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Abstract

We study mean-risk optimal portfolio problems where risk is measured by Recovery
Average Value at Risk, a prominent example in the class of recovery risk measures. We
establish existence results in the situation where the joint distribution of portfolio assets
is known as well as in the situation where it is uncertain and only assumed to belong to
a set of mixtures of benchmark distributions (mixture uncertainty) or to a cloud around
a benchmark distribution (box uncertainty). The comparison with the classical Average
Value at Risk shows that portfolio selection under its recovery version enables financial
institutions to exert better control on the recovery on liabilities while still allowing for
tractable computations.

Keywords: Robust portfolio management; risk measures; recovery average at risk; efficient
frontier; mean-risk optimal portfolios.

1 Introduction

Portfolio selection is one of the central topics in mathematical finance and has been extensively
studied in the literature. Since the pioneering publications by Markowitz (1952), Sharpe (1963),
Lintner (1965), much attention has been devoted to optimal portfolio problems in a mean-
risk framework, where the objective is to study portfolios of financial assets that maximize
expected returns subject to a given risk control. As in every optimization problem, the key
questions from a theoretical perspective are those about existence, uniqueness, stability, and
explicit identification of optimal portfolios. This, of course, highly depends on the chosen risk
measure as well as on the assumptions on the (joint) distribution of the various assets. At the
beginning, the literature has almost exclusively used the variance of the aggregated portfolio
as the underlying measure of risk. In more recent years, especially after the publication of

Artzner, Delbaen, Eber & Heath (1999), there has been growing interest in revisiting mean-risk
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portfolio problems replacing the variance with risk measures that were deemed to capture risk
in a more appropriate form, e.g., by focusing on the tail distribution of aggregated portfolios
only. The bulk of the literature has focused on Value at Risk (VQR) and Average Value at Risk
(AVQR) and on their comparison; see, e.g., Rockafellar & Uryasev (2000), Basak & Shapiro
(2001), Campbell, Huisman & Koedijk (2001), Frey & McNeil (2002), Rockafellar & Uryasev
(2002), Yiu (2004), Yamai & Yoshiba (2005), Leippold, Trojani & Vanini (2006), Ciliberti,
Kondor & Mézard (2007), Cuoco, He & Isaenko (2008), Pirvu & Zitkovic (2009). Gundel &
Weber (2008) study risk constraints in terms of utility-based shortfall risk. While most of the
initial literature worked under the basic assumption that the joint distribution of portfolio assets
is known, the subsequent literature has expanded the scope of research to include situations
where there is uncertainty about the joint dependence across assets. The corresponding robust
optimal portfolio problems under dependence uncertainty have been studied, e.g., in Gundel &
Weber (2007), Quaranta & Zaffaroni (2008) and Zhu & Fukushima (2009).

The goal of this note is to investigate optimal portfolio problems in a mean-risk framework where
risk is measured by Recovery Average Value at Risk (RecAV@R). This is a prominent example
of a recovery risk measure, a concept that has been recently introduced in Munari, Weber &
Wilhelmy (2023). As argued there, recovery risk measures are designed to complement standard
risk measures used in solvency regulation by offering portfolio managers the ability to exert a
tighter control on the recovery of liabilities. In this sense, recovery risk measures have natural
applications to mean-risk portfolio problems in an asset-liability management setting, where
the risk constraint plays, for example, the role of an external regulatory constraint that can
be interpreted as a solvency capital requirement. In the case of AVQR, one can only ensure
solvency on average in the worst, say, 1% (as in the Swiss Solvency Test) or 2.5% (as in Basel
III) of scenarios, but this per se does not provide any information about the ability to cover any
pre-specified fraction of liabilities. However, it clearly matters to liability holders, and regulators
on their behalf, if, say, 95% or only 5% of liabilities is recovered in the case of insolvency. A
recovery risk measure like RecAV@R can be employed to this effect. By definition, RecAVQR
ensures that assets are sufficient to cover on average any pre-specified fraction A of liabilities
in the worst 100y(A)% of scenarios. The function v can be chosen to tailor the relevant size
of the tail distribution depending on the size of liabilities to be recovered. In particular, it is
reasonable to assume that « is increasing and (1) coincides with a regulatory threshold like 0.01
(as in the Swiss Solvency Test) or 0.025 (as in Basel III) to make sure a priori that RecAVAQR

is more stringent than the AV@QR used in insurance or banking regulation.

This note is organized as follows. In Section 2 we briefly review the definition and the main
properties of RecAV@R. In Section 3 we focus on optimal portfolio problems under RecAV@QR
both without and with dependence uncertainty. The main contribution is to show, by means
of suitable minimax theorems, that optimal portfolios can be determined by solving appropri-
ate linear programming problems that are both conceptually and computationally akin to the
problems studied by Rockafellar & Uryasev (2000), Rockafellar & Uryasev (2002), and Zhu &
Fukushima (2009) in the setting of mean-AV@R, portfolio selection. In Section 4 we apply our
results to study optimal portfolios in two concrete case studies. The first case study shows that
there can be a marked difference between optimal portfolios under AV@QR, and RecAV@QR. More



specifically, in the presence of a risk-free and a risky asset, there are realistic situations where
it is optimal under AV@R to fully invest in the risky asset whereas the optimal holding in the
risky asset is capped if RecAV@R is used to measure risk. In the second case study we focus on
the more computational aspects and show that, in the presence of two risky assets whose returns
follow standard distributions encountered in applications, the determination of robust efficient

frontiers under RecAV@R is feasible and computationally similar to the one under AVQR.

