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Abstract

This paper presents a unified approach based on Wasserstein distance to derive concentration
bounds for empirical estimates for two broad classes of risk measures defined in the paper. The
classes of risk measures introduced include as special cases well known risk measures from the
finance literature such as conditional value at risk (CVaR), optimized certainty equivalent risk,
spectral risk measures, utility-based shortfall risk, cumulative prospect theory (CPT) value, rank
dependent expected utility and distorted risk measures. Two estimation schemes are considered,
one for each class of risk measures. One estimation scheme involves applying the risk measure to
the empirical distribution function formed from a collection of i.i.d. samples of the random vari-
able (r.v.), while the second scheme involves applying the same procedure to a truncated sample.
The bounds provided apply to three popular classes of distributions, namely sub-Gaussian, sub-
exponential and heavy-tailed distributions. The bounds are derived by first relating the estimation
error to the Wasserstein distance between the true and empirical distributions, and then using recent
concentration bounds for the latter. Previous concentration bounds are available only for specific
risk measures such as CVaR and CPT-value. The bounds derived in this paper are shown to ei-
ther match or improve upon previous bounds in cases where they are available. The usefulness of
the bounds is illustrated through an algorithm and the corresponding regret bound for a stochastic
bandit problem involving a general risk measure from each of the two classes introduced in the
paper.

Keywords: Concentration bounds, Wasserstein distance, conditional value-at-risk, optimized cer-
tainty equivalent risk, spectral risk measure, utility-based shortfall risk, cumulative prospect theory,
rank-dependent expected utility, distorted risk measures, risk-sensitive bandits.

1. Introduction

Concentration of sample averages has received a lot of attention in statistics. Sample averages
are usually used for estimating the expectation of a random variable (r.v.), and classic inequalities,
such as those of Hoeffding and Bernstein, provide the necessary concentration bounds. However,
the expected value has several shortcomings in the context of risk-sensitive optimization (Allais,
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1953; Ellsberg, 1961; Kahneman and Tversky, 1979; Rockafellar and Uryasev, 2000), and several
measures have been proposed in the literature to capture the notion of risk in a practical application.
Unlike the case of expected value, concentration bounds are either not available, or not optimal, for
the estimation of several risk measures.

In this paper, we consider the estimation of the following popular risk measures: optimized
certainty equivalent (OCE) risk (Ben-Tal and Teboulle, 1986) which includes Conditional Value-
at-Risk (CVaR) (Rockafellar and Uryasev, 2000) as a special case, spectral risk measure (SRM)
(Acerbi, 2002), utility-based shortfall risk (UBSR) (Follmer and Schied, 2002), cumulative prospect
theory (CPT) (Tversky and Kahneman, 1992), rank-dependent expected utility (RDEU) (Quiggin,
2012) and distorted risk measures (DRM) (Denneberg, 1990). CVaR is popular in financial ap-
plications, where it is necessary to minimize the worst-case losses, say in a portfolio optimization
context. CVaR is a special instance of the class of OCE risk measures (Lee et al., 2020) as well
as SRMs (Acerbi, 2002). CVaR is an appealing risk measure because it is coherent (Artzner et al.,
1999), and spectral risk measures retain this property. UBSR belongs to the family of convex risk
measures (Follmer and Schied, 2002), which generalizes the class of coherent risk measures. CPT
value is a risk measure that is useful for modeling human preferences. RDEU is a closely-related
measure, since it shares with CPT the idea of employing a weight function to distort underlying
probabilities.

We provide a novel categorization of risk measures based on their continuity properties in the
space of distributions equipped with the Wasserstein metric. To elaborate, we define two broad
types of risk measures, say (T1) and (T2), and show that, under suitable conditions, (i) CVaR, SRM
and UBSR are (T1); and (ii) CPT, RDEU and DRM are (T2). Such a categorization provides a uni-
form framework for estimating the aforementioned risk measures as well as deriving concentration
bounds for the estimates, which is the primary focus of this work.

The need for concentration bounds for estimation of risk measures is motivated by the fact that,
while information about the underlying distribution is typically unavailable in practical applications,
one can often obtain i.i.d. samples from the distribution. Our aim is to estimate the chosen risk
measure using these samples, and derive concentration bounds for these estimates. We consider
this problem of estimation in the broader context of (T1) and (T2) risk measures. In the former
case, we examine the estimator obtained by applying the risk measure to the empirical distribution
constructed from an i.i.d. sample. On the other hand, in the case of a (T2) risk measure, we consider
an estimator that is obtained using the truncated empirical distribution. Our estimator for (T1) risk
measure, when specialized to the case of CVaR, coincides with the one that is already available in
the literature. On the other hand, the general (T1) estimator applied to SRM and UBSR leads to
novel estimators. Next, in the case of CPT, the estimator in literature does not involve truncation,
while our (T2) estimator does. For the case of RDEU, our estimator is novel, to the best of our
knowledge.

We derive concentration bounds for estimators of (T1) and (T2) risk measures for three general
classes of distributions, namely sub-Gaussian, sub-exponential and heavy-tailed distributions that
satisfy a higher-moment bound. We achieve this in a novel manner by relating the estimation error to
the Wasserstein distance between the empirical and true distributions, and then using concentration
bounds for the latter. We specialize the bounds obtained for the case of a (T1) risk measure to
provide concentration results for empirical versions of OCE (with CVaR as a special case), SRM
and UBSR. We perform a similar exercise to obtain concentration results for CPT and RDEU, using
the general result for (T2) risk measures.
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We now summarize our results when the underlying distribution is sub-Gaussian, which is a
popular class of distributions with possibly unbounded support.
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For the case of CVaR, we provide a tail bound of the order O (exp (—cneQ) ), where n is the
number of samples, € is the accuracy parameter, and c is a universal constant. Our bound
matches the rate obtained for distributions with bounded support in Brown (2007), and fea-
tures improved dependence on € as compared to the one derived for sub-Gaussian distributions
in Kolla et al. (2019). Further, unlike our results, the latter work imposes a minimum growth
assumption on the underlying distribution.

Tail bounds of the order O (exp (—cne?)) are shown to hold for any SRM having a bounded
risk spectrum, and any UBSR with a Lipschitz utility function. Unlike CVaR, the estimators
as well as the concentration results for SRM and UBSR are novel. A trapezoidal rule-based
estimator has been proposed for SRM in Pandey et al. (2021), and the bounds there are under
more stringent assumptions as compared to the one we derive for SRM.

For the case of CPT-value, we obtain an order O (exp (—cnez)) bound for the case of dis-
tributions with bounded support, matching the rate in Cheng et al. (2018). For the case of
sub-Gaussian distributions, we provide a bound that has an improved dependence on the num-
ber of samples n, as compared to the corresponding bound derived by Cheng et al. (2018).
Similar bounds are shown to hold for any RDEU involving a utility function with derivative
bounded above and bounded away from 0.

The results outlined above for various risk measures in the sub-Gaussian case rely on a con-
centration bound on the Wasserstein distance between empirical and true distributions, which
we derive. This bound, with explicit constants, may be of independent interest.

As a minor contribution, our concentration bounds open avenues for bandit applications, and
we illustrate this claim by considering a risk-sensitive bandit setting, with any (T1)/(T2) risk
measure governing the objective. We use the concentration bounds for (T1)/(T2) risk mea-
sures to derive regret bounds for such a bandit problem in two cases: first, when the un-
derlying arms’ distribution is assumed to be sub-Gaussian and the risk measure is (T1), and
second, when the arms’ distribution has bounded support and the risk measure is (T2). Previ-
ous works (cf. Galichet (2015); Gopalan et al. (2017)) consider CVaR and CPT optimization
in a bandit context, with arms’ distributions having bounded support. In contrast, we consider
unbounded, albeit sub-Gaussian distributions in the broader (T1) class of risk measures.

In addition, we also derive concentration bounds for the five risk measures mentioned above, for
the case when the underlying distribution is either sub-exponential or heavy-tailed, but satisfying a
higher moment bound. To the best of our knowledge, barring CVaR and SRM, tail bounds are not
available for the aforementioned classes of distributions for the other risk measures.

Table 1 provides a risk-measure-wise summary of the bounds presented in this paper for various
classes of distributions along with the relevant previous works in parentheses. After characteriz-
ing the two types of risk measures in Section 3, and establishing the type for several popular risk
measures, we provide a map of our results in Section 4 for various risk measures under differ-
ent assumptions on the underlying distribution through Tables 2-5. In particular, these tables list
bounds for risk estimation that hold in expectation (under a bounded higher moment condition), and
concentration bounds for sub-Gaussian and sub-exponential distributions, respectively.
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Table 1: Summary of the bounds on P (|p,, — p(X)| > ¢), for various choices of risk measure p(X).
Here X is either a bounded, or sub-Gaussian, or sub-exponential r.v., and p,, is an estimate of p(X)
using n i.i.d. samples. The corollaries accompanied by a * symbol feature improved bounds in
comparison to those in the literature.

Risk measure ‘ Bounded support ‘ Sub-Gaussian ‘ Sub-exponential
Conditional (Wang and Gao. 2010) | (Prashanth et al.. 2020) | (Prashanth et al., 2020)
Value-at-Risk Corollaries 28 and 29 Corollary 42
Spectral risk (Pandey et al.. 2021) (Pandey et al.. 2021) (Pandey et al.. 2021)
measure Corollaries 30 and 31 x Corollary 43 x
Utility-based Corollary 33 Corollaries 32 and 33 Corollary 44
shortfall risk
Cumulative prospect | (Cheng et al.. 2018) (Cheng et al.. 2018) Corollary 46
theory Corollary 36 Corollaries 39 and 40

Rank-dependent

expected utility Bounds for CPT apply in light of Lemma 18

Related work. Concentration of empirical CVaR has been the topic of many recent works, cf.
Brown (2007); Wang and Gao (2010); Thomas and Learned-Miller (2019); Kolla et al. (2019); Ka-
grecha et al. (2019); Prashanth et al. (2020). The first three references address the case when the
underlying distribution has bounded support, while the rest consider unbounded distributions which
are either sub-Gaussian or sub-exponential or have a bounded higher-moment. SRM estimation
has been considered in Pandey et al. (2021), where the authors provide tail bounds for the case of
distributions that have either bounded support, or are sub-Gaussian/sub-exponential. In comparison
to these works, the bounds that we derive are under less stringent assumptions. For instance, in
Prashanth et al. (2020), the authors require a minimum growth condition on the underlying distribu-
tion, while in Pandey et al. (2021), the authors require that the underlying density be bounded above
zero, or follow the Gaussian/exponential form. While estimation of UBSR has been considered in
Dunkel and Weber (2010) and Hu and Zhang (2018), concentration bounds for UBSR has not been
addressed in previous works, to the best of our knowledge. In the first of these two references, the
authors present a stochastic approximation based method for UBSR estimation, while in the sec-
ond reference, the authors propose a sample-average approximation for UBSR. In both works, there
are no non-asymptotic bounds. Instead, an asymptotic normality result is provided. Finally, CPT
estimation is the topic of Prashanth et al. (2016) and Cheng et al. (2018). Our estimate for (T2) mea-
sures resembles the one in the aforementioned references, except that we employ truncation, which
aids in arriving at better concentration results for the sub-Gaussian case. Concentration bounds for
empirical versions of RDEU are not available in the literature, to the best of our knowledge, and we
fill this gap.

Since CVaR and spectral risk measures are weighted averages of the underlying distribution
quantiles, a natural alternative to a Wasserstein-distance-based approach is to employ concentration
results for quantiles such as in Kolla et al. (2019). While such an approach can provide bounds with
better constants, the resulting bounds also involve distribution-dependent quantities (see Prashanth
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et al. (2020), for instance), and require different proofs for sub-Gaussian and sub-exponential r.v.s.
In contrast, our approach provides a unified method of proof.

In Cassel et al. (2018), the authors consider a general risk measure along with an abstract norm
on the space of distributions such that the risk measure satisfies a polynomial growth bound with
respect to the norm, and the norm difference between the empirical and true distributions satisfies
a given concentration inequality. There are thus parallels between how continuity properties of the
risk measure and concentration inequalities for empirical distributions are combined in Cassel et al.
(2018) and in this paper. Our definition of (T1) risk measures is also motivated by the stability cri-
teria in the aforementioned reference. However, there are some key differences. First, instead of an
abstract norm, we work with the Wasserstein metric, and impose a Holder-continuity requirement
on the risk measure in the space of distributions. Second, the concentration bounds we derive easily
specialize to SRM and UBSR — two risk measures not considered there. Third, CPT and RDEU
risk measures do not satisfy the stability criteria of Cassel et al. (2018). We address this gap by pro-
viding the (T2) class of risk measures, which CPT/RDEU belong to. Fourth, the requirement 2 in
Definition 3 of Cassel et al. (2018), which specifies the stability criteria, relates to the concentration
of empirical distribution, and is usually satisfied for sub-Gaussian distributions. We study con-
centration of empirical risk estimates for sub-Gaussian distributions as well as for the more general
classes of sub-exponential and heavy-tailed distributions. Note that the aforementioned requirement
in Cassel et al. (2018) does not hold for sub-exponential and higher-moment bounded distributions
under standard metric such as the sup-norm and the Wasserstein distance.

The rest of the paper is organized as follows: In Section 2, we cover background material on
Wasserstein distance, and state concentration bounds on Wasserstein distance between empirical
and true distribution functions under different assumptions on the tail of the underlying distribution.
In Section 3, we define two types of risk measures, and establish the type for five popular risk
measures. In Section 4, we provide a map of the results in Sections 5-8. In Section 5, we provide
bounds in expectation for risk estimation. In Section 6, we present concentration bounds for the
two general types of risk measures for the case when the underlying distribution is sub-Gaussian. In
Sections 7 and 8, we provide concentration bounds for the cases of sub-exponential and heavy-tailed
distributions, respectively. In Section 9, we discuss bandit applications. Finally, in Section 12, we
provide the concluding remarks.

2. Wasserstein Distance

In this section, we introduce the notion of Wasserstein distance, a popular metric for measuring the
proximity between two distributions. The reader is referred to Chapter 6 of Villani (2008) for a
detailed introduction.

Given two cumulative distribution functions (CDFs) F; and F5 on R, let I'(Fy, F5) denote the
set of all joint distributions on R? having F; and F; as marginals.

Definition 1 Given two CDFs F and F> on R and p > 1, the p-Wasserstein distance between them
is defined by

W, (F, F) 2 inf — y|PdF ’
rm) 2 e e yrar()

In this paper, we will mostly restrict ourselves to the case p = 1. For convenience, we shall refer to
the 1-Wasserstein distance as ‘the Wasserstein distance’.
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Given L > 0 and k > 0, a function f : R — R is L-Hélder of order « if |f(z) — f(y)| <
L|z — y|* for all x,y € R. The function f : R — R is L-Lipschitz if it is L-Holder of order
1. Finally, if F is a CDF on R, we define the generalized inverse F~! : [0,1] — R of F by
F~Y(B) =inf{z € R: F(z) > 3}. In the case where F is strictly increasing and continuous, '~
equals the usual inverse of a bijective function.

The following lemma provides alternative characterizations of the Wasserstein distance between
two CDFs.

Lemma 2 Suppose X and Y are r.v.s having CDFs F and F5, respectively. Then,

00 1
sup [E(F(X) ~ E(F (V)| = Wa(Fy, F) = | IFi(s) - Ba(o)lds = [ F(9) - F5 ' (9)la.
—00 0
(1)
where the supremum is over all functions f : R — R that are 1-Lipschitz.
Proof See Section 10.1.1. |

For deriving concentration bounds for empirical versions of risk measures, we shall use a bound
on the Wasserstein distance between the empirical distribution function (EDF) and the underlying
CDF. We first define the EDF of a r.v. X before stating the relevant Wasserstein distance bounds.
Given i.i.d. samples X7, ..., X,, from the distribution F' of a r.v. X, the EDF F, is defined by

1 n
Fn(x)_n;]I{Xlgx}, for all z € R. )
In the above, I {-} denotes the indicator function, i.e., for an event A, [{A} = 1 if A happens, and
I{A} = 0 otherwise.

Concentration bounds on the Wasserstein distance between the EDF of an i.i.d. sample and
the underlying CDF from which the sample is drawn, have been derived in Lei (2020); Weed and
Bach (2019); Bolley et al. (2007); Boissard (2011); Fournier and Guillin (2015). In the following
sections, we shall state Wasserstein distance bounds for two different classes of unbounded r.v.s.

2.1 Distributions satisfying an exponential moment bound

In this section, we state a Wasserstein distance bound assuming that the underlying distribution sat-
isfies an exponential moment bound with an exponent greater than one. Sub-Gaussian distributions
are a popular class of distributions that satisfy this assumption.

(C1) There exist 3> 1,y > 0and T > 0 such that E (exp (W|X|f3)) < T <o

For the special case of distributions satisfying (C1), we extract the required Wasserstein con-
centration bound from Fournier and Guillin (2015). This result will be used to derive concentration
bounds for empirical versions of various risk measures in Section 6.

Lemma 3 Ler X be a r.v. with CDF F, and suppose X satisfies (C1). Then, for every ¢ > 0 and
n > 1, we have

P(Wi(Fn, F)>€) <c (exp (—cane®) I{e < 1} + exp (—c;»,nefB) I{e> 1}) ,

where c1, co, and cg are constants that depend on the parameters 3,y and T specified in (CI ).
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Proof See Section 10.1.2. ]

We next define a sub-Gaussian r.v., which is a popular sub-class of unbounded r.v.s satisfying
assumption (C1).

