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Abstract

In this paper the concept of quantile-based optimal portfolio selection is introduced and
a specific portfolio connected to it, the conditional value-of-return (CVoR) portfolio,
is proposed. The CVoR is defined as the mean excess return or the conditional value-
at-risk (CVaR) of the return distribution. The portfolio selection consists solely of
quantile-based risk and return measures. Financial institutions that work in the context
of Basel 4 use CVaR as a risk measure. In this regulatory framework sufficient and
necessary conditions for optimality of the CVoR portfolio are provided under a general
distributional assumption. Moreover, it is shown that the CVoR portfolio is mean-
variance efficient when the returns are assumed to follow an elliptically contoured
distribution. Under this assumption the closed-form expression for the weights and
characteristics of the CVoR portfolio are obtained. Finally, the introduced methods are
illustrated in an empirical study based on monthly data of returns on stocks included
in the S&P index. It is shown that the new portfolio selection strategy outperforms
several alternatives in terms of the final investor wealth.

Keywords Quantile-based return measure - VaR - CVaR - CVoR - Optimal
portfolios - Elliptically contoured distributions

1 Introduction

Since Markowitz (1952) posed the allocation problem of portfolio theory a large
number of extensions have been introduced (see, e.g., Fastrich et al. 2015; Kawas and
Thiele 2017; Bauder et al. 2021). In Markowitz (1952) a portfolio which provided the
smallest risk given an expected return was proposed. Here the variance of the portfolio
was used as arisk measure. The use of variance as a risk measure has been criticized by
practitioners and researchers in finance. One of the critiques is that when an asset return
is large the variance scales accordingly. An asset with higher return does not need to
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be riskier. The variance also depends on the whole loss distribution which might not
be desirable. This has led to one of many extensions to Markowitz portfolio theory, the
change of risk measure. One generalisation is that the variance has been replaced by a
quantile-based risk measure (see, e.g., Linsmeier and Pearson 2000; Rockafellar and
Uryasev 2002; Bonaccolto et al. 2018). The two most commonly used are value-at-risk
(VaR) and conditional value-at-risk (CVaR) which is a consequence of the solvency
2 and basel 3 requirements. In solvency 2 restrictions on insurance companies are
imposed by using the VaR as a risk measure while the recent Basel requirements
enforce financial institutions to transition from VaR to CVaR for measuring risk.

Albeit a quantile-based measure for risk has generally been accepted by academics
and practitioners, the expected return is most commonly taken as a default for the
measure of profit. More recent advancements in portfolio theory such as Yu et al.
(2014) or Jiang et al. (2016), make use of the portfolio mean as a portfolio profit
measure. For the motivation of the applications of other measures of portfolio profit,
an investor is considered who delivers a certain capital or portfolio benchmark, such
as a monthly percentage return. In this case, a large loss (though rare) will heavily
distort the result. This does not imply that the portfolio is not probable to deliver
upon the requirements. It is merely a result from the portfolio return measure, since it
depends on all losses as well as returns. To our knowledge, most practitioners seldom
communicate requirements in terms of average or percentage return but rather w.r.t.
realised returns in relation to benchmarks. From this perspective it is more natural
to communicate aims and targets in terms of probabilities to achieve a certain profit
over some specified time horizon. With this argument the portfolio mean is essentially
replaced by a return measure that is based on quantiles, which is the primary motivation
for the problem at hand. Ideas such as these have been considered in continuous time,
e.g., He and Zhou (2011), but to our knowledge no portfolios in a static single-period
setting have been investigated. A second motivation to quantile-based return measures
is when the portfolio distribution is complicated, such as a skew or a mixture of
distributions, which has recently gained attention. References such as Adcock (2010)
or Eling (2014) amongst others investigate these phenomenas and find that skewness
seems to be present in return distributions, especially for data in higher frequencies.
If skewness should be accounted for or not is of course for the investor to decide and
can easily be accounted for in the framework proposed in the paper.

Moreover, since the parameters of the data-generating model are usually not known
when a portfolio is to be constructed, one must use their estimates to realise the
positions. As an estimate, the sample mean is known to be poor in terms of stability
and convergence when compared to the quantities used for constructing risk measures,
such as the covariance matrix (see, e.g., Merton 1980; Best and Grauer 1991; Chan
et al. 1999; Bodnar et al. 2017, 2018b, 2019a). Although the investor can use an
improved estimator for the mean vector (cf., Bodnar et al. 2019b), it will still take two
tails of the portfolio return distribution into account and will not answer question why
not to include another return measure in the portfolio selection problem.

Portfolios using quantile-based risk measures in a single-period setting together
with the mean as a return measure have been studied in Alexander and Baptista (2002),
Alexander and Baptista (2004) and Yao et al. (2013) to name a few. Alexander and
Baptista (2002) investigated a mean-VaR portfolio selection problem under Gaussian

@ Springer



Quantile-based optimal portfolio selection 301

returns. The authors used the mean as a return measure while minimizing the risk,
measured by VaR. Alexander and Baptista (2004) then extended their work from
2002 by considering the mean-CVaR portfolio under Gaussian returns. Huang et al.
(2010) considered a robust version of the portfolio selection problem, placing bounds
on the unknown parameters of interest while considering the mean-CVaR portfolio
selection problem. Since Rockafellar and Uryasev (2002) showed that the CVaR has
the property of being coherent (convex) under weak conditions imposed on the asset
return distribution, a number of optimal mean-CVaR portfolios have been suggested
in the literature which do not rely on the precise definition of the portfolio return
distribution in their construction. In particular, the unknown distribution function of
the portfolio return is replaced by the empirical distribution function which depends
on the historical data on asset returns only. Yao et al. (2013) thereafter considered
another nonparametric mean-CVaR portfolio by using kernel density estimators to
approximate the true density of portfolio return.

We introduce the conditional value of return (CVoR) portfolio which is solely
constructed from quantile-based measures. The mean is replaced by a quantile-based
measure which depends on the positive part of the portfolio return distribution. The
risk is constrained by using a quantile-based risk measure. By doing so both tails of
the portfolio return distribution are taken into account. To our knowledge, no such
portfolio selection problem exists in the literature for a single-period setting. The aim
is to show the applicability and flexibility of such a portfolio for investors who are
interested in maximizing their profit while constraining their risk. This is in accordance
with the modern portfolio theory of Markowitz (1952).

The CVoR portfolio will also be connected to the work of Merton (1972) who proved
that the Markowitz portfolio lies on the efficient frontier, a parabola in the mean-
variance space. Merton also showed that the parabola is completely determined by a
set of three parameters (see, e.g., Bodnar and Schmid 2009; Font 2016; Bodnar et al.
2018a). One of which determines the shape of the parabola and the other two specify
the location of the parabola vertex. The properties of the parameters that constitute the
efficient frontier have been widely investigated under different assumptions. Bodnar
and Gupta (2009) derived the parametric form of the efficient frontier under elliptically
distributed asset returns which will be connected to the CVoR portfolio obtained under
the same distributional assumption.

