2 Performance of calibrated portfolios

In this section, we study two performance measures which are interesting for an investor.
The first performance measure that we study is the Sharpe ratio, defined by the expected
value of the portfolio return divided by the square root of the expected value of the portfolio
variance. This is a classical performance measure which represents the expected profit per
unit of risk. Therefore, we define the expected Sharpe ratio as follows:

E(r)

P

SR = ———F—, (52)
Var (r;)

where 7!, = w;_, R, is the portfolio return at time ¢ that corresponds with the estimated

portfolio w;_; at time ¢ — 1.

The second performance measure that we study is the relative improvement in average
loss (RIAL, see [Ledoit and Wolf| (2004a)) of each calibrated shrinkage portfolio. This

performance measure is defined as:

E (@, —w*|l3) — E (| @y — w*[|2)
E (||, — w*]3)

RIAL(Ws,) = ) (53)
where @, is the shrinkage portfolio composed by a naive estimator of the true portfolio
w* and an scaled target portfolio wi,ge. This measure gives an idea of the relative im-
provement of the shrinkage portfolio with respect to the estimated benchmark portfolio. If
RIAL is near 1, it means that the mean-squared loss of the shrinkage portfolio is negligible
compared with the mean-squared loss of the estimated reference portfolio w,. If RIAL is
negative, it means that the estimated reference portfolio w,, has a smaller mean-squared
loss than the shrinkage portfolio. This performance measure gives an idea of the statisti-
cal error that contains the shrinkage portfolio relative to the statistical error of the naive

estimator, which is assumed to be high in small samples.

The experiment consists on computing the Sharpe ratios and the RIAL’s, given by ex-
pressions (52)-(53)), of the studied shrinkage portfolios under every different calibration
method and for different data sets. We consider four data sets: 5IndP, 10IndP, 38IndP,
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48IndP and 100FF. All the data sets are defined in Table[I] The objective of including data
sets with different dimensions is to observe whether calibration methods are robust or not
along different data sets with different characteristics. To make the experiment closer to
reality, we consider an estimation window’s length T=150, which is quite reasonable when
we deal with monthly data. In the experiment, we consider the sample moments obtained
across every the data set as the true population moments of a multivariate normal distribu-
tion. Therefore we are computing the theoretical values of the Sharpe ratio and the RIAL.
In Table [3] we have the values obtained for the Sharpe ratio. Table [3] gives important in-
sights about the shrinkage portfolio considered. First, we can obviously see that the Sharpe
ratio maximization method gives gives the best Sharpe ratio across every data set. After
this calibration method, the expected utility maximization method gives the best Sharpe
ratio across every data sets in all shrinkge portfolios except for the min-ew portfolio in the

SIndP data set, where the mean-squared loss minimization gives a slightly better value.

Table [] gives the RIAL’s of the considered shrinkage portfolios calibrated with the
methods presented in this section. For this performance measure, the upper bound is es-
tablished by the values given by the mean-squared loss minimization method. It is easy
to observe that minimizing the mean-squared loss is equivalent to maximize the RIAL. In
Table ] we observe three important issues. First, for the shrinkage portfolio formed by
the mean-variance and minimum-variance portfolios, the RIAL obtained for the expected
utility calibration method offers similar values with respect to the RIAL obtained for the
same portfolio calibrated via mean-squared loss minimization, except for the data set SIndP.
Moreover, we also observe that this portfolio obtains slightly worse RIAL’s when it is es-
timated via portfolio variance minimization. Second, the shrinkage portfolio formed by
the mean-variance and equally weighted portfolio obtains slightly worse RIAL’s when it is
calibrated via Sharpe ratio maximization, except for the data set SIndP. Moreover, we also
observe that the values obtained with the portfolio variance calibration method are very
similar to the values obtained by the mean-squared loss minimization method. Third, the
shrinkage portfolio formed by the minimum-variance and equally weighted portfolio obtain
very similar RIAL’s when the portfolio is calibrated either by the expected utility maximiza-
tion method or the portfolio variance minimization method. Both calibration methods give
better RIAL’s throughout every data set than the values obtained for the shrinkage portfolio
calibrated via Sharpe ratio maximization except for the data sets 38IndP and 48IndP.

Finally, to complete the analysis, we make the same experiment but this time, instead of
changing the number of assets under consideration, we fix the number of assets and change
the window’s length 7. Figure | shows the results of the evolution of the expected Sharpe
ratio and the RIAL’s when the estimation window’s length 7" changes. In this experiment,
we take the data set formed by 48 industry portfolios (48IndP data set of Table[I]) and take
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the whole sample as the population distribution. The sample moments are considered the
population moments that define the multivariate normal distribution required to compute
the theoretical values of the expected Sharpe Ratio and the RIAL. Figures #a] [4b] and
confirms the evidences found in the previous experiment. Obviously, the upper bound in
all the shrinkage portfolios is established by the Sharpe ratio obtained with the calibration
method that maximizes the Sharpe ratio. Like in the previous experiment, we observe that
for the mv-min portfolio, the Sharpe ratio attained by the mean-squared loss minimization
method and the expected utility maximization method are very similar and slightly higher
than the results obtained by the expected variance minimization method. Moreover, we
observe that the expected utility maximization is the second best calibration method for the
mv-ew shrinkage portfolio. For the min-ew shrinkage portfolio, we can see that the mean-
squared loss minimization method is slightly worse that the other calibration methods in

terms of Sharpe ratio.

On the other hand, Figures [Ad] de] and [4f] depicts the RIAL’s of the considered shrink-
age portfolios under every different calibration method. Figure dd|shows the RIAL’s of the
shrinkage portfolio formed by the mean-variance and the minimum-variance portfolio. We
observe that the RIAL’s of the shrinkage portfolio calibrated via mean-squared loss mini-
mization, expected utility maximization and Sharpe ratio maximization evolve in a similar
manner. It holds with the results obtained in Figure [3a, where the shrinkage intensities cor-
responding to these calibration methods are similar. On the other hand, we observe that the
RIAL of the shrinkage portfolio calibrated via portfolio variance minimization is negative
when the window’s length is larger than 600 observations. It is because this calibration
method gives a shrinkage intensity of near one independently of the window’s length 7", so
that the portfolio is practically the minimum-variance portfolio. It means that with 600 ob-
servations we can estimate fairly well the mean-variance portfolio and therefore shrinking

too much to the minimum-variance portfolio gives bad results in terms of RIAL.

Figure 4e| shows the RIAL’s of the shrinkage portfolio formed by the mean-variance
and the equally weighted portfolio. We observe that the RIAL’s of this shrinkage portfolio
evolves in a similar manner for the mean-squared loss minimization method and the ex-
pected utility maximization method. On the other hand, we observe that the Sharpe ratio
maximization method to calibrate the mv-ew portfolio gives lower RIAL that the other three
calibration methods up to 7" ~ 650. For that window’s length, the expected variance min-
imization method gives worse results and it even attains negative values when 7" ~ 1355.
It means that under that calibration method, the mean-squared error of the sample mean-
variance portfolio is better than the combination of the mean-variance portfolio with an
equally weighted portfolio. But it does not mean that there is no a better combination of

the mean-variance portfolio and the equally weighted portfolio. In fact, we observe that
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the shrinkage portfolios calibrated via expected utility maximization or mean-squared loss

minimization offer a lower mean-squared error than the sample mean-variance portfolio.

Figure 4f|shows the RIAL’s of the shrinkage portfolio formed by the minimum-variance
and the equally weighted portfolio. We observe that the mean-squared error offers a lower
RIAL than the other two calibration methods. Moreover, we observe that the RIAL’s of
the three calibration method calibrated via expected utility maximization is the same as the
RIAL of the shrinkage portfolio calibrated via portfolio variance minimization. It holds
with the resutls obtained in Figure We also observe that the RIAL of every calibration
method converge faster to zero than any of the shrinkage portfolios considered in the study.
It is because this shrinkage portfolio does not consider the vector of means, which is usually
more difficult to estimate. Therefore, the benchmark portfolio is fairly well estimated for
small window’s length and therefore, the shrinkage intensity must go faster to zero as well.

This is exactly what we observe in Figure

We observe that results do not differ too much in terms of Sharpe ratio when the sample
size T' is small compared with the number of assets. Moreover, we have also observed that
in general, a mixture of portfolios formed by the mean-variance and minimum variance
portfolios give bad results in terms of Sharpe ratio for a moderate samples size of 7" = 150.
Therefore, we can assume that, in general, it is better to consider a mixture of some risky
portfolio (either the mean-variance portfolio or the minimum-variance portfolio) and the
equally weighted portfolio.