2 Recovery Average Value at Risk

In this section we recall the definition and the basic properties of the risk measure Recovery
Average Value at Risk (RecAV@R) introduced in Munari et al. (2023), to which we refer for
the relevant proofs and for additional details. In the next sections we will take up the study of

mean-risk portfolio problems where risk is quantified by RecAV@R.
Let (Q,F,P) be a probability space and denote by L° the vector space of Borel measurable

functions X : Q@ — R (modulo P-almost sure equality). Throughout the paper we assume
that positive values of X represent a profit or a positive balance whereas negative values of X
represent a loss or a negative balance. The Value at Risk (V@R) of X € L? at level a € [0,1]
is defined by

V@R, (X) :=inf{z e R; P(X + 2z < 0) < a}.

The Average Value at Risk (AV@QR) of X € L at level a € [0, 1] is defined by

L[ VaRg(X)ds, if o € (0,1],
inflr e R; P(X +2>0)=1} ifa=0.

AV@R,(X) =
Definition 1. Let v : [0,1] — [0,1] be an increasing function. The Recovery Average Value at
Risk (RecAV@R) of (X,Y) € L° x LY with level function v is defined by

RecAV@R,(X,Y) := sup AV@R, (X + (1 = A\)Y).
A€(0,1]

Clearly, RecAV@R is an extension of AV@QR. Indeed, by taking a constant function v, say v = «

for some « € [0, 1], one easily verifies that for every X and for every positive Y’
RecAV@R, (X, Y) = AVGR4(X).

The definition of RecAV@R is motivated by the following application. Consider a financial firm

with stylized balance sheet at a generic time t given by

] Assets \ Liabilities
Ly
Et = At — Lt

Ay

The quantity F; represents the net asset value of the firm and can be either positive or negative

depending on whether the asset value A; is larger than the liability value L; or not. In the



typical setting of a one-year horizon there are two reference dates, ¢ = 0 (today) and t = 1
(end of the year). In a risk-sensitive solvency framework, the firm is adequately capitalized if
its available capital Ey is larger than a suitable solvency capital requirement that depends on
the size of F1 and therefore captures the inherent risk in the evolution of the balance sheet. In
practice, solvency capital requirements are determined by applying a suitable risk measure p
like V@GR or AV@R to the variation® in the net asset value AF; := E; — Ey. The corresponding

solvency test therefore takes the form

The risk measure RecAV@R can be used to define a solvency test of this type. Indeed, if the
random variables X and Y in Definition 1 are interpreted, respectively, as the net asset value

F4 and liabilities L; in the firm’s balance sheet, then we can design the solvency test
RecAVQR, (AFE1, L1) < Ey. (1)
The financial interpretation is clear once we observe that (1) is equivalent to requiring that
AV@R, () (A1 —AL1) <0, VA€0,1].

In words, the firm is adequately capitalized with respect to RecAV@QR if, for every fraction
A € [0,1], a firm with assets A; and liabilities AL; is solvent on average in the worst 100v(\)%
scenarios (under P). In particular, the firm must be solvent on average in the worst 100y(1)%
scenarios (under P), showing that (1) is more stringent than a standard AVQR test at level
~v(1). It therefore comes as no surprise that, in the special case where the level function v is
constant, say v = « for some a € [0, 1], the test (1) boils down to a standard AVQR test

AV@R,(AE;) = RecAV@R, (AE;, L) < By <= AV@R,(E;) < 0. (2)

In this case the firm is adequately capitalized if it is solvent on average in the worst 100a%
scenarios (under P). The flexibility added by (1) to the standard test (2) is that one can control
recovery on liabilities, which is not permitted by standard solvency capital requirements based
on AV@R. This control is made possible by prescribing, in principle for each recovery level
A € [0,1], a different tail threshold y(\). In this sense, it is natural to assume, as in Definition
1, that v is an increasing function: When we target a higher recovery on liabilities, we require
solvency over a larger portion of the tail of AE;. It should be noted that (1) also allows to
control the probability of recovering the pre-specified fractions of liabilities. This is because, for

any given « level, AV@QR is larger than V@R and therefore

ReCAV@Rv(AEl, Ll) <FEy = V@R,y()\) (A1 — )\Ll) <0, Ve [0, 1].

'In practice, instead of Eo the expectation of F1, typically discounted, is frequently used, see Hamm, Knispel
& Weber (2020) for a discussion.



Translated in terms of recovery probabilities, we obtain as claimed
ReCAV@RW(AEl, Ll) <Fy = P(Al < )\Ll) < ")/(/\), Ve [0, 1}.

The next proposition records an equivalent formulation of RecAVQR when the level function ~y
is piecewise constant. In this case, RecAV@R is especially tractable and it is precisely this type

of level functions that will be later used in our numerical studies.

Proposition 2. Forn e Nglet 0 < a1 < - < apr1 <l and 0 <ry < - <rp < rpy1 = 1.
Define a function «y : [0,1] — [0, 1] by

o if 0 < A<y,

ap if 1 <A<,

Qp ifrn—l <A<,

ant1 ifrp < A<rpp =1,
Forall X € LY and Y € Lg_

RecAVOR,(X,Y) = _max  AVGR (X +(1-r)Y).