The remainder of the paper is outlined as follows. In Sect. 2 the CVoR portfolio is
presented in its most general form. Here, the implications of using such a portfolio is
discussed. In Sect. 3 a special case of the CVoR portfolio is presented when assuming
that the asset returns follow an elliptically contoured distribution. Under this assump-
tion one can connect the CVoR portfolio to the efficient frontier in the mean-variance
space and give a closed-form solution to the portfolio weights and its characteristics.
A numerical illustration is given in Sect. 4 and the paper ends with a number of closing
remarks in Sect. 5.
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2 The conditional value of return portfolio

In this section the conditional value of return is defined and the corresponding portfolio
selection problem is introduced, which extends the class of quantile-based portfolio
choice problems discussed in Alexander and Baptista (2002), Alexander and Baptista
(2004) and Huang et al. (2010). Let x be p-dimensional vector consisting of the
asset returns with absolutely continuous cumulative distribution function and let w
be the p-dimensional vector of portfolio weights. The portfolio return is defined as
a random variable X = X(w) := w'x for a given set of weights w. Note that X
is affine in w, which can of course be extended to a function f(w, x). The affine
structure is commonly used in practice and we will therefore continue using it. Let
Y = Y(w) := —X be a random variable representing the loss of X. If Fz(-) denotes
the cumulative distribution function for the random variable Z, then the Value-at-
Risk (VaR) is defined as VaRg (Y (w)) := inf,{Fy(y) > B}, B € (0, 1). Another
most commonly used quantile-based risk functional is the Conditional Value-at-Risk
(CVaR). For a continuous random variable the CVaR is defined by

CVaRg (Y (W)) = E[Y(W)[Y (W) = VaRg (Y (W))]. ey

The definition is a special case of (Proposition 6, Rockafellar and Uryasev 2002)
where the authors showed that the the CVaR is a coherent functional for a general loss
distribution (see, e.g., Artzner et al. 1999) and investigated its properties as a function
of the portfolio weights w.

Note that there is nothing in their proofs limiting the interpretation of the random
variable Y (w) as a return/profit instead of a loss. If one does so, then all consecutive
results of Rockafellar and Uryasev (2002) will hold. As a result, one can define the
functional (1) as a return/profit measure instead of a risk. Formally, the Conditional
Value-of-Return (CVoR) is defined by

Definition 1 Let o € (0, 1) and define VoRy (X(W)) := inf,{Fxw)(y) > a} as the
Value-of-Return. The Conditional Value-of-Return (CVoR) is defined as

CVoR, (X(W)) = E[X(W)|X (W) = VoR, (X(W))] @

From (2) one can see that the ordinary portfolio return E[ X (w)] is a special case
of the CVoR. This follows by taking the limit limy—.o CVoRy (X (W)) = E[X(W)]
(which is an analogy with letting 8 — 1 for CVaR). The intuition is the same as in the
case of quantile-based risk measures. It excludes information about extreme negative
values in the measure of return since they have been already accounted for in the risk
measure. The confidence level o connects to what the investor can deliver at what
probability but also how much of the distribution that should be excluded. It can be
seen as a hyperparameter of the portfolio selection problem.

Let pq, (X(w)) denote a quantile-based risk measure at the significance level o
constructed for the loss distribution of X (w). There may be distributions or quantile-
based risk measures which are independent of the value of «p, which are included in
this notation. In the context of quantile-based risk measures, the significance level aa
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can informally represent a connection to the probability of losses. The interpretation
is simpler in the context of portfolio selection. Consider the following optimization
problem

max CVoRgy, (X(w))
weW 3)
Pay (X (W)) < vy,

where o1, ap € (0, 1) and vg is the largest loss the investor is willing to place under risk.
The risk constraint reflects the investors behaviour towards risk. The value of a; would
indicate that a loss, which happens with probability o, should not exceed a certain
amount, here denoted vg. The constraintset W :={w : h;(w) =0, i =1, ...,m, we
IR”} includes all possible vectors of portfolio weights w which fulfill m constraints
hi(w) = 0,i = 1, ..., m, which might be imposed on the portfolio structure. One
of such constraints which is usually present in portfolio theory is that the sum of the
weights is equal to one w'1—1 = 0,i.e., the whole investor’s wealth is shared between
the selected assets. Other examples of constraints 4; (w) = 0 might include position
restrictions, cost models or the specification that the weights should be normalized
appropriately. The optimization problem (3) and its optimal solution will henceforth
be called the CVoR portfolio. The CVoR portfolio can be seen as an extension of the
mean-variance portfolio but with quantile-based measures for both portfolio return
and portfolio risk. By optimizing towards CVoR, (X (w)) and constraining the risk in
terms of pg, (X (W)), both tails of the portfolio return distribution are accounted for.

The main idea behind the approach is to separate the influence of the right and left
tails of the portfolio return distribution in the investment decision process. One of the
classical criticism of the variance as a risk measure is that it takes both tails of the
asset return distribution into account, while large positive values of portfolio return
should not be treated as a risk. Since the left tail of the portfolio return distribution
has been used for the determination of the risk, the idea behind the CVoR portfolio is
to use the right tail of the portfolio return distribution to compute the portfolio profit.

It is expected that the CVoR portfolio will have a higher risk than the portfolio
with the smallest VaR (CVaR), which is in line with the modern portfolio theory of
Markowitz where optimal portfolios are determined by maximizing the return for the
given value of variance or my minimizing the variance for the given level of expected
return. A special case of Markowitz’s optimal portfolios is the global minimum vari-
ance portfolio, i.e. the optimal portfolio with the smallest possible variance. Similarly,
the idea behind the CVoR portfolio is to maximize the level of the return under the
constraint imposed on the risk. In the special case, when the investor is fully risk
averse, he/she will choose to invest into the portfolio with the smallest risk measure
presented as the VaR or CVaR. To this end it is noted that if @1, & — 1 and CVaR is
chosen as a risk measure in (3), then the optimization problem (3) coincides with the
Markowitz problem.

Throughout this paper the following assumptions on WV and the risk functional p
are made to ensure the existence and the uniqueness of the solution of the optimization
problem (3). This places some restrictions on the investor, who needs to verify that
the constraints they use are practically viable.
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Assumption 1 The set W U {w : pg, (X (W)) < vo} # 4.

Assumption 2 The functions &;(w), i = 1, ..., m that constitute VV are convex and
differentiable.

Assumption 3 If there exists a gradient of py, (X (w)) then it, together with the gradi-
ents of h;(w),i = 1, ..., m are linearly indpendent at any local optimum of (3).

From the results of Rockafellar and Uryasev (2002) necessary and sufficient condi-
tions for the existence of the CVoR portfolio are retrieved when pg, (X (W)) is chosen to
be the CVaR. These are summarized in Theorem 1, whose proof follows immediately
from the proof of the Karush—Kuhn—-Tucker (KKT) conditions presented in Theorems
4.3.7 and 4.3.8 of Bazaraa et al. (2013).

Theorem 1 Let py, (X (W)) = CVaRy, (—X (W)) as defined in (1). A portfolio w* is a
global solution to (3) if and only if there exists scalars Ai, i = 1,2, ..., m+ 1 such that

m+1
V CVoRy, (X (W) + A1V pg, (X (WF)) + Z MVhi(w) =0 (4)
k=2
At (e (X (W) — ) = 0
A >0 (%)

By construction, the CVoR portfolio inherits sufficient and necessary conditions
under a general continuous return distribution. Not only does it imply an extreme
flexibility in terms of modelling in the context of the CVoR portfolio, but it also gives
great comfort in terms of its economical applicability. If an investor needs to work
in the context of the new Basel requirements, then he/she will choose the CVaR as a
risk measure. The investor can then be sure that the solution and optimum of (3) is the
unique maximum. He/she cannot do any better. This result also gives some indication
to what set of equations should be solved to obtain such a portfolio.