Definition 4 A rv. X is sub-Gaussian if there exists o > 0 such that

2 2
P(X >¢€) <exp <—2i‘2> , and P(X < —¢) <exp <—2i‘2> , 3)

for every e > 0.
A sub-Gaussian r.v. X satisfies
E (exp ('yXQ)) <2,

where + is a universal constant multiple of the sub-Gaussianity parameter o. Thus, a sub-Gaussian
random variable satisfies (C1) with 5 = T = 2.

Remark 5 Note that our definition of sub-Gaussianity above does not require the r.v. to have mean
zero. If the rv. X has mean zero, then X is sub-Gaussian if and only if there exists ¢ > 0 such that

A2o2

E (exp (AX)) < exp ( ) for every A € R.
The reader is referred to Section 2.5 of Vershynin (2018) for a detailed introduction to sub-Gaussian
distributions.

Remark 6 While sub-exponential distributions also satisfy an exponential moment bound, they do
not satisfy (Cl), as the exponent ( in the sub-exponential case equals one. While Theorem 2 in
Fournier and Guillin (2015) covers the case 3 = 1, the tail bound there is weak as it exhibits
a polynomial decay for large deviations. In the next section, we handle the sub-exponential case
separately by using a Wasserstein distance bound from the recent work of Lei (2020).

The following result for sub-Gaussian distributions is an immediate corollary of Lemma 3.

Corollary 7 Let X be a r.v. with CDF F'. Suppose that X is sub-Gaussian with parameter o. Then,
forevery e > 0 andn > 1, we have

P (W1i(F,, F) > €) < ¢y exp (—cane?)
where cy, and co are constants that depend on the sub-Gaussianity parameter o.

The bound in Corollary 7 does not make the constants explicit, since an expression that makes
the dependence of the constants cj,cy on the underlying parameters explicit is not available in
Fournier and Guillin (2015). From the proof of Theorem 2 there, we were unable to extract the
explicit dependence of the constants on the underlying parameters. The lack of explicit constants
may be of concern in bandit applications. To address this shortcoming, we provide Wasserstein
distance bounds with explicit constants for sub-Gaussian r.v.s in the result below. In the next section,
we provide such bounds for sub-exponential r.v.s.
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Lemma 8 (Wasserstein distance bound) Let X be a sub-Gaussian r.v. with parameter o. Let F'

denote the CDF of X. Then, for every n > 1 and e such that % <e< % + 160+/e, we have

n 5120\ 2
B (Wi(Fo F) > €) < exp (—2560% ( 22 ) ) |

where e is Euler’s number.

Proof See Section 10.1.3. [ ]

Notice that, unlike Lemma 3, the constants are made explicit in the bound above.

2
Remark 9 The bound in the lemma above has a term of the form (e — %) inside the exponen-

tial function because we first derive a tail bound on the centered error Wy (F,,, F') —E[W1(F,, F)],
and then use E[W1(F,, F)] < % The tail bound uses arguments similar to those employed in
establishing the well-known McDiarmid inequality (cf. Theorem 5.1 of Lei (2020)), and is of the
form

~2
P (W1(Fy, F) — EW:(Fy, F)] > &) < exp <—127;;2e> , for any € € (0,160 V/e).

The main bound in Lemma 8 follows by setting € = (e — %) in the above inequality, and using
E[W1(F,, F)] < % The reader is referred to Section 10.1.3 for the detailed proof.

2.2 Sub-exponential distributions

The second class of r.v.s that we treat in this paper are sub-exponential. As mentioned in Remark 6,
sub-exponential r.v.s satisfy an exponential moment bound with exponent equal to one, and hence
these r.v.s do not satisfy (C1). The reason for treating sub-exponential distributions will be made
apparent after presenting the Wasserstein concentration bound below for the sub-exponential case.
Before presenting this bound, we specify below the condition that characterizes a sub-exponential
L.V..

(C2) There exists a ¢ > 0 such that
P(X >e€) <exp(—ce), and P (X < —¢) < exp(—ce), Ve > 0. 4
A sub-exponential r.v. X satisfies
E (exp (¢|X])) < 2,
where ¢’ is an universal constant multiple of the constant ¢ from (C2). Further, if the r.v. X is mean

zero, then an equivalent characterization of sub-exponential r.v.s is the following (see Vershynin
(2018, Sec. 2.7)): there exist positive constants o and b such that

2 2
E(exp (AX)) < exp (/\ 7

1
) for every |A| < 5
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Since (C1) requires 5 > 1, sub-exponential r.v.s fall outside the class of r.v.s satisfying (C1).
The reason for separately handling sub-exponential r.v.s is that the bound in Fournier and Guillin
(2015) is not satisfactory for such r.v.s. In particular, the tail bound there exhibits a power law decay
for large values of €. To obtain an exponential decay in the tail bound, we rely on a bound from Lei
(2020), which is presented in Lemma 10 below. In this bound, which is an analogue of Lemma 3
for the case of sub-exponential distributions, we make all the constants explicit by tracing through
the proofs of Theorem 3.1 and Corollary 5.2 of Lei (2020).

Lemma 10 (Wasserstein distance bound: sub-exponential case) Let X be a r.v. satisfying (C2)

with parameter c. Let F' denote the CDF of X. Then, for everyn > 1 and € satisfying € > C‘Q’ﬁ

e we

have

(e )
P (Wi(Fp, F) > ¢) < exp | - e/
32 4 4 (6 _ 384)
c? c c/n
Proof See Section 10.1.4. |

2.3 Heavy-tailed distributions

The third class of distributions that we consider in this paper are those that satisfy a higher-moment
bound, as specified by the following condition:

(C3) There exists 3 > 2 such that & (|X]/3) < T <o

Distributions satisfying (C3) fall under the broad class of heavy-tailed distributions (see Nair
(2012)), which includes sub-Gaussian and sub-exponential distributions, as well as distributions
with infinite variance.

Next, we provide an analogue of Lemma 3 for the case of distributions satisfying (C3).

Lemma 11 (Wasserstein distance bound) Let X be a rv. with CDF F. Suppose that X satisfies
(C3). Then, for everyn > 1, ¢ > 0and n € (0, 3), we have

P(W1i(Fy, F) >¢) <y (exp (—02n62) [{e<1}+n (ne)~ = I{e> 1}) ,
where c1, ¢ are constants that depend on 1 and the parameters 3 and T specified in (C3).

Proof See Section 10.1.5. ]

The constants are not available explicitly in the tail bound presented above, as the corresponding
result in Fournier and Guillin (2015) does not specify constants explicitly, and we could not obtain
an explicit expression for the constants as a function of 3,7 and T from the proofs given therein.

3. Risk measures and estimators

Let £ denote the space of CDFs on R. A risk measure is simply a map p : £ — R. With a slight
abuse of notation, we will find it convenient to also think of a risk measure as a real-valued function
on the set of real-valued r.v.s. More precisely, given a risk measure p and a real-valued r.v. X with
CDF F, we will write p(X) to mean p(F).
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3.1 Empirical risk estimators

Given a risk measure p and CDF F, we consider two intuitive empirical estimates of p(F') in this
paper. The first estimate involves applying p to the EDF F,, formed by drawing n samples from F'.
To make this precise, we define the estimate p,, of p(F’) by

pn = p(Fr), ®)

where F;, is as defined in (2).

Our second estimate of p(F") involves applying p to a truncated sample drawn from F. We
introduce some notation to make this precise. Given 7 > 0, we denote F'|; = FI{—-7 <z <7} +
I{z > 7}. If Fis the CDF of ar.v. X, then F|  is the CDF of the r.v. XI{—7 < X < 7}.

As before, let F,, denote the EDF of r.v. X, formed using i.i.d. samples Xi,...,X,. Our
second estimate of the risk measure p(F’) is then given by

Pn,r = P(Fn‘T)' (6)

We consider two types of risk measures in this paper. The first type satisfies a Holder-continuity
requirement in the metric space of distributions under the Wasserstein distance, which is made
precise below. The second type, which is presented later, handles some classes of risk measures that
may not satisfy a Holder condition.

3.2 Type-1 (T1) risk measures

(T1) Let (L, W7) denote the metric space of distributions, with Wasserstein distance as the metric.
The risk measure p(-) is Holder -continuous on (L, W), i.e., there exists k € (0,1] and L > 0 such
that, for any two distributions F, G € L, the following holds:

p(F) — p(G)| < L(W1i(F,G))". )

Optimized certainty equivalent (OCE) risk (Ben-Tal and Teboulle, 1986, 2007), spectral risk
measure (Acerbi, 2002), and utility-based shortfall risk (Follmer and Schied, 2002) are three popular
families of risk measures that are of type (T1). We introduce these risk measures in the following
sections and specialize the estimate given in (5) to the cases of the aforementioned risk measures.

3.2.1 OCE RISK

We adapt the definition of an OCE risk given in Lee et al. (2020). Given a nondecreasing, convex
disutility function ¢ : R — R and a r.v. X such that ¢(X) is integrable, the OCE risk of X
determined by ¢ is

oce?(X) £ inf {§+E[o (X - )} (8)

The following lemma shows that an OCE is a risk measure of type (T1).

Lemma 12 Let X and Y be rv.s with CDFs Fx and Fy, respectively, and let ¢ be a disutility
function as in (8). Assume that ¢ is L-Lipschitz for some L > 0. Then

loce?(X) — oce®(Y)| < LWy (Fx, Fy). 9)

10



EMPIRICAL RISK CONCENTRATION USING WASSERSTEIN DISTANCE

Proof See Section 10.2.1. |
Next, we discuss estimation of an OCE risk from i.i.d. samples X, ..., X}, which are drawn
from the distribution of X. We estimate oce? (X ) from such a sample by
1 n
oce? :irgf{&Jr nz;qS(Xi —g)}. (10)

It is straightforward to see that oceﬁ = oce¢’(Zn), where Z,, is a r.v. with distribution F,,. The

estimator (10) is thus a special case of the general empirical risk estimate given in (5).

Next, we define CVaR, a risk measure that is popular in financial applications. The CVaR at

level € (0, 1) for an integrable r.v X is defined by
C L 1 + + _
(X) —1r£1f {f—l—(l_a)E(X—f) }, where (y)" = max{y, 0}. (11)

It is well known (see Rockafellar and Uryasev (2000)) that the infimum in the definition of
CVaR above is achieved for ¢ = VaR,(X), where VaR, (X) = F~!(q) is the value-at-risk of the
r.v. X at confidence level o. Thus CVaR may also be written alternatively as given, for instance,
in Kolla et al. (2019). In the special case where X has a continuous distribution, C\, (X') equals the
expectation of X conditioned on the event that X exceeds VaR, (X).

A comparison of (11) and (8) shows that CVaR at level o € (0,1) is an OCE risk with the
disutility function ¢(z) = (1 — )~ *(x)*, which is nondecreasing, convex, and L-Lipschitz for
L = (1 —a)~!. Applying Lemma 12 lets us conclude that CVaR is a risk measure of type (T1)
satisfying

Ca(X) = Ca(Y)] < (1 — a)~'Wi (Fx, Fy) (12)

for any two integrable random variables X and Y.
We may now apply (10) to estimate CVaR from i.i.d. samples X7, ..., X,,, which are drawn
from the distribution of X. The resulting estimate of CVaR appeared earlier in Brown (2007), and

is given by
. 1 <
Cna = 1r£1f {f + n(l—a) Z (X — §)+} :

i=1
It is straightforward to see that ¢;, = C(Zy,), where Z,, is a r.v. with distribution F;,.

3.2.2 SPECTRAL RISK MEASURES

Spectral risk measures are an alternative generalization of CVaR. Given a weighting function ¢ :
[0,1] — [0, 00), the spectral risk measure M associated with ¢ is defined by

1
My(X) = /0 6(8)F5-(8)dB, (13)

where X is a r.v. with CDF Fx. If the weighting function, also known as the risk spectrum, is
increasing and integrates to 1, then My is a coherent risk measure like CVaR. In fact, CVaR is itself
a special case of (13), with C, (X)) = M, for the risk spectrum ¢ = (1—a) "' {8 > a} (see Acerbi

11
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(2002) and Dowd and Blake (2006) for details). Assuming the r.v. X models losses in a financial
application, it is apparent that CVaR treats all losses above a certain threshold equally, by assigning
the same weight for 5 > «a. One could think of a spectral risk measure with a weight function
chosen such that higher losses are given more weight. An example of such a weight function,
proposed by Cotter and Dowd (2006), is ¢(3) = %(_l;ﬁ), B € [0, 1], where ¢ is a constant that
controls risk-aversion. The dual-power risk measure Wang (1996) employs the weighting function
given by ¢(8) = »(1 — B)*~1, with s« > 1.

Our next lemma shows that a spectral risk measure having a bounded weighting function is a
risk measure of type (T1). The proof is omitted as the lemma follows very easily from the definition

(13), and the last characterization of the Wasserstein distance given in (1).

Lemma 13 Let X and Y be rv.s with CDFs Fx and Fy, respectively, and let ¢ : [0,1] — [0, 00)
be a weighting function as in (13). Assume that ¢(u) < K for all u € [0, 1]. Then

[My(X) — My(Y)| < KW (Fx, Fy).

Remark 14 The two examples of the weighting function given above satisfy the boundedness re-
quirement in the lemma above. However, there are spectral risk measures with weighting function
that are not bounded. For example, the weighting function of the proportional hazard transform
risk measure (Wang, 1995) is unbounded, and given by ¢(f3) = iﬁi_l, with » > 1. Such a risk
measure may not fall under the class of (T1) risk measures. We shall handle spectral risk measures
with unbounded weight functions through the (T2) class of risk measures introduced in subsection

3.3 below.

We now discuss the estimation of a spectral risk measure from an i.i.d. sample X1, ..., X,
which is drawn from the CDF F of a r.v. X. Using the EDF, a natural empirical estimate of the
spectral risk measure My (X) of X is

1
Mg = /0 o(B)F, (B)dB. (14)

As in the case of an OCE risk, the estimate defined above is also a special case of the general
estimate given in (5).

3.2.3 UTILITY-BASED SHORTFALL RISK (UBSR)

VaR as a risk measure is not popular owing to the fact that it is not sub-additive. CVaR overcomes
this limitation, and is a coherent risk measure. Convex risk measures (Follmer and Schied, 2002)
are a more general class of measures than coherent risk measures, because sub-additivity and ho-
mogeneity imply convexity. UBSR form a popular class of convex risk measures.

For ar.v. X, the utility-based shortfall risk S, (X ) is defined as

Sa(X) = inf{€ € R|E(I(X —€)) < a}, (15)

12
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where [ : R — R is a utility function. S, (X) can be seen to be the value as well as the minimizer
of the following constrained minimization problem:
rgréiﬂrgg subject to E(l(X -¢) <a. (16)

UBSR is a risk measure that generalizes VaR, since one recovers VaR from (15) by employ-
ing an indicator function for /. While VaR is not a convex risk measure, a suitable choice for the
utility function [ in (15) can yield a convex risk measure, cf. Section 4.9 of Follmer and Schied
(2016). Furthermore, in contrast to CVaR, UBSR is invariant under randomization (Dunkel and
Weber, 2010). Invariance under randomization formally means that given two r.v.s X, X sat-
isfying S, (X;) < 0,7 = 1,2, the compound r.v. Z that chooses between X; and X5 using an
independent Bernoulli r.v. also satisfies S, (Z) < 0.

For the purpose of showing that UBSR is of type (T1), we require that [ be Lipschitz. While
our results below require no additional assumptions on /, we point out that a convexity assumption
on [ leads to a useful dual representation (Follmer and Schied, 2002). Likewise, if the utility is
increasing, then the estimation of UBSR from i.i.d. samples can be performed in a computationally
efficient manner (see Hu and Zhang (2018)).

The following lemma shows that UBSR is a risk measure of type (T1).

Lemma 15 Suppose the utility function | is non-decreasing, and there exist K, k > 0 such that l is
K-Lipschitz and satisfies [(x2) > l(z1) + k(z2 — x1) for every x1, 9 € R satisfying xo > x1. Let
X and 'Y be rv.s with CDFs Fx and Fy, respectively. Then

K
SalX) = SaY)] < T WA(Fx. Fy ). a7

Proof See Section 10.2.2. ]

Next, we discuss the estimation of UBSR S, (X). Given n i.i.d. samples X, ..., X,,, UBSR is
estimated as the solution of the following constrained optimization problem (Hu and Zhang, 2018):

1 n
Igleiﬂgg subject to - ; I(X;i—¢ <a. (18)

The problem above can be seen as a sample-average approximation to (16). In other words, the
solution of (18) is the UBSR value of a r.v. distributed according to the EDF F}, of X. Thus, as in
the case of OCE risk and spectral risk measures, the estimation scheme provided above is a special
case of the general estimate given in (5).

In Hu and Zhang (2018), the authors show that the problem (18) can be solved efficiently using
a bisection method if the utility function [ is increasing and an interval containing S, (X ) is known.
The reader is referred to Hu and Zhang (2018) for further details.

3.2.4 Two EXAMPLES

The (T1) measures seen so far, namely, OCE risk, spectral risk measures, and UBSR all satisfy (7)
with k = 1. To illustrate the point that the additional generality provided in (7) is not vacuous, we
next present an example of a risk measure that satisfies the definition of a (T1) measure for some
Kk < 1, but not for x = 1.

