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Abstract

Distributionally robust optimization (DRO) has arose as an important paradigm to address
the issue of distributional ambiguity in decision optimization. In its standard form, DRO seeks
an optimal solution against the worst-possible expected value evaluated based on a set of can-
didate distributions. In the case where a decision maker is not risk neutral, the most common
scheme applied in DRO to capture one’s risk attitude is employing an expected utility functional.
In this paper, we propose to address a decision maker’s risk attitude in DRO by following an
alternative scheme known as “dual expected utility”. In this scheme, a distortion function is
applied to convert physical probabilities to subjective probabilities so that the resulting expec-
tation, also known as distorted expectation, captures the decision maker’s risk attitude. Unlike
an expected utility functional which is linear in probability, in the dual scheme a distorted
expectation is generally non-linear in probability. We distinguish DRO based on distorted ex-
pectations by terming it “Distributionally Robust Risk Optimization” (DRRO), and show that
DRRO can be equally, if not more, tractable to solve than DRO based on utility functionals. Our
tractability results hold for any distortion function, and hence our scheme provides more flexi-
bility to capture more realistic forms of risk attitudes. These include, as an important example,
the inverse S-shaped distortion functionals that play a prominent role in Cumulative Prospect

Theory (CPT), and several other non-convex risk measures developed more recently. Central



to our development is the characterization of worst-case distributions based on the notion of
convex envelope, which enables us to discover “hidden convexity" in DRRO. We demonstrate
through a numerical example that a production manager who overly weights “very good" and
“very bad" outcomes may act as if (s)he is risk-averse when taking into account distributional
ambiguity. Worst-case distributions are presented that can provide further explanation of such
risk-averse behaviour.

Keywords: Distributionally robust optimization, distortion risk measure, convex risk mea-

sure, convex envelope.

1 Introduction

Distributional ambiguity refers to the situation where the probability distribution of uncertain
outcomes is unknown or cannot be uniquely identified. This issue arises when one only has limited
information to infer the “true” distribution, which is typically the case in most applications where
only sample data is available. The question of how to account for distributional ambiguity in decision
making has been of central interest in a number of fields including Economics, Finance, Control
System, and Operations Research/Management Science. One modelling paradigm that has been
successfully adopted in all these fields to address the issue is distributionally robust optimization
(DRO). In its standard form, DRO takes the following formulation of a minimax optimization
problem

min sup E[f( X)), (1.1)
where @ denotes a decision vector constrained by the feasible set W, X denotes a random vector
characterized by the distribution F', and f is a cost function. The power of DRO lies in its flexibility
to characterize one’s (partial) knowledge about the distribution F' through specifying the set F.
The set is also known as ambiguity set, which consists of all possible distributions that are consistent
with one’s knowledge. To ensure that the decision is robust against distributional ambiguity, DRO
generates a solution that is optimal with respect to the worst-case distribution, i.e. a distribution
from the set F that gives the largest possible expected cost. One of the most attractive features
of DRO is its computational tractability, namely that the optimization problem (1.1) can often
be solved efficiently in large scale with various kinds of ambiguity set F and the cost function
f- In particular, one common way of defining the set F is through specifying the moments of the
distribution. The earlier works of Popescu (2007), Bertsimas et al. (2010), Delage and Ye (2010), and
Natarajan et al. (2010) show that in the case where the ambiguity set is specified through the first
two moments, the DRO (1.1) is tractable to solve for a large class of cost functions. More recently,
Wiesemann et al. (2014) provides general tractability results for the case where the ambiguity set
is described through supports and higher order moments. While the focus of this paper is on the

moment-based ambiguity sets, we should point out here that the ambiguity set can also be defined



according to some distance functions over distributions. It remains an active stream of research to
study the tractability of DRO in this case, but since this is not the focus of this paper we refer
interested readers to the recent work of Ben-Tal et al. (2013), Jiang and Guan (2016), Esfahani and
Kuhn (2018) and the references therein.

DRO provides a means to capture one’s aversion towards ambiguity, but care has to be taken to
distinguish one’s attitude towards risk from ambiguity. This can possibly be best demonstrated if a

T4 is considered in (1.1), and the set F denotes a set of distributions

linear cost function f(w, Z) = W
characterized by the first moment i, i.e. the mean. In this case, DRO simply reduces to minimizing
@' ji, which essentially reflects no concern about the uncertainty. To properly capture one’s risk
attitude, the literature of DRO often suggests the adoption of the expected utility framework, i.e.
solving instead the following DRO problem

min sup Efu(f(@, X)), (1.2)
where u denotes some disutility function. For a large class of disutility functions, Popescu (2007)
shows that the above DRO problem (1.2) can be solved as a parametric quadratic program in the
case where the cost function f is linear and the ambiguity set F is characterized by the first two
moments. Chen et al. (2011) considers a further special case of the above DRO problem in the
setting of robust portfolio selection, and shows that the problem can either be solved analytically or
by a particularly efficient procedure when the utility function takes the form of lower partial moment
or S-shaped function. Many others have considered the case where the disutility function takes a
general piecewise linear form and showed how the corresponding DRO problems can be reduced to
finite-dimensional convex or conic programs that are polynomially solvable (see e.g. Delage and Ye
(2010), Natarajan et al. (2010), Bertsimas et al. (2010), and Wiesemann et al. (2014)).

Adopting expected utility framework in DRO appears to be natural given the long history
of expected utility theory and its rigorous axiomatic foundation. There are however noticeable
shortcomings about its use. While there are a number of “textbook” utility functions, it has not
been clear which utility function one should employ when it comes to actual practice. This is
partly due to the difficulty of interpreting the physical meaning of utility values and is further
complicated by the need to determine the domain of a utility function. Moreover, empirical finding
has shown that one of the axioms, namely the independence axiom, is often violated in real-life
decision-making.

In this paper, our goal is to pursue an alternative route to address risk in DRO. In particular,
we invoke “dual utility theory” that was first developed by Yaari (1987) and has been found lately
that it is closely connected to the modern theory of risk measure (Artzner et al. (1999), Follmer
and Schied (2002)). Similar to expected utility theory, Yaari (1987) established the dual theory by
proposing an alternative set of axioms, and proved that there always exists a “distortion” function
that converts a physical probability distribution to a subjective one so that the resulting expectation,

also known as distorted expectation, will capture risk preference satisfying the axioms. Applying



the theory, we consider the following formulation of DRO, which is termed Distributionally Robust
Risk Optimization (DRRO) throughout this paper

min ;gl}ph(f(wa X)), (1.3)
where h is a distortion function, and p; denotes the expectation based on the “distorted” probabilities
(see Definition 2.2). The function py, is also called distortion risk measure in the literature of risk
measures. Aside from its theoretical justification, the use of distorted expectation can be particularly
appealing from a practical point of view. Namely, a distortion function can be conveniently specified
as a function that maps from unit interval to unit interval, i.e. with fixed domain and range, and its
value has a clear probability interpretation. The advantage of distorted expectation in practical use
can probably be best highlighted by the fact that it consists of several risk measures that are now
commonly applied in practice, namely Value-at-Risk (VaR), Conditional Value-at-Risk (CVaR),
Spectral Risk Measures, Wang’s transform, to name a few.

Yarri’s theory is considered “dual” to expected utility theory because in contrast to expected
utility functional, which is nonlinear in random variables and linear in probability distributions,
distorted expectation is linear in quantile functions but nonlinear in probability distributions. This
delineates also the important differences between the DRRO problem (1.3) and the classical DRO
problem (1.2). For example, it is well known that worst-case distributions obtained from the classical
DRO problem (1.2) with a moment-based ambiguity set always take the form of a discrete distri-
bution with the number of supports being less or equal to the number of moment constraints. This
structure of worst-case distributions, which has often been criticized as unrealistic or degenerate,
is a direct consequence of the linearity of expectation functional in probability distributions. The
fact that distorted expectation is nonlinear in probability distributions implies that the worst-case
distributions can take potentially a richer form, which may depend more heavily on the structure
of the distortion function.

While there are special cases of distortion risk measures that have been considered in the DRO
literature (e.g. Value-at-Risk in El Ghaoui et al. (2003) and Zymler et al. (2013b), Conditional
Value-at-Risk in Chen et al. (2011) and Natarajan et al. (2010)), to date there is no unifying ap-
proach to solving DRO with general distortion risk measures. One potential exception is the work
of Li (2018), who studies the case of spectral risk measures (Acerbi (2002)) in full generality but
the result is limited to the case of linear cost function and ambiguity sets characterized by the
first two moments. Spectral risk measures represent an important class of distortion risk measures
that are characterized by convex distortion functions and justified by the axioms of convex risk
measures (Follmer and Schied (2002)). The property of convexity, while useful from a “norma-
tive” perspective, i.e. specifying how risk should be perceived, can however be unrealistic from a
“descriptive” perspective, i.e. describing how risk is actually perceived. In particular, as pointed
out by the leading descriptive theory of risky choices, namely cumulative prospect theory (CPT),

the distortion pattern observed in many empirical settings is neither convex nor concave but rather



takes an inverse S-shaped form. This is because individuals tend to be more sensitive to “very good”
and “very bad” outcomes and overweight their likelihood. Distortion functions proposed to capture
the pattern includes the one-parameter inverse S-shaped function applied in the seminal work of
Tversky and Kahneman (1992) and several other popular variants with more parameters to fit the
pattern. The detailed discussions and their applications in economics, finance, and other fields can
be found in Tversky and Kahneman (1992), Tversky and Fox (1995), Prelec (1998), Jin and Zhou
(2008), Xu and Zhou (2013), and the references therein. Besides the consideration of empirical
distortion patterns, there are several other reasons why there is a need to go beyond the scope of
convex distortion function. In particular, it is now well recognized that there is a conflict between
the convexity, more precisely subadditivity, and robustness of risk measures (Cont et al. (2010)).
One alternative that has received much attention is Range Value-at-Risk (RVaR) proposed by Cont
et al. (2010), which is a more robust risk measure than VaR and CVaR. RVaR is a distortion risk
measure characterized by a S-shaped distortion function. There is also a very practical need from
the industry to strike a balance between VaR and CVaR, as the former tends to underestimate
the risk exposure whereas the latter has often been found overly-conservative. Belles-Sampera et
al. (2014) introduced the GlueVaR risk measure, which is a weighted sum of VaR and CVaR and
can be interpreted in terms of one’s risk attitude. GlueVaR is also a distortion risk measure with
non-convex distortion function, and its application in non-financial problems such as health, safety,
environmental, or catastrophic risk management can be found in Belles-Sampera et al. (2014). De-
spite the need to adopt the aforementioned distortion risk measures, little progress has been made
regarding their use in risk minimization. This can be well related to the fact that the problem of
minimizing a special case of non-convex distortion risk measure, namely VaR, is already known as
a NP-hard problem (Benati and Rizzi (2007)).

The main result of this paper is to show that distortion risk measures can be tractably optimized
for a large class of DRRO problems. This includes the case where the ambiguity set is defined based
on support and bounded moments (see e.g. Wiesemann et al. (2014)), and the case the set is
defined based on fixed mean and covariance (see e.g. Bertsimas et al. (2010)). More specifically,
we show that in these cases, as long as the cost function f(w,) is concave in Z, one can always
solve a DRRO problem by formulating an alternative DRRO problem characterized by some convex
distortion function, and the latter can often be solved in good precision as a convex optimization
problem. This applies for example to any two-stage stochastic programming problem with cost
uncertainty (see e.g. Delage et al. (2014)). From the methodological point of view, our results
might be particularly interesting to the community of robust optimization as we reveal “hidden
convexity” (Ben-Tal et al. (2015), Mak et al. (2015)) exists for a large class of non-convex DRRO
problems. Prior to our work, in the literature of DRO this hidden convexity has only been observed
in the case of VaR. Namely, Zymler et al. (2013a) (see also Yang and Xu (2016)) proves that worst-
case CVaR in fact provides a tight approximation to worst-case VaR for any convex or quadratic

convex function in the case where the ambiguity set is characterized by fixed mean and covariance.



We prove, under very general moment conditions, that any worst-case distortion risk measure can be
exactly approximated by an alternative worst-case distortion risk measure that replaces the original
distortion function by its convex envelope. The result in Zymler et al. (2013a) indeed is a special
case of ours since the distortion function of CVaR is the convex envelope of the distortion function
of VaR. We should note that we are not the first to consider the use of convex envelope in analyzing
worst-case risk measure. Wang et al. (2015) and Cai et al. (2018) consider the settings where only
marginal distributions are known, and they show that worst-case distortion risk measures in this
case can be exactly approximated by the use of convex envelope for asymptotically large random
sums. In addition, Cornilly and Vanduffel (2019) and Zhu and Shao (2018) prove the exactness
of the approximation for a finite combination of random variables when the first moment and a
higher order moment are given. Unlike these works which focus on deriving analytical solutions
and hence require fairly specific structure of cost function, i.e. linearity, and moment condition, i.e.
maximally two moments are known, we establish our results in the general setting of DRO so that
they are immediately applicable to existing DRO problems. Moreover, since our final solution is
calculated based on convex optimization technique, we are also able to characterize the worst-case
distributions in a far general fashion. One interesting class of DRO problems that we have paid
a particular attention to in this paper is the two-stage production and transportation planning
problem that has been studied for example in Natarajan et al. (2010) and Yang and Xu (2016). We
conduct a numerical experiment in this paper to demonstrate how DRRO can be applied to answer
the question of how a production manager may act if (s)he overly-weights "very good" and "very
bad" outcomes, as depicted by CPT, when facing distributional ambiguity. The numerical results
provide a precise description of how the optimal decisions can become more risk-averse, and how
the worst-case distributions that the manager tries to hedge can vary, as more weights are put on
the “extreme" outcomes.

The rest of the paper is organized as follows. In Section 2, we provide necessary background
about distorted expectation (distortion risk measures) and clarify the relationship between several
definitions commonly found in the literature. We discuss several non-convex distortion functions
and their applications. We then investigate in Section 3 the tractability of solving DRRO problems
based on two moment-based ambiguity sets. The notion of convex envelope is introduced, together
with it application in our analysis. We discuss also the special case of linear cost function, which
leads to closed-form results for worst-case distortion risk measures. Section 4 presents preliminary
numerical results. The conclusions are given in Section 5. The proofs of the preliminary lemmas

and most of the main results are provided in Section 6 as an appendix.

2 Distortion Risk Measures and Their Representations

In this section, we start off by defining distorted expectations, or equivalently distortion risk

measures, in the most general fashion, and then provide a few alternative representations (or defini-



tions) that are more accessible. We consider all the random variables are defined over the probability
space (2, F,P) and each random variable X : © — R is understood as some form of loss, i.e. the
larger the worse. The expectation of a random variable X can be written as E[X] = [, XdP. It
was postulated in Yarri’s dual theory of choice under risk (Yaari (1987)) that in the case where the
decision maker is not risk neutral, the risk attitude can be captured by some form of expectation

with the probability P re-weighted, or distorted, according to some distortion function.

Definition 2.1. A function & : [0,1] — [0,1] is a distortion function if it is non-decreasing and
satisfies h(0) = h(0+) =0, and h(1) = h(1-) =11

Namely, as an analogy to expectation, a distorted expectation can be defined through the
integral pj(X) = [, Xd(hoP). In general, the distorted measure hoP is non-additive, and therefore
the integral needs to be defined in terms of Choquet integral (see e.g. Denneberg (1994a), and
Denneberg (1994b)), which leads to the following standard definition of distortion risk measure.

Definition 2.2. Given a random variable X and a distortion function A, the functional

(1>

0 0
pn(X) /0 R (P(X > z))dw / (1—Rr*(P(X > 2)))da (2.1)

—00

_ /00(1 _ h(B(X < 2)))de — /0 h(P(X < 2))de, (2.2)
0

—00

where h*(p) =1 — h(1 —p), p € [0,1], is called a distortion risk measure.

While (2.1) follows the standard definition of Choquet integral, in the rest of this paper we will
use (2.2) as our definition of distortion risk measure given its convenient interpretation of distorting
the cumulative distribution function (CDF) of a random variable. In particular, we should point
out that although the definition (2.2) is not an expectation with respect to the original probability
space, it can be viewed, in the strict sense, as the expectation if one considers each random variable
separately. To make our point precise, we provide the following alternative representation of (2.2),

which is perhaps more accessible to readers who are less familiar with Choquet integral

pu(X) = [ adh(Fx(a)) (2.3)

where Fx(z) = P(X < ) is the CDF of X and the integral follows the standard definition

of Lebesgue-Stieljes integral . That is, distortion risk measures are expected values calculated

'The conditions of A(0) = h(0+) = 0 and k(1) = h(1—) = 1 are necessary for the integrals in (2.1) to be finite

when the random variable X is unbounded or has a support R.
2 Throughout the paper, for an increasing function g : R — R and a function f : R — R, the Lebesgue-Stieltjes

integral [, f(x)dg(z) is defined (see, for instance, Merkle et al. (2014)) as [, f(x)dgy(x) or [, f(z)ug(dz), where
g+(x) = g(:v+) and pg is a measure defined by pg([a,b]) = g(b+) — g(a—) for any a < b That is to say that if an
increasing function g : R — R is not right-continuous, g(z) in the Lebesgue-Stieltjes integral fR x)dg(z) is treated
as its right-continuous copy g(xz+). In this way, the integral is well defined.



based on “distorted” CDFs F(z) with distortion functions of h, where Fg(x) £ h(Fx(z+)) =
limy, h(Fx(y)) is the right-continuous copy of h(Fx(z)) and F%(x) is a CDF for any distortion
function h ®. Hence, the representation (2.3), although may not be considered as standard as
(2.2), provides perhaps more clear justification of why distortion risk measures are considered as
(distorted) expectations.

