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Abstract

Two primary tasks in quantitative risk management are measuring risk and managing
risk. Risk measures and dependence modeling are important tools for assessing portfolio
risk, which have gained much interest in the literature of finance and actuarial science. The
assessment of risk further serves to address risk management problems, such as portfolio

optimization and risk sharing.

Value-at-Risk (VaR) and Expected Shortfall (ES) are the most widely used risk mea-
sures in banking and insurance regulation. The Probability Equivalent Level of VaR-ES
(PELVE) is a new risk metric designed to bridge VaR and ES. In Chapter 2, we investigate
the theoretical properties of PELVE and address the calibration problem of PELVE, that
is, to find a distribution model that yields a given PELVE. Joint mixability, dependence
of a random vector with a constant sum, is considered an extreme negative dependence as
it represents a perfectly diversified portfolio. Chapter 3 explores the relationship between
joint mix and some negative dependence notions in statistics. We further show that the
negatively dependent joint mix plays a crucial role in solving the multi-marginal optimal

transport problem under the uncertainty in the components of risks.

Diversification is a traditional strategy for mitigating portfolio risk. In Chapter 4, we
employ an axiomatic approach to introduce a new diversification measurement called the
diversification quotient (DQ). DQ exhibits many attractive properties not shared by existing
diversification indices in terms of interpretation for dependence, ability to capture common
shocks and tail heaviness, as well as efficiency in portfolio optimization. Chapter 5 provides
some technical details and illustrations to support Chapter 4. Moreover, DQ based on VaR
and ES have simple formulas for computation. We explore asymptotic behavior of VaR-based
DQ and ES-based DQ for large portfolios, the elliptical model, and the multivariate regular
varying (MRV) model in Chapter 6, as well as the portfolio optimization problems for the
elliptical and MRV models.

Counter-monotonicity, as the converse of comonotonicity, is a natural extreme nega-
tive dependence. Chapter 7 conducts a systematic study of pairwise counter-monotonicity.

We obtain its stochastic representation, invariance property, interactions with negative as-



sociation, and equivalence to joint mix within the same Fréchet class. We also show that
Pareto-optimal allocations for quantile agents exhibit pairwise counter-monotonicity. This
finding contrasts sharply with traditional comonotonic allocations for risk-averse agents, in-
spired further investigation into the appearance of pairwise counter-monotonic allocation in
risk-sharing problems. In Chapter 8, we address the risk-sharing problem for agents using
distortion riskmetrics, who are not necessarily risk-averse or monotone. Our results indicate
that Pareto-optimal allocations for inter-quantile difference agents include pairwise counter-
monotonicity. Chapter 9 further explores other decision models in risk-sharing that exhibit
pairwise counter-monotonicity in optimal allocations. We introduce a counter-monotonic
improvement theorem — a converse result to the widely used comonotonic improvement theo-
rem. Furthermore, we show that pairwise counter-monotonic allocations are Pareto optimal
for risk-seeking agents, Bernoulli utility agents, and rank-dependent expected utility agents

under certain conditions.

Besides the studies of two extreme negative dependencies, we expand our analysis to de-
pendence modeling through Pearson correlation and copula. In Chapter 10, we characterize
all dependence structures for a bivariate random vector that preserve its Pearson correlation
coefficient under any common marginal transformations. For multivariate cases, we charac-
terize all invariant correlation matrices and explore the application of invariant correlation
in sample duplication. Chapter 11 discusses the selection of copulas when marginals are
discontinuous. The checkerboard copula is a desirable choice. We show that the check-
board copula has the largest Shannon entropy and carries the dependence information of the

original random vector.
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Chapter 1

Introduction and preliminaries

1.1 Introduction

Quantifying portfolio risk has gained much interest in the literature of finance and
actuarial science. Risk measures, which map a random variable into risk level, are commonly
used by financial institutions to gauge and manage exposure. Among various of risk measures,
Value-at-Risk (VaR) and Expected Shortfall (ES) are two most widely used risk measures
in banking and insurance regulation frameworks such as Basel I1I/IV, Solvency II and the
Swiss Solvency Test. More detailed comparisons between VaR and ES regarding coherence,
robustness, and elicitability can be found in Cont et al. (2010), Embrechts et al. (2022),
Gneiting (2011) and Kou and Peng (2016).

Compared with VaR, ES is regarded as a more reliable risk measure under extreme
scenarios. This has led to suggestions from BCBS (2019) to replace VaR with ES. To bridge
between VaR and ES, Li and Wang (2022) proposed the Probability Equivalent Level of
VaR-ES (PELVE) to convert the level of VaR to that of ES. Remarkably, PELVE can also
measure tail heaviness, reporting higher values for distributions with heavier tails. In Chapter
2, we study the calibration problem of PELVE; that is, to find a distribution model that
yields a given PELVE, which may either be obtained from data or from expert opinion.
We discuss separately the cases when one-point, two-point and curve constraints are given.

For one-point and two-point problems, we construct the distribution model with the Pareto



distribution tail as the calibrated distribution. In the most complicated case of a curve
constraint, we reformulate the calibration as an advanced differential equation problem and
characterize all potential distributions when PELVE remains constant across all probability
levels. We further study some technical properties of PELVE by offering a few new results
on monotonicity and convergence. It turns out that the monotonicity of the PELVE is
corresponding to the shape of the hazard rate function which is also used as a measurement

for tail heaviness.

An essential tool of quantifying multiple risks is dependence modelling. A joint mix,
introduced by Wang and Wang (2016), is a random vector with a constant component-wise
sum. It is considered an extremely negative dependence since it represents a perfectly di-
versified portfolio. In Chapter 3, we explore the connection between the joint mix structure
and popular notions of negative dependence in statistics, such as negative correlation de-
pendence, negative orthant dependence and negative association (see Block et al. (1982);
Lehmann (1966); Alam and Saxena (1981); Joag-Dev and Proschan (1983)). While not all
joint mixes are negatively dependent in these senses, we identify some natural classes of
joint mixes are. We derive various necessary and sufficient conditions for a joint mix to be
negatively dependent, and study the compatibility of these notions. Joint mix is also well
known as the solution for the Monge-Kantorovich problem (see Puccetti and Wang (2015))
with convex cost functions. We show that the negatively dependent joint mix serves as the
solution for the optimal transport problem under uncertainty of components with quadratic
cost function and identical marginal distributions Analysis of this optimal transport problem
with heterogeneous marginals reveals a trade-off between negative dependence and the joint

mix structure.

Traditionally, diversification has been recognized as an efficient strategy in portfolio risk
management. Existing literature on quantifying diversification, such as the diversification
ratio (see Choueifaty and Coignard (2008)) and the diversification benefit (see Embrechts et
al. (2009)), experiences practical and theoretical deficiencies. In Chapter 4, we establish the
first axiomatic theory for diversification indices using six intuitive axioms: non-negativity,
location invariance, scale invariance, rationality, normalization, and continuity. The unique

class of indices satisfying these axioms, called the diversification quotients (DQs), are defined



based on a parametric family of risk measures. A further axiom of portfolio convexity pins
down DQ based on coherent risk measures. DQ has many attractive properties, and it
can address several theoretical and practical limitations of existing indices. In particular,
for the popular risk measures Value-at-Risk and Expected Shortfall, the corresponding DQ
admits simple formulas and it is efficient to optimize in portfolio selection. Moreover, it
can properly capture tail heaviness and common shocks, which are neglected by traditional
diversification indices. When illustrated with financial data, DQ is intuitive to interpret,
and its performance is competitive against other diversification indices. Detailed technical
support and auxiliary results for the axiomatic theories are provided in Chapter 5. We
further investigate DQ constructed from VaR and ES in Chapter 6. For the popular models
of elliptical and multivariate regular varying (MRV) distributions, explicit formulas of DQs
based on VaR and ES are available. The portfolio optimization problems for the elliptical
and MRV models are also studied. Our results further reveal favourable features of DQ, both
theoretically and practically, compared to traditional diversification indices based on a single

risk measure.

The other extremely negative dependence notion is called pairwise counter-monotonicity,
which is also know as mutually exclusive in actuarial literature (see Dhaene et al. (1999) and
Cheung and Lo (2014)). In contrast to the large literature on comonotonicity, there are limit
studies of pairwise counter-monotonicity. In Chapter 7, we systematically study pairwise
counter-monotonicity. A stochastic representation and an invariance property are estab-
lished for this dependence structure. We show that pairwise counter-monotonicity implies
negative association, and it is equivalent to joint mix dependence if both are possible for
the same marginal distributions. Interestingly, we find that Pareto-optimal allocations for

risk-sharing among quantile agents are pairwise counter-monotonic.

The risk-sharing scheme can be considered as a function from a random variable to a
random vector, which is different from risk allocation problems; see Kalkbrener (2005). A
classic result in risk sharing is that the Pareto-optimal allocation for risk averse agents is
comonotonic, as derived from the well-known comonotonic improvement theorem introduced
in Landsberger and Meilijson (1994). The appearance of pairwise counter-monotonicity in

Pareto-optimal allocation for quantile agents highlights the importance of this extremely



negative dependence structure in risk sharing. This result inspired a natural question: what
types of decision models will exhibit counter-monotonicity in Pareto-optimal allocations?
In Chapter 8, we address the problem of sharing risk among agents whose preferences are
modeled by a general class of comonotonic additive and law-based functionals that are not
necessarily monotone or convex. These functionals are referred to as distortion risk metrics
and include many statistical measures of risk and variability used in portfolio optimization
and insurance (see Wang et al. (2020a)). We characterized the set of the Pareto-optimal
allocations under both comonotonic or general risk sharing frameworks. Specifically, for three
agents using variability measures of the Gini deviation, the mean-median deviation, and the
inter-quantile difference, we explicitly solve for Pareto-optimal allocations. An interesting
finding is that the Pareto-optimal allocation incorporates a mixture of pairwise counter-

monotonicity and conomotonicity for inter-quantile difference agents.

In Chapter 9, we further explore other decision models in risk sharing problem. Counter-

[4

monotonic allocations take the form of either “winner-takes-all” lotteries or “loser-loses-all”
lotteries, which we respectively refer as jackpot and scapegoat allocations. We first present a
converse result of comonotonic improvement called counter-monotonic improvement theorem.
It states that one can always improve the allocated risks to each agents in convex order using
counter-monotonic allocations for a bounded risk. We investigate the appearance of counter-
monotonic allocations in risk-sharing problem for risk-seeking agents, Bernoulli utility agents
and rank-dependent expected utility (RDU) agents. The Pareto-optimal allocations, if they
exist, must be jackpot allocations when all agents are risk seeking. Scapegoat allocations
represent the only fair method to allocate indivisible goods among Bernoulli utility agents.
Under certain assumptions, RDU agents prefer jackpot allocations. We provide an applica-
tion to the mining of cryptocurrencies, showing that, unlike risk-averse miners, RDU miners
with limited computing power never join a mining pool. Finally, we characterize the compet-

itive equilibria with risk-seeking agents, providing the first and second fundamental theorems

of welfare economics in this context, where all equilibrium allocations are jackpot allocations.

We further explore other concepts of dependence modelling. A simple method to deter-
mine the dependence of a random vector is by examining the sign of the correlation coefficient.

A useful property of independent samples is that their correlation remains the same after ap-



plying marginal transforms. This invariance property is fundamental in statistical inference
(see Bates et al. (2023)), but does not generally hold for dependent samples. In Chapter 10,
we are interested in characterizing (X,Y’) such that the correlation coefficient remains un-
changed after both variables are transformed by the same measurable function. We say that
such (X,Y’) has an invariant correlation under all transforms. For bivariate cases, we charac-
terize all models of such a random vector via a certain combination of comonotonicity—the
strongest form of positive dependence—and independence. In particular, we show that the
class of exchangeable copulas with invariant correlation is precisely described by what we
call positive Fréchet copulas. In the general multivariate case, we characterize the set of all
invariant correlation matrices via the clique partition polytope. Additionally, we propose a
positive regression dependent model that accommodates any prescribed invariant correlation
matrix. This model turns out to be the joint distribution of samples with duplicate records.
In this context, we provide an application of invariant correlation to the statistical inference
in the presence of sample duplication. Finally, we show that all our characterization results
of invariant correlation, except one special case, remain the same if the common marginal

transforms are confined to the set of increasing ones.

A well-known tool used to describe dependence of dependence is the copula. Sklar’s
theorem states that the copula is unique if and only if the marginals of a random vector
are continuous. However, in certain situations such as simulation, stress scenarios, and co-
risk measures computation when the marginal distributions exhibit discontinuities, selecting
an appropriate copula becomes essential. In Chapter 11, we address the choice of copula
when not all marginal distributions of a random vector are continuous. Among all possible
copulas, the checkerboard copula, characterized by uniform densities on regions of flexibility,
emerges as a natural choice. We demonstrate that the checkerboard copula possesses the
largest Shannon entropy, indicating that it carries the least information among all possible
copulas for a given random vector. Moreover, the checkerboard copula retains the dependence

information of the original random vector.

Chapter 12 concludes this thesis and discusses some open questions that are of potential

interest in this field. Each chapter can be read as a separate paper except for Chapters 4-5.



1.2 Preliminaries

Below we give definitions and terminologies that will be used across different chapters.
Let (Q, F,P) be an atomless probability space, where F is a o-field and PP is a probability
measure. For p € (0,00), denote by LP = LP(Q, F,P) the set of all random variables X
with E[|X|?] < oo where E is the expectation under P. Furthermore, L® = L>*(Q, F,P) is
the space of all essentially bounded random variables, and L° = L°(2, F,P) is the space of
all random variables. Further, denote by R, = [0,00) and R = [~00, 00]. Terms such as
increasing or decreasing functions are in the non-strict sense. Write X ~ F'if the random
variable X has the distribution function F under P. For X € L° ess-sup(X) and ess-inf(X)
are the essential supremum and the essential infimum of X, respectively. Two random
variables X and Y have the same distribution under P is denoted by X LY. We treat
almost surely (a.s.) equal random variables as identical; this means that all equalities and
inequality for random variables hold in the a.s. sense, and we omit “a.s.” in all our statements.
A random variable X is said to be smaller than a random variable Y in the convezr order,
denoted by X <. Y, if E[¢p(X)] < E[¢(Y)] for every convex function ¢ : R — R provided
that both expectations exist (see Riischendorf (2013) and Shaked and Shanthikumar (2007)).
The order X <. Y means that X is less risky than Y in the sense of Rothschild and Stiglitz
(1970). Similarly, X is smaller than Y in the increasing convezr order, denoted by X <ix Y
if E[¢p(X)] < E[p(Y)] for every increasing convex function ¢ : R — R provided that both
expectations exist. The increasing convex order is referred to as second-order stochastic

dominance (SSD) in Chapters 4-5.

Let n be a fixed positive integer, and write [n] = {1,...,n}. We always write X =
(X1,...,X,) and Y = (Y1,...,Y,). A random vector (X,...,X,) is comonotonic if there
exists a random variable Z and increasing functions fi,..., f, on R such that X; = f;(Z)
a.s. foreveryi =1,...,n. A random vector (X,Y) is said to be counter-monotonic if (X, —Y")

is comonotonic. An equivalent formulation of comonotonicity is

(X(w) — X(W))(Y(w) =Y (w')) =0 for (P x P)-almost every (w,w’) € Q°.
An equivalent formulation of counter-monotonicity is

(X(w) = X(W)(Y(w) = Y(w)) <0 for (P x P)-almost every (w,w’) € Q2.
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For n > 3, arandom vector X taking values in R™ is (pairwise) counter-monotonic if each pair
of its components is counter-monotonic. A joint mix (Wang and Wang, 2016) is a random
vector X = (X1,...,X,,) satisfying X; +---+ X,, = ¢ almost surely (a.s.) for some constant
¢, called a center of the joint mix. A random vector X = (Xj,...,X,,) is exchangeable if

X £ X" for all 7 € IL,, where X™ = (Xr(1), - -, Xnny)-

Let X be a set of random variables on (€2, F,P). A risk measure p is a mapping from X
to R. The VaR and ES will be used frequently in this thesis. We use the “small o” through
out this thesis: The VaR at level a € (0,1) (typically very small) is defined as

VaR,(X)=inf{z e R:P(X <z)>1-0a}, Xel
and the ES (also called CVaR, TVaR or AVaR) at level o € (0, 1] is defined as
1 (0%
ES.(X) = 5/ VaRs(X)dB, X e L'
0

Moreover, let VaRg(X) = ES¢(X) = ess-sup(X) and VaR;(X) = ess-inf(X). Note that
ES;(X) is the mean of X. In Chapter 2, the VaR is defined on L' space to define PELVE.