The result of Theorem 1 is not limited to the use of CVaR as a risk measure.
However, the practical relevance of the CVoR portfolio is then lost (to some extent)
because of the Basel requirements. As long as the investors can limit themselves to a
certain class of risk measures, the results of Theorem 1 still apply:

Remark 1 The results of Theorem 1 holds if p,, (X (W)) is a coherent risk measure.

An example of risk measures that are coherent is the class of spectral risk measures.
For a more thorough introduction to spectral risk measures, see e.g. Acerbi (2002) or
Adam et al. (2008).

In an insurance context, European insurers have to follow the Solvency 2 regula-
tion. The risk measure is now chosen to be the Value-at-Risk (VaR). All quantile-based
risk measures are not obviously coherent (convex), see, e.g., Rockafellar and Urya-
sev (2000) and one such example is the VaR. This poses several difficulties for
the construction of the CVoR portfolio under a general return distribution when
Par (X(W)) = VaRy, (—X(w)) in (3), since the distribution function Fyw)(x) may
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contain atoms. However, by imposing regularity conditions one may provide some-
what weaker conditions in comparison to Theorem 1. Under these assumptions, a
verification type theorem is presented for the CVoR portfolio using the VaR as a risk
measure.

Theorem 2 Let X denote the class of random variables which are absolutely continu-
ous, have support on R? and whose cumulative distribution function is quasiconcave'.
Let po, (X (W)) = VaRy, (—X (W)) and assume that the return distribution of X belongs
to X. A portfolio w* which fulfills the Karush—Kuhn—Tucker conditions of (3) is a global
optimum.

Proof By absolute continuity, the constraint in the optimization problem (3) can be
rewritten as 1 — oo < Fy(w)(vo). By Theorem 4.39 of Shapiro et al. (2009) the
constraint is a quasiconcave function of w and continuous on its whole domain. The
rest of the proof follows from the proof of Theorem 4.3.8 of Bazaraa et al. (2013). O

The sufficient conditions give us some comfort in the applicability of the CVoR
portfolio under Solvency 2. The class of absolutely continuous distributions is large.
Distributions of complicated forms, such as skew, fat tailed or mixture of distributions
are covered. Note that the assumption that the cumulative distribution function of
asset returns is quasiconcave in turn implies that the cumulative distribution function
of the portfolio return is also quasiconcave. An example of quasiconcave distribution
functions is the family of log-concave distribution functions, such as the log-normal
or log-t distribution.

One specific class of distributions that has been widely considered in financial
applications is the elliptically contoured distribution, which is quasiconcave. Some
examples of applications and reviews of the topic are Owen and Rabinovitch (1983),
Hamada and Valdez (2008) and Gupta et al. (2013). In the next section, an analytical
solution to (3) under this flexible class of probability distributions is derived.

3 The CVoR Portfolio for elliptically contoured distribution
3.1 Elliptically contoured distributions
If a random vector y has the following characteristic function
Elexp(it'y)] = exp{ip' t}¢(t'Dt), fort € R,
it is said to have a p-dimensional elliptically contoured distribution with location

parameter u, dispersion matrix D and the function ¢ (-) determines a specific family of
elliptical distributions. In the following this general class of multivariate distributions

I Letr : & — R where S is a convex subset of R”. The function r is quasiconcave at x* € S if
rX* 4 (1 = )x) > max(r(x*), r(x))

foreach A € (0, 1) and eachx € S.
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is denoted by ECD, (i, D, ¢ (-)). If the second moments of y exist, then u = E[y] and
¥ = Var[y] = y?D with y = ,/—¢’(0)/2. Moreover, assuming that y has a density
fy(-), then

fy(@ = D" gz - w)'D' @ - p)). (©6)

where g(-) is the density generator. For the interested reader, the technical conditions
when y actually has a density can be found in Fang and Zhang (1990). In the following
it is assumed that the density exists.

Elliptically contoured distributions constitute a large class of multivariate (and
also matrix-variate) distributions. Some examples of these are the multivariate normal
distribution, the t-distribution and the multivariate Laplace distribution [see, e.g., Fang
and Zhang (1990)]. Elliptically contoured distributions have many desirable properties.
One of interest is the following: If Y = (m"y—m " ) /~'mT Dm, then the distribution
of Y is independent of the vector of m [see, Theorem 2.6.3 of Fang and Zhang 1990].
It only depends on the specific family of elliptical distributions y belongs to. The
canonical example of this property is the multivariate normal distribution.

In the next section the closed form solution of the CVoR portfolio choice problems
is derived when the asset returns follow an elliptically contoured distribution.

3.2 Closed form solution

In this section we will consider the class of elliptically contoured distributions which
are absolutely continuous and for which the second moments exist.

The expected return of the portfolio with weights w is given by E[X(W)] = w '
and its variance by Var(X(w)) = w! Iw. Let dy, be the ap-percentile of the stan-

dardized portfolio return X 4 (w'x —w' p)/~/WTDw (which is independent of w)
and fy (-) together with Fx (-) denote the density and cumulative distribution function
of X, respectively. Throughout this section assume that YW = {w : w1 = 1}. When
using CVaR as a risk measure the optimization problem in (3) can be rewritten as

maxw' g + ko, VW Zw
w
stowil=1 (N

—wip— ki—a, VWTEZW < g

where

B S xfx (x)dx

ky = . dy = F7l ().
(1 -a)y x (@)

The risk measure CVaR can easily be changed to VaR in this setting. This is simply
done by replacing the constant k| _q, With d|_g, in the risk-constraint. For this reason,
the theoretical results are derived when CVaR is used as a risk measure and it is noted
that they hold true with minor modification when VaR is used as a risk measure.
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Since the risk constraint is a convex function of w, there exists a global optimum.
A question is whether or not the risk constraint results in equality. It holds that

Lemma 1 Let wWcy,r denote the global optimum of (7). Then it holds that

T [T
—Weyorl — Ki—ay\/ Wey g EWCVoR = V0,

the risk constraint of (7) results in equality, i.e., the constraint is active.

Proof Let W = {w : wil =1, —WTIL — kl_azx/WTEW < wp}, i.e. the set of
weights which fulfills the constraints of (7) and let W,, = {w : wil=1-—w'p—
k1—ayV w ! Xw = vg} denote its boundary. It holds that

WCVoR = arg max {WTu + Koy V WTZW}

k k
arg max {(1 - A) wip— 2 (—lq,az\/ wiXw — wTu)}
weW kl_az kl—az

ko .
where - L > Osince oy, ap € (1/2,1).
ey
Assume that the statement of the lemma does not hold, i.e. there exists v; < vg
such that for the solution W, of the optimization problem

Wiy,r = arg  max {WTIL + kalx/wTZw] ,
weW\Wy,

it holds that

* T x T * _
~WevorM = Ki—ay\/ Wey o R EW ey, g = VI

Then, the application of — k]:’” > 0 yields
"y

ka . ke = .
(1 - 1 > Wevorh — 1 _kl—az\/ WEvorEWEVoR — WeVorRM
klfaz klfotz
ka > ka ko( kO(
=(1= 1 W*T n— 1 v < (1= 1 W*T n— 1 vo
< kl—c{z CVoR kl—o{z kl—az CVoR kl—(xz

k k k k
<max {(1-—" Jwlp——ygt=(1-—" maX{WTﬂ}_ivo.
weW k1—q, k1—q, ki—ay ) WeWw k

1—a

Since w ' is a linear function and W is a bounded set, then maxyeyy {wTu}
is attained at the boundary of W, that is in WW,,. Consequently, the solution of