This unified view of distorted expectation (DE) is often considered “dual” to classical expected
utility (EU). While EU essentially extends the expectation by “distorting” the values of random
variables through a utility function, DE distorts the CDFs instead. As shown in Yaari (1987), if one
replaces the controversial axiom of independence in EU theory by the axiom of dual independence
4 then any preference relation > ° satisfying the axioms can be captured by some DE, i.e. X =Y
if and only if there exists a distortion function h such that pp(X) = pp(Y). For this reason, the
functional pj, is also often referred to as dual utility functional. What makes DE as a potentially
more attractive alternative to EU is that it further satisfies the axioms of risk measures. Recall that

a functional p is called a monetary risk measure if it satisfies
1. Monotonicity: If X > Y, then p(X) > p(Y).
2. Translation invariance: p(X + ¢) = p(X) + ¢ for any ¢ € R.

Moreover, DE is the only candidate if one seeks a monetary risk measure satisfying the following

axiom motivated by the common risk management practice.
3. Comonotonic additivity: p(X +Y) = p(X) + p(Y) for any X and Y that are comonotonic.

Namely, the fact that two random variables are comonotonic, meaning that they move in the same
direction for every possible outcome, implies that there should be no diversification benefit. It is
well-known that any Choquet integral satisfies the three axioms, which explains why DE defined
originally from Choquet integral also satisfies the three axioms.

As important examples of distortion risk measures, we review here two most well known risk
measures, namely Value-at-Risk (VaR) and Conditional Value-at-Risk (CVaR) (or Expected Short-
fall (ES)). From here on, we write Fi!(a) £ inf{z € R : Fx(z) > a}, a € (0,1) to denote
the inverse CDF that is left-continuous and Fy'*(a) £ inf{z € R : Fx(z) > a}, a € (0,1) to
denote the right-continuous one. Interestingly, there are two definitions of VaR appearing in the
literature. The standard one of VaR at level a is simply VaRo(X) = Fy'(a) whereas the defini-
tion VaR (X) = Fx'"(a) is applied in the literature of worst-case risk measure (El Ghaoui et al.

(2003)). In the rest of this paper, we call VaR,(X) the left-continuous Value-at-Risk (VaR) and

®Indeed, (2.3) and (2.2) are identical since (2.3) = [, xdF¥(z) = [7(1 — F¥(z))dz — fi)oo Fi(z)dz = [;°(1 -
h(Fx (z))dz — [°__ h(Fx(z))dz = (2.2).

“That is, if X,Y, Z are pairwise comonotonic and X = Y, then we have pX +(1—p)Z = pY +(1—p)Z, ¥p € [0,1].

Sdefined over random variables whose values in the unit interval



VaR[ (X) the right-continuous Value-at-Risk (VaR). Recall that CVaR (or ES) at level « takes the
form

CVaRa(X) = ESa(X) 2 1# / VaRo(X)du. (2.4)

It is straightforward to confirm that VaR,(X), VaRZ(X), and CVaR,(X) are distortion risk
measures with distortion functions hvar(7) = la<o<i}, Pyart (T) = [a<a<ty, and hovar(z) =
(x — a)1 /(1 — «), respectively. Here (z)4 = max{z,0}.
There are two other definitions of distortion risk measures commonly found in the literature.
For the purpose of this paper, it is important to clarify the relationship between these definitions
and the definition (2.2). Namely, given a distortion function h, they are written as the following
Lebesgue-Stieltjes integrals of the VaR,(X) and VaR} (X) with respect to the distortion function
h(u) for u € (0,1):
VaR,(X)dh(a) = / 1 VaR (X)dh(«a), (2.5)
(0,1) 0
and
1
VaR} (X)dh(a) & / VaR} (X)dh(a). (2.6)
(0,1) 0
While these two definitions are often used interchangeably with the definition (2.2), they are not
equivalent in general. More importantly, they can have different implications when it comes to
studying their worst-case counterparts. Before discussing this point further, we first give in the
following lemma the precise relationships between the distortion risk measure py, defined by (2.2)
and the functionals (2.5) and (2.6).

Lemma 2.1. Let h be a distortion function and let hy(z) = h(z+) and h_(x) = h(z—) be the
right-continuous and left-continuous copies of h, respectively. Then, the following assertions hold.
(i) h- < h<hy, and
Phs (X) < pr(X) < pp_(X),

where
0o 0
(X)) = [T h @ <)o [ ha(BOX <o)
0 —00
00 0
pn_(X) = / (1 —-h_(P(X < a:)))da;—/ h_(P(X < z))dz.
0 —00
(i1) Ph (X) and pp_(X) respectively have the following Lebesgue-Stieltjes integral representations:
1
o (X) = / VaRo (X)dh(a) (2.7)
0
and
1
pn_(X) = / VaR}! (X)dh(a). (2.8)
0



(#3) If h is right continuous, then pp(X) = fol VaR (X)dh(a); if h is left continuous, then pp(X) =
fol VaR} (X)dh(a); and if h is continuous, then

1 1
pr(X) = /0 VaR (X)dh(a) = /O VaR} (X)dh(a). (2.9)

The main takeaway from the above lemma is that in the case where the distortion function
h is discontinuous, the risk measure p, might not have the representation (2.5) (or (2.6)). As a
perhaps obvious example, while VaR (X) is a distortion risk measure with the distortion function
hyar+ (%) = Ifa<a<iy, it does not have a representation (2.5). This stresses the importance of
applying the definition (2.2) (or (2.3)) rather than (2.5) (or (2.6)) throughout this work. Moreover,
another reason why emphasis needs to be put on this technical detail is that the discontinuity of
h in fact has important implication on the existence of worst-case distributions. As an important
example, the well known result of worst-case Value-at-Risk (El Ghaoui et al. (2003)) is derived based
on the definition of VaR7 (X) rather than the standard definition of Value-at-Risk, i.e. VaRy(X).
What appears less noticed however is that if one replaces the definition of Value-at-Risk in El Ghaoui
et al. (2003) by the standard definition VaR,(X), there actually does not exist a distribution that
attains the worst-case risk (more details can be found in Remark 3.11 of Section 3.3). This is
important to point out, not only because the description about the worst-case distributions should
be made precise but also because the analysis of worst-case risk measures often hinges heavily on
the exact behaviour of the worst-case distributions.

In what follows, we discuss several important examples of distortion risk measures. Figures
1-3 demonstrate some of the distortion functions and the corresponding distorted CDFs where the
original CDF takes the form of an empirical distribution. It is well-known (see, for example, Mao
and Cai (2018)) that a distortion risk measure pp, is a coherent risk measure if and only if the

distortion function A is convex.

Example 2.1. (Convex distortion functions) Given that h is a convex distortion function, it has
derivative almost everywhere on [0, 1]. Denote by D C [0, 1] the set of points where h is differentiable.
Then for any function ¢ defined on [0, 1] satisfying ¢(a) = h'(a) for a € D, we have p({a €
[0,1], p(cr) # h'(a)})=0, where pu is the Lebesgue measure on [0, 1]. It is thus not hard to confirm
that any distortion risk measure with a convex distortion function is equivalent to the following

definition of spectral risk measure (Acerbi (2002))

1
p¢(X):/O VaR,(X)o(a)da,

where ¢ : [0,1) — R is right-continuous, monotonically nondecreasing and satisfies fol d(a)da = 1.
Among several examples of convex distortion risk measures, the most well known ones (see e.g.
Wang (2000) and Wozabal (2014)) are Wang transform where h(a) = 1 — ®(®~1(1 — a) + \) and

the proportional hazard transform where h(a) =1— (1 — a)". O
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The most prominent example of distortion function used in behavioural economics and finance
is the inverse S-shaped distortion function. A distortion function h is called inverse S-shaped (S-
shaped) if there exists a point t* € (0,1) such that h is concave (convex) on [0, t*) and is convex

(concave) on (t*, 1].
Example 2.2. (Inverse S-shaped distortion functions)

(i) The following inverse S-shaped distortion is applied in the seminal work of Tversky and Kah-
neman (1992):

h(t) = af<a<l, (2.10)

where o* = 0.279.

(ii) A two-parameter inverse S-shaped distortion function is proposed in Guegan and Hassani

(2015) as a polynomial function of degree 3 with the following form:

B35, 6
h(t) _a(g—? + <5+ﬂ)t>, (2.11)
where 0 < 6 < 1, f € R, and

—G-ge )

(iii) The inverse S-shaped distortion function used in Xu and Zhou (2013) has the following form:

2t — 2t2, 0<t

)

(2.12)

—_ DO —

<
202 -2t +1, <t<

For more examples of inverse S-shaped distortion functions proposed in behavioural economics
and finance, we refer readers to Prelec (1998), Wu and Gonzalez (1996), Bleichrodt and Pinto
(2000) and the references therein. O

Since the work of Cont et al. (2010), increasing attention has been paid to the issue of robustness
of a risk measure. Range Value-at-Risk (RVaR) proposed by Cont et al. (2010) has now been
considered a useful risk measure that can resolve the intrinsic conflict between the sub-additivity
and robustness of a risk measure. RVaR is closely related to, and in fact is a special case of, the
risk measure GlueVaR, proposed more recently by Belles-Sampera et al. (2014). GlueVaR is more
attractive than VaR and CVaR in that it can strike a fine balance between the two and helps

different parties reach a consensus.
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Example 2.3. (GlueVaR and RVaR) A distortion risk measure p, is called a GlueVaR risk measure,

denoted as GlueVaRZléhQ, if its distortion function g has the following expression °:

07 0<u< o,
g(w) = 2w ={ 1-m+BBw_g), a<u<p, (2.13)
14 el B<u<l,
where the constants «, 8, h1 and ho satisfy
O<a<p<1l and 0<h; <hy <1 (2.14)

Obviously, if hy = he = 0, the distortion function gg’%(u) is reduced to the distortion function
hvar (v) = Ifacu<iy of the risk measure VaR,, and if hy = hp = 1, the distortion function gig(u)
is reduced to the distortion function hovar(u) = (v — 5)4+/(1 — B) of the risk measure CVaRg.

Furthermore, if A1 = 0 and hy = 1, the distortion function gglﬁ(u) is reduced to

0 O0<u<a,
hap(t) =9 ==, a<u<p, (2.15)
1, B<u<l

and the corresponding distortion risk measure reduces to the Range Value-at-Risk introduced by
Cont et al. (2010), denoted as RVaR,, g, which is defined as

RVaR, s(X) = 5 i o /6 VaR¢(X)dt, 0 <a< g < 1. (2.16)

o
Therefore, all the three commonly used distortion risk measures VaR, CVaR, and RVaR are
the special cases of the GlueVaR. Moreover, gZ}/;,hz (u) is equal to zero on (0, «) and thus ngéhQ (u)
is both convex and concave on (0, «). In addition, gZTé}” (u) is concave on (a, 1) if hé:gl > % and
is convex on (a, 1) if h5:21 < % Therefore, GlueVaRZf/éhQ is an S-shaped distortion risk measure
if hé:ZI > % and an inverse S-shaped distortion risk measure if hé:gl < % O

The following Beta distortion function proposed by Wirch (1999) has wide applications in
actuarial science, finance, and insurance management. It can be applied to easily fit various forms

of risk attitudes.

5 We point out that the GlueVaR risk measure defined in Belles-Sampera et al. (2014) or Definition 3.1 of Cai et
al. (2017) is based on (2.2) with the following distortion function:

1}1715”5 0<u<17B7
g =1 m+21wu-(1-p), 1-B<u<l-aq
1, l-a<u<l,

where the constants «, 8, h1 and hs satisfy 0 < a < 8 < 1 and 0 < h1 < he < 1. Thus, based on (2.1), the distortion
function for the GlueVaR is g(u) =1 — g*(1 — u), which is (2.13).
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Example 2.4. (Beta distortion function) The Beta distortion function is defined by the incomplete

beta function as follows

1

h(t) = Bl ) /Ot w1 =) du, o, >0, (2.17)

where B(a, 5) = % is the Beta function (Wirch, 1999). The beta distortion model is quite
flexible as with different choices of « and § the distortion function could be convex (a > 1, 5 < 1),
concave (a < 1, § > 1), S-shaped (a, 8 > 1) or inverse S-shaped (a, 8 < 1) distortion functions. It

reduces to the proportional hazard transform when a = 1.

3 Tractability of Distributionally Robust Risk Optimization

DRO formulated based on distorted expectation is more involved than classical DRO in that
distorted expectation might be non linear and non-convex in probability distribution. This makes
it not possible to apply common techniques such as duality theory for moment problem to analyze
the tractability of the problem. We begin our investigation of the tractability by making first the

following assumption, which is fairly standard in the literature of DRO.

Assumption 3.1. The feasible set W is convex and the cost function f(«, ) : R?¢ — R is convex

in @ and concave in Z.

This assumption ensures that in the special case where the distortion risk measure reduces to
an expectation, the problem of DRRO reduces to a classial DRO problem that admits a convex
optimization formulation. As noted for example in Wiesemann et al. (2014) there is a wide range of
applications that can be formulated as DRO satisfying the above assumption. One popular instance
is the case of portfolio management where f(w, ) represents a long-only portfolio that consists of
assets whose returns are convex in the underlying uncertain variables. In this case, f(,Z) takes
the form of a weighted sum of concave functions. Another important class of applications is the
two-stage decision making problems under cost uncertainty that have been studied extensively for
example in Delage et al. (2014). In these problems, the cost function can be generally written
as f(W,%) = ¢ + h(wW,Z) where ¢ represents the first-stage (deterministic) cost and h(w, &)
represents the second-stage (recourse) cost after the uncertain cost Z is realized and a recourse

decision ¥ is made, e.g.

Wi, %) == mingey 7 CF

subject to AW + By < b.

In what follows, we first base our discussion of the tractability of DRRO on two ambiguity sets
that are commonly applied in the literature of DRO (Sections 3.1 and 3.2) and then pay a particular

attention to the special case of linear cost function (Section 3.3).
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3.1 The Case of Support and Bounded Moments

One common scheme in DRO to specify an ambiguity set is to describe “the maximum level of
dispersion” of distributions from their mean (see e.g. Wiesemann et al. (2014)). In particular, the
dispersion can be characterized by a set of support and moments defined based on convex functions.
The following ambiguity set, which was first proposed in Delage et al. (2014), provides a general

description of the case

[ XdF =1 = (ma,...,mq)",

m
[g(X)dF <0, geg,

where G is a set of convex functions on ]Rd,

Fig =13 F e F(RY , (3.1)

f{X’eG} dF =1, where G € R? is a convex set,

where Fo(R?) denotes the probability distributions on R%. The above set encompasses many exam-
ples of ambiguity sets from the literature and is highly expressive in that the set G could include

infinitely many convex functions. For instance, one could consider the following set
G = {g RS R ‘ 37 e RY, ¢(7) = h(ZT (7 — ) — b(z?)} ,

where h : R — R denotes some convex function. Let 3 denote the covariance of X. One can then
recover the mean-absolute-deviation ambiguity set (Postek et al. (2018)) by setting h(z) = |2| and
b(Z) = VZTXZ, and the mean-covariance ambiguity set proposed in Delage and Ye (2010), i.e.

{F e Fo(RY | P(X € G) = 1,Ep[X] = m, Ep[(X — m)(X —m)T] < z} (3.2)

by setting h(z) = 22/2 and b(Z) = Z'¥Z. One can also choose any b(Z) : R? — R to represent
the upper bound of dispersion along the direction Z' (Hanasusanto et al. (2017)) and recover the
mean semi-variance ambiguity set (Delage et al. (2014)) by setting h(z) = (max{0, z})? and the
mean Huber ambiguity set (Wiesemann et al. (2014)) by setting h(z) = 22/2 if |z| < § and h(z) =
5(|z| — &/2) for some ¢ > 0.

In the remainder of this section, we investigate the tractability of DRRO based on F g. We
proceed by focusing first on its inner maximization problem, i.e. the evaluation of the worst case
distortion risk measure:

sup  pf, (f(, X)). (3.3)
FE]'—T?L}g

The above problem appears particularly difficult to solve when the distortion function h is non-
convex, in which case the problem is a non-convex optimization problem. We tackle this difficulty
by taking a common strategy for non-convex optimization problems. Namely, we first approximate
the problem by a more conservative convex optimization problem, and then prove the tightness of

the approximation whenever possible. In particular, we use the fact that given any two distortion
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functions satisfying hy < hg, their corresponding distortion risk measures must satisfy pp, (X) >
P, (X) for any X. Thus, by finding a convex distortion function hey that satisfies hex < h, we can
bound from above the objective function in (3.3), i.e. pf (f (i, X)) by a convex objective function
pfcx( f (u‘)’,)? )). To tighten the bound, we look for the “largest” convex distortion function that is
dominated by the original distortion function h. This largest convex function is also known as the

convex envelope of h.

