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Portfolio Optimization Using a Block
Structure for the Covariance Matrix

DAVID DISATNIK AND SAGGI KaTz*

Abstract: Implementing in practice the classical mean-variance theory for portfolio selection
often results in obtaining portfolios with large short sale positions. Also, recent papers show that,
due to estimation errors, existing and rather advanced mean-variance theory-based portfolio
strategies do not consistently outperform the naive 1/N portfolio that invests equally across
N risky assets. In this paper, we introduce a portfolio strategy that generates a portfolio, with
no short sale positions, that can outperform the 1/N portfolio. The strategy is investing in a
global minimum variance portfolio (GMVP) that is constructed using an easy to calculate block
structure for the covariance matrix of asset returns. Using this new block structure, the weights of
the stocks in the GMVP can be found analytically, and as long as simple and directly computable
conditions are met, these weights are positive.

Keywords: portfolio optimization, short sale constraints, block covariance matrix, the 1/N
portfolio

1. INTRODUCTION

According to the seminal work of Markowitz (1952 and 1959) an investor who cares
only about the mean and variance of portfolio returns should hold a portfolio on the
efficient frontier. In practice, applying the Markowitz mean-variance theory involves
estimating the means and covariances of asset returns, and often results in portfolios
with large short sale positions. This is true both when the means and covariances are
estimated by the traditional sample mean vector and the sample covariance matrix
respectively, as well as by more advanced estimation techniques.1
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Obtaining portfolios with short sale positions can be considered a drawback, since
short selling is often restricted by regulators, investment policies of mutual funds
sometimes prohibit taking short positions, and many individual investors find short
selling onerous or impossible.” To the extent that short sales are indeed considered an
undesirable feature of portfolio optimization, it is of interest to find ways to produce
efficient portfolios with long-only positions (henceforth — long-only portfolios).

Specifically, there is an interest in obtaining a long-only global minimum variance
portfolio (henceforth — GMVP), which is, in the mean-variance framework, the
portfolio on the efficient frontier with the smallest return variance.” The interest in
the GMVP stems from the fact that several empirical studies show that in practice
out-ofssample (ex-post) it performs at least as well as other frontier portfolios, even
when performance is evaluated based on measures that relate to both the return mean
and variance (rather than just the variance), such as the ex-post Sharpe ratio.* The
common explanation for the relatively good ex-post performance of the GMVP is that
the derivation of the GMVP requires estimating only the covariance matrix of asset
returns, whereas for other efficient portfolios we have to estimate the means of asset
returns as well, and that significantly adds to the estimation error.”

One way to obtain a long-only GMVP (as well as other long-only frontier portfolios)
is to impose on the optimization problem short sale constraints that prevent the
portfolio weights from being negative (constrained optimization). However, at least
from a theoretical point of view, this procedure is problematic, as it generates a
portfolio with weights that can only be found numerically and not analytically.’
Another problem with imposing the short sale constraints, as noted by Black and
Litterman (1992), is that they generate ‘corner’ solutions with zero weights in many
assets.

In this paper, we introduce a new structure for the covariance matrix of asset
returns, the block structure, which under simple and directly computable conditions
generates (in an unconstrained optimization) a long-only GMVP with weights that can
be found analytically. These conditions do not necessarily impose ‘corner’ solutions
with many zero weights.

To construct a block covariance matrix, one divides the portfolio’s stocks into
several groups (blocks). Within each block, the covariance between stocks is identical
for all pairs of stocks in the block. The covariance between stocks from different blocks
is also identical for all pairs. Thus, in the block structure, the number of covariances
associated with each stock is reduced to two: the covariance with the other stocks in
the same block (the within-block covariance) and the covariance with the stocks from
the other blocks (the between-block covariance).

2 See, for example, regulation SHO of the US Securities and Exchange Commission (SEC),
http://www.sec.gov/spotlight/shortsales.htm. Almazan et al. (2004) report that over the 1994-2000 period
69% of their sample of US domestic equity mutual funds were not allowed to short.

3 Note that in practice the GMVP often includes less extreme short sale positions than other efficient
portfolios (see, for example, Jagannathan and Ma, 2003). Nevertheless, as we confirm later in this paper,
these short sale positions are still quite significant (see also, for example, Disatnik and Benninga, 2007).

4 See, for example, Jorion (1985, 1986 and 1991), Jagannathan and Ma (2003) and DeMiguel et al. (2009a).
5 Jagannathan and Ma (2003), for instance, note that ‘the estimation error in the sample mean is so
large that nothing much is lost in ignoring the mean altogether when no further information about the
population mean is available.’

6 To obtain a solution for the constrained optimization problem, an iterative procedure, based on the
Kuhn-Tucker conditions, is commonly used.
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We show that the weights of a GMVP constructed using a block covariance matrix
can be written as a function of the stock variances and covariances, which goes further
than the general solution for the unconstrained problem wegy» = X7 '1/1T27'1,
where 7' denotes the inverse matrix of the covariance matrix and 1(17) denotes
a vector (a transpose vector) of ones. In essence, adding the conditions that: (7)
the variance of each stock is greater than both its within-block covariance and its
between-block covariance; and (i) the within-block covariances are not smaller than
the between-block covariance is sufficient to ensure obtaining a long-only GMVP.

We find the block structure appealing from an implementation perspective for a
combination of reasons. First, it reduces the severe sampling error caused by having
to estimate the whole covariance matrix, as in the traditional sample matrix case for
instance. That is because, in the block construct, the number of covariances associated
with each stock is reduced to two. Second, the condition that the variance of each
stock is greater than its two associated covariances implies that we are dealing with
relatively small-sized covariances. Thus, like the shrinkage estimators advocated by
Ledoit and Wolf (2003, 2004a and 2004b), and the portfolios of estimators advocated
by Jagannathan and Ma (2000), Bengtsson and Holst (2002), Disatnik and Benninga
(2007) and Fletcher (2009), the block matrix has the appealing property of off-
diagonal elements which are shrunk compared to the typically large off-diagonal
elements of the traditional sample matrix. Not only are the large off-diagonal elements
those responsible for the extreme short positions that are obtained so often when
the mean-variance theory is implemented in practice, but as Michaud (1989) states,
inverting the sample matrix with its large off-diagonal elements also amplifies the
sampling error (see also Stevens, 1998). Third, forming only long-only GMVPs suggests
that turnover (trading volume) and related transaction costs should be relatively small,
since the range of the weights that each asset in the GMVP can have is bounded. Finally,
the sufficient conditions that ensure obtaining long-only GMVPs allow for nonnegative
covariances, which are very common in the US stock market (see, for example, Chan
etal., 1999; and the 2011 Ibbotson SBBI valuation yearbook). It should be emphasized
that some of the abovementioned advantages also apply to existing portfolio strategies
in the literature, yet the combination of all of them together is why we expect our
approach to perform well in practice.

We conduct an empirical analysis, to test the out-of-sample performance of a GMVP
that is constructed using various block covariance matrices. In particular, we are
interested in comparing the performance of the GMVP relative to that of the 1/N
portfolio, which invests equally across N risky assets. We do this in light of DeMiguel
etal. (2009a) and Duchin and Levy (2009), who show that, due to estimation errors,
strategies based on mean-variance theory, however advanced they may be, do not
consistently outperform the naive 1/N portfolio.

Note that the 1/N portfolio can, in fact, be regarded as a GMVP that is constructed
using a very restricted block covariance matrix, in which, whatever the number
of blocks, all stocks have the same estimated variance (no matter what value this
estimated variance takes), and the estimated between-block covariance and within-
block covariances are all the same (no matter what value they take). Now, since the 1/N
portfolio is such a restricted case, it is plausible to assume that if we construct GMVPs
using less restricted covariance matrices, we will be able to obtain portfolio strategies
that outperform the 1/N portfolio. We confirm the validity of this hypothesis in our
empirical analysis.