MaXye)y {WT[,L} satisfies the constraint —w ' g — ki—g,VWTZW = vg and

max {WT[L + ko,,\/wTZw} < max {wTu + km\/WTEW}
we

weW\Wy,
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The last inequality contradicts that the solution of (7) is an interior pointof W. O

By Lemma 1 one may impose an equality on the risk constraint in the CVoR
portfolio, which is done throughout the remainder of this section. A consequence of
the equality constraint is that the CVoR portfolio can be attained by considering an
easier optimization problem. Let )V denote the constraint set of (7). Then

WCvor = arg Hé% {WTIL + Koy v WTZW}
w

=argmax {(1— ey win— &vo = arg max {WT[L}
weW ky kl—az weW ’

—ay

where it is used that —% > 0 since o1, o € (1/2, 1). Hence, the CVoR portfolio

retrieved from (7) does not depend on kg, , which can be explained by the symmetry
of the distribution of x. Therefore, if a solution exists to (7) then the same solution can
be obtained by solving

maxw ' p
w
st.owl1=1 (3)

— W = ki_o, VWT ZW = vg.

The above problem is closely related to the portfolio discussed in Alexander and
Baptista (2002) and Alexander and Baptista (2004). Here, the authors introduced the
mean-VaR and mean-CVaR efficient frontier in the context of an equivalent opti-
mization problem to (8) under the assumptions of normality. The authors considered
minimizing the portfolio CVaR (VaR) with a constraint on the expected return. Under
the assumption of Gaussian returns they showed that the portfolio is mean-variance
efficient. To show that the same holds for the CVoR portfolio, let

R S A0 v 1
vouv = grgeip Ry =g Yo =y
be the weight, the expected return and the variance of the global minimum variance
(GMV) portfolio. For each point (R, V) € R x R4, the efficient frontier in its para-
metric form, is defined as

(Romv — R? =5 (V — Vguv) )

where s = u"Quand Q = X! — (71117271 /1T 271 is the slope parameter
of the efficient frontier. Note that for the mean-variance efficient frontier to exist it
should hold that g is not proportional to 1 which is included in Assumption 3. For
all practical purposes this poses no issue, it is merely technical. If the assumption is
false, then the efficient frontier would collapse and become a line in the mean variance
space. The only optimal portfolio is then the GMV portfolio.
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In the next step to derive a closed-form solution it is shown that the CVoR portfolio
is mean-variance efficient under elliptically distributed returns.

Theorem 3 Assume that x ~ ECD, (i, X, ¢(-)), where rank(X) = p and let Wcyor
denote the CVoR portfolio. IfW—CrVoRu > Rgmv and k%_az > s, then the CVoR
portfolio is mean-variance efficient.

Proof The Lagrangian of (8) is defined as
LW, A1) =W g+ Ay (—wTu Ky WTZwW — vo> Faaw 1—1). (10)

Computing the gradient and setting it to the zero vector yields the following system
of equations

W —ki_g, VWTEZW — 1 =0 (1)
wil-1=0.

Since the Lagrange parameters are arbitrary, let

. A —1 - VW Zw
Ay o= wTEw and jpi= 22" =7
)\.1]{052 )\'lkotz
where ko, = —ki—_q, since the distribution of wlxis symmetric around wl . Then
the first equation in (11) becomes
w=LE 14+ u (12)

and by using the second and third equations of (11), Eq. (12) can be rewritten as
ITE 41T =1, (13)
T ' ST T2 0 = ke, VWT EW — vp. (14)
Let o = w' . Since o = ko, VWTEW — vp, (13) and (14) yield

_(1Tz71 1Tz

- -1
A2 1
()Nq) N ([LTE_II [LTE_I[L> (kavaTZw - v0>

1 (e ="n
— - (ﬂz—u “ORGMV> , (15)

s 1o — Romv
and

ILTZ—IM_MTZ—llL (MTZ—11>2 (ILTZ—II

2
— =V, s—l—R2 .
1'> 1 1Tz 1 1T 11 1T):—11> GMv GMV
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Hence,

m\ _ 1 (Vomvs + RGyy — moRGmv
s o — Remv

which implies

W = WgMmv + ((;\2 — Vouv)T M1+ i12_1#)

0 — Remv

2 1o — Romv
= wgMmy + -

271[,1, RGMV):*II.

Since X '1Rgyy = T 117X /1T X1 it can be further simplified to

o — Romy
WCVoR = WGMV + leh

where Q = ! — 11172~ 1/1TX 1. Given that 9 > Rgumyv, the portfolio
WcCvoeR 1S mean-variance efficient. O

The constraints WEVU g™ > Rgyv and klz_ w =S in the statement of Theorem 3

guarantee that the CVoR portfolio lies on the efficient frontier, not only on the mean-
variance parabola. The following theorem provides the closed-form solution to the
CVoR portfolio.

Theorem 4 Assume that x ~ ECD,(p, X, ¢(-)), where rank(X) = p. Also, assume
that wlyg b > Romv, oz € (1/2,1), k}_, > s and vy > CVaRy, (X (Wemy)), then

1—ap
the CVoR portfolio exists and it has the following weights and characteristics

n
WCVoR = WGmw + ;QIL, (16)

Revor = E[Xw] = Rgmv + 1, 7)

2
Ui
Vevor = Var[Xwl = Wly,rEWcvor = (VGMV + ?> (18)
02
E[Xw|Xw > qo,] = Romv +n + kg, <VGMV+?>7 (19)
where Rcvor, Vevor IS the portfolio return and variance respectively, and

12
(Rgmv +vo)s + (kf_azs ((RGMV + )+ (s — kf_az)VGMv»

2
klﬂx2 -5

7”:

(20)
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Proof By Theorem 3 it holds that

1o — Romv
WCVoR = WGMV + fQIL- 2D

The portfolio wcvor satisfies the CVaR constraint given by (8) and, hence,

2
T T Vo + [0
— 10 — ki—ayy/ Woyor ZWCVOR = V0 & Wevor ZWCVoR = ( .

k] —a
(22)

Since womvEZQu = 0 and u T QXQpu = s, Eq. (22) can be further simplified to

_R 2 2
(VGMV N (o — Remv) ) _ (vo—l-uo) ‘ 23
s kl—az

To solve (23) for wg, we need to solve a second degree polynom expressed as
aipg — 2azpu0 +az =0 (24)

where

2 2

2 2 2 2
ar=kj_y, =8, aa=Romvki_q,+svoandaz =Vouvki_y,s + RGpyyki_g, — V55

Assuming that klz_w2 > s, the solution to (24) is given by o = (a2 £, /a% —azay)/ay
where

2 2 4 2.2
a; —aza; = Zk],azRGMVUOS — VGMVklfazs + UOSklfaz
2 2 2 2
+ Vomvki_g,s” + RGyvki_g,S

= k%_azs ((RGMV + ) 4 (s — k%_az)VGMV) .