Definition 3.1. (Convex envelope (e.g. Brighi and Chipot (1994))) For any distortion function
h, the largest convex distortion function dominated by h is denoted by h¢y, which is called convex

envelope of h and is defined as
hex(t) = sup{g(t)|g:[0,1] — [0,1], g < h, g is increasing and convex on [0,1]}, ¢ € [0, 1].
We can thus write down the following problem that bounds from above the original problem

sw  pf_((, X)), (3.4
FeFgg

To show how tightly the above problem approximates the original problem (3.3), we will need
some intermediate steps. We should mention here that as our goal is to present the steps from a
high level point of view, we defer many parts of the proof, particularly those that are technically
heavy, to the appendix. The key step of our analysis is to narrow down a subset of distributions in
the ambiguity set F ¢ that maximize (3.4). In particular, we rely on the following structure of a

convex envelope hqy to characterize the subset of distributions.
Lemma 3.1. Let h be a distortion function and hex be the convex envelope of h.

(i) If h is right-continuous, then the set

{t €[0,1] : h(t) # hex(t)} = Uker [ar, br) U (Urer, (ar, be)) (3.5)

is the union of some disjoint left-closed and right-open intervals and open intervals. Moreover,
h is continuous at by for k € Iy U Iy and at ay for £ € Iy; hex is linear on each open interval
(ag,br) for k € Iy UIsy; and

h(ar—) = hex(ag) for k € I1 and h(x) = hex(x) for z € {by : k € UL }U{as: £ € Ir}. (3.6)
(ii) If h is left-continuous, then the set

{t € 10,1] : h(t) # hex(t)} = Urer(a, br.) (3.7)

is the union of some disjoint open intervals. Moreover, h is continuous at a and by, for k € I;

hex is linear on each open interval (ay,by) for k € I; and
h(ag) = hex(ax) and h(bg) = hex(by), k€ 1. (3.8)
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The above lemma, simply put, states that any convex envelope would either coincide with the
original distortion function or take the shape of a linear function over intervals where the two do
not coincide. Note that a similar result was first proved in Brighi and Chipot (1994) for the case of
continuous distortion function. Here we generalise it to cover the case of right and left continuous
distortion functions. It turns out that in many cases the distributions that maximize (3.4) have
a simpler structure for the parts that correspond to the linear pieces of the convex envelope. We

summarize this observation below.

Proposition 3.2. In the case where f(W,¥) is concave in T, we have

PhosaX) 2 sup ph (f(@,X)) = sup pf (f(i, X)), (3.9)
o FeFmg FeFhes

where

FTI%CXQ = {F S fmyg

VaR% (f(w, X)) is constant }

on each open interval on which hex() is linear.

Moreover, if the worst case value p}tcx’f’w(f) 15 attainable, then a worst-case distribution F' can be
obtained in the set fr%i"g, namely, there exists a distribution F* € f%g such that piTzcx,f,w(X) =
Phe (15, X)).

While we leave the technical details of the proof of Proposition 3.2 in the appendix, we point
out here the main idea behind the proof. Namely, our key observation is that in the case where the
cost function f(u,Z) is concave in &, it is always possible to construct a worst-case random vector
Xp,, that takes one point on each subset {a;, < U < by} for k € I, where U and f(&, Xp,,) are
comonotonic, and U ~ U(0,1). In other words, whenever the distortion function is not convex, i.e.
there are parts where the function differs from its convex envelope, the distributions that maximize
(3.4) would always assign some point masses according to where the envelope is linear. Each point
mass corresponds to quantiles that are constant over the interval where the envelope is linear, i.e.

(a,by), and thus the probability of the point mass is determined by the range of the interval (ag, by).

Remark 3.3. When h(z) =z for x € [0,1], i.e. the distortion risk measure reduces to the expec-
tation, we have from Proposition 3.2 that the worst-case distribution to the optimization problem
(3.4) is simply a point mass at m. This recovers one of the key results in Delage et al. (2014), which
states that the solution optimized based on expected value is in fact robust with respect to worst-case

expected cost.

We are now ready to present the main result of this section regarding the tightness of the
problem (3.4). For readability we present only the proof for the case where the distortion function
is left continuous and leave other more technical details to the appendix. The general idea behind
the proof is fairly straightforward. Namely, it can be shown that the worst case distribution that

maximizes (3.4) also attains the worst case value for the original problem (3.3).
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Theorem 3.4. Given any distortion function h and a cost function f(W,Z) that is concave in Z,
we have

sup pfy (f(0, X)) = sup pf (f(w,X)) (3.10)
FG]“WL,Q FE]'-.,;Lyg

for any . In addition, if the problem (3.9) is attainable and h is left-continuous, then the problem

(3.3) is also attainable at the worst-case distribution Fy. € .7-":)’{"9.

Proof. First let h be a left-continuous distortion function. Note that pn(X) < pp., (X) for each
random variable X. Then by (3.9), it suffices to show for each F' € fy%c"g and X ~ F, we have

pn(f (@, X)) = phe. (f (@, X)) (3.11)

By Lemma 3.1 (ii), we have that the set A =: {t € [0,1] : h_(t) # hex(t)} has the expression (3.7),
that is, A = Uges(ag, br), and hey is linear in each interval of (ag, bg), k € I. Thus, VaR,(f (W, )2))
is a constant on each interval of (ag, by), k € I. We denote xj, = VaR, (f (0, X)) when a € (ay, by)
for k € I. Note that for an increasing function g and a < b, we have f( ) dg(a) = |, (ah) dgt(a) =
gt (b—) —gT(a) = g(b—) — g(a+). Hence, by (2.8), we have

— 1 —
on( (5. X)) = /0 VaRy (f(, X))dh(a)

= aRZE (f (w0, X o AR (F(d. X N
_/(01)\AVRa(f( » X))dh( )+Z/(ak,bk)VRa(f( , X))dh(a)

kel
_ / VaRy: (f (i, X))dhex(@) + 3 ap(h(by—) — hlag+))
(0, D\A kel
_/ VaR{ (f(@, X))dhex(a) + > ap(h( h(ay,))
(0,D\A kel

:/ VaR:[(f( dhcx + Zxk cx bk‘ Cx(ak))
(0,1\A kel

- VaR> (£(17, X))dhey VaR} (f(w, X ))dhex
/(01)\A aRy (f (W, X)) (a)-i—Z/(ak’bk) aR! (f(w, X)) (a)

kel
= Phe. (f(, X)),

where the forth equality follows that A is continuous at aj and by (Theorem 3.1(ii)) and the fifth
equality follows from (3.8). Thus, we showed (3.10) for left-continuous h. If p}TLCX f w()? ) is attainable,
then a worst-case distribution can be chosen in the set .F%C"g Then by (3.11), we have pIL’ fw()Z' ) is

also attainable at the worst-case distribution Fy. € Fp g. O

Hence, we arrive at the conclusion that in many cases, the convex relaxation of a DRRO prob-
lem can in fact be tight. What is perhaps surprising is the generality of the result. In the literature
of DRO, such kind of tightness result, while highly desirable, usually can only be established for
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fairly specialized cases (see e.g. Ben-Tal et al. (2015), Mak et al. (2015)). The above result, on the
other hand, reveals that such "hidden convexity" can actually be systematically found in DRRO
problems through the use of convex envelope. The problem now boils down to identifying the exact
functional form of the convex envelope of a distortion function. As shown below, this is usually

straightforward to do.
Example 3.1. (Inverse S-shaped distortion risk measures)

(i) It is easy to see that the convex envelope of h defined by (2.10) is

/
A a2
where tcy is the unique solution to the following equation
2—a)t*+(1—-t)*) =1 —t)>!
and
B () = h(t) (‘j _ tati - 8 = gzl) . (3.13)

(ii) For the two-parameter inverse S-shaped distortion function defined by (2.11), its convex en-
velope is hex(t) =t, t € [0,1],if 0 < 0 < 2/3 and

[]IeH]

a(%+8)t, 0<t< i,

hexlt) = a5 -3+ (5+8)1), fo<t<i, (314

if2/3 <0< 1

(iii) The convex envelope of the inverse S-shaped distortion function defined by (2.12) is form:

o) 2V2—1)t, 0<t< ¥,
22 -2t 4+1, L2 <t

Example 3.2. (GlueVaR and RVaR) For the GlueVaR distortion function gZiéhQ defined in (2.13),

it is easy to see that if 151}2 < lhjﬁ, the convex envelope of gz’léhg is

0, 0<t<aq,
gex(t) = § WD g << B, (3.15)
14+ M pce<,
and if 113:}2 > l}i—lﬁ, the convex envelope of gZ}léhQ is
0 0<t<aq,
t) = ’ 3.16
gex(1) { R (3.16)



which is equal to the distortion function of CVaR,. It thus follows immediately that the convex
envelope of the distortion function hq g(t) of RVaR,, g is the distortion function of CVaR,, given by
(3.16).

Example 3.3. (Beta-distortion function) For the Beta distortion function h defined by (2.17), we

discuss its convex envelope h¢y for the following cases.
(i) If @« > 1,8 < 1, then h is convex and thus its convex envelope h¢yx = h.

(ii) If < 1,8 > 1, then h is concave and thus its convex envelope is indentity function hey(t) = ¢
for ¢t € [0,1].

(iii) If @, 8 > 1, then h is an S-shaped function and and its convex envelope is

h(t), 0 <t < tox,
hex(t) =

1+ %téﬁfl(l —te)PTHt = 1), te <t <1

where o € [0,1) is the unique solution to the following equation
1
(1 — gy = / w011 = u)Pdu.
t

(iv) If a,, B < 1, then h is an inverse S-shaped function and its convex envelope is
At (1 — )P, 0Kt <t

(1) = J Bl fex o)l 0SS e,

h(t), e <t < 1.

where tcx € (0, 1] is the unique solution to the following equation
t

(1 —t)P! :/ w11 — w)P .
0

Up to this point, we have shown that any DRRO problem can be solved by replacing its inner
maximization problem by its convex counterpart (3.4). We next discuss how to solve numerically
the problem (3.4) and the corresponding DRRO problem. In particular, our goal is to show how
the problem can be generally solved as conic programs (Ben-Tal and Nemirovski (2001)). There
are several conic programs that can be solved efficiently by off-the-shelf solvers, and we refer to the
cones used in these programs as tractable cones, including non-negative cone, second-order cone,
positive semidefinite cone, and their Cartesian product. We say a set X C R™ is conic-representable
if it can be represented by the projection of a tractable cone L. We make the following assumptions
(C1)—(C3) about the ambiguity set F g. Recall that the conic inequality & < ¥ refers to the set
constraint i — & € K and the dual cone K* refers to the set K* = {ij | ' ¥ > 0, V& € K}.
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(C1) The set of support G is conic-representable and the set of convex functions G admits the
representation
G = {g R SR ) Iz k*, g(@) =7 (5(F) — B)}
for some function g : R* — RP, constant vector b € RP and proper cone K C RP, where
Z1g(Z) is convex for any Z € K* and the K-epigraph of g, i.e. {(Z,%) | g(%) =k ¥} is

conic-representable.
(C2) g(m) =k b and m € int(G) hold.
With the condition (C1), we can equivalently express any set Fp ¢ defined in (3.1) as

f)?dF = m = (ml,...,md)T,
J9(X)dF =¢ b,

Fax =14 F € Fo(R
K o(RY) where K C RP is a proper cone ,

) (3.17)
S (Re? dF =1, where G C R? is conic-representable.

which recovers the representation of ambiguity set applied in the work of Wiesemann et al. (2014).
The condition (C2) allows us to verify certain Slater condition required for deriving an equivalent
formulation of the problem (3.4). Note that the condition is equivalent to checking if the distribution
F = 14, i.e. putting all the mass at the mean, is strictly feasible in (3.17). Next, we assume that

the convex distortion function Ay is piecewise linear.

(C3) There exist 0 =ap < a1 < -+ < ap =1, m € N, such that (0,1] = U2, (a;-1,a;] and hey

is linear on (aj_1,q;], j=1,...,m.

Such kind piecewise linear assumption is common in the literature of DRO. For example, in the
context of utility-based DRO, the utility function is often assumed to take a piecewise linear form
(see e.g. Wiesemann et al. (2014)), and the idea is that such a functional form can always be applied
to well approximate a general function over a bounded domain. The condition (C3) obviously holds
for VaR, VaR™*, CVaR, RVaR, and GlueVaR, since their convex envelopes are piecewise linear. Note
that for any convex distortion function hc that has bounded derivatives, one can always find a
piecewise linear function h,, that satisfies pf; (f(w, X)) < pfm (f(w,X)),vX. That is, the problem
SUPpeF,, o pfm( f (117,)2 )) provides a conservative approximation to the problem (3.4). We show
in the following result that with the above conditions, the problem of worst-case distortion risk
measure (3.4) can be solved by a convex optimization problem with a finite number of variables and

constraints.

Theorem 3.5. Assume that the conditions (C1)-(C3) hold. The optimization problem (3.4) can
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be equivalently solved by the following convex optimization problem:

SUP Z¢JPJ w, T') (3.18)
{"L"J}
subject to ijfj =m, (3.19)
m —
> pia(d) =k b, (3.20)
j=1
Z;eG, j=1,...,m, (3.21)
where p; := aj — a;_1 and <;§j denotes the slope of hey on (aj—1,a;]. The worst-case distribution
Fye, if attainable, takes the form of
m
Foe = ijlf;fa (322)
j=1

where T3, j = 1,...,m, denote the optimal solution to (3.18).

Proof. From Proposition 3.2 and its proof, we know that in the case where h¢x is piecewise linear
(satisfying (C3)), it suffices to search for a worst-case distribution in the set Fx hc" that is supported
by at most m points. In particular, given any distribution F € ]:Ifc"g, we seek m points T,

j=1,...,m that satisfy
[0, %) = VaRo (f (@, X)), « € (aj_1,a;], j=1,...,m, with X ~F.
This condition can be equivalently stated as seeking Z';, j = 1, ..., m that satisfy the ordering
[, 21) < f(0,72) < ... < f(W, Zn) (3.23)

and the probability p; of each point Z; is equal to p; = a; —aj—1. In this case, the objective function
pfcx(f(iﬁ,)?)) reduces to (3.18) and the constraints in (3.17) reduce to (3.19)-(3.21).

The ordering constraint (3.23), however, is usually difficult to dealt with, since it is not convex
in general, i.e. the function f(w,Z;) — f(W,Zj41) is nonconvex in # (and ). Fortunately, we now
show that there is no loss of optimality by relaxing the ordering constraint. We proceed by deriving
the dual of the problem (3.18). Letting Xm € R4, Xg € K* C RP denote the Lagrange multipliers for
the constraint (3.19) and (3.20), we can write down the following dual problem

_inf  sup ng)]p] (W, %) + )\T ijx] + )\ (b— ijg (%)) (3.24)
Ximyhg EC* ac]EG

Given the condition (C2), we can confirm that the problem (3.18) satisfies the Slater condition and
hence strong duality holds. We know from strong duality that any solution that is optimal to the
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problem (3.18) must also be optimal to the inner maximization in (3.24). Observe now the following

Now

(i)

m
(324) = inf  sup XL+ X b+ > pi(d (0, &) — XL — A] 9(F))) (3.25)
XmAgEK* Z;€G =
m ~
= inf XLm+XJb+ > pi(sup ¢ f(w,7;) — NLa — A] g(F))). (3.26)
Xy hg ELC* =1 TiEG

two cases arise.

The optimal solution to the problem (3.18) subject to the constraints (3.19)-(3.21) (that is,
without the ordering constraint) is attainable. We aim to show any solution that is optimal to
(3.18) will necessarily satisfy the ordering constraint (3.23). Note that any optimal solution
Zj,j = 1,...,m to the inner maximization in (3.24) must satisfy that each Z; can separately
maximize the function gd;(f) = g?)f(u?, ) — XL:E’— X;g(f) with ¢ = qBj. Since ¢; is increasing,
we can easily conclude that any optimal solution Z;, j = 1,...,m to (3.24) must satisfy the
ordering constraint (3.23), which in turn implies that the optimal solution to the problem

(3.18) also has to satisfy the ordering constraint.

The optimal solution to the problem (3.18) subject to the constraints (3.19)-(3.21) is not
attainable. We aim to show that the problem (3.18) subject to the constraint (3.19)-(3.21)
and the ordering constraint (3.23) is also not attainable; and the optimal values of the two
optimization problems are equal. It suffices to show that for any feasible solution without
the ordering constraint, there exists a feasible solution with the ordering constraint such that
its value of objective function is no less than that of the original solution. Note that for
any feasible solution {Z;}"; to the problem (3.18) subject to the constraints (3.19)-(3.21),
let G* C G be a compact convex set such that {Z;}7", C G*. Now we consider a new

optimization problem (3.18) subject to (3.19)-(3.20) and the following constraint
FeG, j=1,...,m (3.27)

Then the new problem is attainable. Applying Case (i) to this new problem, we have its opti-
mal solution has to satisfy the ordering constraint. Denote by {:E';" };”:1 this optimal solution,
and then 377", ¢;p; f (W, 75) = D211, ¢jp;f(wW,%;). Hence, we can find a feasible solution
{;E}" };”:1 C G* C (@ satisfying the ordering constraint such that its objective function is no less
than that of {Z;}7.;.