3.5 Non-Parametric calibration of portfolios

In this section, we propose an alternative procedure to calibrate shrinkage portfolios. This
framework only requires that stock returns must be independent and identically distribute
but we do not specify any particular distribution. This method is based on the well-known
non-parametric technique of bootstrap (Efron|(1979)). This technique was originally pro-
posed to study the statistical properties of some statistic of interest. Then, let us assume
that we want to study some characteristic # of some probability distribution /', such that
this characteristic of interest is expressed as #(F'). Then, let us assume that we have a
sample X € R which has been randomly drawn from F. Therefore, we estimate 0(F’)
from the sample X, which constitutes what is called the empirical distribution F. There-
fore, the value of our estimator is completely specified by the empirical distribution F,
hence we express it as 6 (ﬁ) Of course, this statistic, 0 (ﬁ) , 18 a random variable and

its randomness is defined by the true probability distribution F'. It means that F' defines

15 Again, the independence assumption is very unreal for high frequency data. This is why in the empirical
study we only focus on monthly data.
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the probability distribution of 6 <ﬁ> as well, this is F' — 6 (F\) Therefore, the main
goal of bootstrap is to approximate that relation as much as possible. To do that, B (boot-
strap) samples X, € R™*Y, where b = 1, ..., B, are drawn from the empirical distribution
F. Each (bootstrap) sample X, is constructed by drawing random observations with re-
placement from F. For each (bootstrap) sample X3, we calculate the statistic of interest,
which is now defined as 6 (ﬁb>, where ]31, is the empirical distribution of sample X;. The
B statistics obtained from each (bootstrap) sample should define the randomness of the
statistic, which is now defined by the original empirical distribution F. Therefore, with the
bootstrap procedure, we are defining F—0 (ﬁb), and it must approach F' — ¢ (ﬁ) as

much as possible.

Then, we use bootstrap to obtain the optimal shrinkage intensities established in sec-
tions , and . As we have seen, the optimal shrinkage intensities are defined by a bunch of
some expected values. Up to that point, there is no assumption about the distribution of
stock returns and they are only assumed to be independent and identically distributed. But
to obtain closed form expressions of those expected values, we need to assume some dis-
tribution. In this section, we do not make any specification about that distribution. Instead,
we use bootstrap to estimate the expected values of the optimal shrinkage intensities given
in the previous section. In essence, each expected value correspond to the mean of some

random statistic ¢ (ﬁ) . Thus, we construct B (bootstrap) samples and for each sample we

compute the desired statistic 0 (ﬁb> Once the B statistics have been computed, we take

the average of those statistics as an approximation of the expected value:

_ ZbB:I 0 (F\b>

o) =5 54

where ﬁ9< 7) is the bootstrap estimator of the expected value of the statistic of interest.

One of the main problems with bootstrap is that the empirical distribution F is a discrete
probability function. Therefore, randomly draws from F might gives many repeated ob-
servations. This issue turn out to be quite cumbersome when we are trying to estimate
the inverse covariance matrix because too many repeated observations might turn out in a
sample with singular covariance matrix. Thus, to correct this problem we add an error term
for each extracted observation. This is what is called smoothed bootstrap. We apply the
multivariate version of the smoothed bootstrap described in Efron| (1979) (page 7). Then,

now each extracted observation is defined as follows:

X: =7+ (I+3,) 2 [Xi—ﬁjuilﬂzi , (55)
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where I is the identity matrix, X is the i-th row observation from X € RT*¥ /i is the sam-
ple vector of means of X, S is the sample covariance matrix of X, and Z; is a multivariate
random variable having zero vector of means and covariance matrix > . The peculiarity of
this technique is that X is a random variable which has mean i and covariance matrix 5

under the empirical distribution F.

Furthermore, we consider another non-parametric method to estimate the expected val-
ues that form the optimal shrinkage intensities. In this case, we estimate the expectations of
the shrinkage intensities obtained from the calibration criteria given in (24)-(26)) via cross-
validation. Cross-validation consists on splitting the sample data into two parts. In the first
part, which is called the “training data”, we compute the naive portfolio. This portfolio is
then evaluated in the remaining data, which is usually defined as the “validating data”. In
our experiments, the training data is formed by the whole sample minus one given obser-
vation. The portfolio that is computed from the training data is evaluated in the remaining

observation, which give us an out-of-sample portfolio return defined as follows:
ri = R, (56)

where R; is the i-th sample return and @° is the estimated portfolio computed without
return ;. Then, we do the same for ¢ = 1,...,7', obtaining a time series of 1" out-of-
sample portfolio returns. We use that time series to estimate the expected values that form
the optimal shrinkage intensities. We do not report the results of this method because they

are similar or worse than the results obtained with the smoothed bootstrap calibration.

In this section we do not consider to make a simulation experiment as we did with the
parametric calibration to discuss the evolution of the shrinkage intensities and the perfor-
mance of the shrinkage portfolios. It is mainly because we have closed form expressions for
the parametric shrinkage intensities, which makes the discussion much cheaper in compu-
tational terms. Thus, to make the comparison between the performance of the parametric
calibration and the non-parametric calibration, we make an empirical analysis across six

different real data sets.

4 Empirical Results

In this section, we study the out-of sample performance of portfolios formed with shrink-
age estimators considered in section 2| We also study the out-of-sample performance of the
shrinkage portfolios considered in section [3] Table [2]lists the portfolios considered in the

analysis. Panel A list the existing benchmark portfolios which constitute our benchmark
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portfolios in the empirical analysis. The first portfolio is the classical mean-variance portfo-
lio of Markowitz (1952). The second portfolio is the classical mean-variance portfolio with
shrinkage moments proposed by Jorion| (1986). The next portfolios are the combination
of portfolios proposed in the literature. The first one is the mixture of the mean-variance
and minimum-variance portfolio of |Kan and Zhou| (2007). The second is the mixture of
the mean-variance and equally weighted portfolios of [Tu and Zhou (2011)). The third is the
mixture of the minimum-variance and equally weighted portfolio of DeMiguel et al.[(2009).
The sixth portfolio is the global minimum-variance portfolio. The seventh portfolio is the
global minimum-variance portfolio formed with the shrinkage covariance matrix of |Ledoit
and Wolf (2004a). The eighth portfolio is the naive equally weighted portfolio and the ninth
portfolio is the value weighted or market portfolio. Panel B list the portfolios constructed
with the new shrinkage estimators of moments proposed in section 2] Thus, the tenth
portfolio is the global minimum-variance portfolio formed with the shrinkage covariance
matrix of Ledoit and Wolf (2004a) using the finite optimal shrinkage intensity proposed
in section 2] Portfolio eleven is the global minimum-variance portfolio formed with the
shrinkage covariance matrix of |Ledoit and Wolf] (2004a) using the finite optimal shrinkage
intensity that account for the matrix condition number. Portfolio twelve is a mean-variance
portfolio where the vector of means is estimated with the shrinkage estimator proposed in
section 2] The last three portfolios that we study are the shrinkage portfolios proposed in
section (3| In the empirical analysis, we calculate the shrinkage intensities of these portfolio
using the three calibration methods defined in section [3] The empirical analysis is made
across six different data sets. Table[I]list the various data sets that we consider in the analy-
sis. There are three types of data sets: small data set (less than 25 assets), medium data sets
(between 25 and 50 assets) and large data sets (more than 50 assets). Small and medium
data sets consider all the stocks from NYSE, AMEX and NASDAQ, and they are pooled
in industry portfolios to form each of the data sets. On the other hand, 100FF is the one
hundred Fama and French| (1992)) portfolios of firms sorted by size and book-to-market.
The last portfolio, SP100 is formed by 100 random assets taken from the S&P500.

4.1 Out-of-sample performance evaluation

We compare the out-of-sample performance of the shrinkage portfolios to the portfolios in
the literature using three different criteria: (i) out-of-sample portfolio Sharpe ratio account-
ing for transaction costs, (ii) portfolio turnover (trading volume), and (iii) out-of-sample
portfolio variance. We use the “rolling-horizon” procedure to compute the out-of-sample
performance measure. The “rolling-horizon” is defined as follows: first, we choose a win-

dow over which to estimate the portfolio. The length of the window is M < T', where T'
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is the total number of observations of the data set. In the empirical analysis, our estimation
window has a length of M = 150, which corresponds with 15 years of data (with monthly
frequency). Second, we compute the various portfolios using the return data over the es-
timation window. Third, we repeat the “rolling-window” procedure for the next month by
including the next data point and dropping the first data point of the estimation window. We
continue doing this until the end of the data set. Therefore, at the end we have a time series
of T'— M portfolio weight vectors for each of the portfolios considered in the analysis; that
isw! fort = M,...,T — 1 and portfolio 7.