Therefore the roots are equal to

2 2 2 2 172
ki_o, Romv + svo & (kl_azs ((RGMV +vo)” + (s — kl_az)VGMV>>
1o = > .
klw2 -5

(25)

Since the aim is to maximize the expected return of the portfolio, the first root is
optimal. Also if 4p € IR, then the following needs to hold

ki _gyS ((RGMV +v0)* + (s — k%,az)VGMV> > 0.
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The condition is equivalent to

v = —Romv ++/ (ki_g, = )V Vomv, (26)

and since \/(kz —5) < \/kz = —ki_qa,, the inequality vp > CVaRq, (Xwg,y)

1—ap 1—ap
holds if (26) does. The characteristics Rcyor, Vcvor can be easily calculated by using
the closed-form expression of the portfolio derived CVoR portfolio weights. O

From Theorems 3 and 4 two especially interesting facts arise. When using CVaR
as a risk measure, the CVoR portfolio exists only if klsz2 > s, and analogously
VaR exists if dlz_a2 > s. The same inequality is presented in Bodnar et al. (2012) to
ensure the existence of the minimum CVaR portfolio. Alexander and Baptista (2002)
showed that the inequality d ]27 a, > § 1s the criteria for existence of the minimum VaR
portfolio. Also, the CVoR portfolio puts a constraint on the constant vy in order for it
to exist. This has many interesting economical interpretations. The investor is never
limited to small confidence levels a», but he/she is limited in the choice of vy given
that confidence level. This is intuitively appealing. If an investor wants to pick a large
confidence level, then he or she must be committed to place more capital at risk, i.e.,
a larger vg. The following proposition explains the behaviour of 7 through the choice
of vy and a>.

Proposition 1 Assume that Rcvor > Romv, vo = CVaRy, (X(Wgmv)), az €
(1/2,1), and kl{az > 5. Then n is increasing in vo. If additionally kl{az > max{s, 2},
then n is decreasing in a».

Proof First, it is noted that 7 is a composite function of the quantile function k%faz =
2

kéz which is increasing in ;. Further, 7 can be seen as a function of k = ki_ - where

k has support {k > max{s, 2}} and the support of v is {v > —Rguv + vkVemv}
given by

_ g1(v) + +/ga(k, v)

k
1tk ) (k)

)

where g1(v) = (Romy +v)s = VkVouy = 0, g2(k, v) = ks(Romy +v)* — (k —
$)Vemyv) = 0and g3(k) = k — s > 0 for all kK and v from their supports.

It holds that 5 is increasing in v, since both g1 (v) and g»(k, v) are increasing in v.
Moreover, it holds that g5 (k) = 1,

dgr(k, v)
S = s(Romv + ) = (k= )Vomy) = ksVouy =0
and, hence,
an(k, v) g5(k) 1 0g2(k, v)
=- g1(v) + gk, v) ) + <0,
ok (g3(k))? ( ) 2g3(k)/g2(k,v) 0k
which proves the proposition. O
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Note that the constraint k%_az

all practical purposes. Since klzf w =d

> max{s, 2} is equally conservative as k%_az > s for

2
1-«

then as long as oy > 0.95 then dlz_a2 > (1.96)% > 2. This proposition implies that the
characteristics of the CVoR portfolio are strictly increasing functions of vy through
their dependence of 1. An investor will accept more return and risk by increasing the
value of vg. In the context of the CVoR portfolio, a risk-averse investor might choose
vo to be equal to the CVaR (or VaR) for the GMV portfolio for a given «>. He/she
might even be interested in placing less money at risk, thus decreasing their vg. The
constraint on the constant vg in Theorem 4 can be replaced by a more tight one. The
investor can choose smaller values of vy and still have that the CVoR portfolio exists.
This is displayed in the remark below.

R and if the normal distribution is assumed,

Remark2 Assume that x ~ ECD,(n, X, ¢(-)), where rank(X) = p, and assume
that WEVOR”’ > Rgupy together with oy € (1/2, 1) such that k%_az > s. If

v = —Romv +/(ki_y, =)V Vomv 27)

then the CVoR portfolio exists.

The inequality follows immediately from the proof of Theorem 4. The CVoR port-
folio exists under a tighter constraint on v, but the economical implications are
somewhat lost. There is a possibility to choose less capital at risk when construct-
ing the CVoR portfolio. Note that the constraint klz_ o, > § appears once again. One
can now show that if equality holds in (27) then under this assumption, the constant

n takes on the explicit form of \/ Vemy /(k%_ w = s)s and the weights and the char-

acteristics of the CVoR portfolio change thereafter. Under this assumption, increasing
the confidence level oy towards one implies that the CVoR portfolio tends towards the
GMV portfolio for both CVaR and VaR as a risk measure.

4 Numerical illustration

In this section the performance of the CVoR portfolio is investigated under different
circumstances and assumptions. Since the parameters of the data-generating process
are unknown quantities in practical applications, they have to be first estimated before
the CVoR portfolio is constructed. This will introduce an additional uncertainty into the
considered optimal portfolio choice problem, so-called estimation error. Although the
incorporation of the estimation error into the optimization problem when an optimal
portfolio is constructed is itself an important topic of research, it is neglected in the
discussed numerical illustration and is left for future research. Throughout this section,
the only restriction imposed on the portfolio weights is that their sum is equal to one,
e, W={w:w'l=1)}.

By convexity, the optimality of the CVoR portfolio choice problem is easily attained
under weak assumptions imposed on the return distribution by standard optimization
algorithms. In the context of the Basel requirements, the optimization problem can be
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solved for any distribution function. As discussed in Rockafellar and Uryasev (2002),
if one believes that the true distribution function of the portfolio return can be accu-
rately approximated by its sample counterpart, namely by the empirical cumulative
distribution function (ECDF), then the portfolio allocation problem (3) becomes a lin-
ear programming problem. Moreover, it is also possible to show a similar results for
the CVoR portfolio using the CVaR as a risk measure and approximating the unknown
distribution function of the portfolio return by the corresponding ECDF which is
constructed by employing a sample X1, X2, ..., X, of asset return vectors. Then, the
application of Theorem 10 in Rockafellar and Uryasev (2002) leads to

CVoRy (X1 (W), X2(W), ..., Xa(W)) = mi L S — gl
oRy (X1(W), Xo(W), ..., nw)—rr}]m q—l—(l_a)nl;[kw—q] .

(28)
The risk measure (or our return measure) now depends on the sample X; (w) = Xirw,
i =1, ..., n only. By using (28) one can rewrite (3) and arrive at a linear programming
problem, whose result is presented in Lemma 2 given in the appendix.

By Theorem 2 there is still a guarantee on the optimality of the CVoR portfolio under
Solvency 2, using the VaR as a risk measure. The regularity conditions constrain the
random variables to absolutely continuous return distributions, implying that their
densities exist. An optimal portfolio w may then be found using algorithms such as
gradient ascent or Newton’s method (ch. 8.2, Bazaraa et al. 2013) from the Lagrangian.
However, this relies on the fact that a large number of integrals can be evaluated, since
the portfolio return distribution is determined by a (potentially large) convolution of the
asset return distributions. The evaluation of the objective function may be costly and
time-consuming. A great deal of attention has been devoted to these types of problems
which are usually referred to as chance-constrained problems in the literature (with
their corresponding sample counterpart). Since these problems rely on a very different
set of algorithms, outside of the scope of this paper, the readers are referred to, e.g.,
Jiinger et al. (2009), Boukouvala et al. (2016) or Xie and Ahmed (2018) for recent
advancements and an overview of how to solve these types of problems.