Combining the above two cases, we have that the ordering constraint (3.23) can be safely removed,

and thus, we complete the proof. ]

From the above optimization problem, one can also easily confirm that the worst-case risk

must be attainable if the set of convex support G is bounded, i.e. compact. As the final step, we
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discuss now the tractability of solving the DRRO problem, i.e. the minmax problem (1.3). One
can recast the whole problem into a single minimization problem by employing the dual problem of
(3.18), i.e. (3.26), which leads to the following reformulation of the DRRO problem

inf Anii+ X b+ pjs; (3.28)
TEW, Xm XgEL*,§

subject to s; > sup{¢; (@, T) — X\h@ — X) G(D)}, j = 1,..,m,
ze@

where additional variables s;,j = 1,...,m are introduced to simplify the objective function. This
optimization problem may not appear fully tractable (i.e. solvable by off-the-shelf solvers) at its
current form, as it involves infinitely many constraints due to the maximization term in the right-
hand-side of constraints. For readers who are familiar with the literature of robust optimization
however, this type of constraint is common in robust optimization and can be handled by well-
established techniques. Namely, based on Assumption 3.1 and convex (conic) duality theory, the

maximization problem can often be recast as a minimization problem

— —

inf {h(w,Xm,Xg,g) je W(w,xm,xg)},

W, Am,Ag

where ¢ denotes the dual variable and the set W (4, Xm, Xg) is specified through a finite number of
constraints on the variables w, Xm, Xg, 7. Replacing the maximization problem in the constraints of
(3.28) by the above minimization problem, we end up at a formulation with only a finite number of
constraints. What we outline here is a general principle established in the literature of robust opti-
mization (see e.g. Ben-Tal et al. (2015)) to derive a tractable reformulation for problems involving
infinitely many constraints, i.e. a robust constraint. For sake of space, we refer readers to Ben-Tal et
al. (2015) and Wiesemann et al. (2014) for more detailed discussions about how different functional
forms of f(w, ) and the (conic-representable) set YW would lead to different exact reformulations

of convex or conic programs.

3.2 The Case of Fixed Mean and Covariance

As an important exception, the classical mean-covariance ambiguity set proposed in the ear-
lier works of DRO and now widely referred to (see e.g. Popescu (2007), Bertsimas et al. (2010),
Natarajan et al. (2010)) cannot be expressed using the ambiguity set studied in the previous section.

Namely it is defined by

(3.29)

s {F =P | Bpl(€ -7 - 2

Ep[X] = }

where m € R? and ¥ € R%4 stand for the mean and covariance. Unlike the version of mean-

covariance ambiguity set mentioned in the previous section, i.e. (3.2), which takes into account only
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the upper bound of the covariance, the above set imposes a fixed level of covariance across all the
distributions. In this section, we investigate the tractability of DRRO based on the set F x;.

We can follow similar steps presented in the previous section to tackle first the inner max-
imization problem of DRRO, i.e. the worst-case distortion risk measure supper., .. Pk (f (i@, X)).
While it is still possible to bound first the worst-case risk measure by its convex (;ounterpart, i.e.
SUP e, pfcx( f(w, X)), additional investigation is required to prove the tightness of the convex
counterpart. In particular, the hard requirement that the distributions must now have certain de-
gree of dispersion prohibits us from applying directly the analysis about worst-case distributions
developed in the previous section. The key finding that enables us to speak about the tightness of
the convex counterpart is that the hard constraint on covariance can actually be relaxed without
the loss of optimality for a large class of distortion function h. To present this finding, we define
first the following set of distributions that relaxes the set Fp 5
Ep[X] = m }

(3.30)

Fse=FeFR®R? N
" { ) Ep[(@T(X —m))* - 2787 <0, VZeR?

We show that relaxing the set Fy s to the set ]—“é 5, actually does not affect the worst-case

risk if the distortion function A is insensitive to "very good" outcomes.

Proposition 3.6. Given any right-continuous distortion function h that satisfies h(z) = 0, x €

(0,¢) for some arbitrary small e > 0, and a cost function f(wW,¥) that is concave in T, we have

sw  pf (f(5, X)) = swp pF (7, %)) (331)
FE]'—myg FE]'-T%’E

Proof. Denote by p{ and pg the left side and right side of (3.31), respectively. Note that Fp 5 C
Fs
m,>)

We first show the result for the case that pg < 00. We assert that for any J > 0, there exists a
distribution G5 € fé 5, and XG[; ~ G5 such that f(, Xgé) has a lower bound and

pn(f (@, X,)) > p} = 0. (3.32)

and thus, pg > p{. We only need to show pg < p{.

To see it, by the definition of p; we know that for any § > 0, there exists a distribution Gy € fé >
and X(;é ~ Gg such that (3.32) holds. If f(u, XG,;) does not have a lower bound, then we can
replace Xgé by )256 which is defined as follows. Let U ~ U|0, 1] be a random variable such that
f (W, )2(;5) = Fg}(U) a.s., where Fy ¢ is the distribution function of f (7, XG(;), and we define
XZ‘ = E[XG(;’U < 5]I{U<s} + XGal{U>€} = fEI{U<s} + XGsl{U>s}'
Then we have
1@, X5,) = F(8,5) [yee + 1@, Xe) [y
> min{ f (w0, ), VaR. (f (@, Xc;)) Hiv<ey + [0, X)) [ir>e)
=: Wqg.
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Hence, it holds that

pr(F (@, XE,)) = pr(We) = pu(f(@, X)) > ph — 9, (3.33)

where the equality follows from Lemma 6.7 and the fact that U, f(, Xa ;) and W¢ are comonotonic,
and [f (@, Xg,)|U > €] = [We|U > €] a.s. In addition, the second (strict) inequality in (3.33) is due
to (3.32). In addition, by Lemma 6.3, we have the distribution of Xéé is in }“é’z. Therefore, we
can find G5 € ]-"%Z and XG(; ~ Gy such that f(, Xgé) has a lower bound and (3.32) holds.

Next, we aim to construct a distribution in Fj x, satisfying the corresponding distortion risk
measure is larger than pg — 20. To this end, denote by Y the covariance matrix of XG& which
satisfies Y5 <X X as Gs € ]:53,2' Let {Br,k € N} be a strictly increasing sequence of positive
constants such that limy_,. S = 1, we define

Y — BLYs
Ek:l—ﬁﬁk , keN.
By %5 < ¥, we have for any Z € R?
TTVYE — @’ 85 S YT — T 857

1 — B ~ 1 — B

that is, {Xg, k € N} is a sequence of positive semi-definite matrices.

ZTYLE = >0,

For each k € N, let H}, be a distribution of random vector in R¢ such that it has the expectation

m and covariance matrix Xy, that is,
/X'de —m and /(X’ — ) (X —m)TdH), = %y

For each k € N, let ?k be a random vector having the distribution Hy. Then,

E[Y,] = and Cov(Yy) = E[(Yy — i) (Y, — m) 1] = 4.
Define Z, as a random vector with distribution W), given by

Wi = BkGs + (1 — Br)Hy, k€N

Then we have E[Z,] = m and

Cov(Zy) = BrCov(Xg;) 4+ (1 — Br)Cov(Yy) =%, keN,

that is, W, € Fi » for k € N. In addition, we can show for k large enough,

—

pr(f(@, Zx)) > pu(f (@, Xg,)) — . (3.34)

To see it, let Z} be a random variable such that its distribution G} on R is a mixture of f(u, Xgé)

and fy < ess-inf f (0, XG(;) with respective weights 8y and 1 — i, that is,
Gi(2) = BP(f (w0, Xa;) < x) + (L — Bi) (<), = ER.

We have the following two facts.

25



(1) limg—o0 pr(Z}) = pu(f (a0, )Z'Gé)). To see it, note that

This implies that for a > 1 — S,

VaR,(Z}) = VaRa,;wk (f(, Xay))-
k

(3.35)

Note that there exists kg € N such that 1 — 5 < £/2 < € for k > ko. Thus, (3.35) holds for

a—l—i—ﬁk — 1

o > € and k > ky. Then since 5 = 1- (1 — ) /B increasingly converges to a as k — 00,

VaR, is left-continuous and increasing in «, we have the sequence {VaR.(Z;),

k> ko)

increasingly converges to VaR, (f (w0, )ZG5)) as k — oo for a > €. Also, note that g > 1—¢/2

for k > ko, and thus, for a > ¢ and k > ko,

a—1+ 05 -« -« a—¢e/2 e _ €
— - >1-— = >a— - > .
Bk Bk 1—¢/2 1-¢/2 “T973

By (3.35), this implies that VaR,(Z}) for a > ¢ has a lower bound VaR, jo(f (0, Xgé)). Then

by monotone convergence theorem, we have

—

Jim pp(Zg) = lim VaRa(Zy)dh(«) = VaRa (f (@, X;))dh(a) = pu(f (@, X)),

k=00 JIe, 1] [e,1]

where the first equality is due to (6.56) of Lemma 6.7.
(ii) There exists ko € N such that for any k > ko,
VaR,(Z;) < VaRy(f(W, Zg)), a>e.

To see it, note that for x > fy, we have

P(f (W, Zy) < ) = BeP(f (W, X, )
Bk]P)(f(w XGg)

Also, note that fy = VaR;_g,(Z}). Hence, for each k € N, we have

VaR,,(f (7, Zk)) > VaRa(Z;), a>1-p5.

(3.36)

As limy_,o B, = 1, there exists kg such that 1 — 8 < e for k > ko. Hence, we have (3.36)

holds.

By fact (i), we have for the given 0 > 0, there exists &y such that py(Z}) > pp(f (W, Xa,))
by fact (ii), we have

pr(f(B, Zy) = pu(Z;) > pr(f (W, Xc,)) — 6, Kk > max{ko, k1}.
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That is, (3.34) holds. This combined with (3.32) implies that
on(F(B, Zy)) > pb — 26, k> max{ko, k1}. (3.38)
Then by that the distribution W}, of Zk belongs to Fp 5 for k € N, we have

pl=  sup  pu(f(W, Zy)) > ph— 26. (3.39)
k}max{ko,kq}
As § can be chosen arbitrarily small, we have p{ > pg and thus, p{ = pg. That is, we complete the
proof for the case that pg < 00.

If p5 = 00, we can exactly employ the above arguments to show pI = pg, except for replacing
pg — ¢ of (3.32) and (3.33) by 1/4, replacing pp,(f (w0, )ZG5)) — ¢ of (3.34) and (3.37) by 1/(24), and
replacing pg — 24§ of (3.38) and (3.39) by 1/(2d). Then we obtain

ty 1

pl = 25
holds for any 0 > 0. Then letting ¢ | 0, we have pI = 00, and thus, p{ = pg. Thus, we complete
the proof. O

We should point out here that in the case where the distortion function h is convex, the
tightness of the relaxation can be established for any distortion function if the cost function is
Lipschitz continuous. That is, the insensitivity condition is basically only required in the case of
nonconvex distortion function h. Note also that since the set .7-";5%2 is a special case of Fp g, we

know from Theorem 3.2 that

sup  ph (f(@, X)) = sup pf (f(w,X)), (3.40)
Ferg FeFpess

where

C(L‘7< — <
fﬁm = {F S fm,z

VaRe(f (@, Xr)) is a constant on each interval on }

which h, is linear, where X F has distribution F.

Combining Proposition 3.6, the observation (3.40), and the results established in the previous
section, we arrive at the following result about hidden convexity, which is analogous to the main

result in the case of bounded moments.

Theorem 3.7. Given any distortion function h that satisfies h(z) = 0, x € (0,¢) for some arbitrary

small e >0, and a cost function f(W,X) that is concave in T, we have

sup pb(f(@,X)) = sup pf (f(@,X)). (3.41)
FE‘Fﬁl,E FE‘Fﬁl,E
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Proof. Denote by pg and pgcx the left side and the right side of (3.41), respectively. Let hi be the
right-continuous copy of h, that is, hq (x) = limy, h(y), « € (0,1), and denote

ph, = sup  pp (f(i, X)).

FE./—'WL,Z

T

Since pp, < pr < Pheys We have pL < P; < Py, - To show (3.41), it suffices to show p}TL+ > pzcx. By

(3.31) of Theorem 3.6, we have

ph, = s pb (f@.X)) > sup ol (F(d@, X)),
FeFy FeFhogs

and by (3.40), we have

ph.= sup ph (f(@,X)).
FeFness

Hence, to show p,T“r > pzcx, it suffices to show

sup pp (f(@, X)) = sup  ph (f(d, X)),

hex, < hex, <
FE]‘—m,E FG}—WL,E

that is, for any F € F,:%c:gg and X ~ F,

P (£, X)) = pre (f (7, X)). (3.42)
Let h_ be the left-continuous version of h. It is obvious that hex < h— < hy and thus, pp, < pp_ <
Phe.- Hence, to show (3.42), we first show for any F' € ]-"%C’gg and X ~ F
and then show
ph, = pu_(F(iF, X)), (3.44)
The proof of (3.43) is similar to that of (3.11) in the proof of Theorem 3.4 and the proof of (3.44)
is similar to that of (6.45). Thus, we omit the remaining proof. O

To see how the problem suppcr_. pfcx(f(zf), X)) (in (3.41)) formulated based on the convex
envelope h., can be solved numerically; one can invoke the observation (3.31) that the problem can
be equivalently solved by the problem sup, FS pfw (f (QE,X )). The latter can be solved by the
optimization problem presented in Theorem 3.5. We should remark here that to the best of our
knowledge, prior to our work the problem suppcz . pgc (f(d, X )) is only known to be solvable
in few special cases of the cost function f(u,Z). The observation (3.31) implies also that one can
follow the discussion at the end of Section 3.1 to solve the DRRO problem (1.3) formulated based on
Fx. With the insensitivity condition provided in Theorem 3.7, one can easily confirm that DRRO
problems formulated based on a S-shaped distortion function can be solved exactly by its convex
counterpart, but this might not be the case for DRRO problems formulated based on an inverse
S-shaped distortion function. This provides some general sense of when the hidden convexity might

exist for DRRO problems with an ambiguity set defined based on fixed mean and covariance.
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3.3 The Case of Linear Cost Function

In this section, we continue the discussion of the case of fixed mean and covariance but pay
a particular attention to the case of linear cost function. We show that in this case we can obtain
tightness results that are applicable to any distortion function A (i.e. the insensitivity condition in
Theorem 3.7 can be dropped). We start by simplifying the problem defined over multiple random
variables to a problem over univariate random variable X. For convenience, from here on we denote
by F(p,0) the distribution set Fp » in the case of d = 1 with mean p and standard deviation o.
The result below is a direct application of the projection theorem first developed in Popescu (2007).

T

Theorem 3.8. In the case where f(wW, %) = W' &, we have

sup  pp (f(@W, X)) = sup pp(X)
FeFq, s FeF(u,0)

where = w"M and o = V@ 0.

It was found recently by Li (2018) that the worst-case distortion risk measure pZ(X ) =
SUPpe F (o) pF(X) can actually be solved in closed-form in the case where the distortion func-
tion h is convex (see also Liu et al. (2020)). This result, which is summarized in the following

lemma, will be particularly useful in proving our main result.

Lemma 3.9. Let h be a convex distortion function. The worst-case distortion risk measure in this

ph(X) = p+ o031,

where ||W'||o = \/fol(h’(t))th is the L?-norm of h' and h' is the left (or right) derivative function

of h. Moreover, pz(X) 1s attainable at the worst-case distribution Fy. satisfying

case can be evaluated by

Fyla) =M (a)e+d, ac(0,1), (3.45)

wce

where ¢ and d are two constants such that the mean and variance of the distribution Fy,. are equal

to u and o, respectively.

Recall from the previous sections that we rely heavily on the characterization of worst-case
distributions to reveal the hidden convexity of DRRO problems. The fact that the above result
actually provides us the exact functional form of the worst-case distributions (in the case of convex
distortion function) facilitate us greatly to discover hidden convexity. In particular, this makes it

possible to derive the following tightness result that holds for any distortion function h.

Theorem 3.10. Given any distortion function h, we have
ph(X) = ot oy B3 — 1. (3.46)
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Moreover, if h is left-continuous, then pZ(X) is attainable at a worst-case distribution Fy. satisfying

Fola) =h. (a)c+d, ac(0,1), (3.47)

where ¢ and d are two constants such that the mean and variance of the distribution Fy. are equal

to u and o, respectively.

Proof. For a distortion function h, denote by h_ and hy the left continuous and right continuous
copies of h, respectively. It is obvious that the convex envelopes of h_ and h, are the same as
the convex envelop of %, namely (h-)ex = (h4)ex = hex. Then by Lemma 2.1(i), it holds that
p}TH_(X) < pg(X) < prl_ (X). Hence, to show (3.46), it suffices to show that PZ_ (X) = p}TH_(X) =
o /Thl3 - 1.