© 2012 Blackwell Publishing Ltd
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We evaluate the performance of seven GMVPs that are constructed using block
covariance matrices less restricted than that of the 1/N portfolio. In essence, as we
move from one strategy to the next, we relax additional assumptions on the block
covariance matrix. The seven strategies are listed in Table 1 and discussed in Sub-
section 3(z). We use four performance criteria for each portfolio strategy: the ex-post
Sharpe ratio; the ex-post volatility (standard deviation); and two turnover (trading
volume) measures that take into account turnover and transactions costs. We repeat
the evaluation using 12 empirical datasets, which are listed in Table 2 and described

Table 1
List of Portfolio Strategies Considered
No. Abbreviation Portfolio Strategy
1/N The 1/N portoflio that invests equally across N risky assets.
2 Diagonal GMVP - the covariance matrix is diagonal. The variances are
estimated using the sample variances. All covariances are
set to zero.
3 Constant COV GMVP - the covariance matrix includes the following

elements: variances that are estimated using the sample
variances; a constant covariance that is estimated using the
sample covariances.

4 Constant COV SIM GMVP - the covariance matrix includes the following
elements: variances that are estimated using the sample
variances; a constant covariance that is estimated using
Sharpe’s (1963) single-index model.

5 Block 1 GMVP - the covariance matrix is constructed using the block
method. The variances are estimated using the sample
variances. The within-block covariances are estimated
using the sample covariances. The between-block
covariance is set to zero.

6 Block SIM 1 GMVP - the covariance matrix is constructed using the block
method. The variances are estimated using the sample
variances. The within-block covariances are estimated
using Sharpe’s (1963) single-index model. The
between-block covariance is set to zero.

7 Block 2 GMVP - the covariance matrix is constructed using the block
method. The variances are estimated using the sample
variances. The within-block covariances are estimated
using the sample covariances. The between-block
covariance is estimated using the sample covariances.

8 Block SIM 2 GMVP - the covariance matrix is constructed using the block
method. The variances are estimated using the sample
variances. The within-block covariances are estimated
using Sharpe’s (1963) single-index model. The
between-block covariance is estimated using Sharpe’s
(1963) single-index model.

9 Value-weighted The value-weighted portfolio implied by the market model.

Notes:
This table lists the various portfolio strategies we consider in the empirical analysis. The second column of
the table gives the abbreviation used in referring to the strategy in Tables 3-6 and throughout the paper.
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Table 2
List of Datasets Used

Dataset and Source

No. Abbreviation Stock Datasets Time Period

1 Random 500 At the end of April of each year from 1968 to 05/1963-04,/2007
2006, we randomly select 500 stocks listed on
the NYSE, Amex and NASDAQ Source: CRSP

2 Random 250 At the end of April of each year from 1968 to 05/1963-04,/2007
2006, we randomly select 250 stocks listed on
the NYSE, Amex and NASDAQ Source: CRSP

3 International At the end of April of each year from 1994 to 05/1989-04,/2007

2006, we randomly select up to 35 listed stocks
(35 when available) from each country
included in the G-20 major economies
(excluding the US and Canada)

Source: Compustat Global

Portfolio Datasets

4 48 Industries

48 industry portfolios
Source: Kenneth French’s website

90 portfolios formed on size and book-to-market
Source: Kenneth French’s website

90 portfolios formed on size and book-to-market
and the MKT portfolio
Source: Kenneth French’s website

90 portfolios formed on size and book-to-market
and the MKT, SMB, and HML portfolios
Source: Kenneth French’s website

90 portfolios formed on size and book-to-market
and the MKT, SMB, HML, and UMD portfolios
Source: Kenneth French’s website

20 portfolios formed on size and book-to-market
Source: Kenneth French’s website

20 portfolios formed on size and book-to-market
and the MKT portfolio
Source: Kenneth French’s website

20 portfolios formed on size and book-to-market
and the MKT, SMB, and HML portfolios
Source: Kenneth French’s website

20 portfolios formed on size and book-to-market
and the MKT, SMB, HML, and UMD portfolios
Source: Kenneth French’s website

01/1963-12/2007
01/1963-12/2007

01/1963-12/2007

01/1963-12/2007

01/1963-12/2007

01/1963-12/2007

01/1963-12/2007

01/1963-12/2007

01/1963-12/2007

5 90
6 90 + 1
7 90 + 3
8 90 + 4
9 20
10 20+1
11 20+ 3
12 20 + 4
Notes:

This table lists the various datasets we use in the empirical analysis. The second column of the table gives
the abbreviation used in referring to the dataset in Tables 3-6 and throughout the paper. Note that in
the spirit of DeMiguel et al. (2009a), in datasets Nos. 58, we start with the 100 portfolios formed on size
and book-to-market from Kenneth French’s website and exclude the ten portfolios containing the smallest
firms. Similarly, in datasets Nos. 9-12, we start with the 25 portfolios formed on size and book-to-market
from Kenneth French’s website and exclude the five portfolios containing the smallest firms.
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in Sub-section 3(ii). Our results show that, in general, GMVPs that are con-
structed using covariance matrices less restricted than that of the 1/N portfo-
lio, but still not complicated at all in terms of estimation, can outperform the
1/N portfolio. This is true across all datasets and performance criteria that we
use.

DeMiguel et al. (2009a) conclude from their empirical study that the 1/N portfolio
should serve as a benchmark to assess the performance of the various portfolio
rules proposed in the literature. Our results indicate that a GMVP constructed
using an easy to estimate block covariance matrix outperforms the 1/N portfo-
lio, and can therefore better serve as a benchmark. Like those of Tu and Zhou
(2011), our findings also suggest that mean-variance theory can still be useful in
practice.

Lastly, even though one of the main features of our method is that it generates only
long-only GMVPs, we also compare its performance to portfolio strategies proposed
in the literature that allow for GMVPs with short sale positions. In these strategies,
the GMVPs are either norm-constrained as in DeMiguel et al. (2009b), or constructed
using covariance matrices that are based on: the constant correlation model of Elton
and Gruber (1973) and Elton et al. (2003); factor models as in Chan et al. (1999);
and the shrinkage method of Ledoit and Wolf (2003, 2004a and 2004b). Based on the
ex-post Sharpe ratio and the turnover measures, our strategy performs at least as well
as the strategies that allow for short sale positions. In 68% of the cases, our approach
yields higher ex-post Sharpe ratios. In terms of turnover, it outperforms the strategies
that allow for short sale positions in virtually all cases. Not surprisingly, due to the
diversification effect of short sale positions, in 85% of the cases, the ex-post standard
deviation of our method is higher than those of the strategies that allow for short
positions. We believe that this set of results upholds our conclusion that the block
structure for the covariance matrix of asset returns could have an impact on portfolio
choice in practice.

The remainder of this paper proceeds as follows. In Section 2, we present the block
structure and the related analytical results. Section 3 describes the portfolio strategies
we evaluate in our empirical analysis, the datasets we use, and the methodology
for evaluating the performance of the various portfolio strategies. The results of
the empirical analysis appear in Section 4. Section 5 gives concluding remarks. In
Appendix A, we generalize the block structure discussed in Section 2. In Appendix B,
we give the proof for the main analytical result.

2. THE BLOCK STRUCTURE

For the block construct, one can divide the portfolio’s stocks into any number of
blocks. However, as shown in Table 3 and discussed in Sub-section 4(¢), our empirical
analysis indicates that the best performance results of the GMVP are generally
obtained when the stocks are divided into only two blocks. Therefore, and for the
sake of brevity, in this section, we present only the case of a two-block covariance
matrix (the general block covariance matrix with more than two blocks is discussed in
Appendix A). We assume a universe with n stocks. A covariance matrix X is said to be
two-block if it has the following form:

© 2012 Blackwell Publishing Ltd
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Here j and n-j are the sizes of the two blocks (j and n-j are not necessarily equal),
s? are the variances, 1, and n, are the within-block covariances, and 7 is the between-
block covariance.

Proposition 1 below characterizes sufficient conditions on 7;,7, and 7 under which
the two-block matrix produces a long-only GMVP (in an unconstrained optimization).
Note that the proposition’s conditions guarantee obtaining not only a long-only GMVP
but also a two-block matrix that is an invertible covariance matrix. Without further
restrictions on 7,7, and 7, the conditions derived are a bit messy. However, restricting
n1,M2 and 1 to be nonnegative generates simple and directly computable conditions:
(7) the variance of each stock is greater than both its within-block covariance and its
between-block covariance, and () the within-block covariances are not smaller than
the between-block covariance.