Some standard properties of a risk measure p : X — R are collected below.

(i) Constant additivity: p(X +¢) = p(X)+cforallc€ R and X € X,
(ii) Positive homogeneity: p(AX) = p(X) for all A € (0,00) and X € X
(iii) Subadditivity: p(X +Y) < p(X) + p(Y) for all X|Y € X.
(iv) Monotonicity: p(X) < p(Y) for X < Y.
(v) Comonotonic-additivity: p(X +Y) = p(X) + p(Y') for comonotonic (X,Y).
(vi) Law invariance: p(X) = p(Y’) whenever X dy.
(vii) Continuity: p(X,) — p(X) if X, 2 X, both as n — oco.
(viil) <jex-consistency: p(X) < p(Y) for all X,V € X whenever X < Y.

(ix) Convex order consistency: p(X) < p(Y') whenever X < Y.



Since SSD is equivalent to increasing convex order, <gsp-consistency, mentioned in
Chapter 4-5, is equivalent to <j-consistency. In the framework of Artzner et al. (1999),
a risk measure is called a monetary risk measure if it satisfies monotonicity and constant
additivity; a risk measure is called a coherent risk measure if it satisfies monotonicity, constant
additivity, positive homogeneity, and subadditivity. For the case of presentation, we will
reintroduce and redefine some notation and important concepts, such as VaR and ES, in

each chapter to fit better the specific research problem.



Chapter 2

Calibrating distribution models from

PELVE

2.1 Introduction

Value-at-Risk (VaR) and Expected Shortfall (ES, also known as TVaR and CVaR) are
the most widely used risk measures for regulation in finance and insurance. The former has
gained its popularity due to its simplistic approach toward risk as the risk quantile, and the
second one is perceived to be useful as a modification of VaR with more appealing properties,

such as tail-sensitivity and subadditivity, as studied in the seminal work of Artzner et al.

(1999).

In the Fundamental Review of the Trading Book (FRTB), the Basel Committee on
Banking Supervision (BCBS (2019)) proposed to replace VaR at 1% confidence with ES
with a 2.5% confidence interval for the internal model-based approach.! The main reason,
as mentioned in the FRTB, was that ES can better capture tail risk; see Embrechts et al.
(2018) for a concrete risk sharing model where tail risk is captured by ES and ignored by
VaR. On the other hand, VaR also has advantages that ES does not have, such as elicitability
(e.g., Gneiting (2011) and Kou and Peng (2016)) or backtesting tractability (e.g., Acerbi

'In this chapter, we use the “small o’ convention for VaR and ES. Hence, “VaR at 1% confidence” and

“ES at 2.5% confidence” correspond to VaRggy, and ESg; 5 in BCBS (2019), respectively.



and Székely (2014)), and the two risk measures admit different axiomatic foundations (see
Chambers (2009) and Wang and Zitikis (2021)). We refer to the reviews of Embrechts et
al. (2014) and Emmer et al. (2015) for general discussions on VaR and ES, and McNeil et
al. (2015) for a standard treatment on risk management including the use of VaR and ES.
The technical contrasts of the two risk measures and their co-existence in regulatory practice
give rise to great interest from both researchers and practitioners to explore the relationship

between them.

To understand the balancing point of VaR and ES during the transition in the FRTB,
Li and Wang (2022) proposed the Probability Equivalent Level of VaR-ES (PELVE). The
value of PELVE is the multiplier to the tail probability when replacing VaR with ES such
that the capital calculation stays unchanged. More precisely, the PELVE of X at level € is
the multiplier ¢ such that ES..(X) = VaR.(X); such ¢ uniquely exists under mild conditions.
For instance, if VaRjg(X) = ESy54(X) for a future portfolio loss X, then PELVE of X
at probability level 0.01 is the multiplier 2.5. In this case, replacing VaR,y with ES; 59 in
FRTB does not have much effect on the capital requirement for the bank bearing the loss X.
Instead, if ESy50(X) > VaRy%(X), then the bank has a larger capital requirement under
the new regulatory risk measure; this is often the case for financial assets and portfolios as
shown by the empirical studies in Li and Wang (2022). The PELVE enjoys many convenient
properties, and it has been extended in a few ways. In particular, Fiori and Gianin (2022)
defined generalized PELVE by replacing VaR and ES with another pair of monotone risk
measures (p, p), and Barczy et al. (2022) extended PELVE by replacing ES with a higher-
order ES.

For a given distribution model or a data set, its PELVE can be computed or estimated
in a straightforward manner. As argued by Li and Wang (2022), the PELVE for a small
€ may be seen as a summarizing index measuring tail heaviness in a non-limit sense. As
such, one may like to generate models for a given PELVE, in a way similar to constructing
models for other given statistical information; see e.g., Embrechts et al. (2002, 2016) for
constructing multivariate models with a given correlation or tail-dependence matrix. Such
statistical information may be obtained either from data or from expert opinion, but there is

no a priori guarantee that a corresponding model exists. Since PELVE involves a parameter
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e € (0,1), its information is represented by a curve. The calibration problem, that is, to find
a distribution model for given PELVE values or a given PELVE curve, turns out to be highly

non-trivial, and it is the main objective of this chapter.

From now on, suppose that we receive some information on the PELVE of a certain
random loss from an expert opinion, and we aim to build a distribution model consistent
with the supplied information. Since PELVE is location-scale invariant, such a distribution,

if it exists, is not unique.

The calibration problem is trivial if we are supplied with only one point on the PELVE
curve. As the PELVE curve of the generalized Pareto distribution is a constant when the
PELVE is well defined, we can use the generalized Pareto distribution to match the given
PELVE value, which has a tail index implied from the expert opinion. The calibration prob-
lem becomes more involved if we are supplied with two points on the PELVE curve, because
the value of the PELVE at two different probability levels interact with each other. The
situation becomes more complicated as the number of points increases, and we further turn
to the problem of calibration from a fully specified PELVE curve. Calibrating distribution
from the PELVE curve can be reformulated as solving for a function f via the integral equa-
tion foy f(s)ds=yf(z(y)y), where the curve z is computed from the PELVE curve. This
integral equation can be further converted to an advanced differential equation (see Bellman
and Cooke (1963)). For the case that z is a constant curve, we can explicitly obtain all
solutions for f. We find other distributions that also have constant PELVE curves other
than the simple ones with a Pareto or exponential distribution. As a consequence, a PELVE
curve does not characterize a unique location-scale family of distributions; this provides a
negative answer to a question posed by Li and Wang (2022, Section 7, Question (iv)). For

general function z, we develop a numerical method to compute f.

The calibrated distribution can be used to estimate the value of other risk measures such
as VaR and ES at different levels. We illustrate by an empirical example that two points of
PELVE give a quite good summary of the tail distribution of risk. Daily log-losses (negative
log-returns) of AAPL from Yahoo Finance are collected for the period from January 3, 2012
to December 31, 2021 within total of 2518 observations. We calculate the empirical PELVE
at levels 0.01 and 0.05 using the empirical PELVE estimator provided by Li and Wang (2022,

11



Section 5) with a moving window of 500 trading days. For each pair of two points of PELVE
at levels 0.01 and 0.05, we produce a quantile curve from the two empirical PELVE points by
our calibration model in Section 2.3.2, which is scaled such that VaRg o and VaRg o5 are equal
to their empirical values.? Figure 2.1 presents the empirical and calibrated quantile curves
on December 31, 2021 using 500 trading days prior to that date. The two quantile curves are
close to each other, with our calibrated curve being more smooth. We also report the values
of ESq 25 of the calibrated distribution, which we call the calibrated ESg 25, and compare
it with empirical ESg25. The left panel of Figure 2.2 shows the curves of empirical and
calibrated ESg25. In the right panel of Figure 2.2, we create a scatter plot using empirical
and calibrated ESg25. Both figures show that the empirical and calibrated ESg go5 curves

are quite close.

Figure 2.1: Empirical VaR and calibrated VaR
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To further enrich the theory of PELVE, we study a few technical properties of PELVE,
such as monotonicity and convergence as the probability level goes to 0. A decreasing PELVE
indicates a relatively larger impact of ES in risk assessment than VaR moving towards the tail.
As we will see, while for the most known parametric distributions the PELVE is decreasing,
there exist some examples at some risk levels it is not decreasing. This means that for those

examples VaR becomes a stricter risk measure when moving towards the tail. To obtain

2Recall that PELVE is location-scale free, and hence we need to pick two free parameters to specify a

distribution calibrated from PELVE.
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Figure 2.2: Empirical ESg o5 and calibrated ESg o5
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conditions for monotonicity, we define the dual PELVE by moving the multiplier ¢ from the
ES side to the VaR side. PELVE can be seen as a functional measure of tail heaviness in
the sense that a heavier-tailed distribution has a higher PELVE curve (Li and Wang (2022,
Theorem 1)). The hazard rate, on the other hand, is another functional measure of tail
heaviness. We show that the PELVE is decreasing (increasing) if the inverse of the hazard
rate is convex (concave). Monotonicity also leads to conditions for the PELVE to have a
limit at the tail, which from the risk management perspective, identifies the ultimate relative
positions of ES and VaR in the tail region. From a mathematical perspective, the limit of
PELVE at 0 allows us to extend the domain of PELVE to include 0 as a measure of tail

heaviness.

The rest of this chapter is organized as follows. Section 2.2 introduces the background
and examples of the PELVE. In Section 2.3 we calibrate a distribution from finitely many
points in the PELVE curve. Section 2.4 calibrates the distribution from given PELVE curves,
where we give a class of explicit solutions for constant PELVE functions and numerical so-
lutions for general PELVE functions. In Section 2.5, we study the monotonicity and conver-
gence of the PELVE. Section 2.6 presents two examples of the model calibration techniques
applied to datasets used in insurance. A conclusion is given in Section 2.7. Some technical

proofs of results in Sections 2.3, 2.4 and 2.5 are provided in Section 2.8 - 2.10.
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2.2 Definitions and background

Let us consider an atomless probability space (2, F,[P), where F is the set of the
measurable sets and P is the probability measure. Let L! be the set of integrable random

variables, i.e., L' = {X : E[|X]|] < oo}, where E is the expectation with respect to P.

We first define VaR and ES in L!, the two most popular risk measures. The VaR and
at probability level p € (0,1) is defined as

VaR,(X) =inf{z e R:P(X <z)>1-p}=F'(1-p), XelL (2.1)
where F' is the distribution of X. The ES at probability level p € [0, 1) is defined as
1 4
ES,(X) = / VaR,(X)dg, X €Ll
0

Note that we use the “small o” convention for VaR and ES, which is different from Liu and
Wang (2021). Let VaRo(X) = ESp(X) = ess-sup(X) and VaR;(X) = ess-inf(X). We have
that ES;(X) is the mean of X. We will also call p — VaR,(X) the quantile function of X,

keeping in mind that in our convention this function is decreasing.?

For e € (0,1), the PELVE at level ¢, proposed by Li and Wang (2022), is defined as
[y (e) =inf{c € [1,1/€] : ES.(X) < VaR.(X)}, X €L,

where inf(@) = co. Li and Wang (2022) used I1.(X) for our IIx(¢), and our choice of notation

is due to the fact that the curve € — IIx(¢) is the main quantity of interest in this chapter.

The PELVE of X is finite if and only if VaR.(X) > E[X]. The value of the PELVE is
the multiplier ¢ such that ES..(X) = VaR.(X). If VaR,(X) is not a constant for p € (0, €|,
then the PELVE is the unique solution for the multiplier. By Theorem 1 in Li and Wang
(2022), the PELVE is location-scale invariant. The distribution with a heavy tail will have
a higher PELVE value.

If X is a normal distributed random variable and ¢ = 1%, we have IIx(e) ~ 2.5. It

means that ESs 50 (X) ~ VaR1¢,(X). That is, the replacement suggested by BCBS is fair for

3Throughout the chapter, all terms like “increasing” and “decreasing” are in the non-strict sense.
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normally distributed risks. In other words, a higher PELVE will result in a higher capital

requirement after the replacement.

In this chapter, we are generally interested in the question of which distributions have

a specified or partially specified PELVE curve. We first look at a few simple examples.

Example 2.1 (Constant PELVE). We first list some distributions that have constant PELVE
curves. From the definition of the PELVE, we know that the PELVE should be larger than
1. As we can see from Table 2.1, the PELVE for the generalized Pareto distribution takes
values on (1,00). For X ~ GPD(¢), we have 1 < IIx(¢) < e when £ < 0, IIx(¢) = e when
¢ =0 and IIx(e) > e when £ > 0. Furthermore, if X follows the point-mass distribution d.

or the Bernoulli distribution, we have IIx(e) = 1.

Example 2.2. Here we present some non-constant PELVE examples. We write t(v) for
the t-distribution with parameter (0,1,v), and LN(o) for the log-normal distribution with

parameter (0, 02). As we can see, for normal distribution and t-distribution, the PELVE curve

Figure 2.3: PELVE for normal distribution, t-distribution and lognormal distribution

N(0,1) t(2) Lognormal
26 4 a3 —
s ser__—— —LN(I)
55 v a1 —LN(0.2)
3
w w37 m
> ~ > >
- . 36 =
B_J 2.4 \\\\ ’B"] Bﬂ 28
~ 27
o 26
~
- 25
0.1 ‘
€ € €

is decreasing as € increasing. The monotonicity of the PELVE of the lognormal distribution
depends on the value of ¢. The monotonicity of the PELVE will be further discussed in
Section 2.5. For more PELVE examples, see Li and Wang (2022).

2.3 Calibration from finite-point constraints

In this section, we discuss the calibration problem when some points of the PELVE are
given. We will focus on the case where one point or two points on the PELVE curve are

specified, for which we can explicitly construct a corresponding quantile function.
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Table 2.1: Example of constant PELVE

Distribution| Distribution or probability function of X [Ty (e€)
[Iyx(e) =1 for
e P(X=c) =1
e€ (0,1)
IIx(e) =1 for
B(1,p) P(X=1)=pand P(X =0)=1—-p
¢ (0,p)
IIx(e) = 2 for
U(0,1) F(t)=tfort e (0,1)
0<e<1/2
[Ty (e) = e for
EXP(A) F(t)=1—exp(—At), A>0
O0<e<l/e
l—(l4&)t  e£0 |Ix(9=(1-&7¢ for
GPD(O)' | F(z) = e !
1 — exp(—2) £=0 0<e<(1-¢)c

! The distribution GPD(€) is called the standard generalized Pareto distribution. As E[X] < oo
when ¢ < 1, the PELVE exists only when £ < 1. The support of GPD(¢) is [0,00) when
&> 0and [0, —%] when £ < 0. When £ = 0, the GPD(§) is exactly exponential distribution
with A = 1/0. There is a three-parameter GPD(u, 0, ), which is a location-scale transform

of standard GPD. Therefore, GPD(y, 0, ) has the same PELVE as GPD(¢).
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We first note that the calibrated distribution is not unique. For example, if we are
given I1x(0.01) = 2.5, we can assume the distribution of X is the Normal distribution or the
generalized Pareto distribution with tail parameter ¢ satisfying (1 — &)~/¢ = 2.5 from Table
2.3. Therefore, the distributions obtained in our results are only some possible choices, which
we choose to have a generalized Pareto tail, as Pareto tails are standard in risk management

applications.

2.3.1 Calibration from a one-point constraint

Based on Table 2.1, we can calibrate the distribution for X from one given PELVE point
(e1,¢1) such that IIx(e;1) = ¢;. A simple idea is to take the generalized Pareto distribution

when ¢; > 1 and 0. when ¢; = 1. We summarize the idea in the following Proposition.

Proposition 2.1. Let ¢; € (0,1) and ¢; € [1,00) such that cie; < 1. If g > 1, let £ € R
such that (1 — f)_% =c;. Then, X ~ GPD(§) has llx(e1) = ¢1. If ¢ = 1, then X =k for

some constant k € R has lx (&) = 1.

The proof can be directly derived from Table 2.1 and it is omitted. By Proposition 2.1,
if we have the value of PELVE at point €;, we can find a distribution of X which has the
same PELVE value at ¢;. If we also have the value of VaR at ¢;, we can determine the scale
parameter (o) for the GPD distribution or the value of k£ to match the value of VaR. For
Table 2.1, we can see that the calibrated generalized Pareto distribution can also serve as a

solution for a more prudent condition IIx(€) > ¢; when € € (0, €;).