We first show that (3.46) holds for h_. Note that hex = (h—)ex < h— and the distortion risk

measure py, is decreasing in h, thus we have p,_ < pp., and hence

ph(X)= sup pu_(Xp)< sup  pu, (Xr)=p)_(X).
FeF(u,0) FeF(u,0)

Therefore, by Lemma 3.9, we know that p;cx (X) = pn.(Xr,.) = p+ 0/||hLi ]2 — 1, where Xp,,
is a random variable such that its distribution is the worst-case distribution Fy. given by (3.47).
Hence, it suffices to show that the distribution given by (3.47) is also the worst-case distribution of
pn_, that is, to show that pp_(Xpg,.) = phe (XFue)-

By Theorem 3.1(ii), we have that the set I =: {t € [0,1] : h_(t) # hex(t)} has the expression
(3.7), hex is linear in each interval of Uger(ag,by). Thus, the worst case distribution given by
Fyl(a) in (3.47) is a constant on each interval of Uge(ak, by). We denote z = VaRZ (XF,.) when

wcC

a € (ag,b) for k € I. Note that for an increasing function g and a < b, we have f(a ) dg(a) =
f(a ) dg*(a) =gt (b—) — gt (a) = g(b—) — g(a+). Hence, by (2.8), we have

1
on (Xn,) = / VaRE (X, )dh(a)

0

— / VaR} (Xp,)dh(a) + ) / VaR7 (XFp,,)dh(a)
(091)\1 kel (ak:bk)

- / VaR} (Xp,.)dhex(@) + Y ap(h(br—) — hap+))
(0,)\1 kel

= / VaRY (X )dhex() + Y ap(h( h(ar))
(0,)\1 kel

:/ VaR+(XFWC dh(}x +Zxk‘ CX bk‘ Cx(ak))
(0,)\ kel

_ / VaRy (Xp, )dhex() + 3 / VaR (X, )dhex(a)
(071)\1 kel [akvbk)

= phcx (XFWC)7
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where the forth equality follows that A is continuous at aj and by (Theorem 3.1(ii)) and the fifth
equality follows from (3.8). Thus, we have proved that pZﬁ (X) = p+o/||hl? -1 and P}Tl, (X) is
attainable at the worst case distribution Fi..

In the following, we show that (3.46) holds for hy. It suffices to show p2+ = PZ_ as we have
proved that p,ti = pzcx. Let Fyc be the worst-case distribution given by (3.47) and let F' be a
distribution function such that F(z) < Fyc(x) when 0 < Fyc(z) < 1, F(x) = 1 when Fy.(z) = 1,

and F' has finite mean and variance. For any ¢ € (0,1), define a mixed distribution function F. by
F.=(1—-¢)Fy.+¢eF, €(0,1),

and let X, be a random variable with distribution function F;, whose mean and variance are denoted
by pe and o2, respectively. Note that for any z € R, F.(x) 1 Fye(z) as € | 0 and F.(7) < Fyc()
when 0 < Fyc(z) < 1. Hence for any x € R, hy (F.(z)) T h—(Fwc(x)) as € | 0. Then we have

i, (X2 =t ([0 (R - | 0 b (P (o))

el0 oo

~ 0
— [Ca- bl - [ b (B
0

— 00

= ph_(XFy.), (3.48)

where the second equality follows from the monotone convergence theorem and that F. 1 Fy. and
hi(F2) T h—(Fwe) as € 1 0. Let X2 = p+ Z(X: — pe). Then we have XZ € F(u,0) and

) . ) o
i, (X2) =ty (1 s (X0) = ) ) = oo (X ).

O¢

where the first equality follows from that pj, is positively homogeneous and translation-invariant

2. Hence, we have

and the second equality follows from (3.48), lim.|g pte = p and lim. | 052 =0
pL (X) = limg o pp (X2) = pn_(XF,.) = p,TL (X), which implies that P}Ter (X) = p,TL (X) since it
holds that ,O}T“r (X) < p,t_ (X). Thus, (3.46) holds. In addition, if & is left continuous, then p, = pp—
by Lemma 2.1(iii) and thus p,t(X ) = p,TL (X). Hence, p,t(X ) is also attainable at the worst-case

distribution Fy. satisfying (3.47) when A is left continuous. O

The above result, together with Theorem 3.8, immediately imply that DRRO problems in the

case of linear cost function can be reduced to
ggbme+ VaTSw /|| b3 — 1. (3.49)
The objective function of this form is known to be easy to optimize, since its epigraph can be
represented via a second-order cone (c.f. Ben-Tal and Nemirovski (2001)). In the case where the
feasible set W can also be represented via a second-order cone, the whole problem (3.49) can be

efficiently solved as a second-order cone program (see e.g. Li (2018)). It came to our attention
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that a special case of the above result was also obtained in a recent work of Zhu and Shao (2018).
In particular, they take a fairly different approach to derive the closed-form result for distortion
risk measures defined by (2.7), i.e. the case of right-continuous distortion functions. They however
falsely claim the existence of worst-case distributions. Our approach, on the other hand, gains its
power from exploiting specifically the characterization of worst-case distributions in terms of convex

envelope, which makes it possible to handle worst-case distortion risk measures in its full generality.

Remark 3.11. (The worst-case Value-at-Risk of VaR,(X) is not attainable) At the end
of this section, we point out that the well-known worst-case Value-at-Risk derived in El Ghaoui et
al. (2003) is based on the Value-at-Risk’s definition of inf{z € R : P(X > z) < 1 — a}, which is
equivalently to defining Value-at-Risk at level a as VaR} (X). It is shown in El Ghaoui et al. (2003)
that

a

sup VaRI(Xp)=pu+o

3.50
FeF(u,0) -« ( )

and the worst-case Value-at-Risk is attainable at a two-point distribution

1_
P(X*zu—ax/a>=a, P(X*zwm/“):l—a,
leY l—«

where X represents a random variable with distribution F'. This result of El Ghaoui et al. (2003)
is now a direct corollary of Theorem 3.10 by noticing that the distortion function of VaRZ (X) is a
left-continuous function hy,g+(7) = Ifq<a<i)-

What appears less noticed however is that if one employs the standard definition of Value-
at-Risk, i.e. VaRq(X), the worst-case Value-at-Risk of VaR,(X) is not attainable although the

worst-case value is the same, namely

a

sup VaRo(Xp)=p+o

3.51
FeF(p,0) -« ( )

Notice that the distortion function of VaR,(X) is a right-continuous function hvar(7) = I{a<a<i)s
which shares the same convex envelope hovar(z) = (z—a)+ /(1 —a) as hy,g+(x). To see why (3.51)
is not attainable, one can first verify that the worst case distribution for suppe 7(,, ) CVaRa(XF),
which is equal to (3.51) and is attainable, has to be a two-point distribution belonging to the

following class of two-point distributions (see, e.g. Li (2018)):

_ . _ 1-83 _ _ B
Jpi=qdf Fgof Xg:P|Xg=pu—o T =B, P|Xg=pn+o m =1-48,8€(0,1) ;.
Then for any distribution F' € F(u,0) \ Fpi, CVaRa(XF) < p+ 0,/ 1%, and thus,

VaRo(Xp) < CVaRa(Xp) < i+ 0y /% for any F € F(u, o)\ Foi. (3.52)
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On the other hand, for any random variable Xz with distribution F € F,;, we have

H—=0c 17/87 a<ﬁ<1>

VaRq(X5) = (3.53)

QE‘

H+U m, 0</B<Oé

It is easy to see

VaRo(Xg) < p+o = lim VaR,(Xg) for each 8 € (0,1). (3.54)

l—«o BTa

Combining (3.52) and (3.54), we know that for any random variable Xy with a distribution F €
F(p,0), we must have VaRo (XF) < p+ 0, /1%, Hence, supper(,,0) VaRa(XF) is not attainable.
O

4 Numerical Example

The development of DRRO offers an opportunity to examine numerically how an individual
who overly weights "very good" and "overly bad" outcomes, as depicted by the Cumulative Prospect
Theory (CPT), makes optimal decisions when facing distributional ambiguity. In particular, in this
section we apply the inverse S-shaped distortion function (2.10) in Example 2.2(i) to examine the
impact of the parameter « on the solutions of DRRO. Recall that the smaller the value of «, the more
weights are put on extreme (low and high) quantiles, whereas as « approaches to 1, the distorted
expectation converges to risk-neutral expectation. Existing literature suggests that a reasonable
choice of a would be somewhere between 0.56 and 0.71, which are supported by the empirical
survey results in Camerer and Ho (1994), Tversky and Kahneman (1992), and Wu and Gonzalez
(1996).

As a testbed for implementing DRRO, we consider the two-stage problem of production and
transportation planning, a classical example that has been considered in Bertsimas et al. (2010)
and Yang and Xu (2016). In this problem, given m facilities and n customer locations, a company
needs to first determine how many products to produce in each facility, and then decide how many
products to transport from each facility to each customer location. The demand from each customer
location j is known beforehand as d; units, and the production cost at each facility ¢ is also known
with certainty as ¢; per unit. The transportation cost t¢;; between each facility ¢ and customer
location j however is uncertain. The company needs to make a "here-and-now" production decision

but can make "wait-and-see" transportation decision after the realization of the random cost ¢;;.

This two-stage problem can be formulated as

Ty

min Y e+ pfy (Q(T, 7)) (4.1)
=1

subject to 0<x; <1, Vi,
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where z; denotes the amount to produce at each facility 4, the second stage cost Q(t, Z), which

captures the total transportation cost, is defined by

m n
Q(t, %) == Igll]n DO tijwy

i=1 j=1

m
s.t. Zwij =dj, Vj
=1

n
Z wij = Ty, Vi
j=1

wij 2 0, Vi,j,

and pf in (4.1) denotes a distorted expectation based on the inverse S-shaped distortion function
h defined in (2.10).

We can solve the following DRRO problem that captures aversion towards ambiguity

m
. F =
min C;T; + sup QUT,x 4.2
in 3 e+ sup ol (QUT.2) (12)

subject to 0<x; <1, Vi

It is straightforward to confirm that the function Q(#, #) is convex in  and concave in . One classical
setup in DRO to address the issue of distribution ambiguity is to assume that the distribution F' of
transportation cost can only be characterized by the fixed mean, bounded second order moments,

and an ellipsoidal set of support, i.e. the following uncertainty set
m

F:={FeF®RY | Eg[(T-m)(T-m)T] <% , (4.3)
1—_; —

for some tg € R and © € R¥*?. Following the discussion throughout Section 3.1, we can solve the
above DRRO problem (approximately) by identifying first the convex envelop h., of the inverse S-

shaped distortion function (2.10) (see Example 3.1), approximating the envelope h., by a piecewise
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linear function h,,, and then solving the following semi-definite program (SDP)

m K
_ min 3w+ LA A (S )+ sy
x“)\m7A€Rmxnzsk7Tk7wUk i=1 —1
A 5 — dp o -0k
subjectto |y & 5 R S L RS T
3(Am — Gp) T Sk —1j© 16t —1
7 >0, Vke{l,.,K}
m
> wije =dj, Vi, Vke{l,.., K}
i=1
n
Zwijk =ux;, Vi, Vke{l,... K}
j=1
wijk = 0, Vi, j,Vk € {1,...,K}
0 § ZT; < 1, Vi,
where Wy = vec({wijk}r=r), Pr = ar — a1, and 1 denotes the slope of each linear piece of

hp. Throughout our experiments, we implement the above optimization model in Matlab using
YALMIP as the modelling language and Sedumi as the optimization solver.

To set up parameters for the model, we follow closely the setup applied in Bertsimas et al. (2010)
and Yang and Xu (2016), and we consider 10 suppliers and 3 customers. In particular, we randomly
generate the demand d; from the uniform distribution defined over the interval [0.5m/n,m/n],
which ensures Zj d; < m, ie. total demand is less than total supply. The mean and variance of
the transportation costs g;; are set to be 100 + 0.1\/m and 5/ m respectively.
That is, the average cost is lower (but the variability of the cost is higher) for the transportation
with lower serial number. The support set is calibrated by setting it to cover 95% of a multivariate
normal distribution with the set mean and variance.

In Figure 4, we present the optimal solutions to the DRRO model (4.2), i.e. the production
decisions x;, in terms of how productions are allocated across different suppliers. As seen, as «
decreases there are more allocations to suppliers whose transportation costs are higher in average
but lower in variance. Moreover, the allocation in the case of lower « is more "diversified", i.e.
more suppliers are involved. We can interpret that optimal production decisions tend to be more
conservative as « decreases. This might not necessarily be intuitive since as a decreases, not

"very bad" outcomes but also on "very good" outcomes in the

only more weights would be put on
inverse S-shaped distortion function. It appears that one’s sensitivity towards "very good" outcomes
does not "materialize" when the individual is averse towards distribution ambiguity. To facilitate
explaining the results, we provide in Figure 5 the convex envelope (3.12) of the inverse S-shaped
distortion function (2.10) for various distortion parameter . Taking a closer look at Figure 5, we see
that the convex envelope simply takes a linear form over lower-quantile region, i.e. from probability

zero to around 0.7, regardless of a-value. In other words, an individual characterized by an inverse
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S-shaped distortion function would "act" as if he/she is risk neutral towards lower-quantile events
when the individual is ambiguity-averse. In the meanwhile, the individual would remain sensitive
to "very bad" outcomes since the envelope coincides with the distortion function over high-quantile

region. This explains why overall the decisions become more risk-averse as a decreases.

12% 3%5%

I Supplier 1
I Supplier 2
I Supplier 3
[N Supplier 4
[ Supplier 5
[ Supplier 6
[ Supplier 7
"1 Supplier 8
[ Supplier 9
[ Supplier 10

1% 1% 12% 12% 12% 12% 12% 12%

Figure 4: Optimal allocations for various distortion parameters «

Convex envelope of inverse S-shaped distortion function
T T T T T T T

a=04
a=06 /
0.9 H a=08 H
a=095 /

Figure 5: Convex envelopes of inverse S-shaped distortion functions (2.10)

In addition to the explanation based on the envelope, we can also establish some intuition

from the perspective of worst-case distribution. Since an inverse S-shaped distortion function is
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sensitive to both lower quantiles and higher quantiles, a distribution that has larger (resp. smaller)
spread over lower quantiles and smaller (resp. larger) spread over higher quantiles is likely to be
considered favourable (resp. unfavourable). In Figure 6, we see that this indeed is the case for
the worst-case distributions, which we compute based on the result in Theorem 3.5. We see that
the worst-case distributions always put a point mass (with > 70% weight) at the lowest value, i.e.
it reaches the minimum spread over lower quantiles, and then assign weights in a monotonically
decreasing fashion to larger values. We see in Figure 5 that the range of probabilities where the
concave form of distortion takes place is always between 0 and some value less than 0.7, and
hence this part of distortion essentially applies to the same point mass (the left-end point) of the
worst-case distribution and has no real effect. This indicates that the most conservative view an
"inverse S-shaped" individual can hold over "very good" outcomes is that their corresponding values
concentrate on a single point, which makes the individual feel indifferent.

Unlike the worst-case distributions in classical DRO framework however, where the number
of supports is always less or equal to the number of moment constraints, we see in Figure 6 that
the worst-case distribution spreads over to the right and the degree of the spread depends on the
shape of the convex envelope. In particular, we see that the worst-case distribution has a “fatter"
tail that corresponds to the "steepness" of the envelope (at different quantile levels) as o decreases.
The worst-case distribution converges to a point mass at the mean u, as « increases to 1, which
corresponds to the constant slope of the envelope (in the case & = 1). As mentioned earlier, this

also recovers the result in Delage et al. (2014).

5 Conclusion

In this paper, we advocate the use of distorted expectation to model a decision make’s risk
attitude in distributionally robust optimization. The scheme can be attractive from both the theo-
retical point of view, given its roots in Yarri’s dual theory of choice under risk (Yaari (1987)), and
from the practical point of view, given the interpretability of a distortion function and the easiness
to specify the function. In particular, we highlight in this paper the computational tractability of
solving distributionally robust optimization problems formulated based on distorted expectations,
and show that in many cases the problem can be solved by an alternative distributionally robust
optimization problem formulated based on some convex distortion function. The latter can often be
solved (exactly or approximately) by convex optimization techniques. The key of our approach lies
in the use of convex envelope to discover hidden convexity in the proposed distributionally robust
risk optimization problems. As an important example, our results can be applied to discover how a
decision maker whose risk attitude is captured by a non-convex distortion function, e.g. an inverse

S-shaped function, would act when facing distributional ambiguity.
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6 Appendix

In the appendix, we give the proofs of the preliminary lemmas and most of the main results

in the paper.

6.1 Proof of Lemma 2.1

Lemma 2.1 is used in the proof of Theorem 3.10. This lemma gives the relationships among
the existing expressions of distortion functions and will be helpful in the study related to distortion

functions.