13
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Example 1 Consider the risk measure p(F fo (1-— 3 dz. To show that p is (T1), let F'
and G be two distributions. We have
! 1 1
Ip(F) = p(G)] < ; (1= F(z)s — (1 - G(x))3]dx

1
< 235 | |F(z) - G(x)|5dz
0
1 3

23 [ @) - G| < 23 [W1(F, G)]3,

IN

where the last inequality above follows from Lemma 2, the first and third inequalities above follow
from Jensen’s inequality, and the second inequality follows from the fact that |a® — b®| < 217%a —
b|* for every a,b € R and « € (0, 1] such that « equals the ratio of two odd positive integers (see
Fact 2.2.77 in Bernstein (2018)). This shows that p satisfies (7) for all F' and G with k = l

We claim that there exists no L > 0 such that p satisfies (7) with k = 1 for all dzstrlbunons
To see this, let L > 0, and pick p € (0, L™ ) Define CDFs G and F by G(x) = 1{z > 0} and
F(z) £ (1—p)I{z > 0} +pl{x > 1} forall v € R. It is a simple matter to calculate p(F) = p%,
p(G) =0, and W1 (F,G) = p. Consequently, we have % p3 > L. Since L > 0 was
chosen arbitrarily, our claim follows.

To provide motivation for the class of risk measures that we introduce next, we provide an
example of a risk measure that is not (T1).

Example 2 Consider the risk measure p(F) = [ \/1— F(x)dx. To show that p is not (TI),
let L > 0and k € (0,1] be given. Choose p € (0, L~2). Additionally, choose a = 1 or a >
[Lp“_%]ﬁ accordingly as k = 1 or k < 1, respectively. Define CDFs G and F by G(x) =
I{z > 0}and F(x) £ (1—p)I{x > 0} +pl{x > a} forall x € R. Note that G is the CDF of a r.v.
that equals 0 a.s., while F' is the CDF of a r.v. that takes the value 0 with probability (1 — p) and the
value a with probability p. It is a simple matter to evaluate p(G) = 0 and p(F') = a./p. Likewise,
Lemma 2 can be used to compute W1(F, G') = ap. One can now easily check that, in the case where

k=1, % = p*% > L, while in the case where k < 1, ‘f’éﬂ;ﬁﬁi‘ = : 2 > L. We have

thus shown that, for every L > 0 and k € (0, 1], there exist CDFs F and G such that (7) fails to
hold. It follows that the risk measure p is not (T1).

3.3 Type-2 (T2) risk measures

In this subsection, we consider risk measures that satisfy a weaker version of the Hélder-continuity
requirement specified in (T1) risk measures, and the definition below makes this continuity require-
ment precise.

(T2) Let (L, W) denote the metric space of distributions, with Wasserstein distance as the metric.
The risk measure p(-) satisfies a truncated Holder-continuity condition with a tail bound on (£, W7)
if there exist positive constants o ,a, g Ly, Lo, L3, K1, Ko, and ~y such that o, K1, Ko < 1 and,
for every choice of two distributions F,G € L and every T > 0, the following holds:

o0

p(F) = p(Gl7)| < Ly (W1(F,G))™ 77 + Lo /K [1 - F(z)]*dz

14
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—Kot
+ L3 / [F(2)]**dz. (19)

To see the significance of the inequality (19), let p be a type (T2) risk measure satisfying (19),
and consider two distributions F' and G supported on the interval [— Ko7, K;7] for some 7 > 0.
Then G|, = G,and 1 — F(z) = 0 = F(y) forall z > K;7 and y < —K57. The inequality (19)
then yields

[p(F) = p(G)| < Ly (Wi (F, G))™ 77.

The equation above indicates that, when restricted to distributions having bounded support, a type
(T2) risk measure is Holder continuous with respect to the Wasserstein distance with a Holder
constant that grows in an unbounded manner as the length of the support increases.

The reader will notice that the condition (19) is not symmetric in the distributions F' and G, and
it may seem that a more natural-looking condition might be to require that

olF) = @) < Ly (M(E G 7+ 1o [ IF(2) - Gla)a

T

-7

+ L3/ |F(2) — G(2)|**dz (20)
—00

hold for all 7 > 1. Note that the condition (20) implies (19), and hence (19) is the weaker of the

two. Also, as we show below, (19) suffices for the bounds that we wish to derive and apply to known

risk measures. Hence we choose to go with the weaker, albeit odd-looking, condition (19).

In the following subsection, we introduce cumulative prospect theory (CPT), which is a promi-
nent risk measure in human-centered decision making systems, and an example of a (T2) risk mea-
sure. Subsequently, we describe rank-dependent expected utility (RDEU), which we show to be a
special instance of the CPT-value that we define below. The risk measure that was seen to be not
(T1) in example 2 is a special case of the CPT-value that we introduce next.

3.3.1 CUMULATIVE PROSPECT THEORY (CPT)

For any r.v. X, the CPT-value is defined as
C'(X):/ wt (P(u+(X)>z))dz/ w™ (P (u™ (X) > z2))dz. (21)
0 0

Let us deconstruct the above definition. First, the functions u*, u~ : R — R are utility functions
which are assumed to be continuous, with u+(a:) = 0 when z < 0 and increasing otherwise,
and with v~ (2) = 0 when = > 0 and decreasing otherwise. The utility functions capture the
human inclination to play safe with gains and take risks with losses — see Fig 1. Second, w™,w™ :
[0,1] — [0, 1] are weight functions, which are assumed to be continuous, non-decreasing and satisfy
wt(0) = w (0) = 0and wt(1) = w™ (1) = 1. The weight functions w*,w™ capture the human
inclination to view probabilities in a non-linear fashion. Tversky and Kahneman (1992); Barberis
(2013) (see Fig 2 from Tversky and Kahneman (1992)) recommend the following choices for w™
and w™, based on inference from experiments involving human subjects:

p0.61 p0.69
+(p) = ) and ’U)_(p) = 1
(p0.61 + (1 _ p)0'61)0-61 (p0.69 + (1 _ p)0'69)0‘69

w
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Figure 1: Utility function Figure 2: Weight function

The lemma below shows that CPT-value is a risk measure of type (T2) under certain assump-
tions.

Lemma 16 Suppose that the utility functions u™,u~ : R — R are differentiable, and their deriva-
tives are bounded above and below by K™ > 0 and k* > 0, and K~ and k= > 0, respectively, in
absolute value. Further assume that the weight functions w* and w™— are Holder continuous with
exponent « € (0, 1] and Holder constant L > 0, and let F, G € L be CDFs. Then, for every T > 0,
we have

C(F) = CGI)| < LK™ + KO)WAEGP 7 4 LK [ 1= Fa)ds
it
kT
+LK- [ 5 [F(2)*de.
Proof See Section 10.2.3. [ |

Remark 17 It is not difficult to see that the risk measure considered in Example 2 can be written as
a right-tailed version of CPT value by letting u™ be identically zero, u™ to be the identity map, and
w™ to be the square root function. Although these choices do not satisfy the assumptions of Lemma
16, one can follow the steps in the proof of Lemma 16 to show that the risk measure in the example
is (T2). Example 2 thus provides a risk measure that is (T2) but not (T1).

We now describe the CPT-value estimation scheme, which is a variant of the one proposed in
Prashanth et al. (2016). In particular, unlike the aforementioned reference, we employ a truncated
EDF to obtain the CPT-value estimate. Let X;,7 = 1,...,n, denote n independent samples from the
distribution of X . For any given 7,,, and real-valued functions v and u~, let (F},|,, )" and (F},|,, )~
denote the truncated EDFs formed from the samples {u™(X;),i = 1,...,n} and {u™ (X;),i =
1,...,n}, respectively. Using the truncated EDFs, the CPT-value is estimated as follows:

— an _ +[B €Tr — an_ — “(x x.
Cp = /0 (1 (Fal)* (2))d /0 (1= (Ful)™ (2))d 22)
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Notice that we have substituted the complementary (truncated) EDFs (1 — (F,|-,)" (z)) and
(1= (Fulr,)” (2)) for P(u*(X) > x) and P (v~ (X) > ), respectively, in (21), and then per-
formed an integration of the weight function composed with the complementary EDF. It is apparent
that the CPT-value estimator in (22) equals the CPT value of the truncated EDF F},|,, , and thus is a
special case of the estimator (6) for a general risk measure.

Let X; = X;I {X; <1}, fori = 1,...,n. Using arguments similar to that in Section III of
Prashanth et al. (2016), the first and second integral, say C; and C;;, in (22) can be easily computed
using the order statistics {f((l), e ,X(n)} of the truncated samples {X; : i = 1,...,n} as follows:

o= St o (5 o (5]

~Swcig o (2) o (5]

3.3.2 RANK-DEPENDENT EXPECTED UTILITY (RDEU)

Q

Let w : [0,1] — [0, 1] be an increasing weight function such that w(0) = 0 and w(1) = 1. Let
u : R — R be a continuous, increasing function satisfying u(0) = 0. Then, following Quiggin
(2012), the RDEU-value V' (F) is defined by

V(F)= /OO u(z)d(w o F)(x).

—00

The result below shows that RDEU-value is a special case of CPT-value as defined in (21) To
elaborate, CPT allows one the freedom of choosing two different weight functions w™ and w™. By
suitably defining these, we show that RDEU is a special case of CPT.

Lemma 18 Let w : [0,1] — [0,1] and u : R — R be a weight function and a utility function as
above. Assume that u is unbounded above and below. Define u*(z) = u(xl{x > 0}), u™ (z) =
—u(zl{z < 0}), for v € R. Let w™ (p) = w(p), and w* (p) = 1 — w(1 — p), for p € [0,1]. Then,
for any rv. X with CDF F, we have

Proof See Section 10.2.4. ]

Thus, the RDEU-value V is a special case of CPT-value, with u® and w* chosen as in the
statement of the lemma above. Note that for the choice of w™ and w™ given in Lemma 16, we have

wh(p) +w (1 —p)=1.
CPT-value, as defined in (21), is more general, as the weight functions wt and w™ are not required

to satisfy the aforementioned equality. Owing to the fact that RDEU is a special case of CPT, the
estimation scheme presented in (22) applies to RDEU as well.
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3.3.3 DISTORTED RISK MEASURE (DRM)

For ar.v. X with CDF F’, the DRM D(X) is defined as

0 00
D(X) = / w (1 F(2)) — 1]dz +/O w(l— F(2)) dz,

—00

where w : [0, 1] — [0, 1] is a weight function that satisfies w(0) = 0 and w(1) = 1. If w is concave,
then DRM is a coherent risk measure. Further, DRMs are equivalent to spectral risk measures if the
weight function is increasing and differentiable. In this case, the risk spectrum for the equivalent
spectral risk measure is given by ¢(5) = w'(1 — j3), for g € [0, 1].

It is easy to see that DRMs are of type (T2), as they can be treated as a special case of CPT-value.
Thus, the bounds we derive for CPT-value estimation can be easily specialized to handle the case of
DRMs. While DRMs are equivalent to spectral risk measures, the bounds for spectral risk measures
derived earlier require that the risk spectrum be bounded. As noted in Remark 14, there are spectral
risk measures (or DRMs) that do not satisfy this boundedness requirement, and for such DRMs,
one could take the (T2) route to arrive at estimation bounds. An example of such a risk measure is
the proportional hazard transform, which has the following risk spectrum: ¢(3) = iﬁ i_l, with
x> 1.

4. Map of the results

In the next three sections, we provide bounds in expectation as well as concentration bounds for
estimates of the risk measures described in the previous section under the assumptions ((C1))-((C3))
(as well as (C4) appearing in the next section) on the underlying distribution. Since the number of
combinations of risk measures and distributional assumptions is rather large, we provide here a
tabular summary of all the bounds that will be presented in the succeeding sections.

Table 2: Summary of the bounds in expectation of the form E (|p,, — p(X)|) for various choices of
risk measure p(X). Here X is a r.v. satisfying E (|X|#) < T < oo for some 8 > 1, and pj, is an
estimate of p(X) using n i.i.d. samples.

Risk measure ‘ Bound in expectation ‘ Reference

OCE (includes CVaR) 0 (M) Corollary 20
Tme 2:1-3

Spectral risk measure O <{1111}> Corollary 21
’I’me 2:1-3

Utility-based shortfall risk O <{1111}> Corollary 22
’I’me 2:1-3

Cumulative prospect theory | O ! Ba—1 Corollary 24

min{d 1-1 B-1
(n {31 B}) B
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Table 3: Summary of the concentration bounds of the form IP (|p,, — p(X)| > €), for various choices
of risk measure p(X). Here X is a sub-Gaussian r.v. with parameter o. Here the constants ¢, co

are functions of the sub-Gaussianity parameter o, but an explicit expression is not available. For
bounds with explicit constants, see Table 4

Risk measure Concentration bound ‘ Reference
OCE 2¢1 exp <—CQLL;2> Corollary 28
with 8 =2
Spectral risk measure 2¢1 exp <— @;52 > Corollary 30
with 8 = 2
Utility-based shortfall risk 2c1 exp (— Q’}j#) Corollary 32
with 8 = 2
2
Cumulative prospect theory | cjexp | —can (ﬁ@;m) a) , | Corollary 39
c3(n) = \/ﬁ)nnf(tl &y Tn = consty/logn. | with 8 =2

Table 4: Summary of the concentration bounds of the form IP (|p,, — p(X)| > €), for various choices

of risk measure p(X). Here X is a sub-Gaussian r.v. with parameter o. Unlike Table 3, the bounds
here feature explicit constants.

Risk measure ‘ Concentration bound Reference
2
OCE exp (_25(?0% (E — 5\1/25‘7) ) Corollary 29
0o\ 2
Spectral risk measure exp (—25&_2& (% — 51—;) ) Corollary 31
Utility-based n ( ke 5120 ) 2 Corollary 33
shortfall risk OXP | ~2560% \ K ~ i
Cumulative exp (—ﬁ X Corollary 40
1 2
prospect theory = 03(") = | - 5\1/25"
L(Kt+K~) [max e k_ }(logn)Q]
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Table 5: Summary of the concentration bounds of the form P (|p,, — p(X)| > €), for various choices
of risk measure p(X). Here X is a sub-exponential r.v. with parameter c.

Risk measure | Concentration bound | Reference

2
384
384) (% - cﬁ) ) Corollary 42

OCE

n\%

hh

Corollary 43

nm
w
OO
.&
\/
/N
=m
Q |eo
1o
SIZ
N———
(V)

Utility-based shortfall risk

Spectral risk measure (

2
— 384) ) Corollary 44

_ 384
c/n

can®
(KT+K—)Lr1~=@

Cumulative prospect theory | exp ( — ( L ) Corollary 46

o (KT+K—)L > é

+ L 2
KT"+K)L
o (Tt T su
(K++K—)Lry “ ev/n )

T, = consty/logn

5. Bounds in expectation for risk estimation

In this section, we provide non-asymptotic bounds, which hold in expectation, for estimation of risk
measures. For these bounds, we assume that the underlying distribution has a finite higher-moment
bound. More precisely, we assume that the following condition holds.

(C4) There exists 3 > 1 such that E (| X|%) < T < oo.

5.1 Bounds for risk measures of type (T1)
Theorem 19 Suppose X is a r.v. satisfying (C4), p : L — R is a risk measure of type (T1) with
parameters L > 0 and k > 0 as in (7), and py, is given by (5). Then, for every n > 1, we have

2B+3T K

E(|Pn - P(XN) <L <mm{11}>
n

Proof See Section 10.3.1. |

The following corollaries provide bounds in expectation for empirical OCE, SRM and UBSR.
The proofs of these corollaries follow in a straightforward fashion using the result in Theorem 19,
and we omit the proof details.
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Corollary 20 (Bound in expectation: OCE) Suppose X is a rv. satisfying (C4). ¢ : R — R is
a L-Lipschitz disutility function, oce¢(X ) is the OCE risk of X as defined in (8), and oceﬁ is its
empirical estimate as in (10). Then, for every n > 1, we have
25+3—|—
E(’oceﬁ—oced)(X)D SL( ) .

Sl 1
nmm{i,l—g

In light of the fact that CVaR is an OCE risk satisfying (12), it is clear that the bound above
holds for empirical CVaR with L = (1 — o)7L

Corollary 21 (Bound in expectation: SRM) Suppose X is a rv. satisfying (C4), ¢ : [0,1] —
[0, 00) is a weighting function uniformly bounded above by K > 0, My(X) is the OCE risk of X
as defined in (13), and m,, 4 is its empirical estimate as in (14). Then, for every n > 1, we have
9B+3T
E (o~ Ma(X)) < ).

infi1-1
nmln{2,1 3

Corollary 22 (Bound in expectation: UBSR) Suppose X is a r.v. satisfying (C4).l : R — Risa
utility function satisfying the assumptions in Lemma 15, and S, (X) is the UBSR of X as defined
in (15). Let &, o denote the solution to the constrained problem in (18). Then, for every n > 1, we
have

B (e~ 5o < 5 - ).

-k min{%,l—%}
where K,k > 0 are as in Lemma 15.

5.2 Bounds for risk measures of type (T2)

In this subsection, we provide bounds on the expected estimation error for a risk measure of type
(T2).