Proposition 1: Suppose that X is a two-block matrix. Then X produces a long-only
GMVP, if the following conditions on 7, 7, and 1 hold:

—In}] < m < min (sf), i=1,...,7

—In3l < ne <min(s?), i=j+1,...,n

=il < n < min(n, n2)

where |n7| and [n}| are respectively the unique solutions of the following equations:

Jj

1
Injl =1 ZH' 7 and nil =1 Z

i=j+1

5 +|772

and

1 1
7] =+ 771+].— N+ ——
P I
2 2 _ n.
1 S — M i=j+1 Si M2
Proposition 1 is proved in Appendix B.
© 2012 Blackwell Publishing Ltd
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When 7,7, and 7 are restricted to be nonnegative, we get the following simple and
directly computable sufficient conditions for which the GMVP is long-only:

Corollary: Suppose that X is a two-block matrix and the covariances 7,7, and 7 are
nonnegative. Then ¥ produces a long-only GMVP, if the following conditions on
n1,Nne and 1 hold:

0<mn <min(si2), i=1,...,7

0<n, <min(sf), i=j+1,...,n

0 <71 < min (9, ns).

As shown in the proof of Proposition 1, the expressions for the weight in the GMVP
of a stock from the first and the second block are respectively:

1 1+ (ns —n)As . )
w, = — . , oi=1,00,7
si—m A+ A+ (m + 02— 2n) Al Ay
1 1 —n)A
w, = (= A i=j+1.....n

sZ—1 . A+ A+ (i + 10— 20) A A

— J 1 _ n 1
where A =YL = A, =Y -

;=1 =it oy

Assuming that the conditions for having a long-only GMVP hold, we can see that in
each block the weights in the GMVP are biased towards the stocks with the relatively
small variances. However, overall, the stocks with the smallest variances are not
necessarily also those with the largest weights in the GMVP. That is because of two more
effects that need to be taken into consideration. The first is the differences between
the stock variances and the within-block covariances. The second is the differences
between the within-block covariances and the between-block covariances.” We can also
see that the conditions of Proposition 1 are flexible enough not to generate ‘corner’
solutions with zero weights in many assets.

3. EMPIRICAL ANALYSIS

The main purpose of our empirical analysis is to compare the performance of a GMVP
that is constructed using a block covariance matrix to that of the 1/N portfolio, which
was recently suggested as a benchmark to assess the performance of various portfolio
rules proposed in the literature. DeMiguel et al. (2009a) present a comprehensive
study in which they evaluate the performance of 14 models of portfolio selection across
seven different datasets. Their main finding is that none of the 14 evaluated models,
not even the more advanced ones, consistently outperforms the 1/N portfolio.8

7 Assume that we have four stocks, two in each block. In the first block, .vf = 0.35,53 =0.37,m = 0.27;
in the second block, sg = ().4,55 = 0.5,n9 = 0.01; and the between-block covariance is n = 0. The GMVP
weights here are: w1 = 0.23, w9 = 0.19, w3 = 0.32,w4 = 0.26 — a larger fraction of the GMVP is invested in
the stocks with the larger variances.

8 The advanced techniques evaluated in DeMiguel et al. (2009a) include Bayesian models for estimation,
the MacKinlay and Pastor (2000) missing factor model, the Kan and Zhou (2007) three-fund model, and the
multi-prior model of Garlappi et al. (2007). In our study, we do not consider any of these strategies, or the
other portfolio strategies evaluated by DeMiguel et al. (2009a), since they show none of them consistently
outperforms the 1/N portfolio.
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Duchin and Levy (2009) show that that the 1/N portfolio outperforms relatively small
mean-variance theory-based portfolios.

We notice that the 1/N portfolio can, in fact, be regarded as a GMVP that is
constructed using a very restricted block covariance matrix. One in which, whatever
the number of blocks, all stocks have the same estimated variance (no matter what
value this estimated variance takes), and the estimated between-block covariance and
within-block covariances are all the same (no matter what value they take). Therefore,
our goal is to test whether once we use less restricted block covariance matrices, we
are able to construct a GMVP that can perform better than the 1/N portfolio. Since
we would like the new portfolio strategy to replace the 1/N portfolio as a benchmark
to assess the performance of various portfolio rules, we make sure to look at block-
covariance matrices that are less restricted but still not at all complicated in terms of
estimation. They are described in the next sub-section.

(i) Description of the Portfolio Strategies Considered

We include the following portfolio strategies in the empirical analysis (the abbrevia-
tions are as in Table 1).°

1/N: This portfolio invests equally across N stocks. As mentioned above, it can be
regarded as a GMVP that is constructed using a very restricted block covariance matrix.

Diagonal: Here we have a GMVP that is constructed using a diagonal covariance
matrix. The variances are estimated using the traditional sample variances, and all
covariances are set to zero. It is easy to see that the diagonal covariance matrix is
another special case of a block covariance matrix in which we relax the 1/N assumption
that all stocks have the same estimated variance and tighten the assumption that all
covariances take the same value, by setting this value to zero.

Constant COV: Here we have a GMVP that is constructed using the following
covariance matrix. The variances are estimated using the traditional sample variances.
All covariances are estimated using the traditional sample covariances, and the average
estimated covariance is then calculated. To meet the sufficient conditions for obtaining
a long-only GMVP, if the average estimated covariance is smaller than the smallest
estimated variance, all covariances are set to the value of the average estimated
covariance. If the average estimated covariance is not smaller than the smallest
estimated variance, all covariances are set to 50% of the smallest estimated variance.!’
Yet again it is easy to see that the covariance matrix here is a special case of the block
covariance matrix. Contrary to the diagonal covariance matrix, here we do not set

9 We will be using ‘stocks’ in describing the portfolio strategies considered. Note that the portfolio strategies
are tested across stock datasets as well as stock portfolio datasets. Hence, when the stock portfolio datasets
are in use, ‘stocks’ in fact stand for ‘stock portfolios.’

10 We tried a range of values from 0% to 90% (in increments of 10%). In all 12 datasets, except the
international dataset, the value of the coefficient had virtually no effect on the performance results of the
portfolio strategy (so we arbitrarily chose a coefficient of 50%). The reason is that in most cases we met
the sufficient conditions for obtaining a long-only GMVP without the need to use this coefficient at all. The
same also applies to the instances we needed similar coefficients for the next portfolio strategies: ‘Constant
COV SIM’, ‘Block 17, ‘Block SIM 17, ‘Block 2’ and ‘Block SIM 2.
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the constant covariance to zero. Instead, we estimate it using the traditional sample
covariances.

Constant COV SIM: Here the GMVP is constructed using a covariance matrix very
similar to that of the ‘Constant COV.” The only difference is that here, instead of
calculating the average estimated covariance based on the traditional sample covari-
ances, we estimate the covariance between any pair of stocks using Sharpe’s (1963)
single-index model, and then calculate the average of these estimated covariances.
Mostly, the CRSP (Center for Research in Security Prices) equally weighted portfolio
is used as the ‘market’ portfolio for the single-index model."!

Block 1: Here the GMVP is constructed using the following block covariance matrix.
The stocks are ranked based on their estimated traditional sample variances (from the
largest to the smallest), and then divided into the blocks. For instance, in the two-block
matrix case, the half of the stocks with the larger estimated variances forms the first
block and the half of the stocks with the smaller estimated variances forms the second
block. To test how the number of blocks affects the portfolio’s performance, we divide
the stocks into up to eight blocks. As to estimating the elements of the covariance
matrix, the variances are estimated using the traditional sample variances. The within-
block covariances are estimated using the traditional sample covariances. That is, in
each block we estimate the covariances between the stocks in that block using the
traditional sample covariances, and then calculate the average estimated covariance
for the block. To meet the sufficient conditions for obtaining a long-only GMVP, if
the average estimated covariance of the block is smaller than the smallest estimated
variance in that block, the within-block covariance of that block is set to the value of
the average estimated covariance of that block. If the average estimated covariance of
the block is not smaller than the smallest estimated variance in that block, the within-
block covariance of that block is set to 50% of the smallest estimated variance in that
block. Finally, the between-block covariance is set to zero. Clearly, this block covariance
matrix is less restricted than that of the 1/N portfolio. We relax the assumptions
that all stocks have the same variance and that all the covariances take the same
value.