2.3.2 Calibration from a two-point constraint

The calibration problem would be much more difficult when we are given two points of
the PELVE curve. Given two points (€1, ¢1) and (e, ¢2) such that €; < €5, we want to find a
distribution for X € L! such that IIx(€;) = ¢; and [Ix(e3) = 3. Nevertheless, the choices of
(€1,¢1) and (€3, ¢2) are not arbitrary. First, we need 1 < ¢; < 1/¢; and 1 < ¢3 < 1/€y by the
definition of the PELVE. Then, we will show that the value of ¢y will be restricted if (e, ¢;)

and €5 are given.

17



Lemma 2.1. For any X € L', let ¢1,¢5 € (0,1) be such that E[X] < VaR,(X) and ¢ < €.

Then, we have 111x(e1) < eallx(€2).

By Lemma 2.1, for given €, €5 and ¢;, the value of ¢y is bounded below by both 1 and
c1€1/€2. We also note that if ¢o = 1, then p — VaR,(X) is constant on (0, €), which implies
c1 = 1. In Section 2.8, Proposition 2.6 shows that the above lower bound is achieved if and

only if VaR,, (X) = VaR,,(X).

From the definition of the PELVE and Lemma 2.1, for €; < €3, the possible choices of
(e1,¢1) and (eg, c2) should satisfy 1 < ¢; < 1/€1, 1 < o < 1/€; and c161 < co65. We denote

by A the admissible set for (e, cq, €2, ¢o), that is,
A= {(61,61,62,02) € ((O, 1) X [1,00))2 €1 < €9, C1€67 § 1, Co€2 < 1, C1€1 < 0262}.

We illustrate the possible region of (¢1, cz) with given €; and ey in Figure 2.4. We divide the

region into 5 cases and calibrate the distribution for each case.

Figure 2.4: Admissible region of (¢q, ¢2)

C2,
1/62
Case b
.- Case 4 \
Case 2 \‘
Case 3

L e R SRS

Case 1--r-~ |
1 ea/€1 1/e1 1

The calibration process is to construct a continuous and decreasing quantile function

that can satisfy two equivalent conditions between VaR and ES, which are

ESc,(X) =VaR,(X) and ES..,(X)= VaR(X). (2.2)
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As we can see, only the values of VaR,(X) for € € (0, ca€5] matters for the equivalent condition
(2.2). Therefore, we focus on constructing VaR.(X) for € € (0, ca€s]. In addition, we want a

continuous calibrated quantile function.

The case ¢; = 1 or ¢; = 1 is special, which means that VaR.(X) is a constant on the
tail part. If ¢; > 1, we can set the tail distribution as the generalized Pareto distribution

from Table 2.3 such that I1x(e1) = ¢;.

For z = (€1, ¢1, €9, 02) € A, we will construct a class of functions, denoted by G, in five
different cases according to Figure 2.4. The function ¢ — G,(t) will be our desired quantile
function. If ¢; = 1, let k,k € R be any two constants satisfying k < k. If ¢; > 1, let
¢ € (—o0,1) be such that (1 — &)~V = ¢,

- 10g<€>7 §=0,

and k = OE " k(e) de. We first claim that the function G, can be any arbitrary continuous and
decreasing function on [ce€q, 1) since the values of VaR;(X) for t € [ca€2,1) do not affect its

PELVE at ¢; and ey. The value of G on (0, ca€s] is given by

(i) Case 1, ¢; = 1 (which implies ¢; = 1): Gy(e) = k;

(ii) Case 2, ¢y =1 and 1 < ¢ < 1/e:

]23, € € (0,61),

Ga(€) = S aje + b1, €€ e,e), Wwhere

Qo€ + bz, € € [62, 0262],

(111) Case 3, 62/61 <c £ 1/61 and ¢y = 0161/621

k() c€(0.e), _ 2(k(e)er — k)
Gu(€) = { k(e1), €€ ler,e0), where (coea — €2)?
= k(e1) — aes;

ae+ b, € € [eg, Ca€9),
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(iv) Case 4, 1 < c¢; < €/e; and 1 < ¢ < 1/ea:

)
a; = —(0161)_5_17

]{7(6), € C (0,6161),

b1 = k(01€1) — aici€y,

Ga(€) = Jare+ by, € € [cr€1,€), Where o a(d — (aa)’) +2(k(aa) — ka))aa

— )2
as€ + by, €€ [6276262]7 (0262 62)

(b2 = a1€2 + by — agéy;

(V) Case 5, 62/€1<Cl\1/61 and C1€1/62<02 1/62

p (a o ]{3(61)61 — k’

/{7(6), (O 61)7 e (62 - 61)(0161 — 1/2(61 + 62))’

G.(6) ae + by, € [e1, €), L by = k(e1) — areq,
z\€) = where
ares + by, € [ea, cre1), 0y — 2ci€1(areq + by — /6(61))7
(0161 - 0262)2
b

(@26 + 02, €€ [c1€1, C2€9), by = ayes + b — apcrey.

An illustration of the functions G, on [0, ca€s] in Case 2 to Case 5 is presented in Figure

2.5, and we omit Case 1 in which G, is a constant function on [0, ca€s].

Theorem 2.1. Forz = (€1, ¢1, €, ¢0) € A, the random variable X with a continuous quantile

function given by t — VaR(X) = G,(t) satisfies Ilx(e1) = ¢1 and [Ix(ez) = co.

Remark 2.1. As we can see from Figure 2.5, some parts of the calibrated quantile function
may be flat, corresponding to the existence of atoms in the distribution. This may be consid-
ered as undesirable from a modeling perspective, and indeed it is forced by the boundary cases
of (€1,¢1,€2,¢9) € A in Figure 2.4. The flat parts in Cases 1 to 3 are necessary due to Propo-
sitions 2.6. On the other hand, the flat part in Case 5 can be replaced by a strictly decreasing
function. For instance, we can replace the flat part with a strictly decreasing linear segment
as long as ¢y satisfies the bounds shown in Propositions 2.7 in Section 2.8. Another way
is to set VaR (X)) as k(e) for € € (0, cie1) if ¢ < (0161(61_g - (0161)*5)> / (452_5 - (clel)*f),
and this choice is applied in the numerical examples in the Introduction and Section 2.6.
The interested reader can see Propositions 2.6 and 2.7 in Section 2.8, where we show that
a strictly decreasing quantile function cannot attain the boundary cases (1, c1, €2, ¢2), and

hence the flat parts are necessary to include and unify these cases.
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Figure 2.5: An illustration of GG, in cases 2 to 5

Ga(e)
Gz(€1>
GZ(EQ)
0 €1 €2 C2€2 0 €1 €2 C2€2
(a) The function G, in Case 2 (b) The function G in Case 3
G,(e)
Gz(01€1)
GZ<€2)
0 €1 Ci1€1 €2 (o€ 0 €1 €2 C1€1 Ca€g
(c) The function G, in Case 4 (d) The function G, in Case 5

We can easily get the distribution of X from VaR.(X). As the PELVE is scale-location
invariant, we can scale or move the distribution we get to match more information. For
example, if VaR, (X) and VaR,,(X) are given, we can choose two constants A and p such
that AX + p matches the specified VaR values. In a similar spirit, the calibration problem
can be extended to calibrate the distributions from some given ES and VaR values. The two
points calibration problem can be regarded as given two ES and VaR values. Calibrating
from only ES or VaR would be easy. However, the choices of ES values will also be limited
by VaR values if we consider them at the same time, which is the same as the choice of ¢, ¢y

as we discussed in this section.
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2.3.3 Calibration from an n-point constraint

As we see above, the PELVE calibration problem is quite technical even when only two
points on the PELVE curve are given. By extending the constraint to more than two points,
the problem will in general become much more complicated. We briefly discuss this problem

in this section.

For the n-point constraint problem, we first need to figure out the admissible set for
(€,¢i)i=1,..n. By Lemma 2.1, the admissible set for the n-point calibration problem is a

subset of
{(eiaci)izl,...,n:o<€1 << ey < 1, Cly---,Cp = 1, O0< e € ... < cpepn < 1}

However, it is not clear whether each point in the above set is admissible. There are other
constraints for the admissible points such as Proposition 2.7. Once the admissible set is
determined, we need to divide the admissible set according to the position of ¢ and c;e;,
i = 1,...,n. Furthermore, the case ¢; = 1 and c;¢; = cje; for 7,5 = 1,...,n need special
attention as Cases 1, 2 and 3 in the two-point constraint problem. For instance, in the

three-point constraint problem, we need to discuss over 10 separate cases.

Below, we only discuss some special cases of (€;,¢;)iz1,.,. First, if ¢, = 1, then the
problem becomes trivial, as the calibrated quantile functions satisfy VaR;(X) = k for some

keRin [0, el

For the case cre, > €, > cp_1€61—1 for k = 3,...,n, we can set the calibrated quantile
function in (0, ¢,€,] recursively. This is because such a configuration of (e;,¢;)i=1,. ., allows
for separation of the constraints, in the sense that we can adjust the values of VaR; for
t € [eg, cker] to match PELVE at e, without disturbing VaR, for ¢ < cx_1€,_1. Let VaRf(X)
be the calibrated quantile function from the k-point constraint problem for £ = 2, ..., n where
VaR?(X) follows Theorem 2.1. The calibrated quantile function for the n-point constraint

problem is

VaR{ ™ (X), t €0, cr1er1], ar1(E 4+ & | — 2,160 ))
Qp =

PRV
VaRy (X) = ap_1t +by_1, t€ (cp_1€x_1,€;), Where (chek — €)

b = ag_1€x + bp_1 — apey.

Y

aipt + bk, t e (Eka Ck@ﬂ];
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In particular, for n = 3, and assuming cse3 > €3 > c9€q, the calibrated function is given by,

with z = (e, c1€1, €2, Caea) € A,

(_ald = (@a)) +2kaa) - Ka)aa
i (caea — €2)? ’

by = —(c161) ey — crey) — k(cier)

as(€3 + 363 — 2cq9€3)

Gz(t), t e [O, CQEQ],

VaR,(X) = Q agt + by, t € (cye9, €3], Where

Aaq =
agt + bg, t e (63, 0363], ’ (0363 - 63)2

Kbg = Q9€3 + b2 — Q3€s3.
In Figure 2.6, we show the calibrated quantile function for the case (€1, €9, €3) = (0.005,0.025,0.1)

and (cy,co,c3) = (4,3,2.5). Note that the condition cyes < €5 is needed here.

Figure 2.6: Calibrated quantile function when (e;, €2, €3) = (0.005,0.025,0.1) and (¢1, ¢2, ¢3) =
(4,3,2.5)

VaR.(X)

Although we cannot solve the n-point constraint problem in general, we can instead
discuss calibration from a given PELVE curve, which is the problem addressed in the next

section.

2.4 Calibration from a curve constraint

By the location-scale invariance properties of the PELVE, we know that the solution
cannot be unique. Conversely, it would be interesting to ask whether all solutions can be

linearly transformed from a particular solution; that is, for a given function € — II(€), whether
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the set {X € X : IIx = II} is a location-scale class. This question, as well as identifying X

satisfying IIx = II, is the main objective of this section.

2.4.1 PELVE and dual PELVE

First, we note that calibrated distributions from an entire PELVE curve e — II(¢) on
(0,1) would be unnatural, because the existence of the PELVE requires E[X] < VaR.(X)
which may not hold for € not very small. Thus, the PELVE curve IIx does not behave
well on some parts of (0,1). To address this issue, we introduce a new notion called the
dual PELVE and an integral equation which can help us to calibrate the distribution by
differential equations. The dual PELVE is defined by moving the multiplier in PELVE from
the ES side to the VaR side.

Definition 2.1. For X € L', the dual PELVE function of X at level € € (0, 1] is defined as

mx(€) =inf {d > 1: ES(X) < VaR.4(X)}, €€ (0,1].

The existence and uniqueness of wx (€) can be shown in the same way as the existence
and uniqueness of the PELVE. There are advantages and disadvantages of working with both
notions; see Li and Wang (2022, Remark 2). In our context, the main advantage of using
the dual PELVE is that mx(¢) is finite for all € € (0, 1], while IIx(€) is finite only when
E[X] < VaR (X).

Note that for X with a discontinuous quantile function, there may not exist d such that

ES.(X) = VaR./4(X). In order to guarantee the above equivalence, we make the following

assumption for the quantile function, represented by general function f.

Assumption 2.1. The function f is strictly decreasing and continuous, and fol |f(s)|ds <

Q.

Let X be the set of X € L! with quantile function satisfying Assumption 2.1. The re-
quirement that the quantile function of X is continuous and strictly decreasing is equivalent to
that the distribution function is continuous and strictly increasing in (ess-inf(X), ess-sup(X));
see Embrechts and Hofert (2013). We limit our discussion to random variables X € X, which

include the most common models in risk management.

24



Proposition 2.2. For X with quantile function satisfying Assumption 2.1 and e € (0,1),
we have Ilx(e/mx(€)) = mx(€) and mx(Ilx(e)e) = IIx(e) if E[X] < VaR((X). Furthermore,

mx(€) is the unique solution d > 1 to the equation

ES.(X) = VaR.q(X).

It is straightforward to verify Proposition 2.2. By Proposition 2.2, we can calibrate the
distribution functions from dual PELVE instead of PELVE, and the calibrated distributions
should satisfy the equation ES.(X) = VaR/4(X).

2.4.2 An integral equation associated with dual PELVE

In order to calibrate distributions from the dual PELVE, we can equivalently focus on
quantile functions. Let us consider X € X and f(s) = VaR4(X). Then, solving mx/(¢€) is the

same as solving z in following equation:

/0 " F(s)ds = uf (zp) (2.3)

for y = e. The solution is z = 1/7x(y). As f(s) = VaR4(X), f satisfies Assumption 2.1.
Denote by C the set of all f satisfying Assumption 2.1. For any f € C, the existence of
the solution z is guaranteed by the mean-value theorem and its uniqueness is obvious. For
y € (0,1], let zf(y) be the solution to (2.3) associated with f. Clearly, zf(y) < 1 and
y — yzs(y) is strictly increasing. This is similar to Lemma 2.1 for the two-point case.
Obviously, z¢(y) is also location-scale invariant under linear transformation on f € C. That
is, zxp4s = 2y for A > 0 and b € R. Furthermore, z; is continuous as f is continuous and

strictly decreasing. The next proposition is a simple connection between z; and 7x.

Proposition 2.3. For any f satisfying Assumption 2.1, X = f(U) for some U ~ U(0, 1)
has the dual PELVE mwx(y) = 1/z¢(y) for all y € (0,1) where z5 is solution to (2.3). For
X with quantile function satisfying Assumption 2.1, there exists f satisfying Assumption 2.1
such that X = f(U) for some U ~ U(0,1) and the solution to (2.3) is zp(y) = 1/7x(y) for
ally € (0,1).
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Proof. For any f satisfying Assumption 2.1, let F(z) = 1— f~!(z). Hence, F is a continuous
and strictly increasing distribution function and F~!(s) = f(1 — s) for s € (0,1). Let
U~U(,1)and X = FY(U) = f(1-U). Then X € X and X ~ F. As F7}(1—s) = f(s),
we have mx(y) = 1/24(y). Take U' =1 —U. We have X = f(U’) and U’ ~ U(0, 1).

For X € X, let f(s) = VaR4(X). Then, we have z;(y) = 1/mx(y) for y € (0,1].

Furthermore, we have F~'(s) = f(1 — s). Therefore, there exists U ~ U(0,1) such that
X =f(1-U). Let U =1—U. Then, we have X = f(U’) and U’ ~ U(0, 1). O

Proposition 2.3 allows us to study z instead of 7w for the calibration problem. The
integral equation (2.3) can be very helpful in characterizing the distribution from the dual

PELVE.

Some examples of 7y and z; are listed in Table 2.2, which is corresponding to the

PELVE presented in Table 2.1.

Table 2.2: Example of mx and z;

X mx(€) f Zf
u(0, 1) mxle) =2 fla)=1-2 () = 172
Exp() mxle) = ¢ () = —log(x)/ ly) = 1/e
GPD(E) | mxl0=(-F | payod VEETT SO g
— log(x), £=0

For a given dual PELVE curve 7, we find the solution to the integral equation by the

following steps.