Proof of Lemma 2.1: Since pj, is decreasing in h and h(z) is an increasing function, (i) holds
obviously. In addition, (iii) follows immediately from (ii) since h = hy and h = h_ when h
is right continuous and left continuous, respectively. Hence, we only need to show (ii). Let F
be the distribution function of X. As h4 is a right-continuous distortion function, hy can be
viewed as a distribution function of a random variable defined on (0,1). Moreover, x — hy(F(x))
is also right-continuous and is also a distribution function. Let Y be a random variable having
distribution hy. Then we have F~1(Y) = VaRy(X) is a random variable having distribution
P(F~Y(Y) < x) = hy (F(z)) and hence

o (0) = [ adh (F(@) = BIF ()

_fo 1 1
_ /0 FY(a)dhy () = /0 VaRa(X)dhs (a) = /0 VaRa(X)dh(),

where the first equality follows from the integration by parts. Hence, (2.7) holds. Now, we prove
(2.8). Note that the set of discontinuities of a monotonic function is at most countable. Without
loss of generality, denote by {a;, i € M} with M C N the set of discontinuities of h. Let x; =
VaR,, (X) and y; = VaR[ (X), i € M. Then h_(o) = hy () for a € (0,1) \ {o, i € M}, that is,
h_(F(x)) = hy(F(x)) for z € R\ Ujen|zi, i) as F(x) = «; for x € [x;,yi), i € M. Then by (2.1),

we have

pn_(X) = pr (X) =) / — h_(F(z)))dz

ieM

= > (h () = h(c)) (v — i)
€M

=Y (VaR[ (X) — VaRg, (X)) (hs (i) — h— (o))
€M

= Z / (VaR[ (X) — VaRq(X))dh(e). (6.1)

ieM

42



By (2.7) and VaR7 (X) = VaR,(X) for a € (0,1) \ {as, i € M}, we have

1
pn_(X) = / VaRo(X)dh(a) + > / (VaR} (X) — VaRq(X))dh(«)
0 €M
= / VaRq( +) VaR} (X)dh(a)
(0,1)\{cvs, €M} ieM {ai}

/1 VaR7 (X)dh(a).

0

Thus, we complete the proof. O

6.2 Proof of Lemma 3.1

Lemma 3.1 plays an important role in the paper, which identifies a particular structure of
convex envelopes that can be used to characterize worst-case distributions. Mathematically, it is

the generalization of the following well-know result in Brighi and Chipot (1994).

Lemma 6.1. (Lemma 5.1 of Brighi and Chipot (1994)). Suppose h is a continuous distortion
function and heyx is the convex envelope of h. Then, the set {t € [0,1] : h(t) # hex(t)} is the union

of some disjoint open intervals, and heyx s linear on each of the open intervals.

Proof of Lemma 3.1: (i) Note that the set of discontinuities of a monotonic function is at
most countable. Without loss of generality, denote by {z;, = € M} with M = {1,2,...} the set of
discontinuities of h. Since h is nondecreasing, the left limit of h at any discontinuity z; exists, say
h(x;—) = limyy,, h(y), and h(x;—) < h(z;+) = h(x;). Note that hey is continuous and hex(y) < h(y)
for any y € [0,1]. Hence hex(x;) = limyg, hex(y) < limypy, A(y) = h(z;—) < h(x;) for any ¢ € M.
Note that the right derivative (hex)’, of hex exists at any = € [0, 1) satisfying that (hex), («) is finite

and nondecreasing in x € [0,1), and

lim h@i +9) = h{zi—) = o0, foreachie M.
540 o

Also, note that the set of discontinuities of h is at most countable. Hence, for each i € M, there

exists 09 > 0 such that h(z) is continuous at z; + 67, and

h(z; 4+ 6) — h(z;—)
3 .

If h(x) does not cross’ the function g(z) := h(x;—) + A;(6?)(z — z;) in the interval (z;,z; + 0?),

then h(z) > g(z) for all x € (x;,2; + 0Y) and g(x; + 89) = h(x; + 69). Then in this case, we have

with &; = 60 and A; = A;(8Y), for x € (4, z; + &)

(hex)'p(z) < Ay(6Y) for all @ € [w,z; + 6] with A;(6) ==

(6.2)

hex(2) < hox (i) + (hex)'y () (x — ;) < h(xi—) + Ai(z — 2;) < h(z). (6.3)

TA function f(z) : E — R is said to cross another function g(z) on z € E, if there exists o € E such that

f(z) — g(x) changes its sign from xo — ¢ to xo + 0 for some § > 0 with (zo — d,z0 + ) C E. Specifically, we say f

crosses g at xo.
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Otherwise, if h(x) crosses g(z), let 2} := inf{z € (z;,7; + 6?) : h crosses g at x}, then we have

*

ot 5 gy 4 M) = hain)

A7)
where the inequality follows from h is nondecreasing and h(z;) > g(z;). It is obvious that h crosses
g at ¥ and h is continuous at z}. Let ; = 2} —z; and A; = A;(0;). Then we have h(z) > g(x) for
all x € [x;, z; +6;] and h(z; +6;) = g(x; + 0;), and thus, (6.3) holds. Also, note that for each i € M,
69 > 0 can be chosen to be arbitrarily small for (6.2) holds and §; < 6Y. We can choose arbitrarily
small 6; > 0 such that (6.3) holds. Then for j =1,2,..., if there exists i < j such that z; < x;, we
take §; < min;<;j{z; —x; : z; > x;}.

Note that for each ¢ € M, we find arbitrarily small 6; > 0 with A; = A;(0;) defined by (6.2)

such that the function g; defined as follows satisfies
hex(x) < gi(z) := h(x;—) + Aij(z — x;) < h(z), x € (zi, x; + ), (6.4)

gz(ﬂjz) = h(xi—), gi(xi + 51’) = h(a:i + 51’)7 (6.5)

and h is continuous at z; + 6;. Also, (6.4) and (6.5) to hold. For ¢,j € M with i < j, if x; €
(i, x; + 0;], then h(z;) > gi(x;). Then we remove all such j’s from the set M, that is, let

M*={ieM:z; &xj, z;+ ;] for j <i}.
Then it is obvious the intervals {[x;, z; + 0;] }ieas are disjoint and M C U;ens= |24, x; + J;]. Define

N h(l‘lf)jLAl(CE*ﬂjz), x € [.Ti, $1+5z]7 ie M,
h*(x) =
h(x), otherwise.

It is easy to see that hey < A* < h and h* is a continuous distortion function. Hence,
hex is also the largest convex function dominated by A*. By Lemma 6.1, we have that the set
{t € [0,1] : h*(t) # hex(t)} is the union of some disjoint open intervals, denoted by Uge(ag,bk),

and hey is linear on each of the open intervals. Hence, by the definition of A* and (6.4), we have
[E€[0,1]: ht) # hex(t)} = {t € [0,1]: h(t) > hex(8)}
— {wi € MY U{t € [0,1]: h*() > hex(D)},
where the second equality follows from h(x) > h*(z) > hex(z) for all x € (x;,z; + 6;) and h(x) =
h*(x) for all z € [0,1] \ (Ujenrsr=[xs, z; + 6;)). We assert that for each i € M*, either z; € (ay, by)
for some k € I or xz; = a;, for some k € I. If this is not true, then x; = by for some k € I or z; €

[0, 1]\ (Uger[ak, bk]), and then there exists § > 0 such that (x;,x;+06) ¢ {t € [0,1] : K*(t) # hex(t)},
that is, h*(z) = hex(z) for © € (x;, z; + 0). This is a contradiction with (6.4). Now we have the

{t €[0,1] : h(t) # hex(t)} = Urer, [ar, b) U (Urer, (ag, be)),
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where a = z;,, i, € M* for any k € I;. Hence, from (6.5), we have
h(ax—) = h*(ak) = hex(ar), k€ I,

and it is obvious that by, ag, by € [0,1] \ (Uiens+[zi, 2 + 6;)), k € I1,£ € Iz, h and h* coincides at

above points and h is continuous at above points, and thus
h(br) = hex(br), k € 115 h(ag) = hex(ag), h(be) = hex(be), £ € I3,

Thus, we complete the proof of (i).

(ii) For a left-continuous distortion function h, let A be the right-continuous version of h, that
is, h*(z) = limy), h(y), z € [0,1). Then hex = hdy and h(z) < h'(z) as h is nondecreasing. We
also have {t € [0,1] : h(t) < h*(t)} = {x;,i € M} and thus,

{t€0,1]: kT (t) > hex(t)} = {asi € MYU{t € [0,1] : h(t) > hex(t)}.

From the proof of (i), we have {t € [0,1] : h(t) > hex(t)} = Urer(ag, bx) as h is left continuous at
ag, k € I. Thus, we complete the proof. O

6.3 Proof of Proposition 3.2

Proposition 3.2 is one of main results in the paper. Before proceeding further, we should
note first that the proof may appear technical in that it requires a number of additional definition,
assumptions, and lemmas. In particular, the proof relies on Lemma 6.2, 6.3, 6.4, 6.5 that will be
presented first in sequence. Readers might consider reading first the main proof presented after
these lemmas and come back to these lemmas whenever needed.

Now, we start with Lemma 6.2 which requires the following definition.

Definition 6.1. A function f* : [a,b] — R is called an increasing rearrangement of a measurable
function f : [a,b] — R, if f* is non-decreasing and its level sets have the same measure as the level
sets of f, i.e.

ul{z €[] s f1(2) > 1) = p({w € [a,]  f2) > 1)), tER,
where 1 is the Lebesgue measure in [a,b] C R. Specially, if [a,b] = [0, 1], then on the probability
space ([0,1],B([0,1]), ), we have f* is an increasing rearrangement of f if and only if f*(x) is
non-decreasing in x € [0,1] a.s., and f* 4 f, where B([0,1]) is the Borel field on [0,1] and f* 4 f

represents for that they have the same distribution.

Lemma 6.2. (Hardy-Littlewood inequality) If f and g are measurable real functions on [a,b] C R,
then

b b
/ﬂmmw</ﬁmﬂmm (6.6)
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where f* and g* are the increasing rearrangements of f and g, respectively. The equality in (6.6)
holds if and only if

p({z € [a,b] : f(z) > s} Nn{z € [a,b] : g(z) > 1})
=min {u({z € [a,b] : f(z) > s}), p({z € [a,b] : g(x) > r})} for (s,r) € R? a.e., (6.7)
where p is the Lebesgue measure in R.

To state the following lemma, we recall that a class of sets {B;, i € I} is called a partition of
the probability space 2, if B; N B; = () a.s. for any i # j and UjerB; = Q a.s. Without loss of
generality, we assume P(B;) > 0 for each i € I when {B;, i € I'} is a partition of a probability space
Q.

Lemma 6.3. For any X = (X1, ...,Xq) € Fmg and a partition {B;, i € I} of Q, define a random
vector X* = (X*,... , X)) associated with X as

X* =Y E[X|Bilp, + Y _ XIp, = > aplp + > XIg, (6.8)
kel lels kel lels

where 14 is the indicator function of a set A, [1UIy = I and IyNIs = (). Then, X* = (XT,... X)) €
FingG-

Proof. Denote pp, = P(By), k € I. First, by (6.8), we have that

E(X*] =Y dwpr + Y E[XIp)=> pE[X|By] = E[X],
kel Lely kel

that is, X* satisfies (3.17). Second, note that
T, = [X*|By] = E[X|By] =: & as., ke I1. (6.9)

Further, for any random vector X and any convex set C' C R, it holds that E[X|X € C] € C a.s.
(see e.g., Section 2.1.4 of Boyd and Vandenberghe (2004)). For each k € I, denote Y;, = [X|By].
Since P(By) > 0 and By, C {X € G} a.s., we have P(Y}, € G) = P({X € G}NBy)/P(B;) = 1. Then

T, = E[X|By] = E[Yi] = E[Y|Yx € G] € G, as., kel
which, together with X € G and (6.8), implies

X* = Z kaBk +XI{UZeIQBz} e G a.s.
kel

Hence, X* satisfies (3.17). Third, for any convex function ¢ : R? — R, we have

El¢(X*)] = > prd(B[X|By]) + > piB[6(X)| By

kel Lels
< peE[e(X)|Bil + Y peElp(X)|By] = El¢(X)], (6.10)
kel el
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where the inequality follows from Jensen’s inequality. The inequality (6.10) implies that X* satisfies
the constraint (3.17) as X satisfies the constraint (3.17). Thus, X* = (X7, 0 X3) € Fag. O

Lemma 6.4. Assume that a convex distortion function h is linear on some intervals of [0,1]. Then,

the following two results hold.

(a) There exists a partition of (0,1] with (0,1] = Uger(ag,bx], where I = I; UIy, C N and
L NI, =0, such that {(ag, bk|}ker are disjoint intervals; h is linear on (ag,by| for k € Iy; h
is strictly convex on (ay,bg] for k € Ia; and the slopes of h on the intervals (ay, by for k € I

are mutually unequal.

(b) Under the notation of (a), for any X = (X1,...,X4q) € Famg, define random wvector X* =
(XT,..., X)) associated with X by (6.8) with By, = {ax < U < b}, k € I, where U is a
random variable uniformly distributed on (0,1) such that Flgl(U) = f(zﬁ,)z) a.s., and Fg is
the distribution function of f(, X) Then, X* € Fing- Furthermore, if f (W, ) R & R is

concave in T = (x1,...,xq), then

1
on(f(, %)) < / v(@)dh(a) < pn(F (i, X*)), (6.11)
where

W, Tg), a € (ag, by, k€ I,
o) = f (@, Zy) ) (a, by] 1 (6.12)
VaRa(f(’Lﬁ,X)), o€ (ak,bk], ke IQ.
(¢) Under the notation of (b), if the equalities in (6.11) hold, that is py(f(@, X)) = pu(f (@, X*)),
then v(«) defined by (6.12) is a non-decreasing function of a and v(a) = VaRa (f (@, X*)) for
a € (0,1).

Proof. The result (a) follows immediately from the definition and properties of a convex distortion
function. We prove that the results (b) and (c) hold.
(b) First, note that {By, k € I} is a partition of 2. We get X* e Fin,g by Lemma 6.3. Next,

we prove (6.11). Since h is convex, it is continuous. Thus, by (2.9), we have
pn(#(.%)) = [ VaRa(7(8. 0)dh(a) = [ VaRa(7( X)) (a)da (6.13)
0 0

where R'(a) is the left-derivative of h at . Note that from the definition of X*, we have

[f (), X*)| By = as., (6.14)



with P(Bg) = by — ag, k € I, which, together with (6.12), implies that « — VaR,(f (0, f*)) is a
non-decreasing rearrangement of the function v. Then by the Hardy-Littlewood inequality and the

fact that h'(«) is non-decreasing in «, we have

-

1 1
on(f (5, X°)) = / VaRo (i, X)) (a)da > / o(@)H (a)da (6.15)
by, o
_Z/ F(@, &) dh(a +Z/ VaRq (f (i, X))dh(c)

kel kels
>y / O)|Bdh(a) + 3 / VaRo (17, X))dh(a) (6.16)
kel kels
=Y EF; () acvapplle + > / VaRe (f (@, X ))dh(c)
kel kel
by .
=S / VaRa (£ (. £))dh(a) = pi(f (. £)),
kel

where the second inequality follows from Jensen’s inequality and the concavity of f(w, Z) in Z € RY.
This completes the proof of (6.11).

(c) Note that if the equalities in (6.11) hold, that is pp(f(@, X)) = pa(f(@, X*)), then the
equality in (6.15) holds. Note that a — VaRg(f(w, X*)) is a non-decreasing rearrangement of the
function v defined by (6.12). By Lemma 6.2, we have

n({v(a) > s, h'(a) > r}) =min {p({v(a) > s}), p({I'(a) > r})} for (s,r) € R® ae., (6.17)
Thus, let U ~ UJ0, 1], we see that (6.17) is equivalent to
P(v(U) > s, K'(U) > r) = min {P(v(U) > s), P(h'(U) > r)} for (s,r) € R? a.e.,

which means that v(U) and A’(U) are comonotonic.® Then by the properties of h’ and the result in

(a), we know that

Ek, [ RS (ak,bk], kEIl,
(o), o€ (ag,bgl, k € L.

is non-decreasing in « € [0, 1], strictly increasing in each (a, bg], k € I with mutually different ¢,
k € I, and (6.12), we have v is non-decreasing. Thus, v(a) = VaR (f (@, X*)) for o € (0,1) almost
everywhere. Last, note that both the two functions v(a) and VaRe(f (i, X*)) are left-continuous
in o, we have v(a) = VaRq(f (@, X*)) for o € (0,1). This completes the proof. O

The last lemma, Lemma, 6.5, that we need in order to prove Proposition 3.2 is presented below.

To state it, we introduce the following assumptions.

8Two random variables X,Y are said to be comonotonic if P(X < z,Y < ) = min{P(X < z), P(Y <
y)} for any (z,y) € R? or equivalently P(X > z,Y > y) = min{P(X > ), P(Y > y)} for any (z,y) € R?.
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Assumption 6.1. The distortion function h is convex and piecewise linear, that is, there exist
0=ap<a; < - <ay =1 m € N, such that h is linear on (ax_1,ax], & = 1,...,m, and
0y < -+ < Ly, where { is the slope of h on the interval (ag_1,ax], k=1,...,m.

Assumption 6.2. Under the notations of Assumption 6.1, let B1, ..., By, be a partition of Q with
P(Bg) = pr, = a — ag—1, k= 1,...,m. A random vector X € RY is a constant vector on each By,
k=1,..,m, namely,

X =7, on By, k=1,...,m,

where T, k = 1,...,m, are any given constant vectors.

Lemma 6.5. Under Assumptions 6.1 and 6.2, if there exist i < j with f(W,%;) > f(W,Z;), then

we have
|f (W, @) — f(W,Z)| < 2LA for all k, ¢ € {i,i+1,...,5}, (6.18)
where L =1/ min;<; |¢; — 4;] and A = pp,(f (0, X)) — Y opeq lepr f (W, &) > 0.