Theorem 23 Suppose X is a rv. satisfying (C4), and p : L — R is a risk measure of type
(T2), with parameters o, as,as, Ly, Lo, L3, K1, Ko as defined in (19). Further, assume that
min{fBag, fas} > 1. Fix 7 > 0. Then, for every n > 1, we have

283 T\ LyTo2 L3Tos
E —p(X)]) < Li77 ,
(Ipnr —p(X)]) < Lo7 <nmin{é,l—;}> e
(23)
where py, + = p(Fp|r).
Proof See Section 10.3.2. |

We now specialize the result in Theorem 23 for the case of CPT-value. We consider the CPT
value estimator based on truncation, defined in (22).
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Corollary 24 (Bound in expectation: CPT value) Assume that the conditions in Lemma 16 hold.
Suppose that X satisfies (C4) for some 5 > 1 such that fa > 1, where o € (0, 1] is as in Lemma

1
ind 1 1 B=1
16. For eachn > 1, set 1, = (nmm{i’l_ﬁ}) w=n and form the CPT-value estimate C,, using

(22). Then we have
LT«

E(C, - C(X)) € ——
<nm1n{§7l—ﬁ}> B—1

Proof See Section 10.3.3. . [ ]

As discussed in subsection 3.3, RDEU and DRM can be viewed as special cases of CPT value,
and are hence covered by Corollary 24.

6. Concentration bounds for distributions satisfying (C1)

In this section, we provide concentration bounds for the risk estimates introduced in section 3 using
the Wasserstein distance bound in Lemma 3. The concentration bounds assume that the underlying
distribution satisfies condition (C1), that is, an exponential moment bound with an exponent greater
than one. Sub-Gaussian distributions are a popular class of distributions that satisfy this assumption.
As mentioned before, sub-exponential distributions are treated separately in the next section.

In the following sections, we relate the estimation errors for both risk measure types to the
Wasserstein distance between the EDF and the underlying CDF. The resulting concentration bounds
apply to unbounded random variables as long as they belong to one of the three classes mentioned
above. An alternative approach involves an application of the Dvoretzky-Kiefer-Wolfowitz (DKW)
theorem (Wasserman, 2015, Chapter 2). Such an approach has been used to obtain concentration
bounds for CVaR/CPT (cf. Thomas and Learned-Miller (2019); Cheng et al. (2018), but the sup
norm in the DKW inequality will make the resulting bounds applicable only to bounded r.v.s. In
contrast, employing the Wasserstein metric allows us to derive concentration bounds for a broader
class of r.v.s.

6.1 Bounds for Risk Measures of Type (T1)

Given a risk measure p, ar.v. X with CDF F', and n > 0, we form an empirical estimate p,, of p(X)
using (5). Recall that the latter estimate is obtained by applying p to the EDF formed by drawing n
samples from F'.

Theorem 25 Suppose X is a r.v. satisfying (C1), and p : L — R is a risk measure of type (T1) with
parameters L > 0 and k > 0 as in 7. Then, for every e > 0 and n > 1, we have

P~ o] > ) < e (exp (—can (Z)i) e < I} +exp (—can (;)5) He> 1)),
(24)
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where the constants cy, ca, and c3 are as in Lemma 3.

Proof See Section 10.4.1. |

The result above can be easily specialized for the case of sub-Gaussian distributions by using 3 = 2
in the bound above.

Remark 26 [t is easy to see from the first equality in (1) that X +— E(X) is a (T1) risk measure with
parameters L = x = 1. Theorem 25 applies with 8 = 2, and yields the well-known Hoeffding’s
inequality for the concentration of sample mean in the case of sub-Gaussian r.v.s.

Next, we present a concentration bound for the sub-Gaussian case, but with explicit constants.

Theorem 27 Let X be a sub-Gaussian r.v. with parameter ¢ > 0. Suppose p : L — R is a risk
measure of type (T1), with parameters L and k. Then, for every n > 1 and € such that € such that

1
5o o (L) < % + 160+/e, we have

Vn N
n eN: 5120 2
B — o)1= 0 <o [~ ((5)7 - 222)).
(1pn — o >|>e>_exp< s (1) -2F)
Proof See Section 10.4.2. ]

6.1.1 BOUNDS FOR EMPIRICAL OCE

We now provide a concentration bound for the empirical OCE estimate (10), by relating the estima-

tion error loceﬁ — oce?(X)| to the Wasserstein distance between the true and empirical distribution

functions, and subsequently invoking Lemma 3 that bounds the Wasserstein distance between these
two distributions.

Corollary 28 (OCE concentration) Suppose X satisfies (C1) for some 3 > 1. Let ¢ : R — R be
a L-Lipschitz disutility function. Let oce®(X) be the OCE risk of X as defined in (8), and let oceﬁ
be its empirical estimate as in (10). Then, for every ¢ > 0 and n > 1, we have

P (‘oceﬁ - oce‘z’(X)‘ > e) <1 [exp [—con(e/L)*] I{e < L}

+ exp {—c;;n(e/L)ﬁ} I{e> L}},
where the constants c1, cy and cg are as in Lemma 3.

Proof See Section 10.4.3. [ ]

One can specialize the result above to handle the case of sub-Gaussian random r.v.s. by using 5 = 2
in the bound above. However, the constants ¢, co are unknown functions of the parameter o. The
following result provides an alternative OCE concentration bound with explicit constants.
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Corollary 29 (OCE concentration with explicit constants) Suppose X is a sub-Gaussian r.v. with
parameter o, and let ¢ be as in Corollary 28. Then, for every n > 1 and € such that
5o o £ < % + 160+/e, we have

Vn N
n e 5120\2
o —ou00] ) <o (5 (5 22 ).
Proof See Section 10.4.4. [ ]

As discussed in subsection 3.2.1, CVaR is a special case of an OCE risk, and satisfies the as-
sumptions of corollaries 28 and 29 with L = (1 — ))~!. Hence concentration bounds for empirical
CVaR follow from the preceding two results.

The case considered in Corollary 29, as applied to empirical CVaR, was also treated by Kolla
et al. (2019); Prashanth et al. (2020), while the special case of bounded r.v.s has been treated in
Brown (2007); Wang and Gao (2010). In terms of dependence on n and e, the tail bound in Corollary
29 is better than the one-sided concentration bound in Kolla et al. (2019). In fact, the dependence
on n and e given in Corollary 29 matches that in the case of bounded distributions (Brown, 2007;
Wang and Gao, 2010). More recently, Prashanth et al. (2020) have derived a two-sided concentration
result for CVaR estimation. Their bound requires the knowledge of the density in a neighborhood of
the true VaR, while the constants in our bounds depend only on the parameter o of the underlying
sub-Gaussian distribution. On the other hand, though our bounds do not depend on density-related
information, they probably involve conservative constants. Finally, unlike Prashanth et al. (2020),
our bounds allow a multi-armed bandit application in the spirit of the classic UCB algorithm (Auer
et al., 2002), as we require only the knowledge of the sub-Gaussianity parameter in arriving at a
confidence term. The reader is referred to Section 9 for more details.

6.1.2 BOUNDS FOR EMPIRICAL SPECTRAL RISK MEASURE

In this section, we restrict ourselves to a spectral risk measure My whose associated risk spectrum
¢ is bounded. Specifically, we assume that |¢(3)| < K for all § € [0,1] for some K > 0. It
immediately follows from Lemma 13 that, if X and Y are r.v.s with CDFs F} and F5, then

|My(X) — Mp(Y)| < KW, (Fy, F). (25)

On noting from (14) that the empirical estimate m,, 4 of My(X) is simply the spectral risk measure
M applied to ar.v. whose CDF is F},, we conclude from (25) that

|My(X) —mns| < KWy (F, F,). (26)

Equation (26) relates the estimation error |M4(X ) —my, | to the Wasserstein distance between the
true and empirical CDFs of X. As in the case of CVaR, invoking Lemma 3 provides concentration
bounds for the empirical spectral risk measure estimate (14).

Corollary 30 (SRM concentration) Suppose X satisfies (C1) for some 5 > 1. Let K > 0 and let
¢ :[0,1] — [0, K] be a risk spectrum. Then, for every ¢ > 0 and n > 1, we have
€

P (s — My(X)| > €) < 1 [exp [—czn [;{ﬂ I{c < K} + exp [—C3n [Kﬂ T{e> K}] ,

where the constants c1, co and cg are as in Lemma 3.
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Proof See Section 10.4.5. ]

As before, setting 5 = 2 in the bound above handles the special case of sub-Gaussian random r.v.s.
Next, we present an SRM concentration bound with explicit constants.

Corollary 31 (SRM concentration with explicit constants) Let X be a sub-Gaussian rv. with
parameter o, and let ¢ be a risk spectrum as in Corollary 30. Then, for every n > 1 and e such that

% <£< % + 160+/e, we have

n € 5120\ 2
P — My(X < __ " (= _ .
(|mn,¢ ¢( )| > €) < exp ( 25602e <K NG > )

Proof See Section 10.4.6. ]

The bound above is an improvement over the SRM concentration bound derived in Pandey et al.
(2021) for two reasons. First, our bound is for the un-truncated estimator, while their bound involves
a truncated estimate. Second, our bound applies for all n > 1, while their bound applies only for a
sufficiently large number of samples.

6.1.3 BOUNDS FOR EMPIRICAL UTILITY-BASED SHORTFALL RISK

As in the case of OCE and spectral risk measure, using the fact that UBSR is (T1) leads to the
following concentration bound.

Proposition 32 Suppose X satisfies (C1) for some 3 > 1. Let the utility function l in the defini-
tion (15) of So(X) satisfy the assumptions in Lemma 15, and let &, , denote the solution to the
constrained problem in (18). Then, for every e > 0 and n > 1, we have

o [con[i] Jofe< )
SaCIRE!

where the constants c1, cy and cg are as in Lemma 3, while K,k > 0 as are as in Lemma 15.

P(‘fn,a - Sa(X)’ >e) <

+ exp

Proof See Section 10.4.7. |

The specialization to sub-Gaussian r.v.s is immediate. Next, we present an UBSR concentration
bound with explicit constants.

Corollary 33 Let X be a sub-Gaussian r.v. with parameter o, and let | be a utility function as in

Proposition 32. Then, for every n > 1 and € such that % < % < % + 160+/e, we have

"o

ke 51202
P(’én,a - SO&(X)| > 6) < €xp <_25(;LO_2€ <I§ - \/;) > .

Proof See Section 10.4.8. [ ]
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6.2 Bounds for Risk Measures of Type (T2)

We consider two cases in this subsection. The first case is when the distribution F' has bounded
support, while the second case is that of sub-Gaussian distributions. Although the first case is
subsumed under the case of sub-Gaussian distributions, we still consider it separately as the con-
centration bound that we obtain is stronger than the one in the sub-Gaussian case.

6.2.1 DISTRIBUTIONS WITH BOUNDED SUPPORT

Our first result concerns the risk estimator (5) for a Type (T2) risk measure applied to a distribution
with bounded support.

Theorem 34 Suppose X takes values in [—Ba, B1] a.s. for some By, By > 0 such that at least one
of B1, B is positive. Let p : L — R be a risk measure of type (T2). For each n, let p, = p(F,),
where F' is the CDF of X. Then, for every € > 0 andn > 1, we have

€

Plpn — p(X)| > ©) < crexp <—62n [ ]) |

Lyt

where T = max{%, %} K1, Ko, Ly1,7v,a1 are as in the definition (19) of a Type (T2) risk
measure, and c1, co are constants that depend on B1, Bo.

Proof See Section 10.4.9. |

As mentioned earlier, the constants c1, co are not explicitly known, and this lack of knowledge
hinders bandit applications. To handle such an application, we next present a concentration bound
with explicit constants.

Theorem 35 Assume that the conditions of Theorem 34 hold. Then, for every n > 1 and € such

1
that 256(?/%_]32) < (Lfﬂ) < %\/IH—HBQ) + 8(B1 + B2)+/e, we have

n

P(lpn — p(X)| > €) < exp " 64e(B; + By)? <<

2
e \™  256(Bi + By)
Ll7"y \/ﬁ ’

where L1,y and T are as specified in Theorem 34.

Proof See Section 10.4.10. [ |

We now turn our attention to deriving a concentration bound for the CPT estimator in (22) for
the case of a bounded r.v. To put things in context, in Cheng et al. (2018), the authors derive a
concentration bound for the same estimator assuming that the underlying distribution has bounded
support, and for this purpose, they employ the DKW theorem. Interestingly, we are able to provide
a matching bound for the case of distributions with bounded support, using a proof technique that
relates the the estimation error |C,, — C'(X)| to the Wasserstein distance between the empirical and
true CDF, and this is the content of the proposition below.
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Corollary 36 (CPT concentration for bounded r.v.s) Suppose X is a r.v. that assumes values in
[— B2, B1] a.s., where By, Ba > 0, and at least one of By, By is positive. Further, assume that the
conditions of Lemma 16 on the CPT value defined by (21) hold. Then, for every e > 0 andn > 1,
we have

2
P(|Cn = C(X)| > €) < crexp <—C2" [ﬁ} a) )

+ - .
where T = max {Bl%, BQ%}, the constants L, K™, k™, K~ k™ and « are as in Lemma 16,
and ¢y, and cy are as in Theorem 34.

Proof See Section 10.4.11. [ ]

It is apparent from the bound above that, given § € (0, 1), if the number of samples n is of the
order O ( I log (%)), then |C;, — C(X)| < e with probability 1 — 4.

€2/a
Next, we provide a CPT concentration bound with explicit constants.

Corollary 37 (CPT concentration for bounded r.v.s with explicit constants) Under the conditions
of Corollary 36, for every n > 1 and € such that 256(B1tBs) (= )% < B6BLEBy) | 8(B1 +

' = N Lri—« N 1
Bs)\/e, we have

n € \: 256(By 4 By)\’
IP’(|Cn—C(X)|>6)§exp(—64e(Bl+B2)2 <<L7—1—a) _ (\}g— 2)) >,

where T, and L are as in Corollary 36.

Proof See Section 10.4.12. ]

6.2.2 DISTRIBUTIONS SATISFYING (C1)

Next, we provide a concentration bound for type (T2) risk measures in the case of r.v.s that satisfy
(C1).

Theorem 38 Let X be a rv. with a distribution F' that satisfies (C1) for some B > 1, and suppose
p: L — Ris a risk measure of type (T2) with parameters oy, aa, s, L1, Lo, Ls, K1, Ky as defined
in (19). Fix 7 > 0 and let py, » = p(Fy,|). Fix € > 0 such that

r_ L2 . B8

T K T an (B 1) exp( oz (fa7) )

_ Ls o (— 8
(Kor)’ " agy(B—1) o ( @7 (Ker) ) 7

is positive. Then, for every n > 1, we have

Lyt

2
€ \ o1
B (1onr — p(X)| > ©) < 1 exp (—cm (%) ) , e8)
where ¢1 and co are constants that depend on the parameters 8,7 and T specified in (C1).
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Proof See Section 10.4.13. ]

Next, we apply Theorem 38 to obtain a CPT concentration result for a r.v. satisfying (C1). For
this result, we consider the CPT value estimator based on truncation defined in (22). The cut-off
value for truncation is chosen as a function of the sample size to get an exponential decay in the tail
bound.

Corollary 39 (CPT concentration) Assume that the conditions in Lemma 16 hold, and suppose
that X satisfies (C1) for some 8 > 1. For eachn > 1, set

1 KT K-
Tn — ((].Ogn)ﬁ + 1) max F, F N
c3(n) = BflL(K++K7) , and form the CPT-value estimate C,, using (22), where
(logn) 7 a(l-a)(B—1)n>(==)
L,K* k%, K~ k™~ and o are as in Lemma 16. Then, for every n > 1 and € > c3(n), we have

)

where c1, co are constants that depend on the parameters 3,7 and T specified in (C1).

Qv

P(|Cp — C(X)| > €) < crexp (—cw (L(Kj_;_c;{(il))Tl—a>

Proof See Section 10.4.14. [ ]

o - TR %
In Proposition 3 of Cheng et al. (2018), the authors provide a 2ne Y 4 e 7t (s7) ]

bound for CPT-estimation in the case where the underlying distribution is sub-Gaussian. It is ap-
parent that the bound we obtain with 5 = 2 in the theorem above is significantly improved in
comparison to the bound of Cheng et al. (2018).

In Bhat and Prashanth (2019), a tail bound for CPT-value estimation is presented for the sub-
Gaussian case. In comparison, the bound we have in Corollary 39 applies to the more general class
of distributions satisfying (C1). More importantly, our tail bound is applicable for all n > 1, while
the bound in Bhat and Prashanth (2019) applies only when the number of samples 7 is sufficiently
large.

Our next result is a variation on Corollary 39, where we specify the constants, but under the
slighly more restrictive assumption of sub-Gaussianity.

Proposition 40 (CPT concentration bound with explicit constants for sub-Gaussian r.v.s) Assume
that the conditions in Lemma 16 hold, and suppose that X is sub-Gaussian with parameter o. For
each n > 1, choose T, and c3(n) as given in Corollary 39 by setting 5 = 2, and form the CPT-
value estimate C,, using (22), where L, K™, k™, K, k™ and o are as in Lemma 16. Then, for every

1
n > 1 and € such that 2122 < (6_03(n)> ‘< % + 160+/e, we have

\/ﬁ 64(1’L) f
(M\* 5120
n € —c3(n)\ @ o
]P) n - X < N o 7
(ICy = CX)| > €) < exp 256026<< 2o ) ﬁ)

where cy(n) = L(KT + K~)r}~
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Proof See Section 10.4.15. ]

7. Concentration bounds for distributions satisfying (C2)

In this section, we present concentration bounds for estimators of the risk measures considered so
far under the assumption that the underlying distribution is sub-exponential. First, we consider risk
measures of type (T1).