1. Let 2(y) = @ for all y € (0, 1].
2. Find f € C that satisfies [ f(s)ds = yf (2(y)y) for all y € (0, 1].
3. By Proposition 2.3, X = f(U) for some U ~ U(0, 1) will have the given dual PELVE

.
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Therefore, we will focus on characterizing f from a given z : (0,1] — (0,1] below.
Generally, it is hard to characterize f explicitly. We first formulate the problem as an

advanced differential equation, which helps us to find solutions.

2.4.3 Advanced differential equations

In this section, we show that the main objective (2.3) can be represented by a differential
equation. The use of differential equations in computing risk measures has not been actively
developed. The only paper we know is Balbds et al. (2020) which addresses a different

problem.

Let us recall the integral equation (2.3) from Section 2.4.2. For a function f € C, we
solve the function z; : (0,1) — R from (2.3). We represent (2.3) by an advanced differential

equation using the following steps.

1. Let ws(y) = yzs (y). It is easy to see that z; (y) < 1. Hence, wy is strictly increasing

and continuous on (0, 1] and wf(y) < .

2. Let uy be the inverse function of wy. We have that us : (0, z¢(1)] — (0, 1] is a continuous

and strictly increasing function and uy (w) > w.
3. Replacing y with us(w) in (2.3), we have f(w) = fouf(w) f(w)ds/us(w).

4. Assume uy is continuously differentiable. It is clear that f is continuously differentiable
on (0,z¢(1)). Hence, we can represent (2.3) by the following advanced differential

equation

(f (w) = f (ug (w))) = 0.

For a given function z : (0,1] — R, let u = w™! such that w(y) = yz(y) for y € (0, 1].

Then, we solve the function f by the following differential equation

 (u(w)) = 0. (2.4)

If z=1/mx for some X € X, then w is a strictly increasing and continuous function such

that v (w) > w. Furthermore, if z is continuously differentiable, then we can characterize
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all X € X with 7x = 1/2z by (2.4). As ¢/ (w) /u(w) > 0 and u(w) > w, (2.4) is a linear
advanced differential equation which is well studied in the literature. In Berezansky and

Braverman (2011), it is shown that there exists a non-oscillatory solution for (2.4).

2.4.4 The constant PELVE curve

We first solve the case that z(y) = ¢ for all y € (0,1] and some constant ¢ € (0,1).
As we can see from Table 2.2, the power function and logarithm function have constant z.
If f(z) = A\® + b for a > —1, we can see that (a 4+ 1)~/ = ¢. In this section, we can
characterize all the other solutions which can not be expressed as a linear transformation of

the power function. That is, we will see that the set

{feC:2(y) ==2(y), y € (0,1]}

is not a location-scale class. Hence, we can answer the question at the beginning of the
section; that is, in the case the PELVE is a constant, the set {X € X : IIx = ¢} is not a

location-scale class.

Theorem 2.2. For ¢ € (0,1), any X with quantile function satisfying Assumption 2.1 and
wx(€) = 1/c fore € (0,1) can be written as X = f(U) for some U ~ U(0,1) and f satisfying

Assumption 2.1. Furthermore, such f has the form
f (y) = Cl + Ogya + O (yC) s

where a is the root of (a4 1) = ¢, ¢ > max{0,a}, C;,Cy € R, Cya < 0 and O(y°) is a

function such that limsup,_,, O(y)/y* is a constant.

The proof of Theorem 2.2 is provided in Section 2.9. As we can see, Theorem 2.2
characterizes all X € X such that mx(¢) = 1/c. If ¢ € (0,1/e), « is negative. As { > 0, we
can see that X = f(U) is regularly varying of index a. Hence, one can then consider the
Pareto distribution with survival function S(z) = 2 as a representative solution for the tail
behavior. An open question is that, in the general case that the PELVE is not necessarily

constant, whether all the solutions behave similarly regarding their tail behavior.

Another interesting implication of the theorem and its proof is that one can give a

non-trivial solution for z is a constant.
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Example 2.3. For c € (0, 1), let (6,7) be a solution of

nexp(f%)

cloge = — Sy
_
0=—mm
Then, the function f, given by
fly) = Cy + Coy®™ + Cs sin(—clog(y)), 0<y<1, (2.5)

satisfies [/ f(s)ds = yf(cy) and Assumption 2.1, where « solves (o + 1)7Y/* = ¢, ¢ =
0/logc—1, 0 = —n/loge, Cy is a constant such that Coa < 0 and 0 < C5 < —Coa/ (¢ +|0]).

If we take C5 = 0, we get the simplest power function for z(x) = c¢. If C5 # 0, the

solution (2.5) is not a linear transformation of the power function solution.

Let us look at the example where m(e) = 2 for all € € (0, 1], which means z(y) = 1/2
for y € (0,1]. As we have seen in Table 2.2) f(y) = 1 — y can be a solution that leads to

X ~ U(0,1). Furthermore, according to Example 2.3, we can have another solution

fly) =1—y*+ Cy sin(—clog(y)),

where a = 1, C' = 0.05096, ( = 4.0184 and o = —15.4090. In the left of Figure 2.7, we have
depicted the two solutions for f. We can see they are quite different when y goes to 1. In the
right of Figure 2.7, we numerically calculate z; for f(y) =1 — y® + Cy* sin(—o log(y)). We
can see its numerical value is almost 1/2 and the discrepancy is due to limited computational

accuracy.

By letting X = f(U), we get mx(e) = 2 for all € € (0,1] and such X does not follow the
uniform distribution.
2.4.5 A numerical method

In general, it is hard to get an explicit solution to (2.4). Here we present a numerical

method to solve (2.4). Let us introduce the following process.

1. Let ag =1, a1 = a, ....ap, = u™ (a,_1).
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Figure 2.7: Non-unique calibrated functions for z(y) = 1/2.
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2. For a € (0,1), let £ be the solution to (1 — 5)% =a. Let

(
Laeo), €40
5 Y )

fo(z) = (2.6)
- 1Og(x)7 5 =0,

on [a, 1].

3. We can solve the following ODE on [as, a4]:

' (w)

u (w)
4. Now we can repeat step 3 by induction on [a,41, a,] for n > 1 by solving

o (w)

Jo(w) = () (u(w)), w € lants,an.

fi (w) +

fi(w) =

fo(u(w)), w € laz,a1].

£ (w) + =

5. In general, the solution for differential equation fl—z + P(z)y = Q(x) is
y = e—me(A) dA |:/ ef)‘P(a)daQ(/\) d\ + C«:| .

So, we get the following solution for f,,:

fo (w) = &2 {fn-mam - / i aet N e ) dA] L0 € [ans, an).

w u(M)

6. Finally, let f = f,, on [a,11, ay].

Note that since we start with a strictly decreasing function, then from equation (2.4) we have




so f remains strictly decreasing.

The solution produced by the numerical method heavily relies on fy. The equation (2.4)
does not have a unique solution, but the solution from the above process is unique. We set fj
as (2.6) by assuming z can be extended from (0, 1] to Rt and set z(y) = a for all y > 1. We
use this assumption for simplification as we can know that (2.6) satisfies (2.4) for a constant
z from Section 2.4.4. This choice of fy is the same as the choice of k(e) in the two-point
calibration problem, and this reflects our subjective view of the importance of the Pareto
distribution in risk management. Especially, when z(y) = ¢ for some constant ¢, we have

u(z) = x/c. Therefore, step 5 gives

) =2 st = [ hn (2) ]

If we set fo as (2.6), we can have f; also in the form of (2.6). Then, it is obvious that
fn is also in the form of (2.6). Therefore, the numerical method gives the simplest power
function or logarithm function when z(y) is a constant on (0, 1] as Table 2.2, which leads to

the generalized Pareto distribution for X.

2.4.6 Numerical calibrated quantile function

Now let us explore the method in Section 2.4.5 with simulation. Here we present the
results for a few cases. In Figures 2.8 to 2.11, we compare the solution from the numerical
method with the standard formula in Table 2.2 in the left panel, and compare foy f(s)ds

with yf(2(y)y) to validate the equation (2.3) in the right panel.

We first try some examples where z is constant as shown in Table 2.2, i.e. z(z) = 1/2
(Figure 2.8), 2(z) = 1/e (Figure 2.9) and z(z) = 0.9'° (Figure 2.10). For Figure 2.8 to 2.10,

we can see that the numerical method provides exactly the same function f as Table 2.2.

In Figure 2.11, we check the case z(z) = log (z/(1 — e™*)) /z. The function f(z) =e™*
satisfies (2.3). We can see that the solution from the numerical method is close to a function

of the form f(z) = Ae™® + b, which is known to satisfy the integral equation.
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Figure 2.8: Calibrated function and validation for z(x) = 1/2

“l flz) =1 1 045 71}7:{((‘5)58) | /’
- yf =)y -

08 B 0.4

—— Numerical method

0.7 B 0.35

06 1 03

05 1 0.25

041 B 02

03 B 0.15

02r g 01 b

01 1 0.05 -

Figure 2.9: Calibrated function and validation for z(z) = 1/e

—‘Nur‘nerice‘ﬂ met‘hod 7‘[054 f(‘s)ds ‘
—f(@) =log(z) || /G

0.8

0.7

0.6

0.5

041

03

0.2

0.1

2.5 Technical properties of the PELVE

We now take a turn to study several additional properties of PELVE. In particular, we

will obtain results on the monotonicity and convergence of the dual PELVE as well as the

PELVE.

2.5.1 Basic properties of dual PELVE

The following proposition that shows the PELVE and dual PELVE share some basic
properties such as monotonicity (i), location-scale invariance (ii) and shape relevance (iii)-(iv)

below.
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Proposition 2.4. Suppose the quantile function of X satisfies Assumption 2.1 and € € (0, 1].

(i) Tix(€) is increasing (decreasing) in € if and only if so is wx/(€).

(i1) For all A\ >0 and a € R, myx1a(€) = mx(€).

(iii) mrx)(€) < mx(€) for all strictly increasing concave functions: f: R — R with f(X) €

X.

(iv) Tyx)(€) = mx(€) for all strictly increasing convex functions: g : R — R with g(X) € X.

The statements (ii)-(iv) are parallel to the corresponding statements in Theorem 1 of Li

and Wang (2022) on PELVE. The proof of Proposition 2.4 is put in Section 2.10. Proposition



2.4 allows us to study the monotonicity and convergence of the PELVE by analyzing the
corresponding properties of the dual PELVE, which is more convenient in many cases. In
the following sections, we focus on finding the conditions which make the dual PELVE
monotone and convergent at 0. By Proposition 2.4, those conditions can also apply to the

PELVE.

2.5.2 Non-monotone and non-convergent examples

In this section, we study the monotonicity and convergence of dual PELVE. For mono-
tonicity, we have shown that some well-known distributions such as normal distribution,
t-distribution and lognormal distribution have monotone PELVE curves in Example 2.3.

However, the PELVE is not monotone for all X € X. Below we provide an example.

Example 2.4 (Non-monotone PELVE). Let us consider the following density function g on
[_27 2]7

9(x) =5 (¢ +2)Tze2-1y — 2 ze10y + 2 ey + 2 = 2)Lpeay) -

N | —

For X with density function g, Figure 2.12 presents the value of Ilx(¢) for € € (0,0.5). As
one can see, the PELVE is not necessarily decreasing, and so is the dual PELVE.

Figure 2.12: PELVE for X with density g
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For the convergence, it is clear that 7x (€) is continuous in (0, 1) for X € X. Therefore,
lim,,, mx (€) exists for all p € (0,1). However, both IIx(e) and 7x(€) are not well defined at
e = 0. If lim._,o mx (€) exists, we can define mx(0) as the limit, and IIx(0) similarly. However,

the following example shows that the limit does not exist for some X € X.

Example 2.5 (No limit at 0). We can construct a random variable X € X such that
lim,_,o mx(€) does not exist from the integral equation (2.3) in Section 2.4.2. Equivalently,
we will find a continuous and strictly decreasing function f € C such that lim, .o z¢(y) does
not exist. Let ¢ be the Cantor ternary function on [0, 1]. Note that x — ¢(x) is continuous
and increasing on (0,1) and c(z/3) = ¢(x)/2. Let f(z) = —c(x) — 2°62/1°83_ Tt is clear that
fecCand f(x/3) = f(x)/2. For each y € (0,1], we have

uf (zr(y)y) = / " f@)d

2 ['s (%x) doe=s [ " fe)de = 29 Gyzf (%y)) —yf <yzf (%y)) .

Since f is strictly decreasing, z¢(y) = 2z¢(y/3) for y € (0, 1]. It means that z;(y) is a constant
on (0,1] if lim, ,0 z¢(y) exists. Now, let us look at two particular points of z¢(y). We can
show that z;(1) # z;(4/9). Let z = (log2/log3 + 1)~°83/1°62) " Then, we have 1/3 < 2 ~
0.46 < 1/2. For y = 1, we have fol c(s)ds = c(z) = 1/2 and [ sos2/1e3 qs = zlos2/log3,

Therefore, we get z¢(1) = z < 1/2. For y = 4/9, we have

(2 (2)) -2 o

_ Y ! 4}g§§’+l+1+1 i1 <068<f2 ~ —0.64
T4\ lke2 9\ 9 12 2\9 3 ‘ 9) "~ T

log 3

As f is strictly decreasing, we have (4/9)zf(4/9) > 2/9 which implies z7(4/9) > 1/2 >
2¢(1). As a result, lim,_,¢ z¢(y) does not exist. Therefore, we have a continuous and strictly

decreasing f such that lim, .o z¢(y) does not exist.

2.5.3 Saufficient condition for monotonicity and convergence

In risk management applications, for a random variable X modeling a random loss, the

behavior of its tail is the most important. Let F»! be the upper p-tail distribution of F
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(see e.g., Liu and Wang (2021)), namely
F(x) —p)
plpl gy = @) —p)s
(v) -
We will see that the dual PELVE of FIP!l i a part of the dual PELVE of F.

, rz€eR.

Lemma 2.2. Let F' be the distribution function of X with quantile function satisfying As-
sumption 2.1. Forp € (0,1) and X' ~ FPU it holds

mxo(€) = mx(e(1 - p).

Proof. Tt is clear that VaR(X') = VaR.1_p)(X) and ES.(X’) = ES1_p)(X). Therefore,
7y (€) = inf{d > 1: BS,(X") < VaRe/q(X")}
=inf{d > 1: ES.1_p)(X") < VaR 1_p)/4(X")} = mx(e(1 — p)).

Thus, we have the desired result. [

The tail distribution can provide a condition to check whether the dual PELVE is

decreasing.

Proposition 2.5. Let F' be the distribution function of X with quantile function satisfying
Assumption 2.1. If x — F7'((1—p)F(x)+p) is convex (concave) for all p € (0,1), then Ty

and Ilx are decreasing (increasing).

Proof. For any p € (0,1), let X' ~ FP! By Lemma 2.2, we have mx/(¢) = mx(e(1 — p)).

Furthermore, we have
(E) ) = F (-4 ) = P (1= P (7 (0) +1). tef0.1
Let U ~ U(0,1), X = F7Y(U) and X' = (FIP1)=1(U).
We assume that z — F~!((1—p)F(z)+p) is a convex function on (ess-inf(X), ess-sup(X))
first. Let f : R — R be a strictly increasing convex function such that f(z) = F~'((1 —
p)F(x) 4+ p) for z € (ess-inf(X), ess-sup(X)). Then, we have X' = f(X). By Proposition

2.4, we get mx/(€) = wx(€). As mx/(e) = mx(e(1 —p)), we have mx(e(1 — p)) = mx(e) for all
p € (0,1). Thus, mx is decreasing. By Proposition 2.4, we have Iy is also decreasing.
On the other hand, if 2 — F~'((1—p)F(x)+p) is concave, we have 7y (e(1—p)) < 7y (€)

for all p € (0,1) and 7y is increasing. So is [Ix. O
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The condition z — F~!((1—p)F(z)+p) is convex (concave) for all p € (0, 1) is generally
hard to check. Intuitively, this condition means that F»! has a less heavy tail compared
to F. We can further simplify this condition by using the hazard rate function. For X € X
with distribution function F' and density function f, let S =1 — F' be the survival function
and n = f/S be the hazard rate function. As F' is continuous and strictly increasing, S is

continuous and strictly decreasing.

Theorem 2.3. For X with quantile function satisfying Assumption 2.1, let  be the hazard
rate function of X. If 1/n is second-order differentiable and convex (concave), then mx and

IIx are decreasing (increasing).

The proof of Theorem 2.3 is provided in Section 2.10.