We conclude this section by stating some basic properties of RecAV@R, which follow at once

from well-known properties of AVQR.
Proposition 3. Let v :[0,1] — [0,1] be increasing. The following properties hold:

(i) Cash-invariance in the first component: For all X,Y € L° and m € R

RecAV@AR,, (X +m,Y) = RecAVQR, (X,Y) — m.

(#i) Monotonicity: For all X1, X9,Y1,Ys € LY such that X1 > X9 and Y1 > Ys

RecAV@R, (X1,Y1) < RecAVAR,, (X», Y>2).

(iii) Subadditivity: For all X1, Xo,Y1,Ys € L9

ReCAV@R»Y(Xl + X5, Y1 + Yz) < ReCAV@R,y(Xl, Yi) + ReCAV@R'Y(XQ, YQ).

iv) Positive homogeneity: For all X, Y € LY and a > 0
(iv) geneity ,

RecAV@R, (aX,aY’) = aRecAV@R,(X,Y).



3 Optimal portfolio selection under RecAV@QR

Risk measures are an important instrument to limit downside risk in portfolio optimization
problems. This idea is related to the classical portfolio problem studied in Markowitz (1952),
where the objective was to select portfolios of reference financial assets with the goal of maxi-
mizing the expected return of the portfolio without exceeding a pre-specified level of standard
deviation. In this sense, optimal portfolios represent the best tradeoff between risk and return.
A similar problem can be reformulated in the language of asset-liability management for a fi-
nancial institution, in which case the risk constraint is interpreted as a regulatory constraint.
Standard deviation is, however, not a good risk measure in this type of applications because
it fails to disentangle upside and downside risk. For this reason, the subsequent literature has
investigated the mean-risk problem under different choices of tail risk measures, including V@R,
and AVQR; see, e.g., Rockafellar & Uryasev (2000), Basak & Shapiro (2001), Campbell et al.
(2001), Rockafellar & Uryasev (2002), Zhu & Fukushima (2009). Special attention has been
devoted to AVQR because the resulting problem becomes convex and allows to exploit the rich

methodology of convex optimization to characterize optimal portfolios.

In this section, we study the mean-risk problem for a financial institution that is subject to
solvency capital requirements expressed in terms of the convex recovery risk measure RecAVQR.
Our goal is to characterize the corresponding optimal portfolios. This task is, at first sight, more
challenging than under AVQR because its recovery counterpart is defined as a supremum of
standard AV@QR’s, making the mean-risk problem mathematically more involved. With the help
of a suitable minimax theorem, which we establish for this purpose, we can nevertheless reduce
the problem and show that standard techniques from linear programming can be exploited to

identify optimal portfolios.

We consider a financial institution with total budget b > 0 at time ¢ = 0. The company

can invest in k = 1,..., K financial assets whose prices at dates ¢ = 0,1 are described by
SF and whose relative returns are denoted by RF so that S¥ = S¥(1 + RF). We assume that
R',...,RX € L'. For every k = 1,..., K the company invests a fraction 2* > 0 of its total

budget into asset k& so that Zle zF = 1. For later convenience we define

K
AK = {:L'G]Rf; Zxkzl}.
k=1

We also set R = (R',...,RE)" and = = (z',...,2%)T. The total asset value at time ¢ = 1 is
thus equal to
K K
Ay(z):=bY a*(1+R¥) = b (1 + Zka’f) .
k=1 k=1
In addition, we suppose that the company’s liabilities at time ¢t = 1 amount to a random fraction
Z of the initial budget, i.e., the liabilities are equal to L; := bZ. We assume that Z € L'. The

net asset value of the company equals

K
Ei(z) :=A(x)—Li=b <1+Z z® RF —Z) .

k=1



The expected net asset value is therefore given by

K
E(E;(x)) = b (1 +) 2 E(RF) - IE(Z)) .
k=1
The mean-risk problem can equivalently be stated either as the maximization of expected returns
under a risk constraint or as the minimization of risk for a target expected return. We focus on
the latter formulation. For a given level function « : [0,1] — [0, 1] and for given a € R, we are

thus interested in the following problem:

min RecAVQR., (Ei(x), L1) (3)

TeAK

s.t. E(Al(a?)) > a.

It is convenient to formulate the constraint for the expected return instead of the expected asset
value. Using the properties of AV@QR recorded in Proposition 3 and filtering out all constant

terms, we can equivalently focus on the following problem for given p € R:

K
min RecAV@R *RF - 27,7,
zeAK (1) K (kzzl )

where the set of admissible portfolios is defined by
K
AR () = {cc c AF, ZxkE(Rk) > u} .
k=1

We focus on the special case of piecewise-constant level functions v introduced in Proposition
2. In this case, RecAV@R is a maximum of finitely many AV@R’s and the optimal portfolio

problem can be equivalently written for given p € R as:

K
min max AV@R,, Z o*RF — 1,7 | .
:EGAK(,LL) i:L...,n-‘,—l =1

As a last step, we exploit the representation of AVQR established in Rockafellar & Uryasev
(2000) and Rockafellar & Uryasev (2002) to conveniently reformulate the problem above. To

this effect, for i = 1,...,n+ 1 and = € AK we can write

K
AV@R,, (Z 2 RF — n-Z) = min ¥'(x, v),
k=1

veER

where the auxiliary function ¥i(x,-) : R — R is defined by

K
; 1
U (z,v) := —E (max {v — Zkak + 12, 0}) — .
Q;

k=1

As a consequence, our original optimal portfolio problem can be equivalently reformulated into



the following minimax problem for given u € R:

Ry o T W ) @
At first sight, this optimization problem seems difficult to cope with because of the entanglement
between minimization and maximization. The following theorem shows that, by appropriately
increasing the dimensionality of the internal minimization problem, we can interchange the
order of minimum and maximum, thereby reducing the problem of finding optimal portfolios to

a tractable linear programming problem.