Block SIM I: Here the GMVP is constructed using a block covariance matrix very
similar to that of the ‘Block 1’ strategy. The only difference is that here, instead of
calculating the average estimated covariance of each block based on the traditional
sample covariances, we estimate the covariance between any pair of stocks in that
block using Sharpe’s (1963) single-index model, and then calculate the average of
these estimated covariances. Mostly, the CRSP equally weighted portfolio is used as the
‘market’ portfolio for the single index model.

Block 2: Here the GMVP is constructed using a block covariance matrix very similar
to that of the ‘Block 1’ strategy. The only difference is that here, instead of setting
the between-block covariance to zero, we estimate it using the traditional sample
covariances. That is, for each pair of stocks from different blocks we estimate the
covariance using the traditional sample covariance, and then calculate the average

11 The only exception is when we use the international dataset. Then we use the MSCI world index
(excluding the US), as the ‘market’ portfolio. The same is also true for the portfolio strategies ‘Block SIM
1’ and ‘Block SIM 2’, which are discussed later.
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of these estimated covariances. To meet the sufficient conditions for obtaining a
long-only GMVP, if the average estimated covariance between pairs of stocks from
different blocks is not greater than the smallest within-block covariance, the between-
block covariance is set to the value of the calculated average estimated covariance.
If the average estimated covariance between pairs of stocks from different blocks
is greater than the smallest within-block covariance, the between-block covariance
is set to 50% of the smallest within-block covariance. Clearly, this block covari-
ance matrix is even less restricted, as we do not impose a zero between-block
covariance.

Block SIM 2: Here the GMVP is constructed using a block covariance matrix very
similar to that of the ‘Block SIM 1’ strategy. The only difference is that here, instead
of setting the between-block covariance to zero, we estimate it using Sharpe’s (1963)
single-index model. That is, for each pair of stocks from different blocks we estimate
the covariance using Sharpe’s (1963) single-index model, and then calculate the
average of these estimated covariances. To meet the sufficient conditions for obtaining
a long-only GMVP, if the average estimated covariance between pairs of stocks from
different blocks is not greater than the smallest within-block covariance, the between-
block covariance is set to the value of the calculated average estimated covariance.
If the average estimated covariance between pairs of stocks from different blocks is
greater than the smallest within-block covariance, the between-block covariance is set
to 50% of the smallest within-block covariance. Clearly, this block covariance matrix is
even less restricted than that of ‘Block SIM 1’, as we do not impose a zero between-
block covariance.

Value-weighted: The optimal strategy in a CAPM world is the value-weighted market
portfolio. So, for each of the datasets we identify a benchmark ‘market’ portfolio. For
the stock portfolio datasets, we use the CRSP value-weighted portfolio, and for the
stock datasets, we calculate the respective value-weighted portfolios.

Next, we describe the various datasets across which we evaluate the performance of
the aforementioned portfolio strategies.

(1) Description of the Empirical Datasets

We consider both stock datasets and stock portfolio datasets. The main difference
between these two types of datasets is that in portfolios of stocks the variances
are smoother, since generally portfolio average returns have smaller variances than
individual stocks. To make sure that our results are not affected by this difference, we
use both types of datasets. The following datasets are used in our empirical analysis
(we use the same abbreviations as in Table 2):

(a) Stock Datasets

Random 500: Similarly to Chan et al. (1999) and Jagannathan and Ma (2003), at the
end of April of each year from 1968 to 2006, we randomly select 500 stocks listed on
the NYSE, Amex and NASDAQ (we consider only stocks above the second decile of
market capitalization based on NYSE breakpoints, and with prices greater than $5).
The monthly stock returns are extracted from the CRSP database. The data span from
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May 1963 to April 2007 (including the first estimation periods and the last out-of-
sample period).

Random 250: This dataset is very similar to ‘Random 500°. The only difference is
that here each year we randomly select 250 stocks instead of 500 stocks.

International: At the end of April of each year from 1994 to 2006, we randomly
select up to 35 listed stocks (35 when available) from each country included in the G-
20 major economies, excluding the US and Canada (out of the entire pool of stocks,
we consider only those above the second decile of market capitalization). The stock
returns are extracted from the Compustat Global database. The data span from May
1989 to April 2007 (including the first estimation periods and the last out-of-sample
period).

(b) Stock Portfolio Datasets

48 Industries: The data consist of monthly returns on 48 industry portfolios. The
portfolio returns are extracted from Kenneth French’s website and span from January
1963 to December 2007 (including the first estimation periods and the last out-of-
sample period).

90, 90 4+ 1, 90 + 3, and 90 + 4: The dataset ‘90’ consists of monthly returns on
90 portfolios formed on size and book-to- market (we start with the 100 portfolios
formed on size and book-to-market from Kenneth French’s website, and in the spirit
of DeMiguel et al., 2009a, exclude the ten portfolios containing the smallest firms). In
the dataset ‘90 + 1’, we augment the ‘90’ dataset with the US market portfolio (MKT).
In the ‘90 4 3’ dataset, we augment the ‘90 4 1’ dataset with HML, a zero-cost portfolio
that is long in high book-to-market stocks and short in low book-to-market stocks, and
SMB, a zero-cost portfolio that is long in small-cap stocks and short in large-cap stocks.
In the ‘90 4 4’ dataset, we augment the ‘90 + 3’ dataset with the zero-cost momentum
portfolio UMD. In all cases, the monthly portfolio returns are extracted from Kenneth
French’s website and span from January 1963 to December 2007 (including the first
estimation periods and the last out-of-sample period).

20, 20+ 1, 20+ 3, and 20+ 4: This group of four datasets is very similar to the ‘90’,
‘90 + 1, ‘90 + 3’, and ‘90 + 4’ group. The only difference is that here we start with
the 25 portfolios formed on size and book-to-market from Kenneth French’s website
and, in the spirit of DeMiguel et al. (2009a), exclude the five portfolios containing the
smallest firms.

In the next sub-section, we present the methodology and the performance criteria
we employ to study the performance of each of the portfolio strategies from Sub-
section 3(7) across the aforementioned datasets.

(i11) Methodology and Performance Criteria

Following Chan et al. (1999), Bengtsson and Holst (2002), Jagannathan and Ma
(2003), Ledoit and Wolf (2003) and DeMiguel et al. (2009a), our empirical analysis
relies on the ‘rolling-sample’ approach. Thus, in a nutshell, given a T-month long
dataset of monthly stock returns, we choose an estimation window (in-sample period)
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of length L = 60 months."” In each month ¢, starting from ¢ = L + 1, we use the
returns in the previous L months to estimate the parameters needed for each of our
covariance matrix estimators. Each of the covariance matrix estimators are then used
to determine the weights in the corresponding GMVPs. These weights are then used
to compute the monthly returns on each of the GMVPs in the out-of-sample period
from ¢t =L+ 1tll¢t=L+k=L-+ 12" In month ¢t = L + k + 1, we start the
whole process all over again; that is, we use the returns in the previous L months
to estimate the various covariance matrix estimators, determine the weights in the
corresponding GMVPs, and compute the monthly returns on the GMVPs in the out-
of-sample period of k£ = 12 months. The process is continued by adding the returns
of the next £ months in the dataset and dropping the earliest k returns, until the end
of the dataset is reached." The outcome of this procedure is a series of 7-L monthly
out-of-sample (ex-post) returns generated by each of our GMVPs. In the same manner,
but of course without the need to estimate the covariance matrix, we derive the series
of the ex-post returns on the 1/N portfolio and the value-weighted portfolio. Lastly,
we subtract from each of the ex-post return series the corresponding 7-L one-month
T-bill returns (extracted from Kenneth French’s website). In this way we obtain a series
of ex-post excess returns generated by each of the portfolio strategies listed in Table 1,
for each of the empirical datasets listed in Table 2. These series are used to compute
the performance criteria that we employ in the analysis: the ex-post Sharpe ratio, the
portfolio turnover, the return-loss of each strategy, and the ex-post volatility (standard
deviation).