The out-of-sample returns are computed by holding the portfolio weights for one month
w; evaluated with the asset-return vector of the next month: r; , = R;,  w}, where R,
denotes the asset-return vector at time ¢ + 1 and r{_, is the out-of-sample portfolio return at
time ¢ 4 1 of portfolio <. We use the times series of portfolio returns and portfolio weights

of each strategy to compute the out-of-sample variance, Sharpe ratio and turnover:

1 T—1
(6Z)2 = - (wzl‘:lRt-‘rl - FZ) ; (57)
T—-—M-—-1 =
1 1
with 7 = (wi/Rm) ) (58)
T—-M =
ST, 59
T-1 N
Turnover = T_M—1 Z ’wg t+1 jt+‘) ) (60)
t=M j=1

where wit denotes the estimated portfolio weight of asset 7 at time ¢ under policy ¢ and
w; .+ 18 the estimated portfolio weight of asset j accumulated at time ¢ + 1, which implies
that the turnover is equal to the sum of the absolute value of the rebalancing trades across
the /V available assets over the 7" — M — 1 trading dates, normalized by the total number

of trading dates.

To account for transaction costs in the empirical analysis, the definition of portfolio
return is slightly corrected by the implied cost of rebalancing the portfolio. Then, the

definition of portfolio return net of transaction costs is:

N
Tepr = (1+ Ryqwy) <1 - “Z |w;‘,t+1 — Wj 4+ ‘) -1, (61)
=1

where « is the chargeable fee for rebalancing the portfolio. In the empirical analysis, ex-

pressions (57)-(60) are computed using portfolio returns discounted by transaction costs.
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4.2 Discussion of the out-of-sample performance

Table [5] reports the Sharpe ratio adjusted by transaction costs of the benchmark portfolios
and the portfolios estimated with shrinkage moments. In the analysis we assume 50 basis
points of transaction costs, which are high enough to approach to reality. Panel A shows the
out-of-sample annualized Sharpe ratio of the benchmark portfolios adjusted with transac-
tion costs. Panel B reports portfolios formed with shrinkage moments, using the shrinkage
intensities proposed in this paper. We first compare the portfolios which consider the vector
of means. We observe that the mean-variance portfolio with the new proposed shrinkage
vector of means (f-mv) has higher adjusted Sharpe ratio than the classical mean-variance
portfolio (mv) and the bayes-stein (bs) mean-variance portfolio across every data set except
for the SP100 data set. Moreover, portfolio f-mv has higher adjusted Sharpe ratio than the
equally weighted portfolio in small data sets.

On the other hand, the new portfolios that do not consider the vector of means and
shrink the covariance matrix or the inverse covariance matrix, f-lw, i-lw and c-lw, have
a good performance across every data set. Although the minimum-variance portfolio with
shrinkage matrix calibrated parametrically (f-lw) does not perform better than the minimum-
variance portfolio with the Ledoit and Wolf|(2004a)) shrinkage covariance matrix (Iw) in any
data set, portfolio f-Iw has a good performance, having larger adjusted Sharpe ratio across
every data set than the portfolios which consider the vector of means and also better than
the equally weighted portfolio for small and large data sets. The minimum-variance port-
folio that shrinks the inverse covariance matrix (i-lw) is very conservative. This portfolio
is constructed using the shrinkage inverse covariance matrix proposed in Section [2.3] For
large data sets, the shrinkage intensity approaches to one, which makes it tend to the 1/N
portfolio. Finally, the new proposed minimum-variance portfolio that shrinks the covari-
ance matrix accounting for the condition number (c-lw) has an excellent performance for
medium and large data sets, beating the minimum-variance portfolio Iw formed with the

shrinkage covariance matrix of |Ledoit and Wolf| (2004a).

Table [6] reports the annualized Sharpe ratio adjusted by transaction costs of the shrink-
age portfolios. Panel A reports the adjusted Sharpe ratios of the shrinkage portfolios cal-
ibrated via parametric assumptions (see Section [3.4). Panel B reports the adjusted Sharpe
ratios of the shrinkage portfolios calibrated via bootstrap (see Section [3.5)). First, we com-
pare the results shown in Panel A. We observe that across every data set, the expected
variance minimization is the best calibration method for the mv-min and mv-ew shrinkage
portfolios. We also observe that the mean-squared loss minimization method offers the
best adjusted Sharpe ratios for the min-ew shrinkage portfolio in medium and large data

sets. This issue confirms our intuition of this calibration method. Since the min-ew shrink-
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age portfolio does not consider the vector of means, the mean-squared loss minimization
method will offer a calibration method stable and controlling for transaction costs. This
makes the adjusted Sharpe ratio greater than the adjusted Sharpe ratio for the other calibra-

tion methods.

The results given by the bootstrap calibration in Panel B are slightly different. We
observe that for the mv-min portfolio the best calibration method is the expected variance
minimization in small and medium data sets. But for large data sets, the Sharpe ratio
maximization method gives slightly better results than the expected variance minimization
method. The same occurs for the mv-ew shrinkage portfolio. For the min-ew shrinkage
portfolio, we observe that the results obtained by the mean-squared loss minimization, the
expected utility maximization and the expected variance minimization are quite similar. We
can also observe that, compared with the parametric calibration, the bootstrap procedure to

calibrate mv-ew and min-ew shrinkage portfolio is better for medium and large data sets.

Table [/| reports the turnover of the benchmark portfolios and the portfolios estimated
with shrinkage moments. Panel A shows the turnover of the benchmark portfolios. Panel
B shows the turnover of portfolios with shrinkage estimators using the calibration meth-
ods proposed in Section 2] We observe that the mean-variance portfolios estimated with
the shrinkage estimator proposed in Section [2.1| offers lower turnover than the benchmark
portfolios that consider the vector of means (mv and bs) across every data set except for the
SP100 data set, where the bayes-stein mean-variance portfolio (bs) attains a lower turnover.
On the other hand, we observe that the minimum-variance portfolio with shrinkage covari-
ance matrix calibrated parametrically (f-lw) does not improve the minimum-variance port-
folio with the shrinkage covariance matrix of |Ledoit and Wolf| (2004a) (Iw) in any of the
data sets, although it does outperform the results obtained by the minimum-variance portfo-
lio with naive estimators (min). The minimum-variance portfolio formed with the shrink-
age inverse covariance matrix proposed in Section [2.3] (i-lw) and the minimum-variance
portfolio with a shrinkage covariance matrix that accounts for the condition number (c-lw)

offers smaller turnover than portfolio lw across every data set.

Table [§ reports the turnover of shrinkage portfolios. Panel A shows the turnover of
the shrinkage portfolios with parametric calibration. Panel B reports the turnover of the
shrinkage portfolios with bootstrap calibration. First, we compare portfolios reported in
Panel A. We observe that the expected variance minimization method offers the lowest
turnover to calibrate portfolios mv-min and mv-ew. The mean-squared loss minimization
method offers the lowest turnover to calibrate min-ew portfolio across every data set except
for the SIndP portfolio. It confirms our interpretation of this calibration technique pointed

out in Section 3]
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From Panel B of Table [8] we observe that the bootstrap procedure to calibrate shrinkage
portfolios mv-ew and min-ew offers the lowest turnover in large data sets. It is mainly
because the non-parametric calibration shrinks these portfolios to the equally weighted
portfolio, which is the portfolio that reaches the lowest turnover among all the considered
portfolios. In Panel B, the conclusions about the calibration methods in the parametric case
hold for the bootstrap calibration method as well. Again, we observe that the mv-ew and
min-ew shrinkage portfolios attain better results with bootstrap calibration than parametric
calibration for medium and large data sets.

Table Q| reports the standard deviation of the benchmark portfolios and the portfolios es-
timated with shrinkage moments. Panel A shows the standard deviation of the benchmark
portfolios and Panel B shows the standard deviation of portfolios composed by shrinkage
estimators calibrated with the new proposed methods. We observe that among the portfo-
lios that consider the vector of means, the portfolio formed with the estimator proposed
in Section (f-mv) offers smaller standard deviation across every data set except for the
SP100 where the bayes-stein mean-variance portfolio (bs) attains lower standard deviation.
On the other hand, we observe that the minimum-variance portfolio formed with the shrink-
age estimator for the covariance matrix that accounts for the condition number (c-lw) gives

the smallest standard deviation across every data set.

Table [I0] reports the standard deviation of the shrinkage portfolios. Panel A shows the
standard deviation of the shrinkage portfolios calibrated via parametric assumptions. Panel
B reports the standard deviation of the shrinkage portfolios calibrated via bootstrap. We
observe that for the mv-min and mv-ew shrinkage portfolios, the expected variance mini-
mization offers the smallest standard deviation across every data set in Panel A. Moreover,
we also observe that for the min-ew shrinkage portfolio, the expected utility maximization
calibration technique and the expected variance minimization technique gives the same re-
sults across every data set. Furthermore, we observe that the min-ew shrinkage portfolio
calibrated via mean-squared loss minimization attains the lowest standard deviation for

medium and large data sets.