Theorem 1. For every & € AKX the following minimaz equality holds:

max minV'(x,v) = min max V'(x,v").
i=1,...,n+1 vER veRn+1i=1,...n+1

In particular, problem (4) can be equivalently written as

min  min  max Y'(x,0").
zeAK (p)veRr+1i=1,...,n+1

Proof. Tt is known from Rockafellar & Uryasev (2000) that, for each i = 1,...,n+1, the convex
function W¥(z,-) attains its minimum on the (nonempty) compact interval [g;,q;"], where ¢
and qf are the lower, respectively upper, o;-quantiles of > 5:1 " R* —r;Z. The desired minimax

equality therefore follows at once from Theorem 4 in the appendix. O

In view of Theorem 1, the problem of determining the portfolios with miminal risk for a fixed
expected target return p € R can be equivalently expressed as
min {T; V' (z,0v")<T,i=1,...,n+1}.
(z,v,T)EAK () xR xR
The evaluation of the functions U%’s involves the calculation of an expected value. In typical real-

world applications, this is performed through Monte Carlo simulation. If (Ry, Z1),...,(Rg, Zs)

are S independent simulations of the pair (R, Z), we obtain the associated problem

S K
1 | |
min T, — max < v’ - E FRE 47,0 V<T i=1,... . m+1%.
(@, T)EAR () xR xR { 5 ; X{ k=1 T



The original problem can eventually be formulated as a tractable linear program of the form
min T

S
1 Sul o .
S.t. @Zluj_v ST; Z:la-..7n+1)

W .
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4 Robust optimal portfolio selection under RecAV@R

In this section we study the optimal portfolio problem under uncertainty about the underlying
probabilistic model. We will show that, in spite of the added complexity, the problem can still

be reduced to a tractable linear programming problem.

Throughout the section we fix a measurable space (£, F) and denote by £ the vector space of
Borel measurable functions X : 2 — R. The set of all probability measures on (£2, F) is denoted
by P. Throughout we use a superscript to make explicit the dependence of our risk measures

on the chosen probability measure in P.

Definition 4. Let v : [0,1] — [0, 1] be an increasing function and M C P. The Worst-Case
Recovery Average Value at Risk of (X,Y) € LY x LY with level function v and uncertainty set
M is defined by

RecAVAGRY!(X,Y) := sup RecAVARY(X,Y).
PeM

For a given level function 7 : [0,1] — [0,1] and a given uncertainty set M C P, and for given

a € R, we are interested in the following robust version of problem (3):

min RecAV@RJ'(Ey(z), L1) (5)

TEAK

t. inf Ep(A > q.
s.t PIEHM p(Ai(x)) > a

In the sequel we specify our analysis to two ways to define the uncertainty set M, which have
been applied in Zhu & Fukushima (2009) to the study of robust mean-risk portfolio problems

where the reference risk measure is AVQR.
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4.1 Mixture uncertainty

In a first step, we assume the existence of a finite number of benchmark probability measures,
denoted by Py,...,P,, € P, and consider all possible convex combinations mixing them. This

corresponds to the uncertainty set

Mmiz = Z )\j]P)j ; AeA™
j=1

Consider a piecewise constant level function v as in Proposition 2. For ¢ = 1,...,n+ 1 and

x € AKX and for j = 1,...,m define the auxiliary function \IJ; (xz,-): R — R by

K
. 1
Vi(z,v) = ;E[P]. (max {v - Zkak +riZ, O}) —.
! k=1
Repeating the reasoning in Section 3 we can recast the robust portfolio problem (5) with un-
certainty set M, in the following equivalent form for given pu € R:

m

min  max max min ) \Vi(x,v), (6)
zeAK. (1) AeA™ i=1,....n+1 vER =

where the set of admissible portfolios is defined by

K
A1) = {:c €A min 37 oMEp, (RY) > u} .
7j=1,....m
k=1
The next theorem shows that the maxima and minima appearing in problem (6) can be reordered

and coupled, thereby reducing the problem to a tractable linear programming problem.