Proof. Note that for 1 < i < j < m with f(@,%;) > f(#,%;), we have ({; — &;)f(W,%;) <
(¢; — 4;) f(wW, Z;), which is equivalent to

G f (W, @) + 45 f (0, Z5) < b f (W0, Z5) + €5 f (W, Z5). (6.19)
Thus, if Pi = a; — a;—1 < pj = (Ij — a];l, let

f('lﬁ, Hk)? S (akfbakL k?él,j,
Via) = 4 f(w,

f(W,%5), o€ (ai—1,a;] U (aj—1 + pi,aj],

81

i), a€ (aj—1,aj-1+ pi,

!

and note that there exists a permutation (i1,...,%y) of (1,...,m) such that f(u,%;) < ... <

f(w,Z;,,), then we have
VaRa(f(wv)z)) = f(wvflk)v o € (pu + - +pik,17 Diy + - +plk]a k= 17""m7

where p;, = 0. Hence, the function a — VaR4 (f (i, X)) is a non-decreasing rearrangement of V (cv).
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Thus, by (6.19), we have

szpkfw
- szpkfm i (0G0, 5) + GF@,5)) + (s — p) (5, 7)
k#i,5
< Gpif (0, &) + Gpif (6, T5) + Lpif (0, T5) + £ (p; — pi) f (@5, ) (6.20)
k#i,j5
a a;
= Y [ r@adne) + [ pa)ne)
k£i,j ak—1 ai—1
aj—1+pi a;
T / £, 25)dh(a) + / £(, 7;)dh(a)
aj—1 aj—1+pi

1 1
_ /O V(a)dh(a) = /0 V(a)h (a)da
1
< / VaRo (f (i, X)) (a)da = pu(f(i#, X)), (6.21)

where h/(a) is the left-derivative of h at o and is non-decreasing in «, and the last inequality
follows from that the function o — VaRq(f (0, X)) is a non-decreasing rearrangement of V (c) and
the Hardy-Littlewood inequality.

Similarly, if p; = a; — a;—1 > p; = a; — aj_1, we have

szpkf (@, %)

- szpkfm 0y (G (0, 5) + G (8,5)) + s — ;) (5, 5,)

k#i,j5
< Z&:mf@ﬁf + Lipi f (6, T) + Lip; [ (@, ) + bi(pi — py) f (&, T5) (6.22)

k#i,j
= Y [ f@adne + [ @ z)dne)

ki,j ap—1 aj;—1

aj— 1+p] a;
/ F(i@, 7;)dh(a) + / (@, &)dh(a)
ai—1+p;

< /O VaRa<f<w,X>>h'<a>da:m(f(uv,)?)), (6.23)

where
f(’ll_j, _)k)a Oée(ak;_l,ak], k#%]?
W(a) = f(wv _‘j)v a € (aifhaifl +p]]a

f(u_j7 _’i)7 € (aj—haj] U (ai—l +pj7ai]7
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and the last inequality follows from that the function a — VaR(f(w@, X)) is a non-decreasing
rearrangement of W(a) and the Hardy-Littlewood inequality.

By comparing both sides of the inequality (6.20), we see that the difference between the two
sides of the inequality in (6.20) is less than A. Thus, if p; < p;, we have

0 < Lif (W, %) + 4 f (W0, i) — (6if (0, %) + 45 (W, ) < A,

that is,

A
=t
Similarly, if p; > p;, by comparing both sides of the inequality (6.22), we see that (6.24) holds as
well. Thus, for any i < j with f(&, &;) > f(w,Z;), (6.24) holds. Hence,

0 < f(, &) — f(, 7)) < (6.24)

(@, 35) — f(,3) < LA if f(&,&) > [(,7;) and 1 <i < j < m. (6.25)

Next, we aim to show (6.18) holds for any k, £ € {i,...,j}. Note that f(w,z;) > f(w,Z;), we

have one of the following three cases holds:
(1) f(@, %) < f(@,%;);  (2) f(W, %) € [f(@,7), f(@,7)];  and (3) f(&,Zk) > f(W,T;).

In Case (1), we have f(w,2)) < f(W,@;) < f(w,@;). By i < k and (6.25), we have f(w,Z)) >
f(w,Z;) — LA. Then we have

f, @) € [f(W, %) — LA, f(w, Z5)].
In Case (2), noting that f(w, ;) — LA < f(w,%;) < f(W,Z;) < f(W, %) + LA, we have

In Case (3), we have f(w, @) > f(W,Z;) > f(W,Z;). By k < j and (6.25), we have f(w,Z)) <
f(W, @) + LA. Then we have

Combining the above three cases, we have

F(@, @) € [f(@, %) — LA, f(0,3;) + LA], ke {i,...,j}.

Note that 0 < f(w, Z;)—f (W, &%) < LA. Thus, the length of the interval [f (W, @;) — LA, f(w, Z;) + LA]

J
is less than 2LA, which implies (6.18). We complete the proof. O

With Lemma 6.2, 6.3, 6.4, 6.5, we are now ready to give the proof of Proposition 3.2.
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Proof of Proposition 3.2: We first show that (3.9) holds when h is a piecewise linear convex
distortion function and then show that (3.9) holds for any convex distortion function by approxi-
mating a convex distortion function by a series of piecewise linear convex distortion functions. To

do so, we prove (3.9) in the following four cases.

Case 1. Suppose that p; fw()? ) < oo and the distortion function h is a piecewise linear convex
function, that is, there exist 0 = ag < a3 < --- < a,n, = 1, m € N, such that h is linear on (ag_1, ag],
E=1,...,m,and {1 < --- < £, where ¢}, is the slope of h on the interval (ax_1,ax], k=1,...,m
For this case, to show (3.9), it suffices to show that for any € > 0, there exists a random vector
W e f%’g such that

pn(f (@, W)) Z pl;,fﬂﬁ()z’) —eC, (6.26)
where C' is a constant that depends only on h and is independent of e. In fact, (6.26) implies

sup  pf (f(, X)) = pu(f (0, W) = p}, ; 5(X) = &C,

which yields (3.9) by letting € | 0 and the fact p}TL b L(X) > SUPpeFh Pl (f (i@, X)).
In the following, we show how to define a random vector W e .7-" h g such that (6.26) holds.

First, by the definition (3.3), we know that for any € > 0, there exists a random vector X, =
(X1,...,Xq) € F g such that

pon(F(5,X2)) > ph 4 (X)) —e. (6.27)

Note that when h is a piecewise linear convex function, the set Iy in Lemma 6.4(a) is empty. Define
X* = (X7, ..., X)) based on X. by the same form as (6.8) with a partition By = {ap_; < U < ai},
k=1,...,m, of , namely, define X* as

X* =) E[X.|Billp, = > #lp,, (6.28)
k=1 k=1
where #} = E[)Z€|Bk] for k =1,...m; pr = P(By) = ap — a1 for k = 1,...,m; U is a random

variable uniformly distributed on (0, 1) such that Fq;l(U ) = f(w, X.) a.s.; and Fj is the distribution
function of f(w, X.). Then, by Lemma 6.4(b), we have that X* € Fing and (6.11) reduces to

1 m
on( (i, £.)) < / v(a)dh() = 3 F(8,55) Gpr < pn(f(5, X)), (6.29)
0 i=1
which, together with (6.27), yields
Phopi(X) = & < pu(F(5,X2)) <D lapi f (0, 5) < pi(f(0, X¥)) < p, 4 5(X). (6.30)
k=1



If m = 1, that is, the distortion risk measure pf () = Ep[] is expectation, we simply obtain

= X* = E[X.]. Then VaR,(f (@, X*)) = (f(&,E[X.]) is a constant for any a € [0,1], and thus
by X* € Fm.g, we have X* € frffﬂyg. By (6.30), we have p,(f(@, X*)) > psz(f) — ¢, that is,
W = X* satisfies (6.26) with C' = 1. Therefore, we get the desired W for m = 1.

Now, if m > 2 and f(&,#}) < f(&,13) < ... < f(@, &%), define W := X*. Then we have

VaR, (f(@, X*)) = f(&@, &), o€ (ap_1,a5], k=1,...,m,

that is, VaRe(f(, X*)) is a constant on each open interval on which k() is linear. Then by
X* e Fig, we have W =X*¢ f%g. By (6.30), we have pp,(f(i@, X*)) > pit,f,u?()_f) — ¢, that is,
W = X* satisfies (6.26) with C' = 1. Therefore, we get the desired W.

Otherwise, if m > 2 and there exist 1 < i < j < m such that f(&,7}) > f(&,27). Then, we
define W based on X* as follows. If m = 2 and f(w, &) > f(&,75), then W = E[X¥] satisfies the
requirements. To see it, note that X* € Fi.g, and then by Lemma 6.3, we have that W = E[)?*] €
Fing- Also, by that VaR (f(w, W)) = (f (@, E[X*]) is a constant for any o € [0,1], and thus it is a
constant on each open interval on which h(«) is linear. It then follows that W e ]-"%Q. In addition,
note that X* satisfies Assumption 2, and by (6.30), A := pp(f(@, X*)) — 22:1 Uepr f(W, ) < e.

Then by Lemma 6.5, we have
|f (@, 77) — f (@, 75)] < 2Le, (6.31)
where L = 1/[¢y — £1]. Then we have with L* = 2{5L,

pr(f (@, W) = pi(f (@, E[X*])) = f(w, E[X"]) > E[f(w, X*)]
= plf(u_;7 j‘»{) +p2f(wv :L_:E)
= (t1p1 + Lap2) (p1f (W, F7) + po.f (W, T3))

2 2
> tp; (f(@,75) — 2Le) =y 4;p; f (@, ¥}) — max (;2Le
=1 j=1 St
> pu(f (W, X2)) — €22Le > pf, ; +(X) = L7, (6.32)

where the first inequality is due to Jensen’s inequality, the fourth equality is due to f1p; + fop2 =
h(1) = 1, the second inequality follows from (6.31), the fourth inequality follows from (6.29), and
the last inequality follows from (6.27). This implies W satisfies (6.26) with C' = L*.

Furthermore, if m = 3 and there exist 1 < i < j < 3 such that f(&,7}) > f(u,7}). we

construct W by the following steps, in which we consider all possible relationships among f(w, #7),
f(0,2%), and f(w, 7).

Step 1. If there does not exist i > 1 such that f(, &) < f(W, Z7), we go to Step 3. Otherwise, there

%

exists ¢ > 1 such that f(w,Z) < f(,27), let
i1 = max{i: f(W, &) > f(d,2])}.

93



Step 1(a)

Step 1(b)

—

Note that X* satisfies Assumption 2, and by (6.30), A := pp, (f (@, X*)) =27, bepp f (0, ©5) <
€. Then by Lemma 6.5, we have

|f(W,Z5) — f(w0, &) < 2Le for any 1 <i,j < iy, (6.33)
where L = 1/ min;<; |¢; — ¢;|. We define W as
Wi =E[X*|U* < ai/[r<a,} + X Tw+sa,,) (6.34)
= gilI{U*<ai1} =+ X*I{U*2a11}7

where U* ~ U(0,1) such that X* =i in {a;-1 < U* < a;},i=1,2,3. By Lemma 6.3, we

)

can verify that Wl* € Fin,g- Moreover, with L* = 2L{3 + 1, we have

ol (&, W7)) > Zﬁjpjfw, Giu) + D laps f (i,

J>i1

Z@pﬂ XU < a;,] + Z Cip; f (W, T5)

J>i1

pif
:ZEj])j( = IZ >+Z€Jpj
j= Zjl 1Pj J>i1
Z@pj ) = 2Le) + > Lp; f (i, &)
J>i1

= szpj F(@,%7) — max £;2Le > py(f(@, X.)) — max £;2Le

1<i<3 1<i<3
> ph (X)) — L7, (6.35)

where the first inequality is due to the Hardy-Littlewood inequality of Lemma 6.2, the second
inequality is due to Jensen’s inequality, the third inequality follows from (6.33), the fourth
inequality follows from (6.29), and the last inequality follows from (6.27).

If iy = 3, then by (6.34), we have that W; = E[X*] = §3 is a degenerated random vector,
and thus, VaR, (f (@, W) = f(i,7s) for any o € (0,1). This implies W} € f%,g. Hence,
by letting W := W, we have found the desired W such that W e fr%,g and pp, (f(@,W)) >
php.(X) — eC with C = L*.

If iy = 2, then by (6.34), we have
Wi = holircas) + X Tusas) = Pol{U<as) + D51 [U5az}-
If f(d,y2) > f(W,7%), we go to Step 2. Otherwise, if f(,y2) < f(W,Z%), then we have

f(u_f _»2) [N (O,CLQ]

VaRo(f (i, Wy)) =
f(’LT)‘,f;), o€ (a27 1)7
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Step 2.

Step 3.

which is constant on each open interval on which h(a) is linear. This implies W} € Fr }i
Hence, define W := Wl, then we have found the desired W such that W e FI .G and
pr(f (0, W)) > Phyf,w( ) —eC with ' = L*.

Now, we have i; = 2 and f(W, y2) > f(w,Z%). In this case, (6.34) reduces to
Wi = Goliv<ary + T3l {U>0,) = Z Wilie, \<U<ai}s
j=1

which satisfies Assumption 6.2, and by (6.35), A = pp,(f (W, W*))—Zizl lepy f (W, w}) < L*e.

Then by Lemma 6.5, we have
|f (0, 42) — f (W, F3)| < 2LL"e. (6.36)

We define W based on Wy as
W =E[Wy] =
By the arguments similar to those for Lemma 6.4(b), we can verify that W e Fg and thus

W e ]-"T% g as W is a degenerated random vector. Moreover, we have

1<i<3

3 3
pn(f(0, W) =D Lp; f(0,057) > > £;p;E[f (0, W7)]
j=1 j=1
3
= Z@p] ij Z Zgjpj (f(u‘} ; ) —2LL"e )
Jj=1 = j=1
3
Z]p] ) — 2 max (;LL%e

> Ph(f(waXs)) —2max (;LL"e > th (X) — (L)%

1<i<3
where the first inequality is due to Jensen’s inequality, the second inequality follows from
(6.33), the third inequality follows from (6.29), and the last inequality follows from (6.27).
Therefore, we have found the desired W such that W e }"7’%9 and py, (f (@, W)) > pz’fﬂﬁ()_(’) —
eC with C = (L*)2.

In this case, we have f(W,#7) < f(W,Z}) for i« = 2,3. Then by assumption that there exist

’ (2

1
1 <i < j < msuch that f(w,Z7) > f(w,Z}), we have f(w,75) > f(w,73). Then we define
W= T1l{y<ayy + E[X*|U > a1lla, <v<1y = T1l{v<ary + W3 l{a, <u<1ys

where U ~ U(0,1) such that X* = & in {a;_; < U < a;}, i = 1,2,3. By the arguments

similar to those for Lemma 6.4(b), we can verify that W e Fi,g- Furthermore, by the

concavity of f(uw,Z) in &, we have

pof (W, 75) + ps f (W, 75)

@, 15%) = Elf (@, X*)|U > a1] =
[, 3) = E[f( )| 1 P
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It then follows that

fw,77), aecl0,a]

f(wv _‘;)7 o€ (ala]-]v

VaR (f(w, W)) =

which is constant on each open interval on which h(a) is linear. This implies W & f%g

Moreover, note that X* satisfies Assumption 6.2, and by (6.30),

A= pp(f(, X*) = > lyppf (W, 7}) <

k=1
Then by Lemma 6.5, we have
f(W,x5) > f(w,a5) — 2Le. (6.38)
Then we have
3
pu(f (@, W) = Capy (@, 75) + Y €jp; f (&, )
j—2

paf (W, 75) + p3f(W, 75)

Elplf(w :El +Z‘€] ]

= P2 + 3
3
> Gip1 f (@, 75) + Y 4 (f (0, &) — 2Le)
j=2
3
z;@p] — 21121]23138 iLe
J

—

> pn(f(i5, Xe)) = 203Le > p), ; o(X) = L',

where the first inequality follows from (6.37), the second inequality follows from (6.38), the
third inequality follows from (6.29), and the last inequality follows from (6.27). Therefore,
we have found the desired W such that W e f%’g and pp, (f(@,W)) > pzyf’w()?) —eC with
C=1L*

Following Step 1 to Step 3 above, we construct the random vector W as desired for all possible
cases when there exist 1 < ¢ < j < 3 such that f(, ) > f(,25): Step 1(a) deals with the
case that f(w,@3) < f(w,7); Step 1(b) deals with the case of f(u, %) < f(w,2]) < f(w,Z3) and
p2f (W, Izzigif(w 1) < < f(W,2%); Step 1(b) + Step 2 deal with the case of f(w,@5) < f(W,Z]) <

f(W,2%) and pr(wfpl)ii;f(w VRN f(W,2%); and Step 3 deals with the case that f(u,z]) <

f(0, %) < f(w,@5). In addition, it is worth noting that in the case of m = 3, the constant C

can be taken as (L*)?, which is a constant independent of .

f(_’ _‘*)7

For the general case that m > 3 and there exist 1 < i < j < m such that f(,Z) >
By following the similar steps as those for the case that m = 3 and there exist 1 <4 < j < 3 such

i
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that f(u, ) > f(,Z7), we can show there exists a constant C' > 0 such that for any € > 0, there
is a random vector W € f%g satisfies pp, (f (@0, W)) > p£7f7w(f) — eC. From this, we have for any
m>1,

sup  pf (f(@, X)) > psz()z) —eC for any e > 0.