In panel B, we observe that the calibration of mv-min and mv-ew shrinkage portfolios
via bootstrap gives very similar results among the mean-squared loss minimization, the

expected utility maximization and the expected variance minimization methods.

Throughout this section, we have pointed out several key aspects. We observed the
benefits of controlling for the condition number on shrinking the covariance matrix. This
matrix property makes the resulting portfolio weights more stable. As a result, we obtain
larger Sharpe ratios with smaller transaction costs for medium and large data sets. We have

also observed that for shrinkage portfolios considering the vector of means, the expected
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portfolio variance minimization criteria is the most robust criteria. It gives better Sharpe
ratios and turnover in general. We have also observed that the mean-squared loss criteria is

very convenient for shrinkage portfolios that do not consider the vector of means.

5 Conclusions

Shrinkage estimators is a powerful tool in statistics which provide the researcher an alter-
native way of making inference less contaminated by estimation error. Apart from many
other sources of risk, estimation error is one of the main problems within portfolio opti-
mization. In this paper, we provide an extensive study of shrinkage techniques applied to
portfolio optimization. We first study and extend the shrinkage methods to estimate the
moments of a multivariate normal distribution, where we came up with a new class of
shrinkage estimator for the vector of means. We also came up with an alternative way of
calculating the shrinkage intensity of the shrinkage covariance matrix that accounts for its
condition number, which gives very good results in terms of Sharpe ratio for medium and
large data sets. We have also studied four different calibration criteria to shrink portfolio
weights. Working with real data, the expected variance minimization criteria to calibrate
shrinkage portfolios is the most robust method across every considered data set. Finally,
we have shown that the smoothed bootstrap is a practical and simple procedure to calibrate
shrinkage portfolios. Moreover, this non-parametric calibration procedure works very well

in medium and large data sets.
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A Proof of propositions

In this part, we proof all the propositions. Before going throughout all the propositions, we

state two lemmas that will be used along the proofs:

Lemma A.1. Let us & be a random vector in RY with mean u and covariance matrix ¥,
and being A a definite positive matrix in R™N*Y, the expected value of the quadratic form

x' Ax is:
E(a'Ax) = tr (AX) + p/ Ap. (62)

Proof. Trivial. 0

Lemma A.2. Given a sample R € R™" of independent and normally distributed obser-

} . ) : . T (R—R)’
vations, this is Ry ~ N (u, X.), the unbiased sample covariance matrix ¥ = Et*lz(ﬂftl),

o ZTzl R . . . . S »
where R = e has a Wishart distribution > ~ VW (ﬂ, T — 1). On the other hand,

the unbiased estimator of the inverse covariance matrix ;' = %Z_l has an inverse-
Wishart distribution ¥, ~ W™ (T — N — 2)X71 T — 1). Then, the expected values of
Y, Y1 and X2 Y 1 are:

1

SIS 2

E 22)_T_12 + i (5) %, 63)
N (T — N —2) e B

(578 )—(:r_N_1)<T_N_4)(”(E )STHH (T =N -2)27?%), (64)

ctealy | (T—-N-2(T-2) __
E<Z 'zE 1)_ (T—N—1)(T—N—4)Z " (65)

Proof. The proof for (ii) can be in|Haff](1979), Theorem 3.1. The proof for £ <§*1§]*1>
and <§_12§_1> are found in Haff (1979), Theorem 3.2. O

A.1 Proof of Proposition 2.1

In this part, we explain the proof Proposition To do that, we first remind which is the

objective function:
min B (||(1 - a)fi + ave — plf?). (66)

o,V

With some algebra, the above expression can be expressed as follows:

min (1 —a)’E (||i — pll3) + o llve — ulf3. (67)
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We observe that the optimal v does not depend of «, and therefore we can obtain the
optimal value v} as the value that minimizes ||t — 1|2, which is v, = fi. Once we have
the optimal value of v, we can obtain the optimal value of o by developing the first order
conditions (FOC) of expression (67). It means that taking derivatives in with respect

to o and working out some elements, the optimal a will be:

~ 2 PPN
- E (i — pl3) B E (i) — p'n 68)
- ~ 2 2 o~ 2
YOE (IR pll) + e = pll;  EER) = gt v = pll
Since 7i ~ N (1, 2) and according with Lemma the above expression is:
1/T)o?
T o)

(YT + 7y -

and this completes the proof.

A.2 Proof of Proposition

In this part we explain the proof of Proposition Like in the proof of Proposition [2.1}
we develop the objective function in problem (9)-(10). The resulting optimization problem

is the following:

o,V

~ 2
MH(L%NEOF—EL)+&WJ—H@. (70)

From the above expression, we observe that the optimal scale factor » does not depend on

«, thus applying the FOC’s to ||v] — EH% we obtain the optimal value of v, which is:
vh = o2 (71)

On the other hand, applying the FOC’s in problem we obtain the optimal value of a:

~ 2
N (o B
ol = (72)

~ 2 ’
EO@-EL)+WQ—2@
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~ 2 P
Since E HE — EH =tr (E (EZ)) — tr (XX) and according with Lemma |A.2} the
F

optimal « takes the following form:

% (@ +N (?)2)

(= (%tr (22) — (T~ N - 1) (?)2) | 73)

* p—
az—

and this completes the proof.

A.3 Proof of Proposition [2.3]

The proof of Proposition [2.3] is exactly as the proof made for Proposition 2.2l We first
develop the objective function of problem (14)-(15)) for tractability. Then with we develop
the FOC’s to obtain the optimal values of the scale factor and the shrinkage intensity. To
obtain the optimal value of the shrinkage intensity we make use of Lemma|A.2]in a similar
manner as it was done in the proof of Proposition

A.4 Proof of Proposition 3.1]

To make the proof of this proposition we simply develop the FOC’s of the calibration
functions defined by the shrinkage portfolio formed by the mean-variance and minimum-
variance portfolios. In this portfolio, the scales parameter comes from the minimization of

v = argmin {E |V Wmin — @mng} with respect to . Developing the FOC’s, we obtain that

w w

the optimal scale factor is v,y —min = E(A%j’”) First, the mean-squared loss function

wminwmzn

of the considered shrinkage portfolio is:

E (@mo-min = wnol3) = B (101 = @) (@ — W) + & 0mine = w3 = (74)
- (1 - Oé)2E (Hf&mu - wmv”;) + 052E (”Vwmin - wm’ung) + (75)
+2(1 — a)aE ((Wmy — W) (VDpmin — Winy)) - (76)

The third element in the right hand side can be simplified to:

E ((ﬁjmv - wmv)/ (V@mzn - wmv)) =V (E (ﬂ)\;m;ﬂ}mm> - w;m)wmm) . (77)
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Therefore, developing the FOC’s of E (||@mu—min — Wine Hg)’ we obtain that the optimal o
is:
. 2
E (mev - wmvHQ) - T

st = — o~ , (78)
E (mev - wmvng) +LK (Hywmin - wmng) — 27

where 7 = v (E (W),,;, Winy) — W, Wiy ). In this expression, E (W . W) =

— %(T_J\(TYLI;\([;E)N—M (r (™Y ¢S+ (T — N — 2)/X~2). which can be obtained from

Lemma

Second, the expected utility function of the shrinkage portfolio is:

E (U (W) = (1 = @)Wy, pt + avw),;, fi— (79)
- %E (1 = Q)@ S By + OBy SBmin + 2(1 — @)W, i) - (80)

Deriving the FOC’s of the above expression, we obtain the optimal a:

B (@, S0ne) — VE (@ S0in)
T B (@, Smy) + V2E (T, SOmin) — 20E (@, Shpm) @D
_ Wyt — VWyi 1 (82)
E (@, Stme) + 02E (T, Stmin) — 20E (@ Shmm)’

min

The optimal expression can be shorten by using the abbreviations used in Proposition [3.4

E o2 —vE Amv min
E (02 ) + VZE (Um'm) —2vE (pmv,min)

Hmoy — Vlmin 1
E(53,,) + V2E (Grin) = 2VE (Prwmin) 7

(84)

The proof of the variance is straightforward. From the utility framework, we assume
that the investor has an infinite risk aversion level (v ~ cc), which means that this investor

concerns only about the variance and is almost indifferent with respect to the profitability of

. : : Hmyv—VHmin 1 1
his portfolio. In that case, the ratio I U (i W — vanishes and therefore,

muv

the optimal « is:

e = g ome) — B Premin) (85)
E (ng) +V2E (O-gnm) —2VvE (pmv,min)

A.5 Proof of Proposition [3.2]

We should develop the FOC’s of the calibration functions defined by the shrinkage port-

folio formed by the mean-variance and equally weighted portfolios. In this portfolio, the
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e . 2
scale parameter comes from the minimization problem v = argmin {E Hyﬁ — wmv||2}.