The data used in this empirical illustration consist of monthly returns from 80
randomly chosen stocks from an incomplete S&P500 asset universe of size 394. The
range of data is from the 1st of January, 2000 to the 1st of January, 2021. The universe
is incomplete due to the fact that not all 500 stocks were included in the S&P500 index
during the last 20 years.

In Fig. 1 a boxplot of the monthly log-returns on each stock is displayed. Although
it is hard to asses the univariate distribution of the asset returns visually, they seem to
be roughly symmetric. There are some very large losses as well as returns in the stocks
CCL and MGN. However, there is no reason to doubt these values and they will not be
removed from the sample. The first four sample moments of each asset return, namely
the sample mean, sample variance, sample skewness and sample (excess) kurtosis are
computed and shown in Fig. 2. A large portion of the means are positive, so one could
expect the portfolios to make a profit over the considered period of 20 years. Most of
the variances are small, as it is usually observed for asset returns in empirical studies.
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Marginal distributions of asset returns.
Monthly data from 2001-01-01 to 2021-02-01. The stocks are a random subset of size 80 from an (incomplete) S&P500 asset universe of size 394
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Fig. 1 Boxplot of the monthly log-returns

Moments of marginal asset returns.
Monthly data from 2001-01-01 to 2021-01-01 from an (incomplete) S&P500 asset universe of size 394
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Fig.2 Histogram containing moments for each univariate asset return series

One very rarely see movements larger than a few percent in monthly returns unless
there has been a structural break. In the second row the skewness for the univariate
asset returns is displayed whose values are concentrated in the interval from —1 to 0
showing the presence of small negative skewness in the univariate distribution of asset
returns. This is in line with finance theory, namely with the observation that loses tend
to be larger than gains, since loses tend to be more “unexpected”’. We also observe that
the computed kurtosis coefficients belong to the interval from 0 to 5 indicating the
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Efficient frontier for portfolios based on first 180 observations.

Portfolio

0.04 © CVoR, ECDF (CVaR, 0.06, 0.5)
® CVoR, ECDF (CVaR, 0.08, 0.4)
. ® CVoR, Laplace (CVaR, 0.1, -)
® CVoR, Laplace (VaR, 0.1, =)
® CVoR, t(5) (CVaR, 0.06, -)
® CVoR, t(5) (CVaR, 0.08, -)
el ® CVoR, (5) (VaR, 0.06, -)
o ® CVoR, t(5) (VaR, 0.08, -)
0.03 ° EW
® Gmv
3. ® minCVaR, Laplace (CVaR, -, -)
© minCVaR, t(5) (CVaR, -, -)
© minVaR, Laplace (VaR, -, -)
& M © minVaR, (5) (VaR, -, -)
® SR
0.02
Type
® Benchmark (EW)
A Benchmark (min)
® Benchmark (SR)
. + CVoR
£
0.01

0.001 0.002
(o}

Fig.3 Location of the CVoR portfolio together with the benchmark portfolios on the efficient frontier

presence of heavy tails in the univariate distributions of the asset returns. In order to test
the symmetry of the multivariate distribution, Mardia’s test statistic for multivariate
skewness and kurtosis is computed. Both tests result in p-values close to 0 and as
such they reject the hypotheses that the skewness and the (excess) kurtosis in the
multivariate distribution are zero.

The performance of the suggested CVoR portfolio will be computed for different
risk measures (VaR, CVaR) at significance level o> = 0.99 and compared to a number
of benchmark portfolios. These portfolios are the equally weighted (EW) portfolio,
global minimum variance (GMV) portfolio, maximum Sharpe ratio (SR) portfolio
and minimum VaR/CVaR (minVaR/minCVaR) portfolios computed at significance
level ap = 0.99. Since all portfolios depend on different parameters, the absence of
dependency on a parameter is denoted by “-” in the table and figures.

The portfolios are constructed using a moving window approach. That is, the port-
folio weights are estimated using the past 180 observation and held for the next period
(month). The out-of-sample portfolio return is thereafter computed and then the new
portfolio weights are estimated, excluding the first observation in our time window but
including the latest one. Following this setup we compute 61 out-of-sample returns of
each portfolio considered in the study.

In Fig. 3 the efficient frontier is displayed for the randomly chosen 80 stocks
based on the first 180 observations. Since the number of portfolios is large, they
are grouped by “Portfolio” and “Type” in the legend of the figure. Three considered
portfolios lie below the efficient frontier. These portfolios are the EW portfolio and the
CVoR portfolios obtained following the nonparametric approach without imposing any
assumptions on the distribution of the asset returns. These findings are not surprising
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Development of portfolio wealth using monthly portfolio returns.
Portfolios are reweighted each month using the past 180 observations. There are 80 assets in the portfolios.

4

Portfolio type (risk, vo, a1)

~ CVoR, ECDF, (CVaR, 0.0, 0.5)

“- CVOR, Laplace, (VaR, 0.1, -)

== CVOR, t(5), (CVaR, 0.08, -)

- EW, (- -)
GMV, (Variance, -, -)

+ minCVaR, Laplace, (CVaR, -, -)

~- minCVaR, t(5), (CVaR, -, -)
minVaR, Laplace, (VaR, -, -)
minVaR, t(5), (VaR, -, -)

— SR, (Variance, -, -)

wealth

2016 2018

2020

time

Fig. 4 Development of the investor wealth for the considered optimal portfolios. The significance level
used in the computation of VaR is set to oy = 0.99

since there is no theoretical justification for either of these portfolios to be mean-
variance efficient. Moreover, the portfolios derived by minimizing risk measures are
located close to the vertex of the efficient frontier which is the GMV portfolio. In the
figure, the influence of the assumption of a parametric distribution imposed on the asset
returns is documented as well. The 7-distribution with five degrees of freedom leads
to mean-variance optimal portfolios with the largest expected return and variance.

InFig. 4 the development of investment wealth obtained after selecting the described
portfolio strategies is presented. The results in the figure are grouped by their objective
(e.g., minimum risk) and the distributional assumption imposed on the asset return
distribution. The best portfolio with the best performance during the considered time
period should result in the largest wealth at its end. From the beginning of 2016 to the
middle of 2018, all considered benchmark portfolios seem to outperform the CVoR
portfolios. However, starting from the middle of 2018, the CVoR portfolios take off
and consistently outperform the benchmark portfolios. The only exception seems to
be the SR portfolio which shows the second best result at the end of the investment
period slightly outperforming the CVoR portfolio constructed under the assumption
of the Laplace distribution.

Due to the presence of negative skewness in the univariate distributions of the asset
returns documented in Fig. 2, one might expect that the two nonparametric CVoR
portfolios which does not impose any distributional assumption on the asset returns
might be most profitable in terms of wealth out of the CVoR portfolios. However, as itis
shown in Fig. 4, this portfolio is ranked on the fourth place being worse than the CVoR
portfolios constructed under the assumption that the asset returns are multivariate z-

@ Springer



318 T.Bodnar et al.

distributed with five degrees of freedom and under the assumption that the asset returns
follow a multivariate Laplace distribution.