Example 2.6. For the normal distribution, we can give a short proof of the convexity of
1/n. Let S be the survival function of the standard normal distribution and f its density.
Let I (z) =1/n(x) = S(x)/f(x) = exp (2?/2) [~ exp (—s*/2) ds. One can easily see that

I'(z) =2l (z) — 1 (2.7)
which gives I” (z) = «I' (x) + I (z). This with (2.7) implies that
I"(z) = (14 2%) I (z) — = (2.8)

First, consider the negative line i.e., z < 0. In this case (2.7) and (2.8) imply I'(x) =
zl(z) —1<0,and I"(z) = (1+ 2?)I(z) + (—x) > 0. The implication of the two relations is
that I is a convex and decreasing function on negative line. Now we consider the case z > 0.

In this case, let i (x) = I’ (—z). From what we have proved it is clear that i is an increasing
function on x > 0. On the other hand, we have I (z) + I (—z) = 1/f (z) = V2w exp (2%/2).
This combined with (2.7) gives us

I'(z) =2 (I (z)+1(—x))+i(z) = zv2mexp (°/2) +i(z),z > 0.

This means [’ is an increasing function on x > 0 as it is a summation of two other increasing

functions, so I is convex on the positive line as well.
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Figure 2.13 presents the curve 1/n for the generalized Pareto distribution, the Normal
distribution, the t-distribution and the Lognormal distribution. For distributions GPD(1/2),
N(0,1) and t(2), we can see that the curves 1/ are convex, and this coincides with decreasing
PELVE shown in Example 2.2. For the Lognormal distribution, the shape of 1/n depends on
o. As shown in Example 2.2, the PELVE for LN(o) is visibly decreasing for ¢ = 0.04 and
increasing for ¢ = 1. Corresponding to the above observations, we see that 1/7 is convex for

0? = 0.04 and concave for o2 = 1.
Figure 2.13: 1/n for GPD(1/2), N(0, 1), t(2), LN(0, 2) and LN(1) in blue curves; in the right

panel, the red curve is linear
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Corollary 2.1. If the hazard rate of a random variable X is second-order differentiable and

concave, then mx and Ilx are decreasing.

Proof. Just note that if n is concave, then nn” is non-positive. It follows that

1 " N\ ! 2 N2 o
(_) :(_%) _2(1) —m’ 5,
Ui Ui n

Thus, 1/7 is convex, and the desired statement follows from Theorem 2.3. O

The corollary above is a result of the fact that the concavity of n implies convexity
of 1/n. Therefore, concave n always leads to decreasing PELVE. For example, the Gamma
distribution G(a, \) with density f(z) = A*t* Le=/T'(a) has concave hazard rate function
when o > 1. Furthermore, by Theorem 2.3, we can easily find more well-known distributions
that have decreasing .

As the tail distribution determines 7y around 0, we can focus on the tail distribution to

discuss the convergence of mx at 0. Note that if the survival distribution function is regularly
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varying, then its tail parameter one-to-one corresponds to the limit of IIx at 0 as shown by
Theorem 3 of Li and Wang (2022). Hence, the limit of ITx, if it exists, can be useful as
a measure of tail heaviness, and it is well defined even for distributions that do not have
a heavy tail. By the monotone convergence theorem, we have lim. o7y (€) exists if wx is

monotone. The limit may be finite or infinite.

Corollary 2.2. For X with quantile function satisfying Assumption 2.1, let n be the hazard
rate of X. If 1/n(x) is second-order differentiable and convex (concave) in (F~1(4), ess-sup(X))
for some § € (0,1), then lim.,o7mx(€) exists. In particular, this is true if n is second-order

differentiable and concave on (F~1(§),ess-sup(X)).

Proof. Let X' ~ FU. Then, the survival function for X’ is Sy/(z) = S(z)/(1 — p) for
x > F~1(). The density function is fx/(z) = f(z)/(1 — p) for x > F~(§). Therefore, the
hazard rate function is nx/(z) = f(z)/S(z) = n(zx) for x > F71(§).

As 1/n(x) is convex (concave) when z > F~1(§), we have 1/nx(x) is convex (concave).
By Theorem 2.3, we have mx/(€) is decreasing (increasing) on (0,1). As a result, we have

mx (€) is decreasing (increasing) on (0,6) and lim._,o mx(€) exists.

By Corollary 2.1, if 5 is concave on (F~1(§),ess-sup(X)), we have 1/n is convex on

(F~1(5), ess-sup(X)) and lim,_,o mx(€) also exists. O

Example 2.7. If lim.,o7x(e) is a constant, we have lim. o II.(X) = lim.,o7mx(€) as
mx(Ilx(e)e) = Ilx(e). We give the numerical values of IIx(e) at very small probability
levels € for normal, t, and log-normal distributions. These distributions do not have a con-
stant PELVE curve, and using Corollary 2.2 we can check that their PELVE have limits. As
we can see from Table 2.3, PELVE can still distinguish the heaviness of the tail even when €
is very small. The heavier tailed distributions report a higher PELVE value. For the normal
distribution and the log-normal distribution with ¢ = 0.2, the value of PELVE is close to
e ~ 2.7183 as € | 0. From the numerical values, it is unclear whether IIx(¢) — e for all
log-normal distributions, but there is no practical relevance to compute Ilx (¢) for e < 10~

in applications.
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Table 2.3: Values of I1x(¢)

Distribution N LN(1) LN(0.5) LN(0.2)  t(2) £(3)

e=10"19 2.6884 2.9167 2.7944 2.7290 4.0000 3.3750

e=10"" 2.6909 2.9077 2.7920 2.7287 4.0000 3.3750

2.6 Applications to datasets used in insurance

In this section, we apply the PEVLE calibration techniques to datasets used in insur-
ance to show how to use the calibrated distribution in estimating risk measure values and

simulation.

2.6.1 Dental expenditure data

In this example, we apply the calibration model to the 6494 complete household com-
ponent’s total dental expenditure data from Medical Expenditure Panel Survey for 2020. An
earlier version of the same dataset is used by Behan et al. (2010) to study the relationship
between worker absenteeism and overweight or obesity. The main purpose of this experiment
is to construct tractable models, with continuous and simple quantile functions, which have
similar risk measure values as the original dataset, and the same PELVE at certain levels.
We present in Figure 2.14 two quantile functions calibrated from IIx(e;) and IIx(eq), with
(€1,€2) = (0.01,0.05) and (€1,€2) = (0.05,0.1), respectively. The two calibrated quantile
functions are scaled up according to the empirical VaR,, (X) and VaR,(X). By Theorem
2.1, we can calibrate the quantile functions from Case 4 when (e, €2) = (0.01,0.05), and from
Case 5 when (€1, €2) = (0.05,0.1). As mentioned before, for (e, €;) = (0.05,0.1), we set the
calibrated quantile function in (0, c1€1) as the Pareto quantile function. Hence, there is no
flat part in the two calibrated quantile functions shown in Figure 2.14. As we can see, both
the two calibrated quantile functions fit the empirical quantile functions well. The calibrated
quantile function can be regarded as a special parameterized model for tail distribution,

which can fit the value of VaR and ES at specified levels. With the parameterized calibrated
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model, we can estimate the value of tail risk measures (see Liu and Wang (2021)) such as
ES, VaR, and Range-VaR (RVaR), amongst others. In Tables 2.4 and 2.5, we compute the
values of ES and RVaR for the calibrated model and compare them with empirical ES and

RVaR values, respectively, where the risk measure RVaR is defined as

1
b —«

for 0 < a < f < 1; see Cont et al. (2010) and Embrechts et al. (2018). As we scale the

RVaR. 5(X) =

/ VaR, (X)dy
B

calibrated quantile function to empirical VaR,, (X) and VaR,,(X), the calibrated ES and
empirical ES are identical at levels €;11x(€1) and e;Ilx(e2) by the definition of PELVE. For
other probability levels, the calibrated ES and RVaR in Tables 2.4 and 2.5 are close to
their empirical counterparts. When (€1, €3) = (0.01,0.05), it may only be useful to compute
calibrated ES,(X) for p < 0.05I1x(0.05) = 0.11591 because the calibrated quantile function is
arbitrary beyond the level 0.11591. If we need to estimate ES or RVaR for a larger probability
level, we can choose a higher €; as long as E[X] < VaR,,(X) is satisfied. For this dataset,
the highest e; we can use is 0.1983.

Using the methods in Section 2.3, for quantile levels between (0, ¢ ), the distribution
calibrated from one point (€1, ¢p) is the same as the one calibrated from two points (1, ¢;)
and (e, c2). Hence, the results for ES, of the one-point calibrated function are also shown

in Tables 2.4 and 2.5 in the cells p < ;.

Table 2.4: Empirical ES and calibrated ES for the dental expenditure data

P 0.01 0.05 0.1 0.2 0.3

Empirical ES, 10073.1 5361.7 3624.8 2317.9 1696.7
Calibrated ES, from (e1,€;) = (0.01,0.05) 11703.9 5357.7 3759.1 - -

Calibrated ES, from (e1,€5) = (0.05,0.1) 10878.1 5439.6 3711.3 2293.7 1696.4
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Figure 2.14: Empirical and calibrated VaR. for the dental expenditure data
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Table 2.5: Empirical RVaR and calibrated RVaR for the dental expenditure data

(o, B) (0.01,0.02) (0.02,0.05) (0.05,0.1)
Empirical RVaR, s 5748.5 3662.4 1887.9
Calibrated RVaRa g from (e, &) = (0.01,0.05)  5003.7 3360.2 2160.6
Calibrated RVaRq 5 from (€1, ;) = (0.05,0.1)  5634.6 3561.8 1983.1

2.6.2 Hospital costs data

In this example, we apply the calibration process to the Hospital Costs data of Frees
(2009) which were originally from the Nationwide Inpatient Sample of the Healthcare Cost
and Utilization Project (NIS-HCUP). The data contains 500 hospital costs observations
with 244 males and 256 females which can be regarded as the losses of the health insurance
policies. Using the calibration model of the two-point constraint problem, we calibrate
quantile functions for females and males from PELVE at probability levels ¢, = 0.05 and
€o = 0.1, which are shown in Figure 2.15. Except for estimating the risk measure, the
calibrated distribution is useful in simulation. Assume the insurance company wants to know

the top 10% hospital costs; that is X |X > VaRg1(X) where X is the hospital costs. There are
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only 24 available data for males and 25 available data for females, which would be not enough
for making statistically solid decisions. To generate more pseudo-data points, we can simulate
data from the calibrated distribution; that is, we simulate data from FP! where F is the
calibrated distribution in Figure 2.15. Taking p = 0.9, we have FPU(¢) = VaR_pq_n(X)
with VaR¢(X) from Figure 2.15. We simulate 1000 data from the calibrated distributions
based on PELVE at ¢, = 0.05 and ¢ = 0.1. In Figure 2.16, we present two QQ plots
of simulated data against empirical data for females and males respectively. As we can
see, the simulated data has a similar distribution as the empirical data. Those simulated
pseudo-data points can be used for estimating risk measures or making other decisions. For
example, the simulated hospital cost can be used to design health insurance contrasts or set
the premium in complex systems, where sometimes methods based on simulated data are
more convenient to work with than methods relying on distribution functions. This may
be seen as an alternative, smoothed, version of bootstrap; recall that the classic bootstrap
sample can only take the values represented in the dataset. Furthermore, we compare the
simulated data of hospital costs for females and males in Figure 2.17, which shows that the

distribution of the hospital costs for females has a heavier tail than that for males.

—— Empirical VaR for Female
—-—- Calibrated VaR for Female

—— Empirical VaR for Male
—-—- Calibrated VaR for Male

Figure 2.15: Empirical and calibrated VaR, for the hospital costs data
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Figure 2.16: QQ plot: simulated data VS empirical data
2.7 Conclusion

In this chapter, we offer several contributions to the calibration problem and properties
of the PELVE. The calibration problem concerns, with some given values from a PELVE
curve, how one can build a distribution that has this PELVE. We solve a few settings of
calibration based on a one-point constraint, a two-point constraint, or the entire curve con-
straint. In particular, the calibration for a given PELVE curve involves solving an integral
equation foy f(s)ds =yf(z(y)y) for a given function z, and this requires some advanced
analysis and a numerical method in differential equations. For the case that z is a constant
curve, we can identify all solutions, which are surprisingly complicated. In addition, we see
that if 7y is a constant larger than e, which is observed from typical values in financial return
data (Li and Wang (2022)), X share the same tail behavior with the corresponding Pareto

solution. We also applied our calibration techniques to two datasets used in insurance.

On the technical side, we study whether the PELVE is monotone and whether it con-
verges at 0. We show that the monotonicity of the PELVE is associated with the shape of the
hazard rate. If the inverse of the hazard rate is convex (concave), the PELVE is decreasing
(increasing). The monotonicity at the tail part of the PELVE leads to conditions to check
the convergence of the PELVE at 0. If the inverse of the hazard rate is convex (concave) at

the tail of the distribution, the limit of the PELVE at 0 exists.
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Figure 2.17: QQ plot of simulated data of hospital costs: female VS male

There are several open questions related to PELVE that we still do not fully understand.
One particular such question is whether the tail behavior, e.g., tail index, of a distribution
is completely determined by its PELVE. We have seen that this holds true in the case of a
constant PELVE (see Theorem 2.2), but we do not have a general conclusion. In the case of
regularly varying survival functions, Li and Wang (2022, Theorem 3) showed that the limit
of PELVE determines its tail parameter, but it is unclear whether this can be generalized to
other distributions. Another challenging task is, for a specified curve 7 on [0, 1], to determine
whether there exists a model X with mx = 7. The case of n-point constraints for large n may
require a new design of verification algorithms. This question concerns the compatibility of
given information with statistical models, which has been studied, in other applications of

risk management, by Embrechts et al. (2002, 2016) and Krause et al. (2018).

2.8 Omitted proofs in Section 2.3

Proof of Lemma 2.1. As E[X] < VaR,,(X) and ¢; < €2, E[X] < VaR,(X) < VaR, (X). By
Proposition 1 in Li and Wang (2022), [Ix(e;) < oo and Ilx(e) < oc.
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For any € € (0, 1) satisfying E[X] < VaR.(X),
ellx(e) = einf{c € [1,1/€] : ES.(X) < VaR (X)}
= inf{ec € [¢,1] : ES.(X) < VaR(X)}
= inf{k € [¢,1] : ESk(X) < VaR.(X)}.
Let A(e) = {k € [e,1] : ESg(X) < VaR.(X)}. For any k € A(ez), we have 1 > k > €2 > ¢
and ESi(X) < VaR,,(X) < VaR, (X). Hence, k € A(e;) and this gives A(ez) C A(ey).
Therefore, e;11x(€5) = inf A(€ez) = inf A(e;) = €111x(€1). O

Proof of Theorem 2.1. We will check the equivalent condition (2.2) between VaR and ES.
Note that if ¢ — VaR;(X) is a constant on (0, ¢€), then IIx(e) = 1. If ¢t — VaR;(X) is not a
constant on (0, €), then IIx(e) is the unique solution that satisfies ESc () (X) = VaR(X).

(i) Case 1, co = 1. It is clear that VaR;(X) is a constant for ¢ € (0, ceeo] and (2.2) is
satisfied. Hence, IIx(e2) = 1. Moreover, VaR;(X) is also a constant for ¢t € (0, c1€],

which implies ITx (e;) = 1.

(ii) Case 2, ¢; =1 and 1 < ¢3 < 1/ep. For t € (0,¢1), VaRy(X) = G4(t) is a constant for
t € (0,c1€1). Hence, IIx(e;) = 1. Next, we check whether ES,,.,(X) = VaR,(X). The
value of ES,,(X) is

ESeye, (X)
1 €1 €2 C2€2
=— (/ kde—I—/ (are + by) de + (a26+b2)de)
Ca€2 0 €1 €2
1 -1 2 2
=— |ak+zai1(e; —€]) +bi(e2 — 1) + a2(0262 — €3) + ba(caer — €3)
Co€2 2
= L (Yoo — ) 4 hes + Sas(caes — e2)? + h(cacs — €)
= Cpes \ 2 1\€2 — €1 €2 5 2(C2€2 — €3 2€2 — €9
1 /1~ - A I - -
= — <—(k; —k)(ea —€1) + kea + =(k — k) (&1 + €2) + k(coea — 62)> =k
Co€y \ 2 2

The value of VaR,,(X) is ases + by = k. Thus, (2.2) is satisfied. As VaR;(X) is not a

constant for ¢t € (0, co€2), we have I x(e2) = co.
(iii) Case 3,1 <¢; < 1/e; and cp = 0161 . In this case, we have
VaR,, (X) = G,(€1) = k(e1) = aes + b = G,(e2) = VaR,, (X)
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and ES. ., (X) = ES..,(X) as c1e; = caea. Thus, we only need to check whether
ESe,e, (X) = VaR,,(X). The value of ES,,.,(X) is

1 €1 €2 Cco€2
ES¢,e, (X) = e </ k(e) de +/ k(er)de +/ ae + bde>
2€2 0 a s

- é <k + k(e1)(e2 —€1) + %a(c%e% —&3) + (k(e1) — aeg)(caea — 62))
= é <k + k‘(el)(CQEQ — 61) + %Q(CQEQ - 62)2)
- i (k + k(er)(caea — €1) + k(er)er — k) = k(er).