Developing the FOC’s, we obtain that the optimal scale factor is v,y ¢y = WeyWiny First,

/
Weqy Wew

the mean-squared loss function of the considered shrinkage portfolio is:

E (H@mvfew - wmv”%) =F (H(l — Q) (Wyny — Winy) + @ (VWeyy — wmv)H;) =
(36)
=(1—-a)’E (||ﬁ?mv — meHg) + 0 ||V Wew — meHS, (87)

where we,, = . Now, deriving the FOC’s of the above expression, we obtain the optimal

a

E (H{Dmv - wmv”;)

Amsl = P 2 2" (38)
E ([[@ms = wioll3) + 17wew — w3
Second, the expected utility function of the shrinkage portfolio is:
E (U (@) = (1 = a)wp,p+ avwg,p— (89)
— %E (1 = @)W, By + VW, Swey + 2(1 — @)Wl Swey) - (90)
Deriving the FOC’s of the above expression, we obtain the optimal a:
E (W], XWyy) — VW, YWy
g = = ) : - 1)
E (W), XWpy) + V20, YWy — 20W,, YWy
/ o /

E (W YWmy) + 120, SWey — 200 Sy
The optimal expression can be shorten by using the abbreviations used in Proposition [3.4

oy — E (3727“;) — VPmuv,ew o My — Vlew l (93)
" E (8727“;) + VQUgw - 2mev,ew E (avznv) + V20‘gw - 2V10mv,ew 7'

To make the proof of the variance we proceed as in the proof of Proposition From the
utility framework, we assume that the investor has an infinite risk aversion level (7 ~ c0),
which means that this investor concerns only about the variance and is almost indifferent

with respect to the profitability of his portfolio. In that case, the ratio @2 )ij;’;f’ “_egypm — %

vanishes and therefore, the optimal « is:

E o2 - muv,ew
an = — L Om) — Vome . o)
E (O-gnv) + 1/20'21” - 2mev,ew
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A.6 Proof of Proposition 3.3]

We should develop the FOC'’s of the calibration functions defined by the shrinkage port-
folio formed by the mean-variance and equally weighted portfolios. In this portfolio, the

)

Developing the FOC’s, we obtain that the optimal scale factor is Vi, e = M . First,

scale parameter comes from the minimization problem v = argmin {E v — @Winin

wewwew
the mean-squared loss function of the considered shrinkage portfolio is:
E (Hﬂ)\minfew - wmln”g) =FE (H(l - a) ({U\mln - wmin) + « (Vwew - wmzn)”i) = (95)
= (1= 2B (|@min = wmninll3) + 0 Ve = wrin 3 96)

where we,, = 5. Now, deriving the FOC’s of the above expression, we obtain the optimal

Q.

Amsl = —~ 2 2 (97)
(”wmzn - wmm”g) + Hywew - wmm”z
Second, the expected utility function of the shrinkage portfolio is:
E (U (/&J\mzn)) (1 - Oé) mmlu’ + Oéywewll’_ (98)
— LB (1 = 0)2@,, SBin + 020 0, Stey + 2(1 — a)avidl,, Stwe,) . (99)

2

Deriving the FOC’s of the above expression, we obtain the optimal a:

E (W, X Win) — VW, 0 SWey,
= Winin min _ 100
Clut E (W], XWmin) + V20, YWy — 200, 30y, (100)
. /
E( mmzw”“”) V2E< mznzwmm> 2VE( mznzwew)

The optimal expression can be shorten by using the abbreviations used in Proposition [3.4

e = E (87%1171) — VPmin,ew . Hmin — Videw l (102)
" E (82 J ) + y20§w - 2mein,ew E (82 i ) + VQUgw - 2I/pmin,ew Y

mwn mn

To make the proof of the variance we proceed as in the proof of Proposition [3.2] From the
utility framework, we assume that the investor has an infinite risk aversion level (y ~ o0),

which means that this investor concerns only about the variance and is almost indifferent

with respect to the profitability of his portfolio. In that case, the ratio — & Honin ZU e
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vanishes and therefore, the optimal « is:

E o2, - min,ew
— (@omin) — VPmin, (103)
E (O' ) + V20'§w - 2mem,ew

min

A.7 Proof of proposition 3.4

Proof. Here, we illustrate how to the prove of Proposition 3.4 We develop each element

mentioned in the Lemma. First, we show how to obtain E (||@my — W, ||§)
_ 1 A1 —1~ _
E (e~ winel}) = 75 (B (AS7S) -z 'o-1p) (104)

Due to the fact that returns are assumed to be independent and normally distributed, 7 and
3} are independent. Therefore, we can make use of Lemma and Lemmato compute

the expected value of F (ﬁffliflﬁ). Thus, using the independence between 1 and 5,

the expected value of -1yt given in Lemma and the expected value of quadratic
forms given in Lemma[A.T] we have:

1| (S7H)(T-N=-2)(T-2)

E (||@m - wmug) - (105)

2| (T-N—-1)(T-N—-4)T
T—N-2 o .
+(T—J\(f—1)(T—§V—4) [r (E7) WETu+ (T =N = 29W'E7p] | - (106)
_712“/2_2“' (107)

The following element is F (Hu@mm — wmng):

e 1
E ([[V@min — wan|2) = V°E (ug*lz*lL) + = 22, (108)
y y

Using the value of E (§_1§_1> given in Lemma|A.2| we have that:

~ (T — N —2) e
E(Hywmln_wmvng) :UQ(T_N_ 1)(T—N—4) [tr (E 1) L/Z 1L+ (109)
|
(T = N = 2)0/S %) + /'S 2 — 22052, (110)
v v

Now, we prove how to obtain the closed form expression of F (H@mm — wmmHg) First,

we expand the expression as usual:

E (|Bmin — wan|)?) = E (ui—li—h) R, (111)
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Again, applying the value of E <§]*1§*1> given in Lemmal|A.2}, we obtain the following:

. T—-N-2 T
+(T — N =2)/87%] — /572 (113)

The remaining three elements are very straightforward to prove. Understanding how to ap-
ply LemmdA.T|and Lemma[A.2] expressions E (@), StWiny), E (W), XWimin) and E (@), SWnmin )

are simple to obtain. For instance,

1 P
B (@, 5ma) = 5 (ﬁzflzzflﬁ) . (114)

Since i and S are independent, using Lemma |A.1| and the expression for F (i‘_lﬂi_l)
given in Lemma we have:

e L[ (T-N-T- (N
B @0 = (o eyog (7)) a9

The proof of the remaining two elements can be skipped having understood the steps of the

previous proofs. ]
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B Tables

Table 1: List of Data Sets:

This table list the various data sets analyzed, the abbreviation used to identify each data set, the number
of assets N contained in each data set, the time period spanned by the data set, and the source of the data.
The data set of CRSP returns (SP100) is constructed in a way similar to Jagannathan and Mal (2003)), with
monthly rebalancing: in January of each year we randomly select 100 assets as our asset universe for the next
12 months.

ahttp://mba.tuck.dartmouth.edu/paqes/facultv/kenAfrench/dataflibrarv.html

b CRSP, The Center for Research in Security Prices

# Data Set Abreviation N Time Period Source

1 5 Industry Portfolios representing the US 5Ind 5 01/1972-06/2009 K. French?®
stock market

2 10 Industry Portfolios representing the US 10Ind 10 01/1972-06/2009 K. French
stock market

3 38 Industry Portfolios representing the U.S 38IndP 38 01/1972-06/2009 K. French
stock market

4 48 Industry Portfolios representing the 48Ind 48 01/1972-06/2009 K. French
U.S. stock market

5 100 Fama and French Portfolios of firms 100FF 96 01/1972-06/2009 K. French
sorted by size and book to market

6 100 randomized stocks from S&P 500 SP100 100 01/1988-12/2008 CRSP®
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Table 2: List of portfolio models:

This table lists the various portfolio strategies considered in the paper. Panel A lists the existing portfolios
from the literature. Panel B list portfolios where the moments are shrunk with the methods proposed in
section 2] Panel C lists the shrinkage portfolio defined in section[3] The last columns gives the abbreviation

that we use to refer to the strategy.