We measure the ex-post Sharpe ratio of strategy ¢, SR;, which is defined as SR; =
Z;/o;, where Z; and o, denote respectively the ex-post expected excess return and
the ex-post standard deviation of series ¢ To test whether the Sharpe ratios of
two portfolio strategies are statistically different, we use the studentized time series
bootstrap method introduced in Ledoit and Wolf (2008).

To get a sense of the amount of trading required to implement each portfolio
strategy, we compute the portfolio turnover and the return-loss, net of transactions
costs, with respect to the 1/N portfolio, as in DeMiguel et al. (2009a).

The portfolio turnover is defined as the average sum of the absolute value of the
trades across the N available assets:

1 T—1 N A A
Turnover = T Z Z (i 1 — Wi j+1),

=1 j=I

where @, ;, denotes the portfolio weight in asset j at time ¢ under portfolio strategy
i; W, ;+ denotes the portfolio weight due to changes in asset prices between ¢ and
t + 1; and @, ;. denotes the desired portfolio weight at time ¢ + 1. As explained in

12 Chan et al. (1999) and Jagannathan and Ma (2003) also use an in-sample period of 60 months.

13 Chan et al. (1999), Jagannathan and Ma (2003) and Ledoit and Wolf (2003) also use an out-of-sample
period of 12 months.

14 As an aside, when the stock datasets are used, each time we construct the portfolios, we use only stocks
whose returns cover the entire respective in-sample period. When a monthly return is missing in the out-of-
sample period, the CRSP equally weighted market return of that month replaces it. We are aware of the fact
that this widely-followed procedure (see, for instance, Jagannathan and Ma, 2003) introduces survivorship
bias into the estimation procedure. However, since the survivorship bias is common to all the compared
estimators, we do not consider this a significant problem. With the stock portfolio datasets, there is no
problem of missing data.
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DeMiguel et al. (2009a), for example, in the case of the 1/N portfolio, @; ;, = W; ;41 =
1/N, but @, ; ,+ may be different due to changes in asset prices between ¢ and ¢ + 1.

To calculate for each strategy the return-loss, net of transactions costs, with respect
to the 1/N portfolio, we follow the steps in DeMiguel et al. (2009a). Let R;, be the
return from strategy ¢ on the portfolio of N assets due to changes in asset prices
between ¢ and ¢ + 1; that is, R, = Zj\zl R;, 1%, ;,. Denote by ¢ the proportional
transaction cost. Therefore, we can write the evolution of wealth for strategy ¢ as
follows:

N
Wiipr = W, (1+ R.p) <1 —cX Z |l711’.j,z+1 - 17/5,;.:+|> s

j=1
with the return net of transactions costs given by Ww;*/] — 1. In our empirical analysis,
like DeMiguel et al. (2009a), we set the proportionaf transactions costs, ¢, equal to 50
basis points per transaction. The return-loss, net of the transactions costs, with respect
to the 1/N portfolio is defined as the additional return needed for strategy ¢ to perform
as well as the 1/N portfolio in terms of the ex-post Sharpe ratio. To compute the return-
loss, assume uy and oy are the monthly ex-post mean and standard deviation of the
net returns from the 1/N portfolio, and u; and o; are the corresponding quantities for
strategy ¢. Then, the return-loss from strategy i is:

M
return — loss; = — X 0; — U,.
Oy

As we evaluate the performance of portfolio strategies that are based on GMVPs, we
also measure the ex-post volatility of strategy ¢, which is defined as the ex-post standard
deviation of series ¢. To test whether the standard deviations of two portfolio strategies
are statistically different, we use an F-test.'®

4. RESULTS OF THE EMPIRICAL ANALYSIS

In this section, we present the results of our empirical analysis. First, we study the effect
of the number of blocks in the covariance matrix on the performance of the GMVP
(Table 3). Then, we compare the performance of the portfolio strategies listed in Table
1 to that of the 1/N portfolio. For each strategy, we compute across all the datasets
listed in Table 2, the ex-post Sharpe ratio (Table 4), the turnover and the return-loss
measure (Table 5), and the ex-post standard deviation (Table 6). The section ends
with a description of the empirical comparison we make between the performance of
our approach, which is set to generate only long-only GMVPs, and strategies proposed
in the literature that allow for GMVPs with short sale positions (Tables 7-10).

(1) Number of Blocks and the GMVP’s Performance

Table 3 describes the effect of the number of blocks in the block covariance matrix
on the ex-post Sharpe ratio of the portfolio strategies ‘Block 1°, ‘Block SIM 1°, ‘Block
2’, and ‘Block SIM 2’ (the other portfolio strategies listed in Table 1, by construction,

15 Ledoit and Wolf (2011) provide an alternative approach to test for significant differences in portfolio
volatility.
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are not affected by the number of blocks). When we use the stock datasets and the
portfolio datasets ‘90°, ‘90 + 1°, ‘90 + 3’, and ‘90 + 4,” we evaluate each of the four
aforementioned portfolio strategies using a two-block covariance matrix, a three-block
covariance matrix and so on up to an eight-block covariance matrix. When the ‘48
Industries’ dataset is used, we reach only a six-block covariance matrix, and when the
20°, 20 4+ 1°, 20 4+ 3’, and ‘20 + 4’ datasets are used, we reach only a four-block
covariance matrix, because then we construct the GMVPs using a smaller number of
assets.

We can see in Table 3 that, in general, the four portfolio strategies yield the highest
ex-post Sharpe ratios when a two-block covariance matrix is used. Moreover, even
in those cases in which dividing the assets into more than two blocks yields higher
Sharpe-ratios the differences compared to the two-block case are mostly only marginal.
Overall, it seems that the number of blocks has no real effect on the ex-post Sharpe
ratios of the portfolio strategies. We also test whether the number of blocks in the
covariance matrix affects the ex-post standard deviations of the four aforementioned
portfolio strategies. As the insights from this set of tests are very similar to those of the
Sharpe ratio tests, to save space, they are not reported in the paper, but are available
upon request from the authors.

Consistent with the above discussion, Tables 4-6 report the performance measures
of the portfolio strategies ‘Block 1’, ‘Block SIM 1’, ‘Block 2’, and ‘Block SIM 2’
only for the case in which the two-block covariance matrix is used to construct the

corresponding GMVPs.

(it) Sharpe Ratios

Table 4 gives the ex-post Sharpe ratio for each portfolio strategy evaluated in our
empirical analysis. We can see that in eight out of the 12 datasets used, all the portfolio
strategies in which the GMVP is constructed using a block covariance matrix less
restricted than that of the 1/N portfolio achieve higher Sharpe ratios than the 1/N
portfolio. Only in two datasets the 1/N portfolio yields the highest Sharpe ratio,
though with p-values of the difference between the Sharpe ratio of the 1/N portfolio
and each of the other portfolio strategies that are always greater than 11.7%. In the
remaining two datasets, all portfolio strategies perform virtually the same, apart from
the value-weighted portfolio with its notably poor performance across all datasets.

Specifically, we are interested in the portfolio strategies ‘Block 1°, ‘Block SIM
1’, ‘Block 2’, and ‘Block SIM 2’. That is because in these strategies the GMVP is
constructed using a significantly less restricted block covariance matrix than that of the
1/N portfolio, yet still an easy one to calculate. Overall, we can say that these strategies
consistently outperform the 1/N portfolio in terms of the ex-post Sharpe ratio. The
pvalue of the difference between the Sharpe ratio of each of these strategies and that
of the 1/N portfolio is in many cases smaller than 5%."°

The discussion so far did not consider transactions costs. In the next sub-section,
we show that our new portfolio approach also outperforms the 1/N portfolio in the
presence of transactions costs.