Letting ¢ | 0, we have (3.9) holds for any piecewise linear convex distortion function h. This com-

pletes the proof of Case 1.

Case 2. Suppose that p; M(X' ) = oo and h is a piecewise linear convex distortion function. For

each n € N, define a convex set G, = GN{Z : ||Z]|2 < n}, where ||Z]2 = (Z?:l 2?)Y/2. Consider

the optimization problem:

sup pf (f(@, X)) subject to (3.17),(3.17) and /ﬂ dF =1. (6.39)
F {XeGn}

Denote the worst-case value in the problem (6.39) by pg , (f(dd, X)), namely

where

Fn = {Distributions F:R?— [0,1] | F satisfies (3.17), (3.17), and /

s dF = 1}.

Note that for any random vector Xp with distribution F satisfying (3.17)-(3.17) or for any
F € Fp g, we have

pn(f(B, X*)) = pr(f (i, X)),

where X* = (XT{,...,X}) is defined by (6.28). Note that the number of the possible outcomes of
X* are at most m. There exists ng € N such that X* e G, a.s. It has been already verified in
Case 1 that the distribution of X* satisfies (3.17) and (3.17). Thus, we have

Ph s (@, X)) = pn(f(@, X*)) = pu((, X))

Since pIL’ fw()Z' ) = oo, there exists a sequence of random vectors {X g }nen with distribution ),
satisfying (3.17)-(3.17) such that

—

ph(f(u_i, XFn)) >n, nec N.

Hence, by the above arguments, for each X, , there exists k, € N such that

n’

phi, (F(0, X)) > pu(f(0, XF,)) > n. (6.40)

Note that G, is a compact set and f(w,Z) has a finite maximum value in ¥ € Gy,. We

have p;kn (f(d, )?)) < oo for each n € N. Then by the proof for Case 1, we have there exists X,
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satisfying its distribution is in F, and VaR(f (@, X,)) is a constant one each interval when A is a

linear function, which implies that its distribution is in f% g» and

—

pn(f(@, X)) > ph . (f(0, X)) — 1,

which combined with (6.40) implies limy_,o0 pp(f (@, X,)) = 0o. It follows that (3.9).

Case 3. Suppose that the distortion function h is a general convex function and pIL’ f}w()Z' ) < o0.
In this case, there exists a sequence of convex piecewise linear distortion functions {hy,}nen such
that h, > h, n € N and h,, | h as n — oco. Without loss of generality, assume that all the break
points” of h, are in the set of {ay,bx, k € I} and the break points of h, are in the set of all the
break points of h, 1 for each n € N. Note that for each distribution F' € Fy ¢ and X ~ F, by
monotone convergence theorem, we have lim,, o0 pp,, (f (0, )?)) = pn(f (W, )Z')) Thus, for any € > 0,
there exists F. € Fp; ¢ and X. ~ F. such that pp,(f (&, X.)) > pg,f’w()_f) — ¢/2, and then for this
distribution Fg, there exists ng € N,

- - . 7
Pho (10, X)) > pn(f(8, X2)) = 5 > ) p oK) =2 2 pj a(X) e, (6.41)

where the third inequality follows from pp > pp,, as b < hp,. Since hy, is a piecewise linear
function, by the proof for Case 1, there exists a distribution F* € Fs g and X* ~ F* such that

VaRe (f (W, X*)) is a constant on each interval when h,, is a linear function, and

Phag (10, X)) > pn, (f(, X)) = Ce,
where C' is a constant independent of . Note that pj,(f (@, X*)) > Pha (f (W, X*)) as h < hp,, and
thus,

on(£(i8, X)) > pn,, (F(5, X)) = Ce 2 p], o(X) = (C+ 1),
where the last inequality follows from (6.41). Also, note that that all the break points of h,, are sub-
set of {ag, b, k € I} and thus VaR,(f(w, X)) is a constant on each interval of {(ay, bx], k € I},

that is, the intervals where h is linear.

Case 4. Suppose that the distortion function h is a general convex function and pIL’ f}w()Z' ) = 0.
Let h,, n € N be a sequence of piecewise linear convex distortion functions defined in Case 3.
Note that for each distribution F' € F5 g and X~F , by monotone convergence theorem, we have
limy, o0 pi, (f (@, X)) = pu(f (@, X)). Then for each n € N, there exist F}, € Fin,g such that

on(f(@, X)) >n+1 with X, ~ F,.

9For a piecewise linear function h, a point z is called a break point if the slopes of h at the left of x and right of

x are different.
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For each chosen X,,, there exists k,, € N such that

Ph, (F (0, X)) > pu(f (0, X)) = 1> m.

By the above proof of Case 1 and 2 for piecewise linear distortion functions, there exists F) &€
;ﬁf& - f,}%,g such that

pn(f (W, X;;)) Z Phy,, (f (, X:‘;)) Z Phy,, (f (0, Xn)) —12n-1,
where X* ~ F*. This implies limy,_0 pp(f (0, X
bining Cases 1 - 4, we have (3.9) holds.

Next, we show that the worst case distribution can be obtained in the set ]:7% ¢ When the worst

)) = 0o, which means (3.9) holds. Hence, com-

case value ,02 / zf;()? ) is attainable. Note that if p,Tl f w()? ) is available, then there exists a distribution
Fyc € Fig and a random vector Xye = (X1,..., Xq) ~ Fyc such that

pr(f (0, XWC)) = p}t’f’u‘j(‘f) < 0. (6.42)

We define X* = (X7, ...,X}) as in Lemma 6.4(b) by replacing X by Xye. Then by Lemma 6.4(b),
X* e Fing such that py(f(w, Xwe)) < pn(f(@, X*)), which is no larger than the worst-case value
p;fm(X) Therefore, by (6.42), we have

pn(f (0, X)) = ph 5.0(X) = pn(f (@, X*)). (6.43)

2J

Employing the notation of the proof of Lemma 6.4(b) and noting that X* is defined based on ch,

The above equation implies the inequality of (6.15) is in fact an equality. That is,

1 . 1
/VaRa(f(ii,X*))h'(a)doz:/ v(a@)h (a)da, (6.44)
0 0

with v defined by (6.12). Then by Lemma 6.4(c), we have VaR, (f (@, X*)) = v(a) for any o € [0,1],
that is, VaRa(f (W, X*)) is a constant when h is linear. This implies X* € f%g. Then by (6.43),

we complete the proof. O

6.4 Proof of Theorem 3.4

We have given the proof of Theorem 3.4 in the main body for the case where the distortion
function h is left-continuous. To prove Theorem 3.4 for the other cases, we need the following result

which is a corollary of Lemma 2.1.

Corollary 6.6. Let h be a distortion function with the set of discontinuities {a;,i € M}, and
let hy(x) = h(z+) and h_(x) = h(z—) be the right-continuous and left-continuous copies of h,
respectively. If h(x) = hy(x) for x € {a;,i € I} and h(x) = h_(x) for x € {ay,i € L2} where
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I Uy = M, then pp(X) has the following Lebesque-Stieltjes integral representation:

_ / ' VaRa (X)dh(a) + S (VaRE (X) — VaRa(X)) A ()
0

i€l

= / 1 VaRJ(X)dh(a) — Y (VaRJ(X) — VaRa (X)) Ap ().
0

i€ly

where VaR,, and VaR are the left-continuous and right-continuous Value-at-Risk, respectively, and

Ah(ai) = h+(04i) — h_(ai), 1€ M.

Proof. The proof is similar to that of (2.8) of Lemma 2.1. We only give the proof of the first
equality in the representation of p,(X). Let z; = VaRq,(X) and y; = VaR} (X), i € M. Then
h(a) = hy (o) for v € (0,1) \ {e, @ € I2}, that is, h(F(x)) = ho(F(z)) for z € R\ Ujer, [z, yi) as
F(z) = o, for x € [x;,yi), i € Is. Then by (2.1), we have

pr(X) = pn, (X Z/y hi(F(2)) = h—(F(z)))dz

i€l

= Z hy(ay) — h_(ai))(yi — ;)
i€la

=Y (VaR(, (X) = VaRq, (X)) (s () — h(a))
i€l

— (VaR[ (X) — VaR dh
Z /az} (X))dh(a)

Then by (2.7), we have

pr(X) = pn, (X)+ > / (VaR} (X) — VaR,(X))dh()
i€l
_ / VaR,(X)dh(a) + 3 (VaRZ (X) — VaRa (X)) An(a).
0 i€ls
Thus, we complete the proof. ]

Proof of Theorem 3.4 (continued): In the following, we show that (3.10) holds for Ay which
is defined by h(x) = limy,, h(y). It suffices to show

—

p2+7f7117(X) = P;Tl fu'j(X)a (6.45)

—J

where h_(z) = limyy, h(y), as we have proved that (3.11) for any left-continuous h in the proof
of Theorem 3.4 in the main body. Since h is a monotone function, h has at most countable

discontinuous points. We show (6.45) for the following two cases.
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(i) Suppose that h has finite discontinuous points, denoted by a; < - -+ < as. Since h is continuous

at 0 and 1, we know 0 < a; < -+ < as < 1. Denote ¢; := min{mins<;<s(a;—a;—1),a1,1—as} >
0. For any n € N, let 0 < d < §; and

1
B,?:{ak—<U<ak+5}, k=1,...,5, Bl =Q—Ui_ B (6.46)
n

Then for n large enough, {B}}, k£ =0,...,s} are disjoint and thus constructs a partition of 2.
Hence, there exist € € (0,1) and ng € N such that for n > ng

1
8<kmin ap —— < max ap+0<1l—e¢, (6.47)

:17"'75 n :17"'75

and {B}!, k=0,...,s} constructs a partition of . For any F' € Fp ¢ and X ~ F, we define

S
Xo=> E[X|Bf|ipy + XIgp, n>mno. (6.48)
k=1

By concavity of f(u, ), we have

f@, Xp) =Y f(,E[X|Bp)Ipp + f(i, X)Inp
kel

> Y E[f(@, X)|BplIsp + f(5, X)Igp =: fp,(X). (6.49)
kel
Let U ~ U[0, 1] be comonotonic with f(i, X). Then for n > ng, by (6.47), we have fg (X) =
f(@,X) as. on {U €[0,] U[1 —e,1]} and f5, (X) takes values that equal to the conditional
expectations of f (w0, )Z') on the set {e¢ < U <1 —¢}. Thus, for n > ng

1fB, (X) — f(w@, X)| < VaRi_.(f (&, X)) — VaR.(f (@, X)) < o0, a.s. (6.50)
Then by dominated convergence theorem and noting that

. VaR} (f(@, X)), a=ap, k=1,...,s,
lim VaRq(f5, (X)) = B (6.51)
nee VaR,(f(w, X)), else,

we have

1
i pn, (fp, (X)) = lim [ VaRa(fs,(

n—oo 0

ESL
=
=
+

L
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where Ap(ag) = hy(ag) —h_(ag), k=1,...,s,C:=1[0,1]\{ag, k=1,...,s} and the second
equality is due to h is continuous on C. By Lemma 6.3, we have that the distribution of X,

is in F g for n > ng. Thus, we have

—

P;twc, (X) > liminf py, (f(, X)) > nllﬂgoph+(f3n(f)) = pn_(f(@, X)).

n—oo

From the arbitrariness of the distribution of X in Fin.g, we have p,L fu”;()? ) = PZ_ fw()? )
that is, (6.45) holds.

Suppose that h has countable discontinuous points, denoted by {ax, k € N}. That is, h_(ay) <
hy(ag) for k € N, and h_(z) = hy(z) for x € C :=[0,1] \ {ak, k € N}. Define

h_(x), z=a,...,an,
hn(x) = n € N.
hi(z), else,

Then we have hy > hy, > h_ and h,, decreasingly converges to h_ as n — co. By Corollary

6.6, we have for any random variable X,

pn, (X Z VaR] (X)Ap(ax) / VaR, (X)dh(a) (6.52)
1
Z (VaRg (X) — VaRq, (X))Ap(ar) + / VaR,(X)dh(a), neN
0
with Cy, :==[0,1] \ {a1,...,an}, n € N. Then by monotone convergence theorem,

1
lim pr,, (X) = 3" (VaR?, (X) — VaRg, (X)) An(ax) + /0 VaRo (X)dh(a)

n—00
keN

1
:/O VaR}! (X)dh(a) = pn_(X).

For any given F' € Fj g and X ~ F, if pr_ (f (W, )Z')) is finite, then for any * > 0, there exists
s € N such that

pn, (f (5, X)) > p_ (f(5, X)) — €. (6.53)
Otherwise, if p_ (f (W, )?)) = 00, then for any M > 0, there exists s € N such that
on (F(5, %)) > M. (6.54)

Similar to Case (i), we have 0 < a1 < --- < as < 1, and we then follow all the arguments from
(6.46) to (6.51) in Case (i) which are all true here. For the fg, (X), n > ng, defined by (6.49),
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by dominated convergence theorem, we have
— 1 —
1 p, (/5,(X)) = lim_ [ VaRa(fp, (X))dh (o)

n—oo 0
_ZVam X)) A (o) / VaR (f (i, X))dh ()

= pn. (f (@, X)),

where the last equality follows from (6.52). Since the distribution of X,, defined by (6.48) is

in Fp g and f(, X,) = fB,(X) a.s., this implies

Phsga(X) = limsup pr, (f(&, X)) > lim py, (f5,(X))

n—00 n—

= pn, (f (@, X))

Ph_ (f(’lf),)?)) — &%, if Ph_ (f(w, X:) <
M, if pn_ (f(, X) =

If pn_(f(@, X)) < oo, then from the arbitrariness of the distribution of X in Fing, we have
) >

ph+ I (X p}TL I (X) — ¢* for any €* > 0. Letting ¢* | 0 yields p,T“r fw()?) > pIL_ fw()?).
That is, (6.45) holds for p,_(f (@, X) < oo
If p,_ (f (@, X)) = oo, then by the arbitrariness of M, we have ph+ fw()?) 00, that is, (6.45)
holds.

Combining the two cases, we complete the proof of Theorem 3.4. O

6.5 Lemma 6.7 for the proof of Proposition 3.6

The proof of Proposition 3.6, which is another main result in the paper, is given in the main

text. In the proof, the following Lemma 6.7 is employed.

Lemma 6.7. Let h be a distortion function satisfying h(x) = 0, € (0,e) for some € > 0. Then
for two random variables X andY such that [X|U > €| < [Y|V > €] a.s., where U, V ~ U|0, 1] are

comonotonic with X and Y , respectively, we have
Pr(X) < pa(Y). (6.55)

If, moreover, h is a right-continuous distortion function, then

(X)) = / VaRa(X)dh(a) = VaR.(X)h(e) + / VaRa (X)dh(a). (6.56)
le,1] (&,1]

63



Proof. Note that (6.56) is an immediately consequence of Lemma 2.1 (iii). We only need to show
(6.55). Without loss of generality, assume that zo := VaRT(X) > 0 and yo := VaR} (V) > 0.
Otherwise let X* = X — min{zg,yo} + ¢ and Y* =Y — min{xzg, 50} + . Denote by F and G the
distribution functions of X and Y, respectively. We first assert that

(=00, VaRT (X)) C {x € R: F(x) <&} C (—o0, VaRT (X)]. (6.57)
To show it, note that
VaR (X) = inf{x € R: F(x) > ¢} =sup{z € R: F(z) < ¢}. (6.58)

Then from the first equality of (6.58), we have for any @ > VaRZI(X), it holds that F(z) > ¢,
and thus, (VaR} (X),) C {z € R : F(x) > e}. That is, the second implication of (6.57) holds.
Similarly, from the second equality of (6.58), we have for any z < VaRX (X), F(x) < e. This means
the first implication of (6.57) holds. Then we have (6.57) holds.

Next, from [X|U > ¢] < [Y|U > ¢], we can show

zo < Yo- (6.59)
To see it, for any « € R, we have
P(X >z,U >¢) <PY >2,U > ¢),
and then by the comonotonicity of U and X,Y, the above inequality is equivalent to
min{l — F(x),1 — e} < min{l — G(x),1 —e}. (6.60)
On the other hand, for any = > yo, by the definition of VaRX (Y), we have G(z) > ¢, that is,
1 —G(z) <1—e. Then by (6.60),
1-F(z)<1-G(x)<1l-—e. (6.61)

This combined with (6.58) implies zo < z. Thus, we have (6.59) holds.
By (6.57), we have h(F(x)) = 0 for x < x¢, and thus,

0o 0
p(X) = [T 1=hF@)de = [ nE@)s

=1z + /00 1—h(F(x))dz.

Similarly, we have

oY) = o + / T 1 h(G())de

Yo

- /yo 1de + /oo 1 — h(G(x))da.

o Yo

By 2o < yo and (6.61) holds for x > yo, we have pp(X) < pp(Y'). This completes the proof. O
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Figure 1: Distortion functions and distorted empirical CDFs by VaR, VaR™, CVaR
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Figure 2: Distortion functions and distorted empirical CDFs by Wang’s Transform
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Inverse S—shaped Distortion functions
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