The value of VaR,, (X)) is also k(e1). Hence, (2.2) is satisfied and 1 x(€1) = ¢1, [ x (&) =

2 because t — VaR;(X) is not a constant on (0, €1).

(iv) Case 4, 1 < ¢; < e3/e; and 1 < ¢ < 1/e9. The first equivalent condition of (2.2) for
VaRe, (X) and ES,. ., (X) is satisfied because VaR:(X) = k(¢) is the quantile function
for GPD(¢) with PELVE ¢; and ¢ € (0, c1€1). Hence, we have I1x(e;) = ¢;. Moreover,
ES., (X) = VaR,, (X) = k(e1). We choose a; = k'(c1€1) and by such that ajcie; + by =
k(ci€er). For the equivalent condition between ES,,.,(X) and VaR.,(X), we can verify

>

1 Cl1€1 €2 C2€2
ES¢,e, (X) = — (/ k(e)de + / a€ + by de + / (age + by) de)
0 c

Co€o L€l €
1 1 1
_e (clelk €1) + 2a1(6§ — 1) + bi(ey — cre1) + 502 (cgeg — eg) + by (Co€g — 62))
1 1 2 22 2
_e cre1k(er) + 2a1(20262 €5 — c1€7) + bi(caeq — c1€1) + §a2 (co€y — €3)
1

(a10262 + b16262) = arez + by = VaR, (X).

9€9
Thus, ( 2) is satisfied and we have Ilx(e) = co.

(v) Case 5, e5/e1 < ¢1 < 1/ and AL <oy < 1/€e5. The equality between VaR,, (X) and
ESc ¢, (X) can be checked by

BS, . (X) = (/O k(e) de + /EQ(ale—i— br) de + (azes + by)(cre1 — ez>)

C1€1 €1

= ;161 (]C + %al(eg - 6%) + (k(El) - (1161)(62 — 61) + (CL1€2 + bl)(01€1 _ 62))
- 61161 (k+ai(ea — €1)(cre1 — 1/2(ea + €1)) + k(e1)(cre1 — €1))
N i (k+k(er)er =k + k() (crer — 1)) = k(er) = Gy(er) = VaRe, (X).
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The equality between VaR.,(X) and ES,,.,(X) can be checked by
1 C1€1 Co€2
ESe,e,(X) = — </ k(e) de +/ (age + bo) de)
0 c

C2€2 1€1

1 1
= — <0161k(61) + —ay(cied — 2€2) + by(coeg — clel))
Co€o 2

1 1
= — <61€1]{?(61) + —(12(6262 — 6161)2 + (&162 + bl)(CQGQ — 0161)>
Co€2 2

1
= (cre1k(€1) + crer1(area + by — k(er)) + (ar€2 + b1)(caea — cr1€1))
2€2

= aj€ + by = G,(e3) = VaR,(X)

Hence, (2.2) is satisfied, and IIx(e;) = ¢; and I x(e2) = co.
Therefore, it is checked that X satisfies IIx(e1) = ¢; and Iy (€e3) = ¢ for all five cases. [

The following propositions address the issue discussed in Remark 2.1 by showing that the
boundary cases of (€1, ¢1, €2, ¢2) cannot be achieved by strictly decreasing quantile functions,

and hence our construction of quantiles with a flat region in Figure 2.5 are needed.

Proposition 2.6. For any X € L', let €;,¢5 € (0,1) be such that E[X] < VaR,(X) and
€1 < €9. Then, IIx(ez) = max {1,I1x(e1)e1/ea} if and only if VaR.,(X) = VaR,(X).

Proof. Using the same logic as in Lemma 2.1, we have that IIx(e;) and IIx(e2) are finite.

We first show the “if” statement. Assume VaR. (X) = VaR.(X). As VaR.(X) is

decreasing, we know that VaR.(X) is a constant on [ey, €].

If VaR.(X) = VaR,, (X) for € € (0, €;), then VaR.(X) is a constant on (0, €5]. Therefore,
we can get [Ix(e;) = lx(e2) = 1. Note that IIx(e;)e1/ea = €1/€a < 1. Thus, we obtain
Hx(EQ) = rnax{l, Hx<€1)€1/62)}.

If there exists € € (0,€;) such that VaR.(X) > VaR,, (X), then ES.(X) is strictly de-
creasing on [e1, 1]. By the equivalent condition between VaR and ES, VaR,, (X) = VaR,,(X)

implies ES¢ 11y (,)(X) = ESe,rix (o) (X). Thus, e11Ix(e1) = €2llx(€2). Furthermore, we have
VaRe 1y () (X) < ESemig(e)(X) = VaR, (X) = VaR,, (X).
Thus, €;11x (1) > €3 and we get [Ix(e2) = max {1, Iy (e1)er/€ea}.
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Next, we show the “only if” statement. Assume ITx(ey) = max {1, TIx(e1)e;/€a}.

If Ty (e2) = 1, then VaR,(X) = ES,,(X). This implies that VaR(X) is a constant on
(0, €2], which gives VaR,, (X) = VaR, (X).

If [Tx(eg) = IIx(€1)€1 /€2, then ellx(e2) = €111x(€1). Hence, we have
VaRﬂ (X) = Eselnx(q)(X) = ES€2HX(52)(X) = VaRGz (X)

Thus, we complete the proof. [

Proposition 2.7. For any X € L', let €;,e5 € (0,1) be such that E[X] < VaR,(X) and
€1 < €g. Let c; =1lx(e1) and ¢y = lx(e2). If VaR,, (X) > VaR,,(X), then

(
min {l, aq (vaRél(X) — VaR,,, (X)
c< co < €2 € VaR€2 <X) - VaRClel (X)

1
—, VaR.,, (X)>VaR,,(X),

€2

)} ., VaRe,, (X)<VaR,,(X),

where

(th — 0151> (VaRe2 (X> - VaRtE? (X)) > 1}

¢ = inf {t € (1,1/e]: cie1 (VaRe, (X) — VaRe, (X))

Moreover, ¢ > max{1, cie1/€e3}.

Proof. As E[X] < VaR,,(X), we have ¢; < co and ¢y < 0o. By definition, ¢; < 1/€;. From

Lemma 2.6, we get co > max {1, ci€1/ex}. Thus, co € (max {1, cie1/€e3},1/€s).

Note that ¢, €1, 2, €2 satisfy the equivalent condition (2.2). We can rewrite (2.2) as
cl€1 C2€2
/ VaR (X)de = c16VaR, (X) and / VaR(X) de = caeaVaR,, (X).
0 0
Therefore, we have

C2€2
/ VaR (X)) de = cpeaVaR, (X) — 161 VaR,, (X).
C1€1
Furthermore, by the monotonicity of VaR, we have
(0262 — Clﬁl)vaR02€2 (X) < / VaRe(X) dE § (0262 — clel)VaRclq (X)
Cl1€1

The two inequality will provide an upper bound and a lower bound for c,.
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An upper bound on ¢y. Using caeaVaR,, (X) — c1e1VaRe, (X)) < (e26a — c161)VaRe, , (X)),

we have

c2€3 (VaRe, (X) — VaRe,, (X)) < 161 (VaR, (X) — VaR,,, (X)) . (2.9)

If VaR,,, (X) > VaR,(X), the left side of (2.9) is less or equal to 0 and the right side of
(2.9) is larger or equal to 0 because VaR,, (X) > VaR,,, (X). Therefore, (2.9) is satisfies for
any co € (max{1,cie;/ex},1/€es]. The upper bound for ¢, is unchanged.

On the other hand, if VaR.,, (X) < VaR,(X), we have

. < Gf VaR,, (X) — VaR,,, (X)
S 6, \VaR,,(X) - VaR,,, (X))

1 cre (VaRel(X)—VaRclq(X))}'

Thus, an upper bound for ¢y is min {62, & | VaRe (0 —VaRe. o (%)

A lower bound on cy. It holds that

(co€a — c1€61)VaR e, (X) < c2eaVaR, (X) — c161VaR,, (X).
Subtracting (c2€2 — c1€1)VaR,, (X)) from both sides, we get
(caea — cr€1) (VaRe, (X) — VaRe,e, (X)) > c1e1 (VaR, (X) — VaR, (X)) (2.10)
For t € (0,1/e2), let
f(t) = (tea — cre1) (VaR, (X) — VaRy, (X)) .

As we can see, f(1) =0, f(cie1/e2) =0 and f(t) < 0if ¢t € [min{l, cie1/€ex}, max{1, ci€1/ea}].
The f is increasing in the interval (max{1, ci€1/€e3}, 1/€3), decreasing in (0, min{1, c1€;/€ex}).
Hence, by (2.10), the lower bound for ¢, is

(t€2 — C1€1) (VaR€2 (X) — VaRte2 (X))
crer (VaRo (X) — VaRo, (X))~ 1}

As c161 (VaRe, (X) — VaR, (X)) > 0, we have ¢ > max{1,cie; /e }. O

¢ = inf {t € (1,1/e) :

2.9 Omitted proofs in Section 2.4.4

Proof of Theorem 2.2. By Proposition 2.3, for any X € X, we can find f € C satisfying (2.3)
such that z¢(y) = 1/7x(y) = c and X = f(U). As z(y) = c is a continuously differentiable
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function, we know that all such f is characterized by the advanced differential equation (2.4).

First, we show for any strictly decreasing solution f to (2.4) can be represented as

fy)=Co+Cry* + 0 (y°).

Let us start with (2.4). If z(y) = ¢, we need to solve f from

fy) = fley) +eyf(ey), ve(0,1].

Even though f in the first place is considered on (0,1], given that ¢ < 1, and this final

equation, one can expand it to the whole positive line:

fy) = fley) +eyf'(ey), y>0.

Next, let 2 (t) = e 'f (e7") for t € R and a = —log(c) > 0. This is equivalent to say that
f(y) =x(—log(y)) /y. This changing variable simply gives the following delayed differential
equation:

¥ (t)=—e"z(t—a), tER.

Since we have assumed that f is strictly decreasing, i.e., f’ < 0, we have an extra restriction

on . Note that
l’l (t) — _eftf (eft) _ 672tf/ (et) = g (t) _ 672tf/ (et) )

Thus, we have f' <0< 2’ +x > 0. Therefore, we are looking for a solution to the following

delay differential equation (DDE):

cl)=etetma g (2.11)
o' (t) +x(t) >0,

A standard approach of finding the solutions is to assume that they are in the form of a

characteristic function ¢ — ™. Putting this solution inside the equation, we get
me™ = —e7%e™")  —  gme™™ = (—a) e,
This means any solution is given by x (t) = ™ where m solves the characteristic equation
[ (ma) =1(—a), (2.12)
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where [ () = ze®. Let b = [(—a). As a > 0, we have b € [-1/e,0). This equation has one
obvious real solution at m; = —1. To find m, we need to know about the inverse of [. The
inverse of the function [/ is known as the Lambert W function and plays an essential role in

solving delayed and advanced differential equations.

From the Lambert W function, we know that [ (z) = ze* = b has two real solutions

when b € (—1/e,0) and one real solution when b = —1/e. As illustrated by Figure 2.18,

if 0 < ¢ < 1/e, the two real solutions are z; = —a < —1 and zp = mea > —1; thus,
-1 <my < 0. If0 < ¢ < 1/e, the two real solutions are —1 < z; = —a < 0 and
29 = moa < —1; thus, my < —1. If ¢ = 1/e, there is only one real solution z; = 2z, = —1;
thus my = m; = —1.

/”

Figure 2.18: Lambert W function.

It is important to note that in general an equation like [ (z) = ze® = b has infinite

complex roots. Let z = 0 +in, and b € [—1/e,0). In that regard, we have

b= ze* = (0 +in) et
= (0 +in) (cos (n) +isin(n))

= (0 cos (n) —nsin (n)) +4 (0sin () +ncos (1)) .

This implies that @ sin (1) + ncos (n) = 0, and b = € (§ cos () — nsin (1)), leading to

1exp <__tar?(n))

sin ()




We plot the curves b = fef and (—nexps(i;(:;“%) , — tag(n)) to find out the relation between b
and the real part of the solution in Figure 2.19. The z-axis is b and the y-axis is 6. The blue
curve is associated with b = #e?, which is essentially the principle branch of the Lambert W
function. For any b, one can find the real values of the roots by fixing b. For instance, the
green dashed line is associated with b = —0.12. As one can see, the curves intersect this line

in infinite negative values. For b € [—1/e,0), we can see that the real roots are greater than

the real part of the complex roots. For more explanation of this, see Siewert and Burniston

(1973).

Figure 2.19: The real part of the Lambert W roots.

Now assume that all the complex solutions for (am) e®™ = (—a) e~ are my, = A\ + oi
for k = 1,2,3,..., where (\,01) = (—1,0) and (Ay,02) = (m2,0). Based on the above

discussions, we have
AM=—1>X=mg>N3 >N\ >... whenc¢€ (1/671),

0>X=meg >N\ =—-1>X3>X>... whence (0,1/e),

and
AM=X=—-1>X3>X>... whenc=1/e.
Let
AN —0O
C= =A+oi|NoeR
o A
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be the set of all complex numbers. Then,

A —0o
xc(t) = exp t
o A

is a complex solution that solves (2.11). It is clear that (2.11) still holds for the linear

transform of x(¢). Therefore, for any two 2 x 1 vector A and B,
z(t) = Alzc(t)B = eM (Cy cos(at) + Cysin(at))
is also a solution to (2.11).

In Bellman and Cooke (1963), it is shown that all complex solutions to (2.11) can be

represented as follows:
xc (t) = Z Cre™ ",
k=1

Putting it in the real-valued context, we have that all real-valued solutions are in the following

form:

i (t) = Cle*t + C2€m2t + Z 6)\kt (Ck,l COS (O'kt) + Ckg sin (O’kt» .
k=3
Now let us check 2’ + x > 0. This means that Cy, {Ck1},., and {Cy 2}, 4 for all ¢ must

satisfy
' (t) + 2 (t) = (14 my) Cye™

+ Z €Akt (()\kaJ + Jka,g + Ck,l) COSs (Ukt) + ()\kaQ - UkaJ + Ck72) sin (Jkt)) > 0.
k=3
As \p < my for k > 3, we have limy_, (2/(¢) + z(t)) /™" = (1 +my)Cs. Therefore, we need
Cy < 0if mg < =1 or Cy > 0 if my > —1. That is Cy(1 4+ mg) > 0. Then the solution can

be written as

z(t) = Cre™" + Coe™' + 0 (') .
By a change of variable, we get
fly)=Ci+Cy*+ 0 <y4) )

where @ = — (1 +mg) and ¢ = — (1 4+ A3). As A3 < min{—1,ms} and Cy(1 + my) > 0, we
have ¢ > max{0,a} and Coa < 0. Also note that since my solves (am) e®™ = (—a) =%, by

replacing Mo = —1—aand a = _10g (C), we get (O[ + 1)*1/0{ — . ]
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2.10 Omitted proofs in Section 2.5

Proof of Proposition 2./. Before proving the statements in the proposition, we introduce the

following linking function, for X € X,

FX(G):l—Fx(ESE<X>), € c [0, 1]
As X € X it is easy to check that I'y satisfies Assumption 2.1 for any X € X. The domain
of I'x(e€) is [0, 1] and its range is [0, 1 — Fx (E[X])].

As ES.(X) = VaRr, (¢ (X), we have
VaRpX(e)(X) = ESG(X) = VaRe/TrX(e)(X) for €€ (O, 1].

Hence we have the simple relationship I'x (¢) = €/ (€). Therefore, Ilx(€) = mx (I'y'(€)) and
mx(€) = lIx(I'x(€)). The function I'x yields an association between a point on the PELVE
on (0,1 — Fx(E[X])] and a point on the dual PELVE curve on (0, 1] with the same value.