16 In the international dataset, the p-values are relatively large, since we have fewer observations compared
to the other empirical datasets.
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(#12) Turnover and Return-Loss

Table 5 reports the results for portfolio turnover, our second performance criterion.
In Panel A of Table 5, we have the raw turnover for each portfolio strategy. We can
see that for the stock datasets, the turnover of the 1/N portfolio is higher than that
of all the portfolio strategies in which the GMVP is constructed using a less restricted
block covariance matrix than that of the 1/N portfolio, whereas for the stock portfolio
datasets the opposite is true. But, more importantly, in essence, all the raw turnovers
are of the same order of magnitude, especially compared to the turnover results of
DeMiguel et al. (2009a), who report turnovers for their evaluated portfolio strategies
exceeding that of the 1/N portfolio by several orders of magnitude.17 This may lead to
the conclusion that the strong performance of our new portfolio approach compared
to the 1/N portfolio in terms of Sharpe ratio is not at the expense of turnover.

The results reported in Panel B of Table 5 confirm the last conclusion. If we focus
on the portfolio strategies ‘Block 1’, ‘Block SIM 1’, ‘Block 2’, and ‘Block SIM 2’, we
see that they have a negative return-loss in all datasets. This implies that in all cases,
these portfolio strategies attain a higher Sharpe ratio than the 1/N portfolio after
controlling for transactions costs. Note that in many cases the return-loss of the 1/N
portfolio compared to our portfolio approach is non-trivial and can reach 2 to 3.8%
in annual terms. As an aside, in all datasets, the GMVP constructed using the diagonal
covariance matrix also beats the 1/N portfolio, in the presence of transactions costs,
and the value-weighted portfolio continues to perform poorly.

(iv) Standard Deviations

So far we have seen that, in terms of the ex-post Sharpe ratio, our new portfolio ap-
proach, in general, outperforms the 1/N portfolio. This is true both when transactions
costs are not considered, as well as when they are taken into account. Table 6 contains
the results for portfolio volatility, our third measure of performance.

The comparison of the ex-post standard deviations in Table 6 confirms the con-
clusions from the analysis of Sharpe ratios. In all cases, the volatility of the GMVPs
that are constructed using a covariance matrix less restricted than that of the 1/N
portfolio is lower than the volatility of the 1/N portfolio. In most cases, the p-value
of the difference between the standard deviation of each strategy and that of the 1/N
portfolio is smaller than 0.1%. It can be noticed that in terms of volatility the value-
weighted portfolio performs better than the 1/N portfolio.

From the above discussion, which relies on several performance criteria, we
conclude that our new approach to portfolio choice consistently outperforms the
1/N portfolio. We believe that the explanation for our findings is the following. We
notice that the 1/N portfolio can be viewed as a GMVP that is constructed using a
very restricted block covariance matrix. Therefore, once we use less restricted block
covariance matrices, we are able to construct a GMVP that can perform better than
the 1/N portfolio.

17 The raw turnover measure of the value-weighted portfolio is by construction zero when we use the stock
portfolio datasets, since then our benchmark ‘market’ portfolio is the CRSP value-weighted portfolio.
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(v) Comparison between our Method and Strategies that Allow for GMVPs with Short
Positions

One major objective of the method developed in this paper is to generate only long-
only GMVPs. Nonetheless, as a final step, we also compare its performance with that
of strategies from the existing literature that allow for GMVPs with short sale positions.
We describe these strategies briefly in Table 7. We test their performance across all
the datasets described in Sub-section 3(i7), using the methodology and performance
criteria presented in Sub-section 3 ().

Table 8 gives the ex-post Sharpe ratio of each portfolio strategy presented in Table 7,
in comparison with the ex-post Sharpe ratio of the portfolio strategy ‘Block SIM 2’,
which is one of the portfolio strategies we develop based on our new approach. We see
that the ‘Block SIM 2’ strategy attains a higher ex-post Sharpe ratio than the strategies
that allow for short positions in 68% of the cases. Moreover, in all cases where the
strategies that allow for short positions yield negative Sharpe ratios, the p-value of

Table 7
List of Portfolio Strategies from the Literature that Allow for Short Sale Positions

No. Abbreviation Portfolio Strategy

1 CC1 GMVP - the covariance matrix is constructed using the constant
correlation model (Elton and Gruber, 1973).

2 cC2 GMVP - the covariance matrix is constructed using a fifty-fifty
combination of the constant correlation model and the sample
pair-wise correlations (Elton et al., 2006).

3 1-Factor GMVP - the covariance matrix is constructed using Sharpe’s (1963)
single-index model (Chan et al., 1999).

4 3-Factor GMVP - the covariance matrix is constructed using the three-factor
model of Fama and French (1993) (Chan et al., 1999).

5 4-Factor GMVP - the covariance matrix is constructed using a four-factor

model that includes, along with the three Fama and French
Factors, a momentum factor (Chan et al., 1999).

6 LWID GMVP - the covariance matrix is constructed by shrinking the

sample covariance matrix towards the identity matrix (Ledoit
and Wolf, 2004a).

7 LWIF GMVP - the covariance matrix is constructed by shrinking the
sample covariance matrix towards a one-factor matrix (Ledoit
and Wolf, 2003).

8 LwWCC GMVP - the covariance matrix is constructed by shrinking the

sample covariance matrix towards the matrix that is based on the
constant correlation model (Ledoit and Wolf, 2004b).

9 NC1V A one-norm constrained GMVP from DeMiguel et al. (2009b).
10 NC2V A two-norm constrained GMVP from DeMiguel et al. (2009b).
Notes:

This table lists various portfolio strategies from the existing literature that allow for GMVPs with short sale
positions and which we consider in the empirical analysis of Sub-section 4(v). The second column of the
table gives the abbreviation used in referring to the strategy in Tables 8-10. Chan et al. (1999) report that
the various factor models they examine generally provide similar results in terms of GMVP performance.
Therefore, in our analysis, we single out only three of the factor models that Chan et al. (1999) evaluate.
DeMiguel et al. (2009b) present several norm-constrained GMVPs. None of them outperforms the others
across all the datasets and performance criteria that DeMiguel et al. (2009b) use in their empirical study. As
‘NC1V’ and ‘NC2V’ are two strategies that perform well in DeMiguel et al. (2009b), we choose to focus on
them in our analysis.
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the difference between the Sharpe ratio of our method and that of each of these
strategies is smaller than 5% (and in most cases even smaller than 0.1%). In almost
all other cases, the differences between the Sharpe ratios are statistically insignificant
at conventional levels.

Table 9 reports the results for portfolio turnover. In Panel A of Table 9, we can see
that in 95% of the cases the raw turnover for our portfolio strategy ‘Block SIM 2 is
lower than that of the strategies from the literature that allow for short sale positions.
Thus, the relatively good performance, in terms of Sharpe ratio, of our new portfolio
approach compared to the methods that allow for short positions even improves when
turnover is taken into account. The results presented in Panel B of Table 9 confirm
the last conclusion. In virtually all cases, we obtain a positive return-loss, implying that,
in virtually all cases, the ‘Block SIM 2’ strategy yields a higher Sharpe ratio than the
strategies that allow for short positions after controlling for transactions costs. Further,
the return-loss of these strategies compared to our approach is non-trivial, reaching an
average of 6.6% in annual terms.

We notice that the strategies that allow for short sale positions indeed generate
GMVPs with significant short positions. We define the amount of short positions as
the sum of all negative portfolio weights, and calculate the average amount of short
positions over all the GMVPs that are constructed based on each strategy in each
dataset. The range we obtain for the average amount of short positions is from —13%
to —403%, with an average of —124%."® These significant short sale positions of course
induce a stronger diversification effect than in our approach, which is set to generate
only long-only GMVPs. As a result, we can see in Table 10 that our method yields a
higher ex-post standard deviation than the strategies that allow for short positions in
85% of the cases. In most of these cases, the differences between the standard deviation
of each strategy and that of our method are statistically significant at the 1% level (with
pvalues that are mostly even smaller than 0.1%).