#  Policy Abbreviation

Panel A: Benchmark portfolios
Classical mean-variance portfolio
Bayes-Stein mean-variance portfolio
Kan-Zhou’s (2007) three-fund portfolio
Mixture of mean-variance and equally weighted (Tu and Zhou (2011))
Mixture of minimum-variance and equally weighted DeMiguel et.al. (2009))

Minimum-Variance portfolio

N N W -

Minimum-variance portfolio with Ledoit and Wolf (2004) shrinkage covariance ma-
trix
8  Equally weighted portfolio
Panel B: Portfolios estimated with new calibration procedures to shrink moments
Shrinkage minimum-variance portfolio
9  Finite optimal shrinkage intensity of Ledoit and Wolf’s shrinkage covariance matrix
10  Finite optimal shrinkage intensity of the inverse covariance matrix based on Ledoit
and Wolf (2004) framework
11  Finite optimal shrinkage intensity of Ledoit and Wolf’s shrinkage covariance matrix
considering its condition number
Shrinkage mean-variance portfolio
12 Mean-variance portfolio formed with the finite optimal shrinkage intensity of the vec-
tor of means
Panel C: Shrinkage portfolios
13 Mixture of mean-variance and scaled minimum-variance portfolios
14 Mixture of mean-variance and scaled equally weighted portfolios

15 Mixture of minimum-variance and scaled equally weighted portfolios

mv
bs
kz

tz
dm
min

Iw

ew or 1/N

f-lw

i-lw

c-lw

f-mv

mv-min
mv-ew

min-ew
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Table 3: Theoretical Sharpe ratios:

This table shows an experiment where we have computed the theoretical expected values for the Sharpe Ratio
of different portfolios. We consider four data sets of N=5, 10, 38, 48 and 96 assets. Moreover, we consider a
window’s length of T=150, which is a common estimation window’s length when we deal with monthly data.

Policy  5IndP 10IndP 38IndP 48IndP 100FF

Benchmark Portfolios

myv 0.193 0.212 0.185 0.198 0.278
min 0.237 0.263  0.240 0.210 0.242
ew 0.202  0.212 0.188 0.181 0.186

Shrinkage Portfolios MSL Minimization

mv-min  0.237  0.266  0.253  0.247 0.288

mv-ew 0217 0240 0.216 0.228 0.261

min-ew 0236 0.260 0243 0.224 0.224
Shrinkage Portfolios Utility Maximization

mv-min 0236  0.266 0.252  0.247 0.288
mv-ew 0218 0.243  0.231 0.239 0.297
min-ew 0235 0.262 0.247 0226 0.266

Shrinkage Portfolios Variance Minimization

mv-min  0.225  0.266 0.240 0.210 0.242
mv-ew 0216 0239 0.223  0.219 0.256
min-ew 0.235 0.262 0247 0.226 0.266

Shrinkage Portfolios Sharpe Ratio Maximization

mv-min  0.237  0.266  0.254 0.247 0.314
mv-ew 0218 0243 0.233 0.244 0.320
min-ew 0.238  0.263  0.247 0.228 0.268
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Table 4: Theoretical RIAL:

This table shows an experiment where we have computed the theoretical expected values for the RIAL’s of
different portfolios. We consider four data sets of N=5, 10, 38, 48 and 96 assets. Moreover, we consider a
window’s length of T=150, which is a common estimation window’s length when we deal with monthly data.

Policy = 5IndP 10IndP 38IndP 48IndP 100FF
Shrinkage Portfolios MSL. Minimization

mv-min  0.886 0.764 0.839  0.809 0.787

mv-ew 0514 0.682 0.843 0.824 0.869

min-ew  0.106 0.251 0.398 0.469 0.780
Shrinkage Portfolios Utility Maximization

mv-min  0.865 0.763  0.838  0.809 0.787
mv-ew 0496 0.669 0817 0.816 0.860
min-ew 0.074  0.208  0.282  0.348 0.632

Shrinkage Portfolios Variance Minimization

mv-min  0.634  0.763  0.820 0.779 0.774
mv-ew 0435 0.681 0840 0.821 0.869
min-ew 0.074  0.208 0.282  0.348 0.632

Shrinkage Portfolios Sharpe Ratio Maximization

mv-min  0.885  0.763  0.838  0.809 0.738
mv-ew 0503 0.657 0.785 0.783 0.781
min-ew -0.536  0.049  0.318 0.424 0.548
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Table 5: Annualized Sharpe ratio with transaction costs (50 basis points) of benchmark
portfolios and portfolios estimated with shrinkage moments:

This table reports the out-of-sample annualized Sharpe ratio of benchmark portfolios and portfolios calculated
using shrinkage estimator calibrated with the new techniques proposed in this paper. Moreover, we adjust the
Sharpe ratio with transaction costs, assuming 50 basis points.

Policy 5IndP 10IndP 38IndP 48IndP 100FF SP100
Panel A: Benchmark Portfolios

Portfolios that consider the vector of means

myv 0.593 0.599 0.004 -0.003 -0.463 -0.102
bs 0.735 0.824 0.294 0.213 -0.205 0.275
Portfolios that do not consider the vector of means

min 0.841 0.945 0.528 0.378 -0.014 0.399
Iw 0.863 0.955 0.731 0.651 1.003 0.687
Portfolios that do not make optimization

1/N 0.761 0.780 0.695 0.688 0.712 0.328
Existing mixture of portfolios

kz 0.714 0.807 0.284 0.208 -0.208 0.273
tz 0.673 0.704 0.301 0.360 0.083 0.195
dm 0.813 0.941 0.603 0.508 0.104 0.472

Panel B: New portfolios with shrinkage estimators

Portfolios that consider the vector of means

f-mv 0.809 0.880 0.402 0.269 0.017 0.257
Portfolios that do not consider the vector of means

f-lw 0.845 0.945 0.643 0.553 0.762  0.641
1-lw 0.877 0.907 0.716 0.693 0.713 0.337
c-lw 0.852 0.947 0.805 0.766  1.152  0.700
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Table 6: Annualized Sharpe ratio with transaction costs (50 basis points) of shrinkage
portfolios:

This table reports the out-of-sample annualized Sharpe ratio of shrinkage portfolios. Moreover, we adjust the
Sharpe ratio with transaction costs, assuming 50 basis points.

Policy  5IndP 10IndP 38IndP 48IndP 100FF SP100

Panel A: Shrinkage portfolio with parametric calibration

Shrinkage portfolios: MSL Minimization

mv-min  0.702 0.812 0.313 0.274 -0.198  0.307
mv-ew  0.647 0.760 0.483 0.437 0.028 0.188
min-ew  0.844 0.954 0.658 0.587 0.435 0.509
Shrinkage portfolios: Utility Maximization

mv-min  0.708 0.790 0.303 0.305 -0.025 0.388
mv-ew  0.691 0.738 0.386 0.436  0.205 0.234
min-ew  0.847 0.949 0.593 0.472 0.165 0.483
Shrinkage portfolios: Variance Minimization

mv-min  0.820 0.925 0.527 0.374 -0.054 0414
mv-ew  0.773 0.796 0.594 0.670 0.425 0.277
min-ew  0.847 0.949 0.593 0472 0.165 0.483
Shrinkage portfolios: Sharpe Ratio Maximization

mv-min  0.714 0.807 0.284 0.208 -0.208 0.273
mv-ew  0.685 0.715 0.249 0.254 -0.188 0.111
min-ew 0.817 0.955 0.606 0.508 0.104 0472

Panel B: Shrinkage portfolios with bootstrap calibration

Shrinkage portfolios: MSL Minimization

mv-min  0.708 0.795 0.277 -0.356 -0.612 0.398
mv-ew  0.657 0.769 0.575 0.596 0.713 0.329
min-ew  0.853 0.952 0.711 0.675 0.712  0.330
Shrinkage portfolios: Utility Maximization

mv-min  0.714 0.771 0.264 0.158 -0.471 0.399
mv-ew  0.701 0.750 0.514 0.615 0.712 0.328
min-ew  0.844 0.945 0.688 0.662 0.712 0.328
Shrinkage portfolios: Variance Minimization

mv-min  0.821 0.931 0.528 0.374 -0.093 0.399
mv-ew  0.757 0.798 0.641 0.685 0.712 0.328
min-ew  0.855 0.948 0.684 0.660 0.712 0.328
Shrinkage portfolios: Sharpe Ratio Maximization

mv-min  0.702 0.793 0.261 0.050 -0.471 0.153
mv-ew  0.689 0.714 0.308 0.401 0.714 0.331
min-ew 0.824 0.955 0.627 0.590 0.713 0.335
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Table 7: Turnover of benchmark portfolios and portfolios estimated with shrinkage mo-
ments:

This table reports the out-of-sample Turnover of benchmark portfolios and portfolios calculated using shrink-
age estimator calibrated with the new techniques proposed in this paper.

Policy 5IndP 10IndP 38IndP 48IndP 100FF SP100
Panel A: Benchmark Portfolios

Portfolios that consider the vector of means

mv 0.287 0.369 1.336 2311 8791 2.075
bs 0.150  0.197 0.693 1.111 5257 1.262
Portfolios that do not consider the vector of means

min 0.081 0.124  0.395 0.567 2.775 1.156
Iw 0.056  0.089 0.240  0.321 0.793 0.279
Portfolios that do not make optimization

I/N 0.018 0.025 0.032 0.033 0.023 0.054
Existing mixture of portfolios

kz 0.167 0.208 0.709 1.130  5.291 1.265
tz 0.175 0.242  0.717 1.009 3.626 0.708
dm 0.124  0.120 0.310 0424 2.334 0.847

Panel B: New portfolios with shrinkage estimators

Portfolios that consider the vector of means

f-mv 0.096 0.149 0.491 0.807 3.686 1.271
Portfolios that do not consider the vector of means

f-lw 0.065 0.102 0.297 0.402 1.224 0.350
i-lw 0.044 0.051 0.042 0.039 0.024 0.058
c-lw 0.051 0.080 0.186 0.237 0453 0.216
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Table 8: Turnover of shrinkage portfolios:
This table reports the out-of-sample Turnover of shrinkage portfolios.