Furthermore, we have mx is continuous on (0, 1) as mx(€) = ¢/I'x(¢) and I'x is continuous.

Next, we show the statements (i)-(iv). The equivalence (i) of monotonicity of Iy
and that of 7x(-) follows from Ilx(e) = mx (I'y'(€)), mx(€) = Ix(I'x(e)) and that 'y is
increasing.

For (ii), (iii) and (iv), we first show that I"x is location-scale invariant and shape relevant
(in the sense of (2.13)). Assume that f : R — R is a strictly increasing concave function

such that f(X) € X. By Jensen’s inequality and the dual representation of ES,, we have

ES, (f(X)) < f (ES,(X))

for all p € (0,1). This statement can be found in Appendices A.2 in Li and Wang (2022).

Therefore,

Urxy(€) =1 = Frox (ESe (f(X)))
21— Fpx) (f (BS(X))) =1 — Fx (ES.(X)) = T'x(e).

(2.13)

Then, we have I'sxy(€) > I'x(€) for all strictly increasing concave functions: f: R — R with

f(X)eX.
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For any strictly increasing convex function g : R — R with g(X) € X, we can take
f(z) = g~ '(X), which is a strictly increasing concave function. Therefore, we have I'y(x)(€) <

I x(e) for all strictly increasing convex functions g.

For A > 0 and a € R, we have that f(x) = AX + a is both convex and concave.
Therefore, I'xx14(€) = I'x(€) for all € € [0,1]. In conclusion, we have the following results

for T

(1) For all A > 0 and a € R, I'y\x44(€) = I'x(€).
(2) Tx)(€) = I'x(e) for all strictly increasing concave functions: f: R — R with f(X) € X.

(3) Tyx)(e) < T'x(e) for all strictly increasing convex functions: g : R — R with g(X) € X
Then, we have (ii), (iii) and (iv) from wx(€) = €/T'x(e). O

Proof of Theorem 2.3. The idea is to prove that if 1/n is convex (concave), then z
F~Y((1 — p)F(z) + p) is convex (concave) for all p € (0,1). Then, we can get the desired
result by Proposition 2.5. We will use the following steps to show this statement.

Step 1. Let s(x) = log (1 — F(x)) for € (ess-inf(X), ess-sup(X)). Then, s is a con-
tinuous and strictly decreasing function and s(z) < 0. Let s~! be the inverse function of s.
Now, we have

F(z)=1—-¢@ 2 ¢ (ess-inf(X),ess-sup(X))
and
F7Yt) =s(log(1 —t)), te(0,1).
Therefore,
F7H((1 = p)F(z) +p) = s~ (log(1 — (1 = p)F(z) - p))
= 3_1<10g (1— F(x)) +log(1 — p))
= 8’1<10g (es(x)) + log(1 — p))
=s! (s(x) + log(1 — p))
Let 6 = log(1 — p). It follows that the statement that z — F~'((1 — p)F(z) + p) is convex

(concave) for all p € (0,1) is equivalent to the statement that x — s~ (s(x) + ) is convex

(concave) for all 6 < 0.
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Step 2. Let g(x) := —s~!(x). Then, g is strictly increasing. We will show that if 1/ is

convex (concave), log(g¢'(z)) is convex (concave).

As g(z) = —s71(z) = =S~ (&%), we have

eac

7O e
Let H(z) :=log(¢'(z)) = x — log (f (S7(e¥))). We have

H (log(5(x))) = log S(x) —log f(x) = —logn(x). (2.14)

Then, taking the derivative on both sides of (2.14), we get

- #'log(S(a))n(o) =~ L
< H'(log(S(z))) = Z;((Z)) = —(% (%) .

Taking a derivative in both sides again, we get

d? 1
—H"(1 - ().
(log(S(@))n(w) = == (n(x)>
Then, 1/n is a convex (concave) function means H”(x) > 0 (H”(x) < 0), which gives that

log ¢’(x) is convex (concave).
Step 3. For 0 < 0, let Gy(z) := s~ (s(z) + 0). We are going to show

lin(1) Go(x + z) — Gy(x) < lin% Go(z' + 2z) — Go(2')
z— z 2—> z

(2.15)

for all z < &'.

1

We take z > 0 first. As s is strictly decreasing, s~ is also strictly decreasing. Then,

Gl is a continuous and strictly increasing function. As 6 < 0, we also have Gy(x) > x. Take
arbitrary x,2’,y and z such that x < 2/, v < y and z > 0. Let § = s(y) — s(z). Then, we
have Gy(x) = y. Define

h=Gy(r+2z2)—y, y =Ge() and h' =Gy(z'+2)—1.

By the definition of Gy, we have s(y + h) = s(z + 2) + 6, s(y/) = s(2') + 6 and s(y' + 1) =
s(z’ 4+ z) + 0. As a result, we have

S(y+h) —s(y) = s(r+2) —s(@) and sy +H) = s(y) = s(a’ +2) - s(z’).
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By the mean-value theorem, there exists ( € (y,y+h), (' € (v, y + h'), £ € (z,z + 2)
and & € (2/,2" 4 z) such that

s'(Q)h =5(£)z and s'(¢")W = §'(¢')z.

Furthermore, x, 2",y and ¢ satisfy * < 2/ <y and x < y < /. If z is small enough, then
h and b’ will also be small enough as Gy is continuous. Therefore, we have £ < & < (' and

¢ < ¢ < (' when z is small enough.

In Step 2, we have that log ¢’(x) is convex when 1/7 is convex. Therefore, we get
log(g'(a)) +log(g'(b)) = log(g'(a’)) + log(g' (b)),
for all @ < @’ < b and a < b’ < b, which means
g'(a)g'(b) = ¢'(a")g' (V).

As g(z) = —s7(z), we have
1 S 1
§'(s7Ha))s'(s71(b) ~ §'(s7H(a))s' (s (V)

As s71(x) is strictly decreasing, it means that

s'(a)s'(B) < §'()s'(8)

for a > o/ > f and a > ' > [. Therefore, we have s'(£)s'(¢") < s'(¢)s'(¢) as ¢! > ¢ > ¢
and ' > ¢ > £ That is,

LS _s©:
s'(¢)  S(¢)
On the other hand, h = Gy(z + 2) — Gy(x) and I = Gy(2' + z) — Gy(2'). Therefore,

G9($ + Z) — G@(l‘) < G@(Z‘l + Z) — Gg(:l?/)

when z is small enough. If z < 0, we can also get (2.15) by an analogous argument.

Hence, the second-order derivative of Gy is increasing for each # < 0, which means that

z— F7((1 - p)F(z) + p) is convex for all p € (0,1) if 1/n is convex.

An analogous argument yields that z — F~'((1—p)F(z)+p) is concave for all p € (0,1)

when 1/7 is concave. O
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Chapter 3

Joint mixability and notions of

negative dependence

3.1 Introduction

Dependence among multiple sources of randomness has always been an active topic
in operations research, statistics, transport theory, economics, and finance; see Denuit et
al. (2005), Joe (2014), Riischendorf (2013), McNeil et al. (2015) and Galichon (2016) for
standard textbook treatment in different fields, and the recent work Blanchet et al. (2020)
for relevant examples in operations research. In contrast to positive, which received much
attention in the literature, considerably fewer studies are found on negative dependence,
partially due to its more complicated mathematical nature. For a review and historical

account on extremal positive and negative dependence concepts, we refer to Puccetti and

Wang (2015).

In the past decade, the notion of joint mixability proposed by Wang et al. (2013),
which generalizes complete mixability (Wang and Wang, 2011), has been shown useful for
solving many optimization problems involving the dependence of multiple risks. In particular,
joint mixability is essential to worst-case bounds on Value-at-Risk and other risk measures
under dependence uncertainty (Puccetti and Riischendorf, 2013; Embrechts et al., 2013;

Bernard et al., 2014), as well as bottleneck assignment and scheduling problems (Coffman
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and Yannakakis, 1984; Hsu, 1984; Haus, 2015; Bernard et al., 2018).

Joint mixability concerns, for given marginal distributions, the existence of a random
vector which has a constant component-wise sum. Such a random vector is called a joint mix
supported by the given marginal distributions, and it represents a very simple concept of
dependence. A joint mix is commonly regarded as a notion of extremal negative dependence;
see the review of Puccetti and Wang (2015). The reason why a joint mix represents negative
dependence is that it minimizes many objectives which are maximized by comonotonicity.
For instance, for fixed marginal distributions of the risks, comonotonicity maximizes the
variance, the stop-loss premium, and the Expected Shortfall (ES) of the sum of the risks,
whereas a joint mix, if it exists, minimizes these quantities; see e.g., Riischendorf (2013). As
such, joint mixability is seen as the safest dependence structure, as long as risk aggregation

is concerned (Embrechts et al., 2014).

Although a joint mix has been treated as a concept of negative dependence, it remains
unclear whether it is consistent with classic notions of negative dependence in statistics.
Popular notions of negative dependence include negative correlation dependence (NCD),
negative orthant dependence (NOD; Block et al., 1982; Lehmann, 1966) and negative associ-
ation (NA; Alam and Saxena, 1981; Joag-Dev and Proschan, 1983). The connection between
joint mixes and these negative dependence concepts is the main object that we address in
this chapter. We obtain some necessary and sufficient conditions for a joint mix to be NOD
or NA in Section 3.3. Some characterization results are obtained in Section 3.5 for the class
of elliptical distributions. In particular, among all elliptical classes, only the Gaussian family

supports NOD joint mixes of any dimension.

Since a joint mix may be either negatively dependent or not, a natural question is
whether there are special features of negatively dependent joint mixes which are useful in
applications. For this question, we consider a multi-marginal optimal transport problem
under uncertainty on the set of components. A few optimality results on negatively dependent
joint mixes are obtained, and they demonstrate an interesting interplay between joint mixes
and negative dependence. In particular, for the special case of quadratic cost, we show that

the optimizer has to be an NCD JM in some settings. This is the topic of Section 3.4.

The study of joint mixability was originally motivated by questions in risk manage-
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ment and operations research, and it has a strong connection to the theory of multi-marginal
optimal transport (Santambrogio, 2015; Pass, 2015) and variance reduction in random sam-
pling (Craiu and Meng, 2001, 2005); see also our Section 3.4. Recently, there is a growing
spectrum of applications of joint mixability outside the above fields, including multiple hy-
pothesis testing (Vovk et al., 2022), wireless communications (Besser and Jorswieck, 2020),
labor market matching (Boerma et al., 2021), and resource allocation games (Perchet et
al., 2022). Results in this chapter connect the two topics of joint mixability and negative

dependence, allowing us to bring tools from one area to the other.

This chapter is organized as follows. Section 3.2 introduces the concepts of negative
dependence and joint mixability, and summarizes their basic interrelationships. Section 3.3
explores conditions for joint mixes to be negatively dependent. Two results on decomposi-
tions of joint mixes into negatively dependent ones are also obtained. Section 3.4 studies a
multi-marginal optimal transport problem as an application of negatively dependent joint
mixes. Section 3.5 studies joint mixes within the elliptical family, and we obtain a new
characterization of the Gaussian family as the only one supporting a negatively dependent
elliptical distribution for every dimension. Section 3.6 concludes this chapter with some
open questions and potential directions for future research. All the proofs are deferred to

Section 3.7.

3.2 Notions of negative dependence

In this section we recall a few classic notions of negative dependence. Throughout,
denote by [n] = {1,...,n} and 1,, the n-vector with all components being 1; the vector 0,, is
defined analogously. All inequalities and equalities between (random) vectors are component-
wise. For an n-dimensional random vector X = (X, ..., X,,), denote by X+ = (X, ... X1)
a random vector with independent components such that X; 4 Xit, i € [n], where < stands
for equality in distribution. For a set A C [n], we denote by X4 = (Xy)gea. A function
¥ : R" — Ris called supermodular if (xA\y)+1(xVy) = ¥(x)+1(y) for all x,y € R"”, where

x Ay and x V y are the component-wise minimum and maximum of x and y, respectively.

Definition 3.1. Let X = (X3,...,X,,) be an n-dimensional random vector.
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(i) X is negative correlation dependent (NCD) if cov(X;, X;) < 0 for all 4,5 € [n] with
i # .

(i) X is negative upper orthant dependent (NUOD) if P(X > t) < P(X* > t) for all
t € R"; X is negative lower orthant dependent (NLOD) if P(X < t) < P(X*+ < t)

for all t € R™. If X is both NLOD and NUOD, then it is negative orthant dependent
(NOD).

(iii) X is negative supermodular dependent (NSD) if E[t)(X)] < E[p(X4)] for all supermod-

ular functions ¥ : R® — R such that the expectations exist.
(iv) X is negatively associated (NA) if
Cov(f(Xa4),9(Xp)) <0, (3.1)

for any disjoint subsets A, B C [n] and any real-valued, coordinate-wise increasing

functions f and g such that f(X,4) and g(Xp) have finite second moments.

(v) X is counter-monotonic (CT) if each pair of its component (X;, X;) for i # j satis-
fies (X;, X;) = (f(Z),—g(Z)) almost surely (a.s.) for some random variable Z and

increasing functions f, g.

(vi) X is a joint miz (abbreviated as “X is JM”) if >  X; = ¢ a.s. for some constant

c € R.

All abbreviations introduced in this section are also used as nouns to represent the
corresponding dependence concept. The next definition concerns properties of the marginal

distributions that allow for JM random vectors.

Definition 3.2. An n-tuple (F7,. .., F,) of distributions on R is called jointly mizable if there
exists a joint mix X = (X7,..., X,,) such that X; ~ Fj, i € [n]. The constant ¢ =) . | X; is
called a center of X. In this case, we also say that (Fi,..., F,) supports a joint miz X. A

distribution F' is called n-completely mizable if the n-tuple (F, ..., F') is jointly mixable.

The following implications hold between the above concepts of negative dependence.

These implications are either checked directly by definition or shown in the literature, e.g.,
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Joag-Dev and Proschan (1983), Christofides and Vaggelatou (2004) and Chapter 7. The case

of n > 3 is different from the case n = 2.
n=2: JM=— CT = NA <= NSD <= NOD <= NUOD <= NLOD = NCD;
(3.2)
general n : CT = NA = NSD = NOD = NUOD or NLOD = NCD. (3.3)
All one-direction implications in (3.2) and (3.3) are strict for n > 3; see Amini et al. (2013)
for some examples. In contrast to the case n = 2 in (3.2), JM no longer implies any of the

properties in (3.3). This can be observed by the following properties of Gaussian random

vectors.

Proposition 3.1. Let X ~ N, (u, X)) be a Gaussian random vector with mean vector p € R™

and covariance matriz X = (0i;)nxn-

(a) The followings are equivalent: (i) X is NA; (ii) X is NSD; (iii) X is NUOD; (iv) X is
NLOD; (v) X is NCD.

(b) The followings are equivalent: (i) X is JM; (i) 11¥1,, = 0.

(¢c) For n =2, the followings are equivalent: (i) X is JM; (i1) X is CT and 011 = —0132.

(d) Forn > 3, X is never C'T unless at least n — 2 components of X are degenerate.

Proposition 3.1 shows the convenient property of the Gaussian distribution that the
concepts of NA, NSD, NOD, NLOD, NUOD and NCD are all equivalent for this class. Parts
(a) and (b) immediately tell that, for n > 3, JM does not imply any of these concepts, and
none of these concepts implies JM. We will focus mostly on NA, NOD and NCD given their
popularity and relative strength in the chains (3.2) and (3.3). For some other notions of

negative dependence, see Joe (2014).

3.3 JM and negative dependence

In this section, we explore the relation between JM and negative dependence concepts

introduced in Section 3.2 by means of several theoretical results. We first show that a joint
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mix is NA under some properties of conditional independence and monotonicity.

Theorem 3.1. Let X be a joint miz and write Sy = Y, 4 X; for A C [n]. Suppose that

(a) X4 and Xppa are independent conditionally on Sy for every A C [n];

(b) E[f(X4)|Sa] is increasing in Sa for every increasing function f and A C [n].
Then X is NA.

Theorem 3.1 can be compared with Theorem 2.6 of Joag-Dev and Proschan (1983),
which says that if X is independent and satisfies (b), then the conditional distribution of X
given Sp,) is NA. Since S, is a constant for JM and (a) is implied by independence, Theorem
3.1 means that the NA condition in Theorem 2.6 of Joag-Dev and Proschan (1983) holds if
the independence assumption is weakened to conditional independence (a), and in addition
we assume JM. Note, however, that JM and independence of X conflict each other unless X

is degenerate.