In Table 1 several performance measures of the considered portfolios are displayed.
The list of portfolios is more exhaustive since the figure is already crowded. These
metrics are calculated according to their respective sample counterparts. The out-of-
sample CVoR is calculated using oy = 0.5.

As it can be seen in Table 1, the variances of the constructed portfolios are smaller
than those presented in Fig. 2 which is explained by the effect of diversification [see,
Markowitz 1952]. It is interesting that the optimal portfolio that maximizes the Sharpe
ratio does not show the best performance with respect to the criteria based on the
maximization of the out-of-sample Sharpe ratio. This finding is explained by extreme
impreciseness present in the estimated weights of the SR portfolio (cf., Schmid and
Zabolotskyy 2008). From the figure describing the wealth, it is noted that holding
of the CVoR portfolio with vg = 0.08 computed under the assumption of the ¢-
distribution results in the highest wealth at the end of the investment period. That is
not the case when comparison of portfolios is performed in terms of the Sharpe ratio.
In this case the minimum CVaR portfolio computed under the assumption of the #-
distribution shows the best performance. This should not be surprising since the large
cumulation of wealth in Fig. 4 implies a larger variance which reduces the Sharpe ratio.
Furthermore, the larger variance is a consequence of the fact that the CVoR portfolio
assumes that the investor has a larger risk appetite.

An important quantity, which Fig. 4 does not convey, is the turnover defined by
[see, e.g., Golosnoy et al. 2019]

1 14
_ Port Port
Turnover = E E lw;. " — w7l
t=tp+1 i=1

where 7y and 71 are the initial and the last time of the rolling window estimation and the
abbreviation Port” is one the portfolios specified in the first column of Table 1 where
the results are displayed. The CVoR portfolios obtained without imposing assumption
on the asset return distribution demonstrate the highest turnover. Any profit or return
obtained by these portfolios would have been completely consumed by the turnover.
The portfolio with the third highest turnover is the portfolio which shows the best
performance in terms of the investor wealth in Fig. 4. This is one explanation to why
the portfolio can possess such a good performance in terms of wealth. It reacts rapidly
to market movements, but does not cope with the fact that reacting to such movements
is costly. This is of course not surprising since the transaction costs are not included
in the optimization problem. The portfolio with the smallest turnover is the equally
weighted, since it is never reweighted, while the GMV portfolio is ranked on the
second place with respect to this performance measure.

5 Summary

In this paper an entirely quantile-based optimal portfolio choice problem is introduced.
It takes both tails of the return distribution into account. The resulting optimal portfo-
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lios are obtained under general distributional assumptions on the asset returns. Both
sufficient and necessary conditions for the existence of the optimal portfolio, called
the CvoR portfolio, are provided under different risk measures. A special empha-
sis is placed on the use of risk measures which are demanded by current Basel and
Solvency regulations. For instance, the insurance companies have to follow the Sol-
vency 2 regulations and restrictions, and because of that they might prefer to use
quantile-based return measures, like the CVoR, as a complement to quantile-based
risk measures. In such a way, non-overlapping information presented in the portfo-
lio return distribution is used to specify the risk and the profit of the portfolio. The
resulting CVoR portfolio is shown to be very flexible and it provides good theoreti-
cal results as well as a straightforward implementation of numerical procedures. The
empirical illustration also demonstrates a good performance of the CVoR portfolio
in comparison to the considered benchmark portfolios based on several performance
measures.

The results of the empirical application relies on the true underlying return dis-
tribution which is not known. The model parameters in the data-generating process
are estimated by their sample counterparts, which are then used instead of unknown
population quantities. In doing so, estimation error is introduced in the decision pro-
cess which is, however, not accounted for in the derived theoretical results. Also,
the investigation of temporal independence in the underlying data-generating process
has been neglected in the empirical application. This was done in order to avoid that
the numerical illustration would loose its focus on the main results of the current
paper.

The introduced quantile-based portfolio selection problem is not restricted to the
usage of the CVoR but other quantile-based return measures could be used. The topic is
not treated in the paper and it is left for future research. As the CVoR is a modification of
the CVaR and the CVaR is a special case of spectral risk measures, one can incorporate
a modification of spectral risk measures into the portfolio selection problem. The use
of these would imply a great deal of flexibility for investors which can then also rely
on nice theoretical properties of the optimization problem.
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6 Appendix

LetI,, = diag(1, 1,, ..., 1) of dimension n x n, 0,, denote a column vector of length
n with zeros and 1, be a vector filled with ones of length n. Let the column vector x;
indicate the kth observation and X, a matrix of size p x n, the full sample.

Lemma2 Let X(W) =wW'x, w=u—v, y=y1—y, & =& —& andletni, 6k >0,
k=1, ..., nsuchthat —(u—v) "X —(y1—y2)—nx < 0and (u—v) " x;—(&1—&)—0 <
0, andletz = (ul, uz,...up, V1, V2, ..., Vp, V1, V2, %’1, %’2, N, N2y -oes Ny 91, 92, ceey Gn)T.
By approximating the distribution function of the portfolio return by its sample coun-
terpart, the optimization problem (3) can be rewritten as

min ¢’z

z
s.t.Az—b <0 29)
z>0

wheree = (0,1 =1 0 0 1T0T) b=(1 —lvy 05) and

(T—apn a1)n n
1, —1T; 0 0 0 0 0 0
-1, 1, 0 0 0 0 0, 0,
A=[o; o) 0 0 1 -1 g==17 0
-X X -1, 1, 0 0 ~I, 0,0
X -X 0 0 -1, 1, 0,0, -1,

Proof of Lemma 2 By using Eq. (28) together with some abuse of notation (3) can be
rewritten as

N
1
maxmln {y + m E [WTXk - V]+}
k=1

stowll=1 (30)
1 N
: - Cw _ &1t
msm{g+(1—a2)NkE_1[ w x; —&] }Svo-

By Theorem 16 of Rockafellar and Uryasev (2002) (30) can further be written as

N
1
maxmin{y + ———— Z[WTXk - V]+}

LA (I —ap)N P
stow'l=1 (31)
1 N
Y [~wixg —E]T } < vy,
5 (1 —a2)N ]; §
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We start by optimizing over —w instead of w such that the objective only con-
tains minimization procedures. Since all linear programming problems assume that
the elements of the decision vector have positive support the following variables are
introduced. Let w = u — v where u takes care of the positive part and v takes care
of the negative if u;, v; > 0,i = 1, 2, ..., p. The same operations are performed for
y and £ by introducing y = y; — y» and & = & — & where yy, 2, €1, & > 0. For
each observation k = 1, ..., n, introduce the auxiliary variables 1, 6y > 0 such that
—@—v)'x— (11 —y2) —m < 0and (w—v) ' x¢ — (&1 — &) — 6 < 0. Hence,

. 1 Z
min — + —
I q1 —q2 d—apn ];nk

st.(u—v)'1+1<0
—u-v'1-1<0

1 . (32)
&1 —52+mk2:;9k < vo,
—@=-V'x% - —y)—m =0
W—v)"x— (1 —E) -6 <0
Ur, U2, ...Up, V1, V2, ..., Up, Y1, V2, ELEL 1, m, ey, 01,02, ...,60, >0
where z = (uy,uz, ..up, V1,02, ..., Vp, Y1, ¥2, &1, 62, 01, 125 <0y M, 01, 02, .., O)

which is a linear programming problem. Note that the constraint that the weights
should sum to one is transformed into two inequalities. By introducing the matrix and
vectors A, b and ¢, the lemma follows. O