7.1 Bounds for Risk Measures of Type (T1)

Using Lemma 10, we provide an analogue of Theorem 25 for the case of sub-exponential r.v.s below.

Theorem 41 Let X be a r.v. satisfying (C2) with parameter c. Suppose p : L — R is a risk measure

1
of type (T1), with parameters L and k. Then, for every n > 1 and € satisfying (%) "> 33%, we

have

n

1 2
P(|pn — p(X)| > €) < exp —¥+é((%)%_ﬁ> <<L) _(;3\%)

C\/N

Proof See Section 10.5.1. |

The following corollaries regarding concentration of empirical OCE, SRM and UBSR follow in
a straightforward fashion using the result above. We omit the proof details.

Corollary 42 (OCE concentration) Let X be a rv. satisfying (C2) with parameter ¢, and let ¢ :
R — R be a L-Lipschitz disutility function. Let oce?(X) be the OCE risk of X as defined in (8),

and let oceﬁ be its empirical estimate as in (10). Then, for every n > 1 and every € satisfying

B 384
> oy e have

n € 384\ 2
P(‘ ¢ _ ¢X‘ )< - AR
oce, —oce”(X)| > €] < exp 32+4<£_384) L c¢/n
c2 c\L c¢y/n

Recall that CVaR is an OCE risk satisfying (12). It is therefore clear that the bound above holds
for empirical CVaR with L = (1 — )7L,

Corollary 43 (SRM concentration) Let X be a r.v. satisfying (C2) with parameter c. Let K > (
and let ¢ : [0,1] — [0, K| be a risk spectrum. Then, for all n > 1 and every ¢ satisfying 1= > 33%,
we have

3

e 384\
_ < — T
P ([mn,g — My(X)| > €) < exp Q+é(£,@> (K c\/ﬁ>
2 T ec\K ~ o/n
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Corollary 44 (UBSR concentration) Let X be a rv. satisfying (C2) with parameter c. Let the
utility function 1 in the definition (15) of S, (X) satisfy the assumptions of Lemma 15. For each
n > 1, let &, o denote the solution to the constrained problem in (18). Then, for all n > 1 and every

€ satisfying % > %, we have
n ke 3847
_ < _ A
P (|60 — Sa(X)] > €) < exp py ey (5-24) ).
c2 c\K cn

where the constants K,k > 0 are as in Lemma 15.

7.2 Bounds for Risk Measures of Type (T2)

We now provide an analogue of Theorem 38 for the case of sub-exponential r.v.s below.

Theorem 45 Let X be a r.v. having CDF F and satisfying (C2) with parameter c. Suppose p :
L — R is a risk measure of type (T2) with parameters oy, as, as, Ly, Lo, Ly, K1, Ko as defined

in (19). Fix 7 > 0, and let p, = p(F,|;). Fix € > 0 such that € = ¢ — C%exp(—achlT) —
1

6%3 exp (—azcKoTt) > 0 and (%) > Sj%. Then, for every n > 1, we have

1 2
n € a1 384
B (Jon — p(X)] > &) < exp | - ( ) L I oS
! 32+4(< ¢ )51_384> Ly cvn
c? c Lyt c\/ﬁ
Proof See Section 10.5.2. [ ]

Finally, we provide a concentration bound for CPT estimation, when the underlying distribution is
sub-exponential.

Corollary 46 (CPT concentration for sub-exponential r.v.s) Assume that the conditions of Lemma
16 hold. Let X be a rv. satisfying (C2) with parameter c. For eachn > 1, set

logn+1 e KT K~
n = X s )
i c [

and form the CPT-value estimate C,, using (22). Then,

P(ICn = C(X)[ > ¢) <

1
¢ (KPHET)L )a 284
exp

_ n ( can® _
1 — -«
(Kt +K)L (Kt + K~)Lmy c/n
244 (((ecana> 384)

K++K-)Lri =] — c/n

Q

+ - .o
% satisfying

1
- Ut \" L 88
(K+ 4+ K-)Lra™ N
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Proof See Section 10.5.3. ]

8. Concentration bounds for distributions satisfying (C3)

In this section, we consider heavy-tailed distributions that satisfy (C3), i.e., a higher moment bound
E (|X|°) < T < oo for some 3 > 2.

We consider risk measures of type (T1), and derive concentration bounds for the empirical
estimate of such a risk measure. Using Lemma 11, we provide below an analogue of Theorem 25
for the case of r.v.s satisfying (C3).

Theorem 47 Suppose X is a r.v. that satisfies (C3) with parameter 5, and p : L — R is a risk
measure of type (T1) with parameters L and k. Then, for every e > 0, n > 1 and n € (0, 3), we
have

P(lpn —p(X)| > €) < (exp <—62n (z)i) [{e<L}+n (n (Z)i>_(ﬁ_n) I{e> L}) ;

where the constants c1, co are as in Lemma 11,

Proof See Section 10.6.1. [ ]

The following corollaries on concentration of empirical CVaR, SRM and UBSR follow in a
straightforward fashion from the result above, and we omit the proof details.

Corollary 48 (OCE concentration) Suppose X is a r.v. that satisfies (C3) with parameter . Let
é : R — R be a L-Lipschitz disutility function. Let oce®(X) be the OCE risk of X as defined in

(8), and let oceﬁ be its empirical estimate as in (10). Then, for everyn > 1, ¢ > 0 and n € (0, 3),
we have

P (‘oceﬁ - oce‘z’(X)‘ > e> < ¢ [exp [—con(e/L)?*] I{e < L}
(/L) B {e > L}} ,
where the constants c1 and co are as in Lemma 11.

In light of the fact that CVaR is an OCE risk satisfying (12), it is clear that the bound above
holds for empirical CVaR with L = (1 — o)7L

Corollary 49 (SRM concentration) Suppose X is a r.v. that satisfies (C3) with parameter (5. Let
K > 0andlet ¢ : [0,1] — [0, K] be a risk spectrum. Then, for everyn > 1, ¢ > 0and n € (0, 3),
we have

€

P (|mng — Ms(X)| > €) < &1 [exp <—02n [;{D I{e<K}+n (n [ED_(H) 1{e> K},

where the constants c1 and co are as in Lemma 11.
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Corollary 50 (UBSR concentration) Suppose X is a r.v. that satisfies (C3) with parameter (. Let
the utility function l in the definition (15) of S, (X) satisfy the assumptions in Lemma 15. For every
n > 1, let &, o denote the solution to the constrained problem in (18). Then, for everyn > 1, € > 0
andn € (0, B), we have

P (€0 = Sa(X)| > €) < [eXp (—m m?) H{e - fkf}

on(os]) 1 53]

where the constants ci and co are as in Lemma 11 and K,k > 0 are as in Lemma 15.

For small deviations, i.e., ¢ < 1, the bounds presented above are satisfactory, as the tail decay
matches that of a Gaussian r.v. with constant variance. On the other hand, for large ¢, the second
term exhibits polynomial decay. The latter polynomial term is not an artifact of our analysis. In-
stead, it relates to the rate obtained in Lemma 11. It would be an interesting research direction to
investigate if the rate improves in the large e case by employing the truncated estimator (6).

We have not presented bounds for empirical risk estimates of type (T2) risk measures, when the
underlying distribution satisfies (C3). It would be an interesting direction of future research to fill
this gap.

9. Application: Risk-sensitive bandits

The concentration bounds for (T1) and (T2) risk measures in previous sections open avenues for
bandit applications. We illustrate this claim by using the regret minimization framework in a
stochastic K -armed bandit problem, with an objective based on an abstract risk measure. Our
algorithm can be used as a template for risk-sensitive bandits, where the notion of risk could be any
of the five risk measures discussed earlier namely, OCE (including CVaR as a special case), spectral
risk measure, UBSR, CPT (including DRM as a special case) and RDEU.

9.1 Risk-sensitive bandit problem

We are given K arms with unknown distributions F;,7 = 1,..., K. The interaction of the bandit
algorithm with the environment proceeds, over n rounds, as follows: (i) At round ¢, select an arm
I € {1,..., K}; (ii) Observe a sample cost from the distribution Py, corresponding to the arm I;.

Let p be a risk measure, and let p(i) = p(FP;) denote the risk associated with arm 4, for i =
1,...,K. Let p, = min;—; g p(i) denote the lowest risk among the K distributions, and A; =
(p(i) — p«) denote the gap in risk values of arm 4 and that of the best arm.

The classic objective in a bandit problem is to find the arm with the lowest expected value. We
consider an alternative formulation, where the goal is to find the arm with the lowest risk. Using the
notion of regret, this objective is formalized as follows:

K K
i=1 i=1
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where T;(n) = Y ;- I{I; =i} is the number of pulls of arm ¢ up to time instant n. The regret
definition above is in the spirit of those for CVaR and CPT-sensitive bandits in Galichet (2015) and
Gopalan et al. (2017), respectively.

9.2 (T1) risk measures with sub-Gaussian arms

We present a straightforward adaptation Risk-LCB of the well-known UCB algorithm (Auer et al.,
2002) to handle an objective based on the abstract risk measure p. The algorithm caters to (T1) risk
measures and arms’ distributions that are sub-Gaussian with common parameter . The relevant
concentration bound for the former case is in Theorem 27, which we recall below.

1 5120\
P (|pm — p(X)| > €) < exp (—25’6”026 ((Z) - \/77:> ) , (30)

where p,,,, which is formed using (5), is an m-sample estimate of the risk measure p(X), and L and
k come from the defining inequality (7) of a (T1) risk measure. The tail bound above holds for €
satisfying the constraint given by

5120 €e\x 5120

Simple algebraic manipulations show that, for every 6 € (exp(—m), 1), € defined by

1 K

25602elog(L)\ % 512
1 ( Jeog(5)> +5 o

m vm

satisfies the constraint in (31). This allows us to rewrite the tail bound for a (T1) risk measure from
Theorem 27 in the high confidence form as

K

25602elog(1)\ % 512
P |pm — p(X) < L (‘7;%%9) +imj > 16, forevery § € (e, 1)(32)

For the classic bandit setup with a expected value objective, the finite sample analysis provided
by Auer et al. (2002) chose to set § = tl‘l for the ¢th round in a tail bound based on Hoeffding’s
inequality. This choice of § was shown to be good enough to guarantee a sub-linear regret in (Auer
et al., 2002). However, unlike (31), Hoeffding’s inequality, which forms the basis for the UCB
definition in a risk-neutral bandit setting, does not have a constraint on €. In our setting, for an arm ¢
that is pulled T;(t—1) times up to round ¢, we require § € (e~ 7:(*=1) 1) for using the tail bound (30).
Setting § = t% and using the fact that T;(t — 1) < ¢, it is easy to see that this choice of J satisfies the
necessary constraint coming from (32). Under this choice of ¢ for the risk-sensitive bandit problem
that we consider, in any round ¢ of Risk-LCB, we have the following high-confidence guarantee for
anyarm k € {1,..., K}:

. 8
P (p(i) € [pi1(6—-1) — Wity (t—1)» Pi,T(t—1) + Wi, e—1)]) =1 — 74+ Where

32y/elog(t) + 512

Ti(t — 1)

K

(33)

w; ,4—1) = Lo [
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where, p; 7;(;—1) is the estimate of the risk measure for arm ¢ computed using (5) from T;(t — 1)
samples, and w; 7,(;—1) 1s the confidence width. In arriving at the form for the confidence width,
we have ignored a subtractive factor involving log 8 that arises from taking the logarithm of § = t%.
Ignoring such a factor does not affect the high-confidence guarantee since we have increased the

size of the confidence interval through this simplification.

Risk-LCB algorithm

Initialization: Play each arm once.
Fort =K +1,...,n, repeat

1. Foreacharm: =1,..., K, define

LCB(4) = pi1y(t—1) — Wi,T;(t—1)5

where p; ;1) 1s the estimate of the risk measure for arm ¢ computed using (5) from
T;(t — 1) samples, and w; 7,;—1) is defined in (33).

2. Play arm [; = arg min LCB,(7).
=1, K

3. Observe sample X; from the distribution Pr, corresponding to the arm /.

The result below bounds the regret of Risk-LCB algorithm, and the proof is a straightforward adap-
tation of that used to establish the regret bound of the regular UCB algorithm in Auer et al. (2002).

Theorem 51 Consider a K-armed stochastic bandit problem with a risk measure p that is (T1)
with parameters L and k. Assume that the arms’ distributions are sub-Gaussian with a common
parameter o. Then the expected regret of Risk-LCB at the end of n > 1 rounds satisfies

ERIN]

2 2 2
E(R,) < Z o (32\/elogn;i1512) (2L) N (1 N 8;:) N
{i:A,>0} A;

Further, R,, also satisfies the following bound that does not scale inversely with the gaps:

|

2 —K
E(R,) < | Ko?(32+/elogn + 512)2(2L)% + (1 + 87;) Sooayt] R
{i:A;,>0}

Proof See Section 11.1. |

For the case of OCE, SRM and UBSR, we have x = 1. Thus, the regret bound obtained above
matches, up to log factors, that of a classic K-armed bandit problem w.r.t. the dependence on the
underlying gaps, and the horizon n.

A UCB-type algorithm for optimization of risk measures has been proposed earlier in Cassel
et al. (2018). In comparison to the bound in the result above, the regret bound in Cassel et al. (2018)
exhibits a sub-optimal dependence on the underlying gaps. In particular, the bound scales inversely
with min(1, A), where A is the smallest gap. In contrast, the bound we derive for a UCB-type
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algorithm scales inversely with the smallest gap. Our bound is thus better for problems with gaps
bounded below by one.

CVaR optimization has been considered in a bandit setting in the literature. For instance, in
Galichet (2015), the authors assume that the underlying arms’ distributions have bounded sup-
port, and propose a UCB-type algorithm. We relax this assumption, and consider the case of
sub-Gaussian distributions for the X arms. The tail bounds in Kolla et al. (2019) and Prashanth
et al. (2020) do not allow a bandit application, because forming the confidence term (required for
UCB-type algorithms) using their bound would require knowledge of the density in a neighborhood
of the true VaR. In contrast, the constants in our bounds depend only on the sub-Gaussian parameter
o, and several classic MAB algorithms (including UCB) assume this information. More recently,
in Baudry et al. (2021), the authors propose and analyze a Thompson sampling-based algorithm for
CVaR, under the assumption that the arms’ distributions have bounded support.

9.3 CPT risk measure with sub-Gaussian arms

We now consider the case of CPT, which is a prominent (T2) risk measure, in conjunction with sub-
Gaussian arms. CPT-based bandits have been considered in Gopalan et al. (2017) for the case of
arms’ distributions with bounded support, and an UCB-based algorithm has been proposed therein.
For handling the case of CPT-value in a bandit context, we propose a straightforward variant of the
Risk-LCB algorithm presented earlier. Our algorithm can be seen as a generalization of the scheme
in Gopalan et al. (2017), as it can handle arms’ distributions that are sub-Gaussian.

The overall algorithm follows the template in Risk-LCB with the only modifications being to
the confidence widths used in defining the LCBs for each arm. For defining the confidence widths,
we start with the concentration bound in Proposition 40 after recalling that the proposition applies
to sub-Gaussian r.v.s with § = 2. To write this bound in the high confidence form, note that for
every m > 1 and ¢ € (exp(—m), 1), € defined by

a

1
2560%elog(3) \ ° N 5120 N (Kt + K7)L
vm a(l — a)n-a)/Togm

e=[L(K" + K™ )7y ] ( -

1
satisfies the constraint 5\}%’ < (6_63(m)) ‘< % + 160+/e appearing in Proposition 40, where

ca(m)
Tmy Ly, KT, K™, o, c3(m) and c4(m) are as defined in that proposition and o is the sub-Gaussianity

parameter. This observation along with the fact that \/117 < 2 for all m > 2 allows us to rewrite
ogm

the bound in Proposition 40 in the high confidence form as follows: for every § € (™", 1)

P (|Cm = C(X)| < [LIKT + K 7)) %

1 «
(25602elog((1;)> *, 5120 2K+ + K-)L
m

>1-4,
vm a(l — a)pe-a) | =
where C,, is the m-sample estimate of the CPT-value C'(X') formed using (22).
Let X1,..., Xk denote the r.v.s corresponding to arms 1,..., K, respectively. Assume that
X;,i=1,..., K are sub-Gaussian with parameter o. Then, as in Section 9.2, the choice 6 = t§4 is

contained in (exp(—t), 1), and for this choice, we have the following high-confidence guarantee for
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any arm k € {1,..., K} at any round ¢ of CPT-LCB:

8
P (C(Xi) € [Ci,Ti(tfl) — Wi Ty (t—1)» Ci,Ti(tq) + wi,Ti(tq)]) >1- 74 where

wi g1y = LIKY + K7) [max{K+ K_}( 1ogﬂ(t1)+1)]

Fa?
" 0(32y/elogt + 512) 2K+ K7)L
T 1)

a(l — )Tyt — 1)e-a)’

l—«a

«

(34

where C; . (;—1) is the estimate of the CPT-value for arm i computed using (22) from T;(t — 1)
samples. This high-confidence guarantee can be used to prove the following theorem.