We believe that, taken together, the results of the comparison between our
approach and the strategies from the literature that allow for GMVPs with short sale
positions uphold the conclusion that the block structure for the covariance matrix
could have an impact on practical portfolio choice.

5. CONCLUDING REMARKS

To the extent that short sales are considered an undesirable feature of portfolio op-
timization, there is an interest in discussing long-only efficient portfolios. Specifically,
there is an interest in finding estimators of the covariance matrix that generate a long-
only GMVP, as several empirical studies show that ex-post the GMVP performs at least
as well as other frontier portfolios. Imposing short sale constraints on the optimization
problem, no matter what covariance matrix estimator is used, enables us to obtain a
long-only GMVP. However, at least from a theoretical point of view, this is problematic,
since the weights of the GMVP can only be found numerically and not analytically.
Imposing the short sale constraints also generates ‘corner’ solutions with zero weights
in many assets.

18 An average amount of short positions of —-124% means that on average for every dollar invested in the
portfolio we short $1.24 worth of stocks, while buying $2.24 worth of other stocks. To save space, in the paper,
we do not report the average amount of short positions for each strategy in each dataset. This information
is available upon request from the authors.
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In this paper, we introduce a new structure for the covariance matrix — the
block structure — which under simple and directly computable conditions generates
(in an unconstrained optimization) a long-only GMVP whose weights can be found
analytically. With these conditions, ‘corner’ solutions with many zero weights are not
necessarily obtained.

We construct a block covariance matrix, by dividing the portfolio’s stocks into
several groups (blocks). Within each block, the covariance between stocks is identical
for all pairs of stocks in the block. The covariance between stocks from different blocks
is also identical for all pairs. We show that the weights of a GMVP constructed using
the block matrix can be found analytically. These weights are positive as long as the
variance of each stock is greater than both its within-block covariance and its between-
block covariance, and as long as the within-block covariances are not smaller than the
between-block covariance.

We conduct an empirical analysis and show that portfolio strategies based on a
GMVP that is constructed using an easy to calculate block covariance matrix perform
well. In particular, they generally outperform the 1/N portfolio which is in the focus
of recent papers which show that existing and quite advanced mean-variance theory-
based portfolio strategies do not consistently outperform the 1/N portfolio. Thus,
our findings may suggest that our new approach, and not the 1/N portfolio, should
serve as a benchmark to assess the performance of portfolio rules, and that the block
structure for the covariance matrix of asset returns could have an impact on practical
portfolio choice.

APPENDIX A

The General Block Covariance Matrix

We assume a universe with 7 stocks. A covariance matrix X is said to be a block matrix if
it has the following form:

2

s oo,
moe e n n
S

2
moo S
Skzn /7 m,
n, .o :
. s,z
5= n B n
,
2
7, 7, 'Sp
53 My M
My -
" " : s
M
2
77‘\/[ 77M Sn
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Here we have M blocks of stocks (which are not required to include equal numbers
of stocks), s‘f., j =1,...,n, are the variances, n,, i = 1,..., M, are the within-block
covariances, and 7 is the between-block covariance.

Proposition 2 below characterizes sufficient conditions on 7n; and n under which the
block matrix produces a long-only GMVP (in an unconstrained optimization). Here we
present only the simple and directly computable conditions that are obtained when all
the covariances are restricted to be nonnegative. As in the special case of the two-block
matrix, for the general block matrix too the sufficient conditions are: (¢) the variance
of each stock is greater than both its within-block covariance and its between-block
covariance, and (i) the within-block covariances are not smaller than the between-
block covariance.

Proposition 2: Suppose that 3 is a block matrix and the covariances n;,i =1,... M
and n are nonnegative. Then X produces a long-only GMVP, if the following conditions
on 7; and n hold:

0<n, <minvar;, ¢i=1,...,. M
OSnSmin(nl>’ Zl:ly-"sMs

where minvar; denotes the minimal variance in block i. The proof for Proposition 2 is
available upon request from the authors.

It can be shown that the expression for the weight in the GMVP of stock j from
block i (i=1,... M;j=1,..., Z, where Z denotes the number of stocks in block ¢)
is:

M M M
I+ Y B+ ). BB+ > BiBiB, 4o+ BiBB,.. . Bi...By
_ 1 f= Lkt T l=1sk= sk, I Klr=1Lsk<l<rsh i k<l<r<..t..<Mk/r..t. M#i
wj= s2—n; M
' DG
i=1
Z; 1 .
where A, = Z,‘:1 e B=m—-nA,i=1,...,M,
and CG=1+ Z;cwzl;k#i By + Z}Yt:l;kd;k.[#z BB + Zt.ll,,:lzk<l<r;k.z.r¢z By BB, + - +) ,BkBlBr v ]B; s Bs"\ll#_
k<l<r<..t..<M;klr.. t.. M#

One can see that when M = 2, we indeed get the expression for the GMVP’s weights
that is presented in Section 2, where we discuss the two-block covariance matrix case.

APPENDIX B
Proof for Proposition 1

The proof consists of two phases:

1. Finding sufficient conditions on 7,7, and n for which a long-only GMVP is
obtained.

2. Modifying the conditions to guarantee that the two-block matrix is an invertible
covariance matrix. Namely, showing that the eigenvalues of the matrix are strictly
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834 DISATNIK AND KATZ

positive, since every positive definite symmetric matrix is an invertible covariance
matrix.

Phase 1—long-only GMVP

Denote the first column of X by:

X1

where X! denotes the inverse matrix of X.
Then, since XX '=1:

X1 1
0
Xj
D) Xi1 | =
xﬂ 0

Given the structure of X, writing this explicitly yields:

Sixr A+ mXxe 4 mix F X F X+ x, =1
Mmx + 5% + -+ mx+ 00 Hnxe oo+ nx, =0

N1 X4 +711x2+"'+5?x/+77x7+1 +nxjpe+ -+ nx, =0
NX 0%+ X+ ST X+ eXe o+ ex, =0
NX+NX + o+ X+ NeXjn 8T X o 1k, =0

(A1)

nx+nxo 4+ 0x; + NoXin + Moxjo + -+ 50x, =0,
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and therefore:

( — M xl'i‘ﬂ]ZX —i—an:

i=j+1

(5;2_771)9624—7]12% —{—nz x =0

i=j+1

( x—}—anx—}—nZ x =0

i=j+1

WZ X+ (S;Z-H - 7)2)xj+1 + 19 Z x =0
i=1

i=j+1

j n
n Z X + (5‘%2 — 12) %js2 + 12 Z x =0
i=1

i=j+1

n

. J
’729@4'(5?,—772)9%4‘772 Z x; = 0.

i=1 i=j+1

Dividing the first j equations by s? — 5, (assumingn, # s>, =1, ..., j) and dividing
the last n-j equations by s? — 1, (assumingn, # s,i = j+1,..., n) gives:

x + x; + X = —
_7112 st =1 127;1 s —
- x; + x =0
v 5} _771121: s;=m i27+:1 (A2)
N - M2 < —0
N S D DE L D DE b
T o 1 M2

x, + ‘77 ixi—i— 9772 in:O.