Theorem 2. For every & € AX the following minimaz equality holds:

m

max max min » \Wj(z,v)= min max max Vi(x,v").
AEA™ i=1,...,n+1 vER 4 veR+1 j=1,..;mi=1,...n+1
J

In particular, problem (6) can be equivalently written as

min ~ min = max ~ max Vi(z,v").
zeAK. (p)veER"H! j=1,..mi=1,.,n+1

Proof. By Rockafellar & Uryasev (2000), for all i = 1,...,n+ 1 and j = 1,...,m the convex
function \If;(ili, ) attains its minimum on the (nonempty) compact interval [g; j,qi’fj], where
a4 ; and qjj are the lower, respectively upper, o;-quantiles under P; of the random variable
Zszl #*RF — r;Z. For every i = 1,...,n + 1 and for every choice of A € A™ the function

Z;n:l )\j\Il;'-(ac, -) must therefore attain its minimum in the same compact interval, namely

Z;:=| min 4 ;>
m

_l’_
max -
7=1,..., . qu’]

j:1) bl
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For every ¢« = 1,...,n + 1 the sets A™ and Z; are compact and convex and the function
(Av) = 300 qulg-(m,v) is linear in A and convex in v. As a consequence, the minimax

theorem in Fan (1953) delivers for every i =1,...,n+1

m m m
max min » A; \Il’ (x,v) = max min » A; \IlZ (z,v) = min max AUl i(x,v)
AEA™ veER AEA™ veT; VEL; AEA™ £
J=1 J=1 J=1
m
= min max Aj \I’Z (x,v) = min max W’ i(x,v).
vER AeA™ 4 1 veER j=1,....m
‘7_

Since we can always interchange two consecutive maxima, we infer that

m
max = max min » A\ iz, v) = max min max ol iz, v).
AeA™i=1,...,n+1 veR — i=1,...,n+1 vEeR j=1,...m
As for every i = 1,...,n + 1 the convex function max;—y ., \Il;(:c, -) attains its minimum on

Z;, a direct application of Theorem 4 in the appendix yields the desired minimax equality. [

In the spirit of Section 3, one can use Theorem 2 to conveniently reformulate the portfolio

problem under mixture uncertainty as

min T; Ui(e,o)<T, j=1,....,m, i=1,...,n+1}.
N et C R )

maix

By approximating the expected value in the functions \Ilé’s using Monte Carlo simulation as

before, the problem can again be written as a tractable linear programming problem.

4.2 Box uncertainty

In a second step, we fix a benchmark probability measure P € P under which the random

vector 8 = (R',...,RX, Z) is discrete and takes the values sq,..., 8, € RETL To simplify
the notation, we set for every j =1,...,m
mj :=P(S = s;)

We consider all possible probability measures under which S remains discrete and that are
obtained by a slight perturbation of the reference probability measure IP. The set of perturbation

parameters is defined for given €, € R™ such that e <z and w +& > 0 by

m
E=KeecR™; e<e<E, Zqu
j=1

For every € € £ we consider a probability measure P, € P such that for j =1,...,m

PE(S = Sj) =Ty +€j.
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The corresponding uncertainty set is given by
Moy :={Pc € P; e €&}

Consider a piecewise constant level function v as in Proposition 2. For ¢ = 1,...,n+ 1 and
x € AK and for € € £ define the auxiliary function ¥i(z,-): R — R by

K
. 1
Vi (x,v) == —Ep, | max v — kaRk +r; 2,00 | —v.
@i k=1
Repeating the reasoning in Section 3 we can recast the robust portfolio problem (5) with un-
certainty set My, in the following equivalent form for given pu € R:

min  max max min¥i(x,v), (7)
meAggz(#) ecf i=1,...,n+1 veR

where the set of admissible portfolios is defined by
K
Afoe(n) = {m e AR Igleig;zkEm(Rk) > u}

Once again, the maxima and minima appearing in problem (7) can be reordered to yield a

tractable linear programming problem. This is recorded in the next result.

Theorem 3. For every & € RE the following minimaz equality holds:

max max min¥.(x,v) = min max max YL(x,v").
ec€ i=1,...,n+1 veER veRn+1 g€ i=1,...,n+1

In particular, problem (7) can be equivalently written as

min  min max max Vl(x,v").
zeAL (p) veERMHL e€€ i=1,...,n+1
Proof. We mimic the argument in the proof of Theorem 2. By Rockafellar & Uryasev (2000),
for all i = 1,...,n + 1 and € € £ the convex function W(x,-) attains its minimum on the
(nonempty) compact interval [q; _, q;r <), where ¢; _ and q: . are the lower, respectively upper, o;-
quantiles under P, of the discrete random variable Zszl 2*RF —r;Z. Foreveryi=1,...,n+1
we can thus define

Z; := |ming, .. maxq;_| .
' ceE e ce€ i

Clearly, for every i = 1,...,n + 1 the sets £ and Z; are compact and convex and the function
(€,v) = Wi(x,v) is linear in € and convex in v. As a consequence, the minimax theorem in Fan
(1953) delivers for every i = 1,...,n+ 1

max min ¥’ (z, v) = max min ¥’ (x,v) = min max ¥’ (z, v)

ec€ veR ec& veZ; vEL; €€

= minmax Vi (zx,v).
vER e€€
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Since we can always interchange two consecutive maxima, we infer that

max max minV!(x,v) = max minmax¥(x,v).

ecf i=1,...n+1 veR i=1,....n+1 veER ec&
As for every i = 1,...,n + 1 the convex function max.ce Ui (x, ) attains its minimum on Z;, a
direct application of Theorem 4 in the appendix yields the desired minimax equality. ]

Similarly to the case of mixture uncertainty, Theorem 3 can be used to conveniently reformulate

the original portfolio problem as

min {T; Vi(z,v")<T,e€& i=1,...,n+1}.
(@, v, T)eEAE (n)xR?TIxR
Once again, by approximating the expected value in the functions ¥’s using Monte Carlo sim-
ulation, the problem can be written as a tractable linear programming problem. The procedure

is described in detail for the case where n = 1 in the case study in Section 5.2.