Policy = 5IndP 10IndP 38IndP 48IndP 100FF SP100

Panel A: New shrinkage portfolios with parametric calibration

Shrinkage portfolios: MSL Minimization

mv-min  0.173 0.228 0.716 1.004 4772 1.260
mv-ew  0.177 0.173 0.516  0.726 3.416 0.621
min-ew 0.074  0.103 0.279 0.350 1.389 0.580
Shrinkage portfolios: Utility Maximization

mv-min  0.197 0.241 0.694 0945 3454 1.177
mv-ew  0.155 0.200 0.592 0.821 2944 0.636
min-ew  0.072 0.112 0.340 0474 2.165 0.822
Shrinkage portfolios: Variance Minimization

mv-min  0.119 0.132  0.398 0.571 2965 1.178
mv-ew  0.076 0.115 0.279 0.356 1970 0.517
min-ew 0.072  0.112 0340 0474 2.165 0.822
Shrinkage portfolios: Sharpe Ratio Maximization

mv-min  0.167 0.208 0.709 1.130  5.291 1.265
mv-ew  0.163 0.222  0.786 1.213 5495 0.991
min-ew  0.109 0.113 0.308 0.424 2.334 0.847

Panel B: New shrinkage portfolios with bootstrap calibration

Shrinkage portfolios: MSL Minimization

mv-min  0.181 0.250 0.786  4.119 7.627 1.157
mv-ew  0.171 0.159 0.371 0.399 0.023 0.054
min-ew 0.071 0.093 0.192  0.181 0.023 0.054
Shrinkage portfolios: Utility Maximization

mv-min  0.211 0.263 0.776  10.763 4.236 1.156
mv-ew  0.143 0.182 0411 0.408 0.023 0.054
min-ew  0.093 0.097 0.228 0.222 0.023 0.054
Shrinkage portfolios: Variance Minimization

mv-min  0.117 0.135 0.395 0.589 3.003 1.156
mv-ew  0.098 0.107 0.181 0.146  0.023 0.054
min-ew  0.090  0.097 0.230  0.221 0.023 0.054
Shrinkage portfolios: Sharpe Ratio Maximization

mv-min  0.178 0.224  0.758 1.510 7953 1.437
mv-ew  0.159 0.222  0.694 0.868 0.025 0.055
min-ew  0.102 0.111 0.275 0.317 0.024 0.056
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Table 9: Standard deviation of benchmark portfolios and portfolios estimated with shrink-
age moments:

This table reports the out-of-sample standard deviation of benchmark portfolios and portfolios calculated
using shrinkage estimator calibrated with the new techniques proposed in this paper.

Policy 5IndP 10IndP 38IndP 48IndP 100FF SP100
Panel A: Benchmark Portfolios

Portfolios that consider the vector of means

mv 0.161 0.157 0.244 0.336 0417 0.267
bs 0.142  0.133 0.159 0.201 0.276 0.176
Portfolios that do not consider the vector of means

min 0.138 0.126 0.131 0.137 0.179 0.171
Iw 0.136  0.124  0.120 0.124 0.125 0.122
Portfolios that do not make optimization

1/N 0.154  0.148 0.166 0.165 0.174 0.169
Existing mixture of portfolios

kz 0.144  0.135 0.161 0.203 0.277 0.176
tz 0.150  0.143 0.174 0.202 0.222 0.149
dm 0.136  0.125 0.126 0.132  0.166 0.142

Panel B: New portfolios with shrinkage estimators

Portfolios that consider the vector of means

f-mv 0.138 0.128 0.139 0.169 0.205 0.178
Portfolios that do not consider the vector of means

f-lw 0.136 0.125 0.124 0.128 0.137 0.125
i-lw 0.138 0.132 0.159 0.161 0.174 0.167
c-lw 0.136 0.124 0.120 0.123 0.122 0.121
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Table 10: Standard deviation of shrinkage portfolios:
This table reports the out-of-sample standard deviation of shrinkage portfolios.

Policy = 5IndP 10IndP 38IndP 48IndP 100FF SP100

Panel A: New shrinkage portfolios with parametric calibration

Shrinkage portfolios: MSL Minimization

mv-min  0.145 0.137 0.159 0.183 0.251 0.173
mv-ew  0.152  0.140  0.157 0.177 0.216 0.149
min-ew 0.138 0.125 0.126 0.130 0.146 0.134
Shrinkage portfolios: Utility Maximization

mv-min  0.145 0.137 0.158 0.177  0.195 0.170
mv-ew 0.149  0.140 0.165 0.186 0.198 0.147
min-ew  0.137 0.125 0.127 0.132  0.160 0.142
Shrinkage portfolios: Variance Minimization

mv-min  0.141 0.127 0.131 0.137 0.184 0.172
mv-ew 0.146  0.138 0.155 0.162 0.174 0.145
min-ew  0.137 0.125 0.127 0.132 0.160 0.142
Shrinkage portfolios: Sharpe Ratio Maximization

mv-min  0.144  0.135 0.161 0.203  0.277 0.176
mv-ew 0.150 0.142  0.181 0.228 0.297 0.162
min-ew 0.136  0.124  0.126 0.132 0.166 0.142

Panel B: New shrinkage portfolios with non-parametric calibration

Shrinkage portfolios: MSL Minimization

mv-min  0.144  0.137 0.160 0.335 0.264 0.171
mv-ew  0.151 0.140  0.153 0.160 0.174 0.168
min-ew 0.137 0.125 0.132 0.142 0.174 0.168
Shrinkage portfolios: Utility Maximization

mv-min  0.144  0.137 0.161 0.971 0.183 0.171
mv-ew  0.149  0.140  0.155 0.161 0.174 0.169
min-ew  0.138 0.125 0.129 0.140 0.174 0.169
Shrinkage portfolios: Variance Minimization

mv-min  0.140  0.127 0.131 0.138 0.181 0.171
mv-ew  0.148 0.140  0.159 0.162 0.174 0.169
min-ew  0.138 0.125 0.129 0.140 0.174 0.169
Shrinkage portfolios: Sharpe Ratio Maximization

mv-min  0.145 0.135 0.166 0.231 0.373 0.189
mv-ew 0.149 0.142 0.171 0.193 0.174 0.168
min-ew  0.137 0.124  0.127 0.135 0.174 0.167
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(a) Shrinkage parameter evolution for p (b) Shrinkage parameter evolution for ¥ and X ~!

Figure 1: This plot shows the evolution of the shrinkage parameter for 4, ¥ and X~1. To calculate the
shrinkage intensities we use the sample moments of a data set formed by 48 industry portfolios (48IndP).
The left plot shows the evolution of the shrinkage intensities for the James-Stein shrinkage estimator (dashed
line) and our proposed shrinkage estimator for the mean (dot-dashed line). The right plot shows the evolution
of the shrinkage intensities for the asymptotic shrinkage estimator (solid line), the finite shrinkage estimator
(dashed line), the finite shrinkage estimator for the inverse covariance matrix (dot-dashed line) and the finite
shrinkage estimator for the covariance matrix accounting for the condition number (dotted line).
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(a) Mean-Squared Loss of (b) Mean-Squared Loss of ¥ (c) Mean-Squared Loss of -1