Theorem 52 Consider a K-armed stochastic bandit problem with CPT as the risk measure. As-

sume that the arms’ distributions are sub-Gaussian with common parameter o. Then the expected
regret of Risk-LCB at the end of n > 1 rounds with the LCB given by (34) satisfies

1
[54[(32\/m +512)0] + 53] {51-0}

—T -1
{i:0;>0} N 3i-af

(]

and
1
«a min 1 —«
E(R,) < (K{é4[(32\/elogn+512)a]a+63} {d1=e}

amin{%,l—a}

1
8 2 o min l, —a .
{i:A,>0}
_ _ -
where ¢3 = % andcy = L(KT + K7) (max {Ik{—:, [k(—_} (v1ogn + 1)) :
Proof See Section 11.2. [ ]
Ignoring log factors, the regret bound above is O S ——1L— |. The parameter « is

i Aia min{ §,1-a} -
the Holder exponent of the weight function, and is less than 1 for the weight function shown in
Figure 2. Thus, the regret bound for CPT is weaker than the one for classical UCB that finds the
arm with the best mean.

In Gopalan et al. (2017), the authors provide a regret upper bound for a UCB-type algorithm
with CPT-value as the risk measure under the assumption that the underlying arms’ distributions
have bounded support. In particular, the authors in Gopalan et al. (2017) establish a regret upper

bound of the order O > %71 , and also show that this upper bound cannot be improved as far

K3
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as the dependence on gaps and the horizon are concerned through a minimax regret lower bound.
We relax this assumption to consider the more general class of sub-Gaussian arms’ distributions.
For a0 < % our regret bound in Theorem 52 matches the bound in Gopalan et al. (2017), while for
o > %, our bound is weaker. It would be interesting future research to check if one can obtain an
improved regret bound with sub-Gaussian arms for the latter case, or if the lower bound in Gopalan
et al. (2017) is sub-optimal in this case.

10. Proofs
10.1 Proofs of the claims in Section 2
10.1.1 PROOF OF LEMMA 2

Proof The first equality in (1) is given by the Kantorovich-Rubinstein theorem (Givens and Shortt,
1984; Edwards, 2011). The second equality is given in Vallander (1974).

To prove the third inequality in (1), we note that the integral on the left hand side of the third
inequality is unchanged if we replace F} and F5 by the point-wise maximum and minimum, respec-
tively, of F) and F». Hence, without loss of generality, we may assume that F}(s) > F5(s) for all
s € R. The integral in question then reduces to

/ Z Fi() - Fa(o)lds = [ Zm(s) ~As= [ [ F(()) dds.  G7)

It can easily be shown from the definition of the generalized inverse that

{(B,5) eR?: By(s) < B < Fi(s)} C {(B,s) e R?: F1(B) < s < Fy '(B)}
C {(B,5) € R* : Fy(s) < B < Fi(s)}.

This justifies interchanging the order of integration (see Theorem 14.14 of Apostol (1974)) in (37),
which yields

F;'(8) 1
e - msias = [ [, = [ ) - @l

The third inequality in (1) now follows by noting that, under our assumption that F' (s) > Fj(s) for
all s € R, we have F;, '(3) > F, 1(3) forall 8 € [0,1]. u

10.1.2 PROOF OF LEMMA 3

Proof The lemma follows directly by applying case (1) of Theorem 2 in (Fournier and Guillin,
2015) to the r.v. X. n

10.1.3 PROOF OF LEMMA 8§

We first state and prove a variation of McDiarmid’s inequality, which will be used subsequently
to prove Lemma 8. Let X = (X1,...,X,,) denote a vector of n i.i.d. samples from a common
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distribution, say F'. Foreachi = 1,...,n,let X(’i) =(X1,..., Xi1, X!, Xit1, ..., X,,), where X/
denotes an independent copy of X;. Let f be a real-valued function on R" satisfying E[| f(X)|] <
0. Foreach¢ =1, ...,n, define

D; = f(&X) = f(X)-

Finally, let Fy denote the trivial o-field and, for each kK = 1,...,n, let F; denote the o-field
generated by the samples { X;, 7 < k}

Lemma 53 Letn > 1, fand D;, i = 1,...,n, be as above. Suppose there exists & > 0 such that,
foreachi=1,...,n, D; satisfies

E (]Di\k\}'i_l) < 4kGRER2 i > 1.

Then, for every € € (0,16n5+/e), we have

€2
P (f(X) — E[f(X)] > &) < exp ( ) ,

 256nm52e

where e is Euler’s number.

Proof To begin, choose € € (0,16n5+/e) and i € {1,...,n}. Since X; and X/ have the same
conditional distribution given F;_1, it is easy to see that E(D;|F;_1) = 0. Let ¢ = &/(128n52e),
and note that 32c?G5%e < 1/2. Using e* < x + e’ and E(D;|F;~1) = 0, we obtain

Elexp(cD;)|Fi-1] < E (cDi + exp(cQD?)Ui;,l)

=E (exp(C2D?)|Fi,1) =1+ Z
k>1

A E(DF Fic1)
k!

62k42k5.2k(2k)k

<14+) i

k>1

- 4c6 2k 2% k
<1+ Z % ( Using Stirling’s approximation k! > (k/e)*)

k>1
5 1 . 5
= 2(3202U2e)k = m ( sSince 32620'26 < ].)
k>0
< exp (64c*5%)  (since 32¢%G% < 1/2), (38)

where we have used the inequality 1/(1 — x) < e** for0 < x < 1/2.
Next, define A; = E[f(X) |Fi] — E[f(X) |Fk—1] foreachi = 1,...,n. Fixi € {1,...,n}.
Since X; and X are identically distributed and all the samples are independent, we have

E(f(X)|Fi-1) = E(f(X()IFi-1) = E(f(X;)|F)-

As aresult, we can write A; = E(D;|F;). Applying Jensen’s inequality for conditional expectations
now yields

E(exp(cA;)|Fi-1) = Elexp(cE(D;| F;))| Fi—1] < E[E(exp(cD;)|F3)[Fi-1] = E(exp(cD;)| Fi-1).

38



EMPIRICAL RISK CONCENTRATION USING WASSERSTEIN DISTANCE

Combining the above inequality with (38) gives

E(exp(cA;)|Fi—1) < exp (64c*5%) (39)

On noting that f(X) — E(f(X)) = >_ A; and using (39), we have
i=1

< exp(—cé)E |exp <CZ Ak> E [GXP(CAn)U:nl]]

Ak> exp (640252e)]
1

< exp(—cé) exp (64n02&2e)

62
o <_256n&2e> ’

where the suppressed steps involve successively conditioning over F,,_2, Fy,—3, ..., Fo and using
(38) at each step. The final equality comes from substituting the value of c. |

Before proving Lemma 8, we provide a standard result on sub-Gaussian r.v.s that establishes bounds
on its moments. For the sake of completeness, we prove this result so that the constants in the bound
can be inferred easily.

Lemma 54 Suppose a rv. X is sub-Gaussian with parameter o. Then X satisfies

<E|X|k)'1€ <20k, Vk > 1.

Proof Notice that

E (\X\k> - /OOOP (|X|k > u) du

:/ P(|X]| > ¢) ke*1de
0

¢ keb~1d
< 2 [ -
/0 exp< 5 2) € €

E o, [ E_q
< 220"k exp(—s) sz~ "ds
0



PRASHANTH L.A. AND SANJAY P. BHAT

Hence, )
(]E\X\ky < oVk (k)* < 20Vk.
Hence proved. |

Proof [Lemma 8] Choose n and € as in the lemma, let f(X') = Wy (F,,, F),and fixi € {1,...,n}.
On using the triangle inequality for the Wasserstein distance, we obtain

1
[F(X) = F(Xiy)| < WA(Fo, F) < —] X5 = X,

where F), denotes the EDF obtained from the sample X, (/i), and the last inequality follows from the
definition of an EDF. Setting D; = f(X) — f (2((’1;)), using the independence of the samples and the
inequalities |z — y|* < (|z| + |y))* < 2871(|z|¥ + |y|¥) for k > 1 (see Fact 2.2.59 in Bernstein
(2018)), and then applying Lemma 54 to the sub-Gaussian r.v.s X;, X/, we obtain

1 2k o
E(|IDi[*|Fi-1) = SeE(X, - XF) < E(X) < 4% (2

)k jk /2 (40)

for every k > 1, where we have also used E(|X;|%) = E(|X/[*).
The inequalities above show that the assumptions of Lemma 53 hold with & = o/n. Letting

E=¢€— %, we see that € € (0, 16n5+/e). Applying Lemma 53 now yields

ne

P(f(X) — E(f(X)) > ) < exp (—W) ~ exp (—2565) S @

To infer the final claim in the lemma statement, we need to bound E(f(X')). For this purpose,
we first specify the bound from Theorem 3.1 of Lei (2020) and later specialize to our setting. For a
r.v. X satisfying E (|X|?) < T? < oo and some g > p > 1,

<
P

. 1 1 1
E(Wy(Fn, F)) < cpgTn mm{imax{w} ’5*6} (logn)®, (42)

where
2 ifl=qg=2p
(=41 if “l # 2pand ¢ = min(7% 2p) or“g>1=2p”,
0 else.

and ¢, 4 18 a constant that depends on p and ¢. Tracing through the proof of the aforementioned
theorem, we found that ¢, , = (1 + 3P)22P~22471,

In our setting, p = 1. Choosing ¢ = 4, we obtain ¢, ; = 128, T = 40 using Lemma 54. Further,
¢ = 0 for this choice of p, q. Thus, applying the bound in (42) leads to
5120

\/ﬁ

The main claim now follows by combining (41) and (43), and substituting for €. |

E(f(¥)) < 43)
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10.1.4 PROOF OF LEMMA 10

For establishing the bound in Lemma 10, we need to invoke a Wasserstein concentration result
for r.v.s satisfying the ‘Bernstein’s condition’. We specify this condition and show that a sub-
exponential r.v. satisfies the same.

Ar.v. X satisfies the Bernstein’s condition if there exist o, b > 0 such that

1
E (|X]k) < 5o (k)2 forall k > 2. (44)
Note that (44) does not require the r.v. to necessarily have mean zero. The result below shows that
a sub-exponential r.v. satisfies (44)

Lemma 55 Suppose a r.v. X satisfies (C2) with parameter ¢ > 0. Then X satisfies the Bernstein’s
condition (44) with parameters o = % and b = %

Proof Suppose X is sub-exponential. Then, we have

k > k
= >
]E(]X\ ) /0 IP(|X| _u)du

:/ P(|X]| > €) ke tde
0

S/ 2 exp(—ce)ke"Lde
0

2k

S/ C—kexp(—s)skflds

0

_ gy = GL, <1>H.

ck 2 c

Thus, X satisfies the Bernstein’s condition (44). [ |

Next, we state a variant of Lemma 53 for the sub-exponential case, and subsequently prove
Lemma 10 by applying this result. The lemma appears as Theorem 5.1 in Lei (2020), but we
provide a proof here for the sake of completeness.

Lemma 56 Letn > 1, fand D;, i =1, ...,n, be as defined above Lemma 53. Suppose there exist
0,b > 0 such that, foreacht = 1,...,n, D; satisfies

1 _
E <\Di]k‘ E_1> < 552 (KD for all k > 2, 45)

where the o-fields Fy, . . ., Fn—1 are as defined in subsection 10.1.3. Then, for every € > 0, we have

€2
P(/(X) — E[f(X)] > &) < exp (—M> |

Proof To begin, choose ¢ > 0 and ¢ € {1,...,n}. Since X; and X have the same conditional
distribution given F;_1, it is easy to see that E(D;|F;_1) = 0. Let c = ——, and note that bc < 1.

né2+be’

By expanding the exponential and using E(D;|F;_1) = 0, we may write

=, ckDk
Elexp(cD;)|Fi—1] =E | 1 +¢D; + g i = Fiea
k=2
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|D| | Fi-1) 1 k~27k—2 :
<1+Z §1+§anb ( Using (45) )

k>2 k>2
=1 + 52 Z cb
k>0
< exp fc 252 Z (cb)* ( Using the inequality 1 + ax < e for a,z > 0)
k>0
1 %52 ) -
—exp| = _ since cb < 1). (46)
p <2 0_d) ( )

Next, define A; = E[f(X)|F;] — E[f(X)|Fi—1] foreachi = 1,...,n. Fixi € {1,...,n}.
Since X; and X are identically distributed and all the samples are independent, we have

E(f(X)|Fi—1) = E(f(X()IFi-1) = E(f(X;)IF)-

As aresult, we can write A; = E(D;|F;). Applying Jensen’s inequality for conditional expectations
now yields

E(exp(cA;)|Fi-1) = Elexp(cE(D;|F;))| Fi—1] < E[E(exp(cD;)|F3)[Fi-1] = E(exp(cD;)| Fi-1).

Combining the above inequality with (46) gives

1 2~2
E(exp(cAy)|Fi1) < ex p< (1C_Ucb)> w

On noting that f(X') — E(f(X)) = >_ A, and using (47), we have
i=1

< exp(—cé)E |exp

< exp(—cé)E |exp <ci Ai> E [eXp(CAn)‘Fn—l]]

< exp(—cé) ex (1 nc'o” ) e ( ¢ )
X € =exp|———,
= OPTIEP 0 — ) P\ 2052 + 20e

where the suppressed steps involve successively conditioning over F,,_o, F,,—3, ..., Fo and using
(47) at each step. The final equality comes from substituting the value of c. |
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Proof [Lemma 10] Define n and € as in the lemma, and let € = ¢ — %. Recall the notation X’

and X(’i) introduced in subsection 10.1.3. Define f such that f(X) = Wy (F},, F') is the Wasserstein
distance between the EDF F;, formed from the samples X and the CDF F' of X. For each i =
1,...,n,let D; = f(X) — f(X(’i)).

By Lemma 55, X satisfies Bernstein’s condition with ¢ = 2/c and b = 1/c. Consider i €
{1,...,n}. Using arguments similar to those employed in deriving (40) in the proof of Lemma 8
along with the Bernstein’s condition for X; and X/, we can show that

e(ni5a) <5 (%) o (2)

for every i = 1,...,n and every k > 2. Invoking Lemma 56 with f(X) = Wy (F,,F), 5 = 22
and b = %b now yields
né?
P (Wi(Ey, F) — E(Wi (Fy, F)) > &) < exp (—M) |

Substituting for o and b gives

=2
P (Wi (Fo, F) — E(Wi(F, F)) > ) < exp (—3”+> . (8)

Next, applying the bound in (42) with p = 1,¢ = 4 leads to ( = 0. From Lemma 55, we have
E (\X|4) < %4! (%)4_2 < (%)4, which implies T = % Using these values in (42), we obtain
384
c/n’

The lemma now follows by using the last inequality in (48) and then substituting for €. |

E(Wl(Fn, F)) <

10.1.5 PROOF OF LEMMA 11

Proof The lemma follows directly by applying case (3) of Theorem 2 in Fournier and Guillin (2015)
to the r.v. X. [

10.2 Proofs of the claims in Section 3
10.2.1 PROOF OF LEMMA 12
Proof Choose ¢ € R arbitrarily and let g¢(z) = L™ [¢ + ¢(z — £)]. Then,

/R ge(x)dFy (x) = LY + E{6(X — €)}] £ Dx(¢), and

/R ge(x)dFy (x) = LY+ E{o(Y — £)}] 2 Dy(6).
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Observing that g is 1-Lipschitz in x for every { € R and using (1), we obtain
’Dx(f) — Dy(§)| < Wl(Fx, Fy) for every EeR.

Choose m > 0 arbitrarily, and let €1, &2 € R be such that
1 1
Dx (&) < irngX(g) t and Dy (§2) < irélf Dy (§) + oo
Then, we obtain

— Wi(Fx, Fy) — % < Dx(&)—Dy(&) — — < irglfDX(f) — irngY(g)

1
m
< Dx(&) — Dy (&) + % < Wi(Fx, Fy) + %

Since the chain of inequalities above hold for every m > 0, we conclude that
irflf Dx(¢) - irﬁlfDY(f) < Wi(Fx, Fy). (49)

By definition, inf¢ Dx(£) = L~ toce?(X) and infe Dy (€) = L~ 'oce?(Y). Hence (9) follows
immediately from (49). |

10.2.2 PROOF OF LEMMA 15

Proof For convenience, define fx : R — R by fx(§) = E[I(X — &))], and note that S, (X) =
inf{¢ e R: fx(§) < a}. Also, since [ is nondecreasing, it follows that fx is nonincreasing. Define
fy in an identical fashion.