5 Numerical illustrations

This final section is devoted to an illustration of mean-risk portfolio selection under RecAV@QR
in the context of two cases studies. In the first case study we compare optimal portfolios under
AV@R and RecAV@R and document that already the choice of a simple level function v may
lead to a drastic difference in the composition of optimal portfolios. More specifically, in the
presence of a risk-free and a risky asset, there are realistic situations where it is optimal to
fully invest in the risky asset under AV@QR whereas the optimal holding in the risky asset is
capped if RecAV@R is used to measure risk. In the second case study we focus on the more
computational aspects and show that, in the presence of two risky assets whose returns follow
standard distributions encountered in applications, the determination of robust efficient frontiers
under RecAV@R is feasible and computationally similar to the one under AV@QR. To achieve
this, we exploit the minimax theorems established in the previous section and combine them

with standard Monte Carlo simulation.

5.1 Case study 1: Optimal portfolio without dependence uncertainty

We consider a financial institution with total budget b > 0 at the initial date. The management

can invest in two assets with one-period relative returns given by

0.5% with probability 99.9%,
—4% with probability 0.1%.

R'=0, R?’=

At the terminal date the institution is exposed to deterministic liabilities amounting to L1 = bf
for given ¢ € (0,1). We denote by z the fraction of total budget that is invested in the risky

asset. The corresponding end-of-period net asset value is therefore equal to

Ey(z) :=b(1 —2)(1 + RY) +bx(1 + R*) — Ly = b(1 + zR? — 0).
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Set a = 1% and for p = 0 define the set of admissible holdings in the risky asset by
X :={xe0,1]; (1—z)E(R") 4+ 2E(R?) > u}.
Since E(R?) = 0.004955, we readily see that X = [0,1]. In a first step we focus on the problem

min AV@R,, (E;(x)). (8)
z€[0,1]

Using the properties of AV@QR, we can equivalently write

min AVQR,(E1(x)) =b ( min {AVAQR,(R*)z} — 1+ E) .
2€[0,1] 2€[0,1]
This shows that the composition of the optimal portfolio will be driven by the sign of AV@R,, (R?).

A direct computation shows that

1/ 1 4 9 5
VAN _ -
AVORq(R") = <1000 100 1000 1000

«

) = —0.0005 < 0.

As a result, problem (8) admits a unique optimal solution given by z = 1. In words, the optimal
portfolio under AV@QR, corresponds to investing the entire available budget into the risky asset.
We turn to investigating how the optimal portfolio changes if AVQR  is replaced by RecAV@R.
To this effect, take 8 € (0,«) and r € (0,1) and consider a simple level function of the form

a ifXer1],
B it Ae0,r).

(A =

We modify problem (8) by replacing AV@R with RecAV@R, thereby obtaining the new problem

m[g)nl] RecAVQR,, (E1(z), L1). 9)
x€|0,

In view of Proposition 2, we can equivalently write

min RecAV@QR, (FE;(z),L1) = min max{AVQR,(Ei(z)), AVQR,(E1(z) + (1 —r)L1)}.

z€[0,1] z€[0,1]

Using the properties of AV@R, we obtain the more explicit problem

m[(i)nl] RecAV@R,,(E;(x), L1) = b m[(i)n” max{AV@R,(R*)x — 1 + £, AV@Rg(R*)x — 1 + r{}.
xe|0, xe|0,

The optimal portfolio is thus determined by the sign of AV@R,(R?) and AV@Rg(R?). By
design, we always have AV@Rg(R?) > AV@R,,(R?). Moreover, recall that AVAR,(R?) < 0. A

direct computation shows that

155 if B € (0,0.1%),

0000005 — to00 it B € (0.1%, ).
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Figure 1: Top: Optimal percentage of the initial budget invested in the risky asset as a function
of B for £ = 10% (left) and ¢ = 20% (right) and for » = 95% (dotted), r = 97.5% (dashed),
r = 99% (solid). Bottom: Recovery probability as a function of A for ¢ = 10% (left) and
¢ =20% (right) and for 8 = 0.5% and r = 99% under AVQR (dashed) and RecAV@R (solid).

In particular, we have

45 1000
2) < > 7 —0.9%.
AV@R4(R*) <0 «—= p> 1000000 & 0.9%

As a consequence, we obtain the following picture about optimal portfolios under RecAV@QR
as a function of the parameters S and r that determine the level function . On the one hand,
if B> 0.9%, then problem (9) admits a unique optimal solution given by x = 1. In this case,
there is no difference between AV@QR and RecAV@R and the optimal portfolio in both cases
corresponds to investing the whole budget in the risky asset. On the other hand, if 8 < 0.9%,

then problem (9) admits the unique optimal solution

x:min{ (1-r)t 1}
AVQ@Rg(R?) — AVQR,(R2) |~
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In particular, we observe that x < 1 if and only if

0.0405 if 8 € (0,0.1%],

(1 —7)¢ < AV@Rg(R?) — AVAR,(R?) =
0.0000455 — 0.0045 if 8 € (0.1%, 0.9%).