2
— §2 —
ST e T w12 i=j+1

Summing the first j equations in (A2) and rearranging terms gives:

(l—i—m ) (A3)
i=1 s/ i—jt1 _711
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836 DISATNIK AND KATZ

Summing the last n-j equations in (A2) and rearranging terms gives:

n 772 .—ng J
X =— x. (A4)

i=j+1 l_rh

And now substituting (A4) into (A3) and rearranging terms gives:
1+ Z
Xl: i=j+1 " Si
xl
pa -m US| A
1+'“ZQ 1+’722 - > =

i=j+1 ’_n'

Denote:

i
A:(l—i—nlzsg_

i=1 i ! =j1 Vi o ST T ST e
and therefore:
n 1
j 1 + N2 Z S2 n
1 i=j+1 002
Y x= : i . (A5)
i_1 Si— M A
Substituting (A5) into (A4) gives:
n l
- Z si =12
Z X = i=j+1 ) (A6)
- 771 A

i=j+1

Adding equations (A5) and (A6) gives the sum of (the elements in) the first column
of 7', Since 7' is symmetric (because X is symmetric) this is also the sum of (the
elements in) the first row of 7'

1+(7)z_77)z 7
$; — N

- 1 i=j+1 !
>l = — : ! ) A7
2:1: Vosi—m A (A7

Generalizing the last result and finding the sum of each one of the rows of £ is
done as follows: We start with the first j rows of ™', We repeat the above procedure
[i.e., deriving equations (Al)-(A7)] j times. Each time the only difference is that the
only row in (Al) that equals 1 moves one place ahead. For example, for the sum of the
second row of X', the second row in (Al), and not the first row, equals 1. Thus, the
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general expression for the sum of one of the first j rows of 37 is

1+(nz—n)z P

- 1 17
-1 __ i=j+
> = o - N : (A8)

j=1

Repeating a similar procedure n-j times and applying ‘symmetric considerations’
enables us to find the general expression for the sum of one of the last n-j rows of ¥ ':

. ) 1+(m—n)§ .
'— 1
Eilz . A9
LB = A (A9)

-1

The vector of the GMVP weights is w =————
1°3°

numerator we have the sum of row i in ¥ and in the denominator we have the sum

of (all the elements in) ¥7'. Hence, in order to obtain the denominator, we use (A8)

and (A9):

. For the weight of stock ¢, in the

J
1+(nz—n)z m—n)Z

J 1 i=j+1 Si T2 " 1 i—1 S — M
1Ts- 11 = : / + : =
; S? -m A z‘:Zj;rl 5;2 — 19 A
and after rearranging a bit more we get:
n 1 n 1
Yy ey oy L
ITE_II =l ! T i=j+1 ! M i i=1 Si— i=j+1 ! 2 ) (AlO)

—1 1
Substituting (A8), (A9) and (A10) intow =m
in the GMVP of a stock from the first and the second block respectively:

gives the expressions for the weight

o 1 L+ (n2 —n) Ag =1 ]
Costem A A+ (e — 2n)AAy vt
(Al1)
1 1+ (n—mA
+(m—n A i=j+1,....n

w; = . s
st —ne A+ A+ (m + 10— 20) A Ay
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where: A, =Y/ - A4, =" L

i=1 3:_-’,,“ ’ i=j+1 X;Z,,m'

And now we can easily see that the vector w is strictly positive if the following set of
conditions holds:

n <min(s;2), i=1,...,7
79 <min(si2), i=j+1,...,n (A12)

n < min(mn, 7).

Phase 2—strictly positive eigenvalues
3 is a symmetric real matrix. Therefore, it has real eigenvalues and it can be
diagonalized:

A

R'ZR=A=

where R denotes the diagonalizing matrix, R™" denotes the inverse matrix of R, andA

denotes the diagonal matrix, whose diagonal elements A4, ..., A, are the eigenvalues
of 3.
Hence, ¥R = RA and the element ¢ of 3R is given by:

(ER)U = Z EikRkj = AR;;.
k=1
This is a set of equations that determines the elements of column j in R. Itis a set that

fits any column in R, and for the sake of convenience we omit the index j from the last
expression, to obtain:

n
Z E,ij/‘, == )\.R,‘.
k=1
Now, substituting the elements of X into the last expression gives:

J n
S?Ri—i_nl ZRk—i_nZRk:)\.Rl‘, lel,...,j

k=1, ki k=j+1

J n
S?Rl—i_nZRk“‘ng Z sz)"Ri’ i=j+1,...,n.

k=1 k=j+1,k#i
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1
Because R; exists Vi, we can divide the two expressions by ﬁ and
— =
1
PR respectively. Therefore, after rearranging we obtain:
— 5 =N
R=———— ZRH— ZRk_O i=1....j
S _7']1 S _771 k=j+1
R= ——— ZRk+ ZRk_O i=j+1,...,n
s _’72 k=1 s _’72 k= ji+1

Summing the two expressions over all the possible values of i (and replacing the index
¢ with k) gives:

YR Y s YR s YR

k=1 S _7)1 k=j+1
ZRk—’?Z ZRk+rl22 Zle
k= j+1 k= ]+1 _71

S k= ]+1 sk - 77) k= j+1

and after rearranging we get:

["‘ix oo —I}ZRk—an E— Zszo

k=1 k=j+1
n R, + |7 —1 R, =0.
kXJ-i:—l S B 77 kz—: ' |: : kzj;l A= (S - 772 :| I{z]-l:—] k

These are two homogenous linear equations with two unknowns,
>/ R, and Y ;o R It can be shown that )7, R, and } , . R, cannot
both equal zero. A set of homogenous linear equations has a solution other than
the zero solution, if and only if its determinant equals 0. Therefore, and since

i Ryand 370 .. R, exist, we get:'"?

J n J
1 1 ) 1 1
mzf_l nzzf_l =szx Zf
=1 A— (s, —m k=j+1 A — (s, —m2 =1 A— (s, —m k=j+1 A — (s, —m2

Denote:

J 1 n
Fl(x)=zm and F, (1) = Y

— -
k=j+1 A— (Sk o 772)
Therefore, the last equation becomes:

[mFy () — 11 [noFs (1) — 11 = n*Fi (A) F2 (&) .

19 Z}Z:l Rj and Zf:/ﬂ R}, exist because the diagonalizing procedure is well defined here.
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X is finite. Thus, A, s:Vk, n, and n, are finite, and therefore F; (1) # 0,i = 1, 2. Hence,
we can divide the last expression by F; (A)F, (1)and obtain:

[n— ! ][nk— ! }=n2 (A13)
CREW]LT RO '

It can be shown that for A < 0:

1 1
- < - ) ) = 11 23
o= F,(A) — Z 1 '
i S;f — N
J
> s
where X, = ki}
> =
k= j+1
and therefore:
! n: + ! =1,2, A<0 (A14)
>0 - =—— > — 1=1,2, <0.
IR
; S: — N
Now, we assume that:
1 1
m>-——"> MN>——7F—- (A15)
> >
e S;;) — M h=j+1 S;f — 12
Thus, from (A14) and (Al5) we obtain that:
1 1 - S S 1 n 1 2 <0
h F, () N2 FOy |~ m 27: Mo i 1 s =0,
—1 S, — M k=j+1 s;c — e
and if we also assume:
1 1 .
m+ ne + 1 > 7’ (A16)

then:

R R
CROILY O RM) e
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which means that under the conditions in (A15) and (Al6) there are no nonpositive

eigenvalues for which equation (Al3) holds. Now, since equation (Al13) holds under

the conditions in (A15) and (A16), it means that under the conditions in (Al5) and

(A16) equation (Al3) holds only for strictly positive eigenvalues. In other words, the

conditions in (A15) and (A16) are sufficient to ensure that X is positive definite.’
Because of (A15), we can denote:

) 1 1
el =+ {|m+—"—||m+— ,
> :
2
1 Sf — M k= j+1 Sk — 12

and write the set of the sufficient conditions from (Al5) and (A16) again as follows:

1 1
n > _—j s No > T . _lnikg' <n< |’7T2|
3! > —
T Sk —m = Sk T2
It can be shown that:
1 . N . 2 ;
mEs T W —Iml=m =min(s;), k=1....]
;52_771

1 - * . 9 .
N> = if —Imsl<n <min(s}), k=j+1,....n

2

2
S b
kg1 Sk T2

where |7| and |n;| are respectively the unique solutions of the following equations:
Jj 1
ml=1/3 ——— and Injl=1
' }Z:l: si =+ |n} * k;, s+ |’72

To sum up, X is positive definite if the following set of conditions holds (note that we
replace the index k with ¢):

—Injl<m <min(s?), i=1,...,j
—Inil<ne <min(s?), i=j+1,...,n. (A17)
_|nT2| <n< |7ﬁ2|

Now, combining the sets of conditions from (Al2) and (Al7) gives the sufficient
conditions of Proposition 1. Q.E.D.

20 It can be shown that these sufficient conditions are also necessary. However, we do not show this here, as
our goal is to find a set of sufficient conditions on 77, 792 and .
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