Given ¢ € R, note that | fx (&) — fy (¢)| = K|E[KN(X — &)] — E[K (Y — €)]|. Since the
function = — K~ 1l(z — &) is 1-Lipschitz, it follows from Lemma 2 and the last equality that

|fx (&) = fy(§)| < KWi(Fx, Fy) (50)

for every £ € R.
Next, let € > 0, and choose &1, &2 € R such that

Sa(X) —€ <& < Sa(X) <& < Sa(X) +e (51)

It follows from the definition of S, (X') and the nonincreasing nature of fx that fx(£1) > « while
fx (&) < a. Next, define &} = & — £ Wy (Fy, Fy) and & = & + £ Wi (Fy, Fy). Since & < &,
the third assumption on [ implies that [(X —&}) — (X — &) > k(& — &) = KW1(Fx, Fy) almost
surely. Taking expectations gives

fx(&) — fx(&) > KWi(Fx, Fy). (52)

Similarly, it can be shown that
fx (&) — fx (&) = KWi(Fx, Fy). (53)
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Applying (50) and (52) along with our choice of &, we get

fy (&) = fx(&) — KWi(Fx, Fy) > fx(&1) > o (54)
Similarly, applying (50) and (53) along with our choice of &3, we get
fyr (&) < fx(&) + KWi(Fx, Fy) < fx(&) < a. (55)

The inequalities (54) and (55) together imply that £} < S, (Y") < &,. Substituting for &] and &, and
using the inequalities (51) gives

K K
Sa<X) — ZWl(FX,FY) —e< SQ(Y) < Sa(X) + zwl(Fx,Fy) + €.

that gué(') is a 1-Lipschitz function for each ¢ and p. Hence, by Lemma 1, (17) holds. This com-
pletes the proof. |

10.2.3 PROOF OF LEMMA 16
Proof Choose 7 > 0. Let X and Y be r.v.s having CDFs F' and G, respectively. Recall that the
CDFof Y =YI{—7 <Y < 7}is G|,. Then

C(F)-C(Gl;) =A" - A7, (56)

where

On noting that P (u*(f/) > z) = (0 for z > ut(r) and P (u*(f/) > z) = P(ut(Y) > z) for
0<z<uh(r), we get

ar= [T e s s [ @) > 9)a:
0 0

—I—/Oo wh (P (u(X) > 2))da.

*(7)
Using the assumption of Holder continuity on the weight function w™ along with w™(0) = 0 gives

ut(7) ()
A% < L/ FH(2) — GH (=) ds + L/ 1= F*(2)]ds, 57)
0 ut(T)
where F'*(-) and G (+) are the CDFs of the r.v.s ut(X) and u™(Y), respectively.
Applying Jensen’s inequality to the concave function z — z after normalizing the Lebesgue
measure on the interval [0, u™ ()], we obtain

[0}

1 ut (1) N O 1 ut () ) O s
el AENEACRICOIY S[mm/o F*(z) — GH(2)ld
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< [P0 - s o]
K /_Z F(v) — G(v)|dvr.

: [u*(f)

In the second inequality above, which follows by using the substitution z = u™ (v), (u™)’(v) de-
notes the derivative of u*(-) at v. Applying the second equality in Lemma 2 to the CDFs F and G
gives

ut(r)
/0 [F7(2) = GF(2)|*dz < [KTWA(F, G))* [u® (7))

Our assumption that the derivative of u™ on [0, 00) takes values in [kT, K] implies that kT7 <
ut(r) < K'7. Hence, we get

wH(r)
/ FH(2) — GH(2)|dz < KW (F, G)ri—. (58)
0

We also see that F7(2) = P(u™(X) < 2) > P(KTX < 2z) = F(2/K™). Using this along with
ut (1) > k™7 in the second integral in (57) gives

/Oo [1—FT(2)]*dz < /oo [1— F(z/K")]*dz. (59)

+(7) ktr

Performing a simple change of variables in (59), and using the outcome along with (58) in (57)

gives
oo

|AT| < LK [WA(F, G)*r' ™ + LK /+ [1— F(2)]*dz. (60)
T
It follows from almost identical arguments that
kT,
|A™| < LK~ [WA(F,G)|*r' +LK—/ T F(2)]dz. (61)
Using (60) and (61) in (56) completes the proof. |

10.2.4 PROOF OF LEMMA 18

Proof

V) = [ uwdtwe P

—00

_ /OOO </0u(z> dz) d(w o F)(x) +/OOO (/Ou(x) dz> d(w o F)(z)
- (/O”(” dz) dwo F)(x) — /OOO </0u—(m) dz) d(wo F)(a)
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T awer@ )= [T Vawe rw) ) a:
0 u=1(2) 0 —oo

:/Oo (1—w(F(u1(2))))dz—/oow(F((u)1(2)))dz,
0 o Jo

(4) (B)

The first term on the RHS above may be simplified as
oo

0

W= [T -w®x<u@) -

(1~ w (B (u(X) < 2)))d=
:/Oow+(P(u(X)>z))dz:/ w (P (u"(X) > 2
0 0

)) dz,

where the third equality follows by the definition of w™, and the last equality by observing that
{z:u(z) > 2} ={x:uT(z) > 2z} forevery z > 0.
Along similar lines, we obtain

(B) = /Ooow (F((u_)_l(z))) dz = /Ooow (P(X < (u)1(z))) dz
= /oow (P(u(X)>2))dz = /Oow (P(u(X) > 2))dz,
0 0

where we used the fact that ™~ is decreasing. The claim follows. |

10.3 Proofs of the claims in Section 5
10.3.1 PROOF OF THEOREM 19

Proof Let F' denote the distribution of X . Then, we have
lpn — p(X)] = [p(Fn) — p(F)| < L(W1(Fp, F))". (63)

Using Theorem 3.1 of Lei (2020), we have

9B+3T
nmin(%,lf%) ’
9B+3T >"i

in(t1-1
nmln(Q,l 3

E[Wi(Fp, F)] <

implying
E [Wi(F,, F)*] < [E(Wi(F,, F))]" < (

where we used Jensen’s inequality to infer E(W1(F,,, F)*) < [E(W1(F,, F))]", since x € (0, 1].
The main claim follows by substituting the bound obtained above in (63). |
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10.3.2 PROOF OF THEOREM 23

Proof Since p is (T2) measure, we have

o
0X) ~ el = 1p(X) ~ p(Ele)| < L OV(F F)™ ) Ly [ (1 ()2
4 Kit
Ip)
— Kot
+ Ly / [F(2)]*dz . (64)
—00
I3
The second term on the RHS above can be bounded as follows:
oo > 1 LoTe2
I:L/ 1—an2dz§LTa2/ dz = , (65)
2 2 KIT[ ( )] 2 Kyt Zﬁag (6052 — 1)(K17—)ﬁ@271

where we used the fact that 1 — F(z) = P(X >2) < P(|X]F > 2F) < zlﬂ’ since the r.v. X
satisfies (C4).

Along similar lines, the third term on the RHS of (64) can be bounded as follows:

I;=1 7K2TF By < LT 66
1=t [ IR S “

As in the proof of Theorem 19, we have

_— 67
nmin(%,l—i (67)

B+3 a1
E<W1<FnaF)°”>§[E(Wl(Fn,F))}mS( : Tm)

The claim follows by taking expectations in (64) followed by substitution of the bounds given by
(65), (66) and (67). [ |

10.3.3 PROOF OF COROLLARY 24

Proof From Lemma 16, we know that CPT is (T2), with the following parameters:

kT

Li=(K"+K )L,Ly=LK" L3=LK ,y=1—-a,a1=as =a3 =0, K; =

and

Ky = % Here, o, L are the exponent and constant of the Holder-continuous weight function in
the definition of CPT.

The claim follows by substituting in (23) the values above, and the choice of 7 specified in the
corollary statement. |
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10.4 Proofs of the claims in Section 6
10.4.1 PROOF OF THEOREM 25

Proof Let F' denote the CDF of X, and F;, denote the EDF formed from n independent samples of

1
X. Consider the event A = {W(F, F},) > (%) " }. Note that, by (7), the event {|p, — p(X)| > €}
is contained in A. Equation (24) now follows by applying Lemma 3 to the event A. |

10.4.2 PROOF OF THEOREM 27

Proof The proof is similar to that of Theorem 25, except that one invokes Lemma 8 instead of
Lemma 3. |

10.4.3 PROOF OF COROLLARY 28

Proof From Lemma 12, we have that OCE is a (T1) risk measure with parameters L. = ﬁ, and

k = 1. The proof now follows by an application of Theorem 25. |

10.4.4 PROOF OF COROLLARY 29

Proof The proof is similar to that of Corollary 28 except that one invokes Theorem 27 instead of
Theorem 25. u

10.4.5 PROOF OF COROLLARY 30

Proof The result follows by applying Theorem 25, after observing from Lemma 13 that a spectral
risk measure is of type (T1) with parameters L = K and k = 1. |

10.4.6 PROOF OF COROLLARY 31

Proof The proof is similar to that of Corollary 30 except that one invokes Theorem 27 instead of
Theorem 25. |

10.4.7 PROOF OF COROLLARY 32

Proof The result follows by applying Theorem 25, after observing that UBSR is a (T1) risk measure
with parameters L = K /k and k = 1 (see Lemma 15). |
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10.4.8 PROOF OF COROLLARY 33

Proof The proof is similar to that of Corollary 32 except that one invokes Theorem 27 instead of
Theorem 25. |

10.4.9 PROOF OF THEOREM 34

Proof Recall that the since the r.v. X is bounded in [—Bs, B1], we have F'(z) = 0, for z < —Bs

and F'(z) = 1 for z > Bj. Thus, on choosing 7 = max (%, %) the second and third integrals
on the RHS of (19) vanish, and the risk measure p satisfies
lon — p(X)] < Ly (Wi(F, )™ 77, (68)

where o, v and L are parameters of the (T2) risk measure p as in (19).

Fix ¢ > 0 and consider the event A = {Wy(F, F},) > [e/{L177}]"/*1}, where 7 is specified
above. Recall that a bounded r.v. is sub-Gaussian with parameter o determined by its bounds, and
hence satisfies (C1) with 5 = 2. Hence applying Lemma 3 with 5 = 2, we obtain

2
€\
P(A) < cjexp (—czn <L17'V) ) ,

where ¢, and co are constants that depend on B; and Bs. By (68), the event A contains the event
{lpn — p(X)| > €}, and the claim follows. [ |

10.4.10 PROOF OF THEOREM 35

Proof Follows in a similar manner as Theorem 34, except that we invoke Lemma 8 in place of

Lemma 3. For this invocation, we have used the fact that the sub-Gaussianity paramter o = M
for a r.v. bounded within [—Bs, By]. [ |

10.4.11 PROOF OF COROLLARY 36

Proof The result follows in a straightforward fashion by applying Theorem 34 to CPT-value, which
is a (T2) risk measure (see Lemma 16). |

10.4.12 PROOF OF COROLLARY 37

Proof The result follows in a straightforward fashion by applying Theorem 35. |
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10.4.13 PROOF OF THEOREM 38

Proof Since p is (T2) measure, we have

= [p(X) = p(Fulz)| < Ly (Wi(F, Fo))™' 77 + Lo /: [1 = F(2)]"*d>

’p(X) — Pn,7

I

I

—Kot
+ L3 / [F(2)]**dz. (69)

—0o0

I3

The second term on the RHS above can be bounded as follows:

Ly / Tl = F(a)02ds < LyTO? /

Kit Kt

00 -1
< LT / <KZlT> exp (—aﬂzﬂ) dz
Kit

_ Ly o (— 8
- T ey o e ErY). a0

where we used the fact that, for z > 0, we have

o0

exp (—agfyzﬁ> dz

1-F(z)=P(X >2) =P (|X| >2) =P (exp(’y\X\ﬁ) > exp(’yzﬁ)> < Texp (—725> ,

since the r.v. X satisfies (C1).
Along similar lines, the third term on the RHS of (69) can be bounded as follows:

—Kot — Kot
L3/ [F(2)]**dz < L3 T / exp (—ag'y(—z)’3> dz

—00 —00

(e.)
= [3T% / exp <—a3’yz’8> dz
Kot

o0 -1
< LT / <K227_> exp (—agfyzﬁ) dz
Kot

_ Ly } B
(Kor) o (B- 1) exp (=0 (Kor)’) )

where the first inequality holds because, for z < 0, we have

F(2) = P(X < 2) = P(IX| > —2) = P (exp(1]X]") = exp((~2)")) < Texp (=1(=2)") .

The last inequality above uses Markov’s inequality and (C1).
Using (70) and (71), we have

P(|p(X) = pns| >€)=P(h+L+I3>e) =P >c— 1) — L) <P(I, > ), (72)

where € is as defined in the theorem statement.
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Applying Lemma 3, we obtain

1
€ \ o1 con (€)™
]P) (Il > 6/) = ]PD (Wl(F, Fn) > <L1T’Y> ) S Cl eXp <_ (LlT’Y)Z/al Y (73)

where c; and co are o-dependent constants. This completes the proof. |

10.4.14 PROOF OF COROLLARY 39

Proof Letn > 1, € > 0 and 7, be chosen as in the corollary. From Lemma 16, we know that CPT
is (T2), with the parameters

kt
Li=(K ' +K )L, Ly=LK",L3=LK ,vy=1-a,a1=ay =a3z=a, K| = ek and
Ky = %, where o and L are the exponent and Holder constant, respectively, of the Holder-

continuous weight function in the definition of CPT.

Let ¢ be as defined in (27) with 7 = 7, and the other parameters as given above. Note that we
may rewrite 7, as 7, = [1+ (log n)%] max{ K, ', K5 '}. Asaresult, we have K;7,, > (log n)% for
1 = 1, 2. Using these inequalities and substituting for various parameters in (27)as above, we get

O LK" exp (—a(l —a)logn) LK~ exp(—a(l —a)logn)
T (Km) el -a)(B-1)  (Kem)  la(l—a)(B - 1)
LK+ 4+ K™) B
>€— =e—c3(n).

(log n)% a(l —a)(B - 1)ne-a)

Since € > c3(n), we have € > 0, and Theorem 38 applies. Using the inequality € > € — ¢3(n) in
(28) and substituting for L1, 7y, a; and 7 now yields the required bound in a straightforward fashion.
|

10.4.15 PROOF OF PROPOSITION 40

Proof Letn > 1, ¢ > 0 and 7, be chosen as in the proposition. From Lemma 16, we know that
CPT is (T2), with the parameters

kT
Li=(K ' +K )L, Ly=LK",L3=LK ,y=1-a,a1=ay =az=a, K| = ek and
Ky = %, where o and L are the exponent and Holder constant, respectively, of the Holder-

continuous weight function in the definition of CPT.
Note that X satisfies (C1) with 3 = 2. Following the steps leading to (72) and the equality in
(73) in the proof of Theorem 38, we conclude that

P<|cn—c<x>\>e>sp<wl<F,Fn>>( < )) 4

Lim)
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where €’ is as defined in (40) with 7 = 7,,, 3 = 2 and the rest of the parameters as defined above.
As in the proof of Corollary 39, we can show that € > € — c¢3(n). As aresult, (74) yields

P(|Cy — C(X)| > €) <P <W1(F, F,) > (H?’(”)> “) . (75)

Lqu’J

On substituting for L1, 7, and 7, we also recognise that Li7,] = c4(n). The condition on € given
in the proposition implies that the assumptions of Lemma 8 hold with € in that lemma replaced by

[(e—c3(n))/ca(n)] . Applying Lemma 8 to bound the right hand side in (75) yields the final result.
|

10.5 Proofs of the claims in Section 7
10.5.1 PROOF OF THEOREM 41

Proof The proof is identical to the proof of Theorem 25 except that Lemma 10 is used in place of
Lemma 3 there. u

10.5.2 PROOF OF THEOREM 45

Proof The proof follows the same development as in the proof of Theorem 38, except that the
sub-exponential tail bound (4) is invoked instead of the sub-Gaussian tail bound (3) for bounding
the integrals I» and I3 in (69). More precisely, for z > 0, the sub-exponential tail bound (4) gives

1—F(z) =P (X > 2) < exp(—cz).

Using the bound allows us to verify through direct integration that

L
I < =2 exp(—aocKiT).
CQ9

Similarly, for z < 0, the tail bound (4) gives
F(z) =P (X < z) <exp(cz),

which yields

L
I3 < =2 exp(—ascKsT).
(0%

These bounds on 5 and I3 lead to (72) with € defined as in Theorem 45. The equality in (73)
immediately follows. Applying Lemma 10 to bound the probability in (73) completes the proof. H

10.5.3 PROOF OF COROLLARY 46

Proof Letn > 1, ¢ > 0 and 7, be chosen as in the corollary. From Lemma 16, we know that
CPT is (T2), with the parameters L1 = (Kt + K~ )L, Lo = LKT, L3 =LK ,v=1—a,a1 =
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ar = az3 = o, K| = [’% and Ky = % where « and L are the exponent and Holder constant,
respectively, of the Holder-continuous weight function in the definition of CPT.

Let ¢’ be as defined in Theorem 45 with 7 = 7, and the other parameters as given above.
Note that we may rewrite 7, as 7, = [1 + ¢ 'logn]max{K; ' K, '}. As a result, we have
cK;1, > logn fort = 1, 2. Using these inequalities and substituting for various parameters in the

expression for ¢’ in Theorem 45, we get

KT LK~ LK+ + K-
exp (—alogn) — exp (—alogn) > e — g_

€ >e—
co co can®

It follows from the above inequality and our assumptions on ¢ that ¢’ satisfies the conditions in
Theorem 45. Applying Theorem 45 gives P (|C,, — C(X)| > €) < g(€’), where g represents the
right hand side in (29). It is a simple matter to verify that g(-) is decreasing in its argument. Conse-

quently, g(¢') < g (e — %) Substituting 7 = 7, and the parameters L1,y and «; in the
expression for g immediately yields the required bound. |

10.6 Proofs of the claims in Section 8
10.6.1 PROOF OF THEOREM 47

Proof The proof is identical to the proof of Theorem 25 except that Lemma 11 is used in place of
Lemma 3 there. u

11. Proof of Section 9
11.1 Proof of Theorem 51

Proof The proof follows by using arguments analogous to that in the proof of Theorem 1 in (Auer
et al., 2002).