As a result, the optimal proportion of the budget invested in the risky asset depends on the
relative size of the recovery parameters 8 and r as well as of the liability parameter £. Everything
else remaining equal, the optimal portfolio weight for the risky asset is increasing in 5§ and ¢ while
it is decreasing in r, as one would expect. In Figure 1 (top) we display the optimal percentage
of the initial budget invested in the risky asset as a function of 3 for different choices of r
and ¢. More precisely, we consider the situation where management targets a recovery of 95%,
97.5%, or 99% of liabilities and where the size of liabilities amounts to 10% or 20% of the entire
budget. In each of these situations there are realistic choices of 8 under which, differently from
the AV@QR case, it is not optimal to fully invest in the risky asset. In fact, there are situations

where a considerable size of the budget is optimally invested in the risk-free asset.

We complement the previous analysis by assessing the ability of AV@QR and RecAV@QR to cover
a pre-specified portion of liabilities when budget is invested optimally and capital is adjusted
to respect regulatory requirements. To this effect, we denote the underlying probability by P
and compute for difference choices of A € (0,1) the recovery probability

P(A) :== P(b(1 — 2*)(1 + R) + bz*(1 + R?) + p* > \L1)
where x* is the optimal percentage of the budget invested in the risky asset and

AVQR,, (E(z")),
RecAVQR,, (E1(x*), L1).

We know that 2* = 1 under AV@R. In this case, one can easily show that for every A\ € (0,1)
100% if A <1 — 20105

P(\) = P(R? + AVAR,(R?) 4+ £ > \) = .
99.9% if A>1— 20105

If we work under RecAV@R, we obtain for every A € (0,1)
P(\) = P(z*R? + ¢ + max{2z*AV@R, (R?), z* AVQRg(R?) — (1 — r)¢} > ().

In Figure 1 (bottom) we plot recovery probabilities under AVAQR and RecAV@R for recovery
parameters 3 = 0.5% and r = 99%. By definition of R?, the recovery probability is at least
99.9% in both cases. If £ = 10%, then the optimal portfolio weight for the risky asset is * = 0.2.
In this case, AVQR, guarantees full recovery up to 60% of liabilities whereas RecAV@R, performs
much better by ensuring full recovery up to 90% of liabilities. The gap is narrower but still
clear when ¢ = 20%, in which case the optimal portfolio weight for the risky asset is z* =~ 0.4.
In this case, AVQR guarantees full recovery up to 80% of liabilities while RecAV@R continues

to ensure full recovery up to 90% of liabilities.
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5.2 Case study 2: Optimal portfolio with dependence uncertainty

We consider a financial institution with total budget b > 0 at the initial date. The manage-
ment can invest in two assets with one-period relative returns R' and R? with the following

characteristics:
e R! has a normal distribution with mean 0 and standard deviation 1.5%.
e RR? has a Student distribution with mean 0.5%, scale 1%, and 2 degrees of freedom.
e R! and R? have a Student copula with linear correlation 0.2 and 2 degrees of freedom.

The second asset is clearly riskier as it has infinite variance. At the terminal date the institution
is exposed to deterministic liabilities amounting to L = b¢ for given ¢ € (0,1). We denote by x
the fraction of total budget that is invested in the second asset. The corresponding end-of-period

net asset value is therefore equal to
Ei(z) :=b(1—2)(1+RY +bx(1+ R*) — L1 =b(1+ R' + z(R* - R') — 0).

We study robust portfolio optimization under box uncertainty using the notation introduced in
Section 4.2. As a first step, we apply Monte Carlo simulation to generate a sample of m = 50000
realizations of the random vector (R', R?), which are denoted by (R]l, R?) forj=1,...,m, and

fix a benchmark probability measure P € P under which (R!, R?) is discrete and satisfies
1
P((R', R?) = (R}, R%)) = — = 0.002%.
(R, B?) = (R}, B2)) = — = 0.002%
For a given C € [0, 2] we set € := (—C,...,—C) and € := (C,...,C) and consider the corre-

sponding perturbation set £. In particular, observe that for every € € £ we have

1 1 .
P.((R', R?) = (R}, R?)) € [m —C,m+C} . i=1,....m.

The degree of box uncertainty therefore increases with the parameter C. In particular, the case
C = 0 corresponds to no box uncertainty. As in the previous case study, set o = 1% and for

B € (0,a) and r € (0,1) consider the level function given by

a if Aer1],
B it Ae0,r).

Y(A) =

For given p > 0 define the set of admissible holdings in the second asset by

X(p) = {x € [0,1]; Ingg{(l — 1)Ep,_(R') + 2Ep, (R?)} > ,u}.
€
We focus on the robust optimization problem

. P.
Eg}é]&) max RecAV@R. (B4 (z), L1). (10)
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Filtering out the constant b and using the explicit shape of v we equivalently obtain

min max max{AVQRLs((1 — z)R' + zR? — 0), AV@RgE((l —x)R' +2R? — ()}
z€X(u) e€€
To determine the efficient frontier we rely on the minimax identity established in Theorem 3
and adapt the approach of Zhu & Fukushima (2009), which was applied to mean-risk problems
under AVQR. First, it follows immediately from Theorem 3 that problem (10) is equivalent to

min T

s.t 1 iin:ul+maxi1:5u vt < T

.t. 3 mj:1 j eegj:1 jUj s
1(1iu2+maxie wl| —?<T
a\m i I eeg = I ’
u}ZO, u}Zvl—(l—m)R}—xR?—l—rﬁ, j=1,...,m,
w; >0, uf >v' —(1—2)Rj —aR;+¢, j=1,....m,
lZm:((l—x)]“_514—|—9U]:52~)—i—min i((l—x)s‘Rl—i—xa-Rz) >
mj:1 J J ccE ~ gty JiY Z K,

T,0 v eR, z € [0,1].