Figure 2: This plot shows the evolution of the mean-squared loss of the shrinkage estimator for j, 3 and 7. To compute the mean-squared loss, we use the sample
moments of a data set formed by 48 industry portfolios (48IndP). Figure [2a]depicts the evolution of the mean-squared loss of the shrinkage estimators for the vector
of means of the James-Stein shrinkage estimator (dashed line) and our proposed shrinkage estimator for the mean (dot-dashed line). Figure [2b]depicts the evolution of
the mean-squared loss of the shrinkage estimator for the covariance matrix of the asymptotic shrinkage intensity (dot-dashed line), the finite shrinkage intensity (dashed
line) and the finite shrinkage intensity accounting for the condition number (dotted line). Figure[2c|depicts the evolution of the mean-squared loss of estimators of the
inverse covariance matrix. The dot-dashed line represents the evolution of the mean-squared loss of the shrinkage estimator for the inverse covariance matrix. The
dashed line represents the evolution of the mean-squared loss for the inverse of the shrinkage estimator of the covariance matrix with finite shrinkage intensity. The solid
line represents the evolution of the mean-squared loss for the inverse of the shrinkage estimator of the covariance matrix with asymptotic shrinkage intensity. The dotted
line represents the evolution of the mean-squared loss for the inverse of the shrinkage estimator of the covariance matrix with finite shrinkage intensity accounting for
the condition number.
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Figure 3: These plots show the evolution of the optimal shrinkage parameters and the Mean-Squared Loss (MSL) against sample’s length. To calculate the shrinkage
intensities and MSL’s, we use the sample moments of a data set formed by 48 industry portfolios (48IndP). In the first row, we have the plots of the shrinkage intensities
for the shrinkage portfolios considered in the study. In the second row, we have the plots of the MSL’s for the shrinkage portfolios considered in the study. In every
figure, the solid line depicts the value of interest when the portfolio is calibrated via mean-squared loss minimization, the dot-dashed line depicts the value of interest
when the portfolio model is calibrated via expected utility maximization, the dashed line depicts the value of interest when the portfolio model is calibrated via portfolio
variance minimization and the dotted line depicts the value of interest when the portfolio model is calibrated via Sharpe ratio maximization.
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Figure 4: These plots show the evolution of the expected Sharpe Ratios (SR) and the relative improvement in average loss (RIAL) against sample’s length. To
calculate the SR’s and RIAL’s we use the sample moments of a data set formed by 48 industry portfolios (48IndP). In the first row, we have the plots of the SR’s for
the shrinkage portfolios considered in the study. In the second row, we have the plots of the RIAL’s for the shrinkage portfolios considered in the study. In every figure,
the solid line depicts the value of interest when the portfolio is calibrated via mean-squared loss minimization, the dot-dashed line depicts the value of interest when the
portfolio model is calibrated via expected utility maximization, the dashed line depicts the value of interest when the portfolio model is calibrated via portfolio variance

—MsL
=== Ltility
———"ariance

SR

L
a0

(a) Sharpe Ratio of mv-min

(d) RIAL of mv-min

(b) Sharpe Ratio of mv-ew

(e) RIAL of mv-ew

Length

(c) Sharpe Ratio of min-ew

(f) RIAL of min-ew

minimization and the dotted line depicts the value of interest when the portfolio model is calibrated via Sharpe ratio maximization.

. = . 0.235 .
i 03 MSL 2 MsL
- === ility e 023 | = - Uility e
o ———Variance - ———Variance /
- i 025t P e 1 SR -
- 0.225 //
L -
n2s - o2zt /
u% u s
= 02 Z 0215}
= =
2 2
F ® L 7
5 ozf & p2t /
3
® & /
& £ o205t !
i 7
o2t /
azp
ozt
0195+
o 0.1,
140 160 180 60 80 140 160 180 60 80 100 120 140 160 180




References

[1] Best, M. J. and R. R. Grauer (1991). On the Sensitivity of Mean-Variance-Efficient
Portfolios to Changes in Asset Means: Some Analytical and Computational Results.
The Review of Financial Studies* 4, 315-342.

[2] Brandt, M. W. (2004). Portfolio Choice Problems. Handbook of Financial Economet-
rics.

[3] Britten-Jones, M. (1999). The Sampling Error in Estimates of Mean-Variance Efficient
Portfolio Weights. Journal of Finance 54(2), 655-671.

[4] DeMiguel, V., L. Garlappi, F. J. Nogales, and R. Uppal (2009). A Generalized Ap-
proach to Portfolio Optimization: Improving Performance By Constraining Portfolio
Norms. Management Science 55, 798-812.

[5] DeMiguel, V., L. Garlappi, and R. Uppal (2009). Optimal Versus Naive Diversification:
How Inefficient is the 1/N Portfolio Strategy? Review of Financial Studies 22(5), 1915—
1953.

[6] Efron, B. (1979). Bootstrap methods: Another look at the jackknife. The Annals of
Statistics 7(1), pp. 1-26.

[7] Fama, E. and F. French (1992). The Cross-Section of Expected Stock Returns. Journal
of Finance 47, 427-465.

[8] Frost, P. A. and J. E. Savarino (1986). An empirical bayes approach to efficient portfo-
lio selection. The Journal of Financial and Quantitative Analysis 21(3), pp. 293-305.

[9] Haff, L. R. (1979). An Identity for the Wishart Distribution with Applications. Journal
of Multivariate Analysis 9, 531-544.

[10] Jagannathan, R. and T. Ma (2003). Risk Reduction in Large Portfolios: Why Impos-
ing the Wrong Constraints Helps. The Journal of Finance 58, 1651-1684.

[11] James, W. and J. Stein (1961). Estimation with Quadratic Loss. In J. Neyman (Ed.),
Proceedings of the Third Berkeley Symposium on Mathematical Statistics and Probabil-
ity, pp. 361-379. University of California Press.

[12] Jobson, J., B. Korkie, and V. Ratti (1979). Improved estimation for Markowitz port-
folios using James-Stein type estimators. Proceedings of the American Statistical Asso-
ciation, 279-284.

[13] Jobson, J. D. and B. Korkie (1980). Estimation for Markowitz Efficient Portfolios.
Journal of the American Statistical Association 75, 544-554.

[14] Jobson, J. D. and B. Korkie (1981). Putting Markowitz theory to work. Journal of
Portfolio Management 7, 70-74.

[15] Jorion, P. (1985). International Portfolio Diversification with Estimation Risk. Jour-
nal of Business 58, 259-278.

63



[16] Jorion, P. (1986). Bayes-Stein Estimation for Portfolio Analysis. The Journal of
Financial and Quantitative Analysis 21(3), 279-292.

[17] Kan, R. and D. R. Smith (2008). The Distribution of the Sample Minimum-Variance
Frontier. Management Science 54, 1364—1380.

[18] Kan, R. and G. Zhou (2007). Optimal Portfolio Choice with Parameter Uncertainty.
Journal of Financial and Quantitative Analysis 42, 621-656.

[19] Ledoit, O. and M. Wolf (2003). Improved Estimation of the Covariance Matrix of
Stock Returns with an Application to Portfolio Selection. Journal of Empirical Fi-
nance 10, 603-621.

[20] Ledoit, O. and M. Wolf (2004a). A well-conditioned estimaor for large-dimensional
covariance matrices. Journal of Multivariate Analysis 88, 365—411.

[21] Ledoit, O. and M. Wolf (2004b). Honey, I Shrunk the Sample Covariance Matrix.
Journal of Portfolio Management 30, 110-119.

[22] MacKinlay, A. C. and L. Pastor (2000). Asset Pricing Models: Implications for Ex-
pected Returns and Portfolio Selection. Review of Financial studies 13, 883-916.

[23] Markowitz, H. (1952). Portfolio Selection. The Journal of Finance 7(1), 77-91.

[24] Merton, R. C. (1980). On Estimating the Expected Return on the Market: An Ex-
ploratory Investigation. Journal of Financial Economics 8, 323-361.

[25] Okhrin, Y. and W. Schmid (2006). Distributional properties of portfolio weights.
Journal of Econometrics, 235-256.

[26] Sharpe, W. F. (1963). A simplified model for portfolio analysis. Management Sci-
ence 9, 277-293.

[27] Shorack, G. R. and J. A. Wellner (1986). Empirical Processes with Applications in
Statistics. Wiley.

[28] Siegel, A. F. and A. Woodgate (2007). Performance of Portfolios Optimized with
Estimation Error. Management Science 53, 1005-1015.

[29] Stein, C. (1956). Inadmissibility of the usual estimator for the mean of a multivariate
normal distribution. Proceedings of the Third Berkeley Symposium.

[30] Tu,J. and G. Zhou (2011). Markowitz meets talmud: A combination of sophisticated
and naive diversification strategies. Journal of Financial Economics 99(1), 204 — 215.

64



	DMUN-WP.pdf
	Introduction
	Shrinkage estimators of moments
	Estimation of the vector of means
	Estimation of the covariance matrix
	Estimation of the inverse covariance matrix
	Estimation of the covariance matrix considering the condition number
	Discussion of the shrinkage estimators

	Shrinkage estimation of portfolio weights
	Shrinkage from mean-variance to minimum-variance portfolio
	Shrinkage from mean-variance to equally weighted portfolio
	Shrinkage from minimum-variance to equally weighted portfolio
	Parametric calibration
	Discussion of optimal shrinkage intensities
	Performance of calibrated portfolios

	Non-Parametric calibration of portfolios

	Empirical Results
	Out-of-sample performance evaluation
	Discussion of the out-of-sample performance

	Conclusions
	Proof of propositions
	Proof of Proposition 2.1
	Proof of Proposition 2.2
	Proof of Proposition 2.3
	Proof of Proposition 3.1
	Proof of Proposition 3.2
	Proof of Proposition 3.3
	Proof of proposition 3.4

	Tables
	Figures