References

Acerbi C (2002) Spectral measures of risk: a coherent representation of subjective risk aversion. J Bank
Finance 26(7):1505-1518

Adam A, Houkari M, Laurent J-P (2008) Spectral risk measures and portfolio selection. J Bank Finance
32(9):1870-1882

Adcock CJ (2010) Asset pricing and portfolio selection based on the multivariate extended skew-student-t
distribution. Ann Oper Res 176(1):221-234

Alexander GJ, Baptista AM (2002) Economic implications of using a mean-var model for portfolio selection:
a comparison with mean-variance analysis. J] Econ Dyn Control 26(7):1159-1193

Alexander GJ, Baptista AM (2004) A comparison of var and cvar constraints on portfolio selection with
the mean-variance modelA comparison of var and cvar constraints on portfolio selection with the
mean-variance model. Manag Sci 50(9):1261-1273

Artzner P, Delbaen F, Eber J-M, Heath D (1999) Coherent measures of risk. Math Financ 9(3):203-228

Bauder D, Bodnar T, Parolya N, Schmid W (2021) Bayesian mean-variance analysis: optimal portfolio
selection under parameter uncertainty. Quant Finance 21:221-242

Bazaraa MS, Sherali HD, Shetty CM (2013) Nonlinear programming: theory and algorithms. Wiley, New
York

Best MJ, Grauer RR (1991) On the sensitivity of mean-variance-efficient portfolios to changes in asset
means: some analytical and computational results. Rev Financ Stud 4(2):315-342

Bodnar T, Dmytriv S, Parolya N, Schmid W (2019a) Tests for the weights of the global minimum variance
portfolio in a high-dimensional setting. IEEE Trans Signal Process 67(17):4479-4493

@ Springer



Quantile-based optimal portfolio selection 323

Bodnar T, Gupta A (2009) Construction and inferences of the efficient frontier in elliptical models. J Jpn
Stat Soci 39:193-207

Bodnar T, Mazur S, Okhrin Y (2017) Bayesian estimation of the global minimum variance portfolio. Eur J
Oper Res 256(1):292-307

Bodnar T, Okhrin O, Parolya N (2019b) Optimal shrinkage estimator for high-dimensional mean vector. J
Multivar Anal 170:63-79

Bodnar T, Okhrin Y, Vitlinskyy V, Zabolotskyy T (2018a) Determination and estimation of risk aversion
coefficients. CMS 15(2):297-317

Bodnar T, Parolya N, Schmid W (2018b) Estimation of the global minimum variance portfolio in high
dimensions. Eur J Oper Res 266(1):371-390

Bodnar T, Schmid W (2009) Econometrical analysis of the sample efficient frontier. Eur J Finance 15(3):317—
335

Bodnar T, Schmid W, Zabolotskyy T (2012) Minimum var and minimum cvar optimal portfolios: estimators,
confidence regions, and tests. Stat Risk Model Appl Finance Insurance 29(4):281-314

Bonaccolto G, Caporin M, Paterlini S (2018) Asset allocation strategies based on penalized quantile regres-
sion. CMS 15(1):1-32

Boukouvala F, Misener R, Floudas CA (2016) Global optimization advances in mixed-integer nonlinear
programming, minlp, and constrained derivative-free optimization, cdfo. Eur J Oper Res 252(3):701—
727

Chan LK, Karceski J, Lakonishok J (1999) On portfolio optimization: forecasting covariances and choosing
the risk model. Rev Financ Stud 12(5):937-974

Eling M (2014) Fitting asset returns to skewed distributions: are the skew-normal and skew-student good
models? Insurance Math Econ 59:45-56

Fang K, Zhang Y (1990) Generalized multivariate analysis. Science Press, New York

Fastrich B, Paterlini S, Winker P (2015) Constructing optimal sparse portfolios using regularization methods.
CMS 12(3):417-434

Font B (2016) Bootstrap estimation of the efficient frontier. CMS 13(4):541-570

Golosnoy V, Gribisch B, Seifert MI (2019) Exponential smoothing of realized portfolio weights. J Empir
Financ 53:222-237

Gupta AK, Varga T, Bodnar T (2013) Elliptically contoured models in statistics and portfolio theory.
Springer, New York

Hamada M, Valdez EA (2008) Capm and option pricing with elliptically contoured distributions. J Risk
Insurance 75(2):387-409

He XD, Zhou XY (2011) Portfolio choice via quantiles. Math Finance Int J Math Stat Financ Econ
21(2):203-231

Huang D, Zhu S, Fabozzi FJ, Fukushima M (2010) Portfolio selection under distributional uncertainty: a
relative robust cvar approach. Eur J Oper Res 203(1):185-194

Jiang C-F, Peng H-Y, Yang Y-K (2016) Tail variance of portfolio under generalized Laplace distribution.
Appl Math Comput 282:187-203

Jiinger M, Liebling TM, Naddef D, Nemhauser GL, Pulleyblank WR, Reinelt G, Rinaldi G, Wolsey LA
(2009) 50 Years of integer programming 1958-2008: from the early years to the state-of-the-art.
Springer, New York

Kawas B, Thiele A (2017) Log-robust portfolio management with parameter ambiguity. CMS 14(2):229—
256

Linsmeier TJ, Pearson ND (2000) Value at risk. Financ Anal J 56(2):47-67

Markowitz H (1952) Portfolio selection. J Finance 7(1):77-91

Merton RC (1972) An analytic derivation of the efficient portfolio frontier. J Financ Quant Anal 7(4):1851—
1872

Merton RC (1980) On estimating the expected return on the market: an exploratory investigation. J Financ
Econ 8(4):323-361

Owen J, Rabinovitch R (1983) On the class of elliptical distributions and their applications to the theory of
portfolio choice. J Financ 38(3):745-752

Rockafellar RT, Uryasev S (2000) Optimization of conditional value-at-risk. J Risk 2:21-42

Rockafellar RT, Uryasev S (2002) Conditional value-at-risk for general loss distributions. J Bank Finance
26(7):1443-1471

Schmid W, Zabolotskyy T (2008) On the existence of unbiased estimators for the portfolio weights obtained
by maximizing the Sharpe ratio. AStA Adv Stat Anal 92(1):29-34

@ Springer



324 T.Bodnar et al.

Shapiro A, Dentcheva D, Ruszczyiniski A (2009) Lectures on stochastic programming: modeling and theory.
SIAM, Philadelphia

Xie W, Ahmed S (2018) On quantile cuts and their closure for chance constrained optimization problems.
Math Program 172(1-2):621-646

Yao H, Li Z, Lai Y (2013) Mean-cvar portfolio selection: a nonparametric estimation framework. Comput
Oper Res 40(4):1014-1022

Yu J-R, Lee W-Y, Chiou W-JP (2014) Diversified portfolios with different entropy measures. Appl Math
Comput 241:47-63

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer



	Quantile-based optimal portfolio selection
	Abstract
	1 Introduction
	2 The conditional value of return portfolio
	3 The CVoR Portfolio for elliptically contoured distribution
	3.1 Elliptically contoured distributions
	3.2 Closed form solution

	4 Numerical illustration
	5 Summary
	Acknowledgements
	6 Appendix
	References