We now follow Zhu & Fukushima (2009), to which we refer for the necessary details, and use the
explicit form of £ (remember that € = (—C,...,—C) and € = (C,...,C) for some C € [0, 1])
to rewrite the inner optimizations over £ as convenient linear programs. With respect to the

maximization over &£, it suffices to observe that, by duality, for any given u € R we have

m

maxg Eill; = min CE ;=T 'Z+0'—|—T':u-j:1_“m
e€& = 7 (z,6,7)ERXRT XR™ J J J 3o Yo

Similarly, with respect to the minimization over &, for fixed = € [0, 1] we obtain by duality that

m m

min 1—2)e; R+ 26,R%) y = max C i—n) p,
e ;(( )J j J ]) (Cmes@) ;(CJ 773)

where the dual domain is defined by
S(x) ={((,n) e R xRY; IweR, w+(j+n; = (1—x)R]1- —i—a:R?, j=1,...,m}.

In addition, we have X(u) = X*(u) where

i 1 m 1 5
= - >—
X () z€[0,1]; 3(¢,n) € S(x ;1 (1 J:R +mR +C]§1 u
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Figure 2: Efficient frontier with RecAV@R with § = 0.5% and r = 90% on the x-axis and
expected relative returns on the y-axis for £ = 10% (left) and ¢ = 50% (right) and for C' = 0
(solid), C' = 0.0001% (dashed), C' = 0.0002% (dotted), C' = 0.0003% (dotdashed).

As a consequence, problem (10) is equivalent to the tractable linear program

min T
1 m m
S TOMIES DR R IR
Bm J=1
1 m C m
2 2 2 2
%Z J+EZ(JJ_T])_U =T,

Jj=1 j=1
U}Zvl—(l—x)le—xRQ—i—rﬁ j=1,...,m,
w?>v? —(1-2)R} 2R3+ 0, j=1,...,m,
U;ZO, U;—Z +0j + 75, 1=12 5=1,...,m,
ZER, 00>0,7<0, i=12 j=1,...,m,
—Z 1—:1cR1+xR2 —i—C’Z ) >,

w+<j+nj=(1—x>R;+:cR§, j=1,...,m,
MER, QSO, 77j20, j=1,...,m,
T,v'0? eR, z €0,1].

A standard dual simplex method can be employed to find the optimal value p*(u) of this
linear program as a function of a target expected relative return u. In Figure 2 we plot the
corresponding efficient frontier, i.e., the set of points (p*(u), u), for a given range of expected
relative returns. We focus on the two situations where liabilities amount to 10%, respectively
50%, of the initial budget. As is intuitive, in the latter case the same level of expected relative
returns is achieved at the cost of higher risk. A direct inspection of the plots reveal that, for
the chosen range of target returns, risk is 2 to 4 times higher when liabilities have a larger size.

However, the qualitative impact of dependence uncertainty, in the form of box uncertainty, is
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the same in both situations. If the degree of uncertainty increases, the same level of expected
relative returns is achieved at the cost of higher risk. Interestingly enough, the impact of

dependence uncertainty on risk is more pronounced when the size of liabilities is smaller.

A A minimax theorem

In this appendix we record a special minimax theorem that we apply repeatedly in the paper.
For n € N we denote by A™ the n-dimensional simplex, i.e., the set of vectors in R" with

nonnegative components summing up to 1.

Theorem 4. Let f1,..., fn : R = R be convex functions attaining their minimum on (nonempty)
compact intervals Iy, ...,Z, CR. Then,
max min fj(z) = min max fi(z;). (11)
i=1,....,n z€R zeR" i=1,....,n

Proof. Set T =171 x --- x I,,. For every & € R"™ we can write

n n
max min = max Z@ mln = max min 20 i(z;) = max minZH ().
i=1,...,n z€R fl OGA” f GeAn TR 4 - zfz( z) Dern weT 4 zfz( z)
= i=

As A™ and Z are compact and convex and the function (6,x) — >, 0;fi(x;) is linear in

and convex in x, we can apply the classical minimax theorem in Fan (1953) to infer that

max min = min max 0; fi(x;) = min max fi(z;) = min max fi(z
max min fi(z) = min max E ifi(zi) = min = nfz( i) = min o nfz( i)
This delivers the desired minimax equality. O

Remark 5. The outer minimum in the minimaz equality (11) cannot be taken over R in general.

To see this, consider the convex functions f1, fo : R — R defined by

—x—2 ifx <=2, —x+1 ifx <1,
fi(z) =10 if —2<z<-1, faz):=40 ifl<x<2,
z+1 if x > —1, x—2 if © > 2.

Note that fi and fy attain their minimum on [—2, —1] and [1, 2], respectively. However,

= 1=
RS =0 < 1= pipngg i)
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