Let 1 denote the optimal arm, without loss of generality. Also, we abuse notation slightly by
denoting p(F;) by p(7). First, we bound the number of pulls 7;(n) of any suboptimal arm i # 1.
Fix around ¢ € {1,...,n} and suppose that a sub-optimal arm i is pulled in this round. Then, we
have

PiT;(t—1) — WiTy(t—1) < P11y (t-1) — W1, Ty (¢—1)- (76)

The LCB-value of arm ¢ can be larger than that of 1 only if one of the following three conditions
holds:
(1) p1,1y(¢—1) 1s outside the confidence interval, that is,

P T (1) — Wiy (t—1) = P(1), (77)

(2) pi1;(¢—1) 18 outside the confidence interval, that is,

PiTy(t—1) T Wit i—1) < p(3), (78)
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(3) Gap A; is small: If we negate both the two conditions above and use (76), then we obtain

p(1) = 2w 1, 0—1) < Pi Ty (t—1) — Wi Ty (t—1) < PLT (t—1) — Wi,T (t—1) < p(1)
= AZ < 2wi7Ti(t,1). (79)

The last condition is equivalent to the following:

Tt — 1) _ (32y/0%elog(1) +5120 (2L)~

AH

(32\/o2elogn + 5120)2(2L) =

" +1. When T;(t —1) > u,i.e., when the condition in (79)
An

does not hold, then elther (i) arm ¢ is not pulled at time ¢, or (ii) (77) or (78) occurs. Thus, we have

Letu =

Ti(n) =1+ z”: IH{L =i} <u-+ z”: I{l, =;T;(t — 1) > u}

t=K+1 t=u+1

n
sut Z T{pii(t—1) = Wii(t—1) < P11y(—1) — Wiy e—1); it —1) > u}
t=u-+1
oo t—1 t—1
SIS ) D) DL
t=1 s=1 s;=u
co t—1 t—1
<u+ Z Z Z I{(p(1) < p1,s —wis) or (p(i) > pis, + w;s;) occurs}.

t=1 s=1 s;=u

Using Theorem 27, we can bound the probability of occurrence of each of the two events inside the
indicator on the RHS of the final display above as follows:

8

P(p(l) < pP1s — wl,s) < tjl and
. 8
P(p(Z) > pis; + wi,si) < t74

Plugging the bounds on the events above and taking expectations on the inequality for 7;(n) derived
above, we obtain

oo t—1 t—1 2

E[T; <u+zzzt4<u+162t2_ — (80)

t=1 s=1 s;=u

The preceding analysis together with the fact that E(R,) = Zl_ AE[T;(n)] leads to the first
regret bound presented in the theorem.

For inferring the second bound on the regret, i.e., the bound that does not scale inversely with
the gaps, observe that
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[N1RS

< ( A2/E (32/02elogn + 5120)2(2L)* 872

2
i AZ,K

£k

IN

2
( (321/o2elogn + 5120)2(2L) ~ +ZA2/”<1+3>> n3",

where the inequality in (81) follows by applying Holder’s inequality with the conjugate exponents
2/k and 2/(2— k), and the inequality in (82) follows from (80) and the fact that ) . E[T;(n)] = n. B

11.2 Proof of Theorem 52

Proof The initial passage of the proof of Theorem 51 upto (79) holds even in the case of Risk-
LCB with CPT as the risk measure. However, there are deviations in simplifying the condition
A; < 2w;1,4—1) in (79), and we specify this condition for the case of CPT risk measure below.

l—«

As < L(K* + K°) [mx{fkfj i } (Vioe Tt = 1) + 1)}

o(32v/elogt + 512) 20Kt +K7)L
T;(t—1) a(l - a)T;(t — 1)at=e)

11—«

LK+ K7 [max{lk(:, ka} (ViosTife 1) + 1)]

- Tz<t _ 1)am1n{§,1fa}

a + 4 K-
X {a(32x/elogt+ 512)} + w (83)

With ¢35 and ¢4 as defined in the theorem statement, the inequality in (83) is equivalent to the fol-
lowing:

(E(t _ 1))min{%,lfa} <

(L(K++K—) max { 55 K4 (Vlog Tyt — 1) + 1)} U [(324/eTogt + 512)0]° +53>

a;

Q=

Then, if a sub-optimal arm ¢ is pulled at time ¢ and (79) is negated, then either (77) or (78) must
hold.
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I
amin{ 1 1-a
¢4[(32+/elogn + 512)0]* + ¢35 {31-a}

Setting u = T +1, and following the steps leading
A‘amin{%,l—a}
(2
to (80) in the proof of Theorem 51, we obtain
8 2
E[Ti(n)] < u+ - (84)

The regret bound in (35) follows by recalling that E(R,,) = Zfi 1 AGE[T (n)].
Using a technique similar to that employed in the proof of the second bound in Theorem 51, we
now prove the regret bound in (36) that does not scale inversely with the gaps.
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where the inequality in (85) follows by applying Holder’s inequality with the conjugate exponents
L T and L T and the inequality in (86) follows from (84) and the fact that

amin{%,lfa lfamin{%,lfa

>, ElTi(n)] = n. =

12. Conclusions

We presented a unified approach to derive concentration bounds for empirical estimates of risk
measures. Our approach for deriving concentration bounds involves relating the estimation error
to the Wasserstein distance between the true CDF and the EDF formed from an i.i.d. sample, and
then applying recent concentration bounds for the latter. This approach yields concentration bounds
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for two general categories of risk measures and two estimation schemes, for a class of distributions
which includes sub-Gaussian, sub-exponential, and heavy-tailed distributions. The two categories
of risk measures covered by our results contain well known risk measures such as OCE (with CVaR
as a special case), spectral risk measures, UBSR, CPT value and RDEU as special cases, while
the estimators given in the literature for these risk measures form specific examples of the two
estimation schemes covered by our results. Our bounds extend and, in some cases, improve existing
bounds for specific risk measures. More importantly, our unified approach contrasts with the case-
by-case approaches tried in the literature. We illustrate the usefulness of our bounds by providing
an algorithm and the corresponding regret bounds for a stochastic bandit problem involving a risk
measure of each category.

References

C. Acerbi. Spectral measures of risk: A coherent representation of subjective risk aversion. Journal
of Banking & Finance, 26(7):1505-1518, 2002.

M. Allais. Le comportement de I’homme rationel devant le risque: Critique des postulats et axioms
de I’ecole americaine. Econometrica, 21:503-546, 1953.

T. M. Apostol. Mathematical Analysis. Addison-Wesley, 2nd edition, 1974.

P. Artzner, F. Delbaen, J. Eber, and D. Heath. Coherent measures of risk. Mathematical finance, 9
(3):203-228, 1999.

P. Auer, N. Cesa-Bianchi, and P. Fischer. Finite-time analysis of the multiarmed bandit problem.
Machine Learning, 47(2-3):235-256, 2002.

N. C. Barberis. Thirty years of prospect theory in economics: A review and assessment. Journal of
Economic Perspectives, pages 173-196, 2013.

D. Baudry, R. Gautron, E. Kaufmann, and O. Maillard. Optimal Thompson Sampling strategies for
support-aware CVaR bandits. In International Conference on Machine Learning, volume 139 of
Proceedings of Machine Learning Research, pages 716726, Jul 2021.

A. Ben-Tal and M. Teboulle. Expected utility, penalty functions, and duality in stochastic nonlinear
programming. Management Science, 32(11):1445-1466, November 1986. ISSN 0025-1909.

A. Ben-Tal and M. Teboulle. An old-new concept of convex risk measures: The optimized certainty
equivalent. Mathematical Finance, 17:449-476, 02 2007.

D. S. Bernstein. Scalar, Vector, and Matrix Mathematics: Theory, Facts, and Formulas. Princeton
University Press, 2018. ISBN 9780691151205.

S. P. Bhat and L. A. Prashanth. Concentration of risk measures: A Wasserstein distance approach.
In Advances in Neural Information Processing Systems, pages 11739-11748, 2019.

E. Boissard. Simple bounds for the convergence of empirical and occupation measures in 1-
Wasserstein distance. Electronic Journal of Probability, 16:2296-2333, 2011.

58



EMPIRICAL RISK CONCENTRATION USING WASSERSTEIN DISTANCE

F. Bolley, A. Guillin, and C. Villani. Quantitative concentration inequalities for empirical measures
on non-compact spaces. Probability Theory and Related Fields, 137(3-4):541-593, 2007.

D. B. Brown. Large deviations bounds for estimating conditional value-at-risk. Operations Research
Letters, 35(6):722-730, 2007.

A. Cassel, S. Mannor, and A. Zeevi. A general approach to multi-armed bandits under risk criteria.
In Proceedings of the 31st Conference On Learning Theory, pages 1295-1306, 2018.

J. Cheng, L. A. Prashanth, M. C. Fu, S. I. Marcus, and C. Szepesvéri. Stochastic optimization
in a cumulative prospect theory framework. IEEE Transactions on Automatic Control, 63(9):
2867-2882, 2018.

J. Cotter and K. Dowd. Extreme spectral risk measures: an application to futures clearinghouse
margin requirements. Journal of Banking & Finance, 30(12):3469-3485, 2006.

D. Denneberg. Distorted probabilities and insurance premiums. Methods of Operations Research,
63(3):3-5, 1990.

K. Dowd and D. Blake. After VaR: The theory, estimation and insurance applications of quantile-
based risk measures. The Journal of Risk and Insurance, 73(2):193-229, 2006.

J Dunkel and S Weber. Stochastic root finding and efficient estimation of convex risk measures.
Operations Research, 58(5):1505-1521, 2010.

D. A. Edwards. On the Kantorovich—Rubinstein Theorem. Expositiones Mathematicae, 29(4):
387-398, 2011.

D. Ellsberg. Risk, ambiguity and the Savage’s axioms. The Quarterly Journal of Economics, 75(4):
643-669, 1961.

H. Follmer and A. Schied. Convex measures of risk and trading constraints. Finance and stochastics,
6(4):429-447, 2002.

H. Follmer and A. Schied. Stochastic finance. de Gruyter, 2016.

N. Fournier and A. Guillin. On the rate of convergence in Wasserstein distance of the empirical
measure. Probability Theory and Related Fields, 162(3-4):707-738, 2015.

N. Galichet. Contributions to multi-armed bandits: Risk-awareness and sub-sampling for linear
contextual bandits. PhD thesis, Universite Paris Sud Paris XI, 2015.

C.R. Givens and R. M. Shortt. A class of Wasserstein metrics for probability distributions. Michigan
Mathematical Journal, 31(2):231-240, 1984.

A. Gopalan, L. A. Prashanth, M. C. Fu, and S. I. Marcus. Weighted bandits or: How bandits
learn distorted values that are not expected. In AAAI Conference on Artificial Intelligence, pages
1941-1947, 2017.

Z. Hu and D. Zhang. Utility-based shortfall risk: Efficient computations via monte carlo. Naval
Research Logistics (NRL), 65(5):378-392, 2018.

59



PRASHANTH L.A. AND SANJAY P. BHAT

A. Kagrecha, J. Nair, and K. Jagannathan. Distribution oblivious, risk-aware algorithms for multi-
armed bandits with unbounded rewards. In Advances in Neural Information Processing Systems,
pages 11269-11278, 2019.

D. Kahneman and A. Tversky. Prospect theory: An analysis of decision under risk. Econometrica:
Journal of the Econometric Society, pages 263-291, 1979.

R. K. Kolla, L.A. Prashanth, S. P. Bhat, and K. Jagannathan. Concentration bounds for empirical
conditional value-at-risk: The unbounded case. Operations Research Letters, 47(1):16 — 20,
2019.

J. Lee, S. Park, and J. Shin. Learning bounds for risk-sensitive learning. In Advances in Neural
Information Processing Systems, volume 33, pages 13867-13879, 2020.

J. Lei. Convergence and concentration of empirical measures under Wasserstein distance in un-
bounded functional spaces. Bernoulli, 26(1):767-798, 2020.

J. U. Nair. Scheduling for heavy-tailed and light-tailed workloads in queueing systems. PhD thesis,
California Institute of Technology, 2012.

A. K. Pandey, L. A. Prashanth, and S. P. Bhat. Estimation of spectral risk measures. Proceedings of
the AAAI Conference on Artificial Intelligence, 35(13):12166-12173, May 2021.

L. A. Prashanth, J. Cheng, M. C. Fu, S. I. Marcus, and C. Szepesvari. Cumulative prospect theory
meets reinforcement learning: prediction and control. In International Conference on Machine
Learning, pages 1406-1415, 2016.

L. A. Prashanth, K. Jagannathan, and R. K. Kolla. Concentration bounds for CVaR estimation:
The cases of light-tailed and heavy-tailed distributions. In International Conference on Machine
Learning, volume 119 of Proceedings of Machine Learning Research, pages 5577-5586, Jul
2020.

J. Quiggin. Generalized Expected Utility Theory: The Rank-dependent Model. Springer Science &
Business Media, 2012.

R. T. Rockafellar and S. Uryasev. Optimization of conditional value-at-risk. Journal of Risk, 2(3):
21-41, 2000.

P. Thomas and E. Learned-Miller. Concentration inequalities for conditional value at risk. In
International Conference on Machine Learning, pages 6225-6233, 2019.

A. Tversky and D. Kahneman. Advances in prospect theory: Cumulative representation of uncer-
tainty. Journal of Risk and Uncertainty, 5(4):297-323, 1992.

S. S. Vallander. Calculation of the Wasserstein distance between probability distributions on the
line. Theory of Probability and its Applications, 18(4):784-786, 1974.

R. Vershynin. High-dimensional probability: An introduction with applications in data science,
volume 47. Cambridge university press, 2018.

60



EMPIRICAL RISK CONCENTRATION USING WASSERSTEIN DISTANCE

C. Villani. Optimal transport: old and new, volume 338. Springer Science & Business Media,
2008.

S. Wang. Insurance pricing and increased limits ratemaking by proportional hazards transforms.
Insurance: Mathematics and Economics, 17(1):43-54, 1995.

S. Wang. Premium calculation by transforming the layer premium density. ASTIN Bulletin: The
Journal of the IAA, 26(1):71-92, 1996.

Y. Wang and F. Gao. Deviation inequalities for an estimator of the conditional value-at-risk. Oper-
ations Research Letters, 38(3):236-239, 2010.

L. A. Wasserman. All of Nonparametric Statistics. Springer, 2015.

J. Weed and F. Bach. Sharp asymptotic and finite-sample rates of convergence of empirical measures
in Wasserstein distance. Bernoulli, 25(4A):2620-2648, 2019.

61



	Introduction
	Wasserstein Distance
	Distributions satisfying an exponential moment bound
	Sub-exponential distributions
	Heavy-tailed distributions

	Risk measures and estimators
	Empirical risk estimators
	Type-1 (T1) risk measures 
	OCE risk
	Spectral risk measures
	Utility-based shortfall risk (UBSR)
	Two Examples

	Type-2 (T2) risk measures 
	Cumulative prospect theory (CPT)
	Rank-dependent expected utility (RDEU)
	Distorted risk measure (DRM)


	Map of the results
	Bounds in expectation for risk estimation
	Bounds for risk measures of type (T1)
	Bounds for risk measures of type (T2)

	Concentration bounds for distributions satisfying (C1)
	Bounds for Risk Measures of Type (T1)
	Bounds for empirical OCE
	Bounds for empirical spectral risk measure
	Bounds for empirical utility-based shortfall risk

	Bounds for Risk Measures of Type (T2)
	Distributions with bounded support
	Distributions satisfying (C1)


	Concentration bounds for distributions satisfying (C2)
	Bounds for Risk Measures of Type (T1)
	Bounds for Risk Measures of Type (T2)

	Concentration bounds for distributions satisfying (C3)
	Application: Risk-sensitive bandits
	Risk-sensitive bandit problem
	(T1) risk measures with sub-Gaussian arms
	CPT risk measure with sub-Gaussian arms

	Proofs
	Proofs of the claims in Section 2
	Proof of Lemma 2
	Proof of Lemma 3
	Proof of Lemma 8
	Proof of Lemma 10
	Proof of Lemma 11

	Proofs of the claims in Section 3
	Proof of Lemma 12
	Proof of Lemma 15
	Proof of Lemma 16
	Proof of Lemma 18

	Proofs of the claims in Section 5
	Proof of Theorem 19
	Proof of Theorem 23
	Proof of Corollary 24

	Proofs of the claims in Section 6
	Proof of Theorem 25
	Proof of Theorem 27
	Proof of Corollary 28
	Proof of Corollary 29
	Proof of Corollary 30
	Proof of Corollary 31
	Proof of Corollary 32
	Proof of Corollary 33
	Proof of Theorem 34
	Proof of Theorem 35
	Proof of Corollary 36
	Proof of Corollary 37
	Proof of Theorem 38
	Proof of Corollary 39
	Proof of Proposition 40

	Proofs of the claims in Section 7
	Proof of Theorem 41
	Proof of Theorem 45
	Proof of Corollary 46

	Proofs of the claims in Section 8
	Proof of Theorem 47


	Proof of Section 9
	Proof of Theorem 51
	Proof of Theorem 52

	Conclusions