Most existing examples of NA random vectors are presented by Joag-Dev and Proschan
(1983). Although Theorem 3.1 does not directly give new examples of NA random vectors,

it can be used to check NA in popular examples.

Example 3.1. We use Theorem 3.1 to check that the uniform distribution on the standard
simplex A, = {(z1,...,2,) € [0,1]" : Y7 ,2; = 1} is NA. Let X follow the uniform
distribution over A,, which is JM. For every A C [n], we can check that (X4, Xppa)[{Sa = s}
for s € (0,1) follows a uniform distribution on (sA,) x ((1 —s)A,,) and condition (a) holds.
Condition (b) follows by noting that X|{S4 = s} < sX4|{Sx = 1} for s € (0,1) and thus

Xal{Sa = s} is stochastically increasing in s.

Example 3.2. The multinomial distribution is known to be NA (Joag-Dev and Proschan,
1983). We show this by virtue of Theorem 3.1. Let X ~ MN,, (k, p) follow a multinomial dis-
tribution with k trails, n mutually exclusive events and event probabilities p = (p1, ..., Pn)-
For s € {0,...,k} and every A C [n] with B = [n] \ A, it holds that X4|{Sa = s} ~
MN)4(s,Pa/ D iea pi) and Xp[{Sa = s} ~ MNg|(k — 5,PB/ D _;cppi), Where ps = (pi)ica
and pp = (p;)iep. Then conditions (a) and (b) can be checked directly by calculation.
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We next focus on exchangeable joint mixes, which exhibit some specific forms of negative
dependence. A random vector X = (Xq,...,X,) (or its distribution) is called exchangeable
if X £ X" for all 7 € &,, where &, is the set of all permutations on [n] and X™ =
(Xa(1)s - - -» Xn(n)). First, we note that if X is CT with identical marginal distributions equal
to F', then the distribution of X is explicitly given by P(X < x) = (F(z1)+- - -+F(x,)—n+1)
for x = (x1,...,2,) € R™; see, for example, Theorem 3.3 of Puccetti and Wang (2015).
Clearly, this distribution is exchangeable. Moreover, for any given marginal distribution F
which is n-completely mixable, there exists an exchangeable joint mix with marginals F’;
see Proposition 2.1 of Puccetti et al. (2019). Note that an exchangeable joint mix is NCD
because each bivariate correlation coefficient is equal to —1/(n — 1). The next proposition
states that such an exchangeable joint mix is also negatively dependent in the sense of NSD,

NUOD and NULD if so is X.

Proposition 3.2. If a univariate distribution function F' supports an NSD n-joint miz, then
F supports an exchangeable NSD n-joint miz. The statement holds true if NSD is replaced
by NOD, NUOD or NLOD.

One may wonder whether Proposition 3.2 holds with NSD replaced by NA. Unfortu-

nately, this question remains open, as our proof for Proposition 3.2 does not extend to NA.

Next, we present a necessary condition for a tuple of distributions to support any nega-
tively dependent joint mixes. This condition is also sufficient when the marginal distributions

are Gaussian.

Proposition 3.3. If a tuple of distributions (F\, ..., F,) with finite variance vector (o2, ..., 02)

ren

supports an NCD joint mix, then

2max o’ < o7 3.4

Since NCD is weaker than NOD and NA, the necessary condition (3.4) is also necessary
for NOD and NA joint mixes.

For a given tuple of distributions (Fy,..., F,) with finite variance vector (o2,...,02),

the condition (3.4) is not necessary for the existence of an NCD random vector, since an
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independent random vector supported by (Fi,..., F,) always exists and it is NCD. More
interestingly, the condition (3.4) is not necessary for the existence of a joint mix either.
Indeed, as shown by Wang and Wang (2016, Corollary 2.2), a useful necessary condition for
a joint mix supported by (F,..., F,) to exist is

2max o; < ZO'Z'. (3.5)

i€ln] i€[n]

We note that (3.4) is strictly stronger than (3.5), because for any j € [n], (3.4) gives

1/2

aj?g Zaf:ajé ZU? < Zgi,

ic[n\{7} ic[n\{7} ic[n\{7}
which implies (3.5). It is clear that (3.4) and (3.5) are not equivalent; for example, (01, 09, 03) =

(2,2,3) satisfies (3.5) but not (3.4).

By Proposition 2.4 of Wang et al. (2013), if the marginal distributions Fi, ..., F,, are
Gaussian, then the condition (3.5) is necessary and sufficient for a joint mix supported by
(Fy,..., F,) to exist. Hence, the condition (3.4), which is strictly stronger than (3.5), is not
necessary for a joint mix to exist. On the other hand, (3.4) is generally not sufficient for an
NCD joint mix to exist either, since it is well known that a joint mix may not exist even
if the marginal distributions are identical. Nevertheless, it turns out that (3.4) is necessary

and sufficient for an NCD or NA joint mix to exist for Gaussian marginals.

Theorem 3.2. A tuple of univariate Gaussian distributions with variance vector (o%,. .., 02)

rYn

supports an NCD or NA joint miz if and only if (3.4) holds, that is, 2max;ep, 07 < Zie[n] o2,

Moreover, such an NCD or NA joint mix can be chosen as a Gaussian random vector.

The negative dependence concepts of NA, NSD, NOD, NLOD, NUOD and NCD are all
equivalent for multivariate Gaussian distributions, as we see in Proposition 3.1. Hence, (3.4)
is also necessary and sufficient for an NSD, NOD, NLOD, or NUOD joint mix to exist for
Gaussian marginals. For elliptical distributions (details in Section 3.5), the corresponding
statement to Theorem 3.2 holds for NCD but not the other forms of negative dependence;

see Proposition 3.7.
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Example 3.3. In case n = 3, for any marginals with variance vector (0%, 032, 03), the covari-

ance of a joint mix X is uniquely given by

o 5(08 —ot —03) 5(03 — ot —03)
2= 3l0f—of—03) o3 (ot —o3—of) |
3(03 — ot —0f) 5(0f — 03 —03) o3

see Xiao and Yao (2020, Corollary 6) for this statement. If X is Gaussian, it is clear that
X is NA if and only if (3.4) holds. In case n > 4, for Gaussian marginals we can obtain an

explicit covariance matrix of an NA joint mix from the proof of Theorem 3.2.

We end this section with two decomposition results of a joint mix into NA joint mixes,
one through a random vector decomposition, and one through a mixture decomposition.
We first establish a new result showing that any finitely supported discrete joint mix can
be decomposed into a linear combination of binary multinomial random vectors. A binary
multinomial random vector is a random vector (Xj,...,X,) taking values in {0,1}" such
that Y | X; = 1; that is, exactly one of X7,..., X, takes the value 1. By definition, binary

multinomial random vectors are CT (hence NA) and JM.

Theorem 3.3. Suppose that the random vector X takes values in a finite set. Then, X is
JM if and only if it can be represented as a finite linear combination of binary multinomial

random vectors.

Theorem 3.3 generalizes Theorem 2 of Wang (2015) which has a decomposition of a joint
mix taking nonnegative integer values as the sum of binary multinomial random vectors. The
assumption of finite support in Theorem 3.3 does not seem to be dispensable with the current

proof techniques.

Next, using the fact that the distribution of a joint mix can be written as a mixture of

discrete uniform (DU) distributions on n points in R™, we obtain the following decomposition.

Proposition 3.4. The distribution of any exchangeable joint mix with center p can be written

as a mizture of distributions of exchangeable NA joint mizxes with center .
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3.4 A multi-marginal optimal transport problem

To connect JM and negative dependence, a natural question is whether in some appli-
cations negatively dependent joint mixes have additional attractive properties that are not
shared by other joint mixes. We present an optimal transport problem with uncertainty in

this section where a combination of negative dependence and JM naturally appears.

In the multi-marginal optimal transport theory (Santambrogio, 2015; Pass, 2015), a

general objective is
to minimize El¢(X7,...,X,)] subject to X; ~ F}, i € [n],

where ¢ : R” — R is a cost function and F7, ..., F}, are specified marginal distributions. This
problem is referred to as the Monge-Kantorovich problem. In the context of this chapter, the
distributions Fi, ..., F,, are on R. In all optimization problems we discussed in this section,
the constraint is always X; ~ F; for each i € [n] with Fy,..., F, given, and we assume that

Fi, ..., F, have finite second moments throughout this section.

3.4.1 Optimal transport under uncertainty on the set of compo-

nents

We will consider a special class of cost functions, leading to the Monge-Kantorovich

problem

to minimize E

f (z": XZ)] subject to X; ~ Fj, i € [n], (3.6)
i=1

where f : R — R is a convex function. This special setting is important to JM because,
assuming that a joint mix with marginal distributions Fi, ..., F}, exists, then any joint mix
is an optimizer of (3.6) due to Jensen’s inequality, and conversely, any optimizer of (3.6)
has to be a joint mix if f is strictly convex. As discussed by Puccetti and Wang (2015) and
Wang and Wang (2016), one of the main motivations of JM is to solve optimization problems

similar to (3.6).

Since joint mixes with given marginal distributions are not unique, we wonder whether

a negatively dependent joint mix plays a special role among optimizers to (3.6). This is our

68



main question to address.

Although each joint mix minimizes (3.6), their distributions can be quite different. For
a concrete example, suppose that the marginal distributions are standard Gaussian, and
let n be even. With these marginals, X® ~ N, (0,, P;) is an NA joint mix, where P
is a matrix with diagonal entries being 1 and off-diagonal entries being —1/(n — 1), and
X4 = ((=1)'Z)iepm), Z ~ N1(0,1), is another joint mix which is not NA. Here, “E” stands
for “exchangeable” and “A” stands for “alternating”. These two joint mixes have the same
value f(0) for (3.6). Nevertheless, X* may be seen as undesirable in some situations, because
some subgroups of its components are comonotonic. Inspired by this, we consider the cost
of a subset K C [n] of risks f (}_,cx Xi) . If K is known to the decision maker, then we are
back to (3.6) with (X;)epm) replaced by (X;)ick.

In different applications, allowing a flexible choice of K may represent the absence of
some risks in a risk aggregation pool, missing particles in a quantum system, an unspecified
number of simulation sizes in a sampling program, or uncertainty on the participation of
some agents in a risk-sharing game. In each context above, a decision maker may not know
K a priori, and hence she may be interested in minimizing a weighted average of the cost,

that is
CH(X1,.... X)) = Y E

KC[n]

() e

€K
where 1 is a probability on the sample space 2/, the power set of [n], and Y ik Xi is set
to 0 if K is empty; here we slightly abuse the notation by setting pu(K) = p({K}), which

should not lead to any confusion.

We consider the formulation of uncertainty as in the framework of Gilboa and Schmeidler
(1989). With a probability on 2["l uncertain, we consider a set M of probabilities on 2",
called an uncertainty set. The formulation of (3.7) with uncertainty set M is

to minimize sup CJ(X1,...,X,) subject to X; ~ F;, i € [n]. (3.8)
peEM
The supremum represents a worst-case attitude towards uncertainty, which is axiomatized

by Gilboa and Schmeidler (1989) in decision theory. We explain two simple special cases of
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(3.8). First, by taking M as the set of all probabilities on 2" the objective in (3.8) becomes

)

which represents the situation of having no information on K. Second, by taking M as the

sup CY(Xq,...,X,) = max E
/16./81 M< ! ) KCln]

set of all probabilities on 2" supported by sets K of cardinality |K| = k € [n], the objective

in (3.8) becomes

sup CY(Xy,...,X,)= max E
sup Cul )= ke

f (Z X)] , (3.10)

€K
which represents the situation where one knows how large the subset K is, but not precisely

how it is composed.

The problem (3.8) is generally difficult to solve. We will first focus on the homogeneous
case where ' = Fj

= ... = F,, and this will be relaxed in Section 3.4.3. With this
interpretation, it is natural to consider uncertainty sets M that are symmetric. We say that
M is symmetric if u € M implies u, € M for 7 € &,,, where pu, is a permutation of p,
defined by p.(K) = p({r(i) : i € K}) for K C [n].

Recall that we are interested in whether a negatively dependent joint mix plays a special
role among other joint mixes. The next proposition provides a step in this direction. Also

recall that P* is the correlation matrix with off-diagonal entries equal to —1/(n — 1).

Proposition 3.5. Suppose that M is symmetric, and X is a joint mix with identical marginals
F. Then there exists an exchangeable NCD joint miz X with marginals F and correlation

matriz P such that

sup C(X*) < sup C/(X)
HeEM HeEM

for all measurable functions f : R — R.

Proposition 3.5 illustrates the intuition that among all joint mixes, the NCD ones with
correlation matrix P are better choices under uncertainty. However, this does not answer
whether such NCD joint mixes are optimizers to our main optimal transport problem (3.8).
In the next section, we consider the quadratic cost, and show that indeed those NCD joint

mixes are solutions to (3.8) for the quadratic cost.
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3.4.2 Quadratic cost

We consider the quadratic cost given by f(x) = x2. In this case, we denote by

CoXy,..., Xy) = > E (ZX) w(K),

KCl[n] i€K

and (3.8) becomes, assuming homogeneous marginals,

2
to minimize sup Z E <Z Xz-) u(K), subject to X; ~ F, i € [n]. (3.11)
KCln)

HEM ieK

Two other formulations related to the quadratic cost, the repulsive harmonic cost problem

and the variance minimization problem, are discussed below in Examples 3.4 and 3.5.

It is clear that, for € M, its permutation y, satisfies C2(X) = C_(X). We first show

that the exchangeable NCD joint mix is a minimizer to (3.11) if M is symmetric.

Theorem 3.4. Suppose that F' is n-completely mizable with finite variance and M is sym-
metric. Then, each NCD joint miz with marginals F' and correlation matriz P minimizes

(3.11).

If the marginal distribution F' is Gaussian, then we can replace NCD by NA, NSD
or NOD in Theorem 3.4, since for the Gaussian class NCD is equivalent to these notions

(Proposition 3.1).

Theorem 3.4 does not state that all the minimizers to (3.11) are NCD joint mixes. For
instance, if M contains only measures concentrated on K with |K| = n, then any joint mix
minimizes (3.11); see also Remark 3.1 below for other similar cases. Next, we study the

uniqueness of the optimizers for two special choices of M in (3.9) and (3.10), namely,

2
to minimize max E X; subject to X; ~ F', 1 € |n|, 3.12
and for a fixed k € [n],
2
to minimize max E X; subject to X; ~ I, i € |n|. 3.13
KCln), [K|=k (; ) J [n] (3.13)
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In Theorem 3.5 below, we will see that, assuming F' has mean zero, negative dependence
yields more stable costs in the presence of uncertainty. The exchangeable joint mix with
correlation matrix P minimizes (3.13) for each k € [n], and this correlation matrix is unique
for all minimizers for each k € [n] \ {1,n — 1,n}. As a consequence, all minimizers to (3.12)

have the same correlation matrix P’ (this holds for n > 3).

Theorem 3.5. Suppose that n > 3 and the distribution F' is n-completely mizxable with mean
0 and finite positive variance. A random vector is a minimizer to (3.12) if and only if it is
an NCD joint miz with correlation matriz P}. The same conclusion holds true if (3.12) is

replaced by (3.13) with any k € [n]\ {1,n — 1,n}.

Remark 3.1. We briefly comment on the three cases of k excluded from the statement regard-
ing the unique minimizer of (3.13), and it will be clear that uniqueness cannot be expected

in these cases. Recall that the marginal distributions of X are assumed identical.

L. If k = 1, then E[(},cx X;)?] = E[X?] which does not depend on the dependence

structure of X, and hence any coupling minimizes (3.13).
2. If k =n, then K = [n] and thus any joint mix minimizes (3.13).

3. If k =n —1, then E[(3,.x Xi)?] = E[(c — X1)?] for any joint mix X with center c.

Hence, any joint mix has the same value for (3.13).

Theorem 3.5 implies that for a standard Gaussian F, the exchangeable joint mix X® ~
N,.(0,,, P¥) is a minimizer to both (3.12) and (3.13) for each k € [n]. If n > 3, this minimizer

is unique among Gaussian vectors in both cases of (3.12) and (3.13) with k € [n]\{1,n—1,n}.
Remark 3.2. As we have seen in Remark 3.1, if n = 3, then any joint mix minimizes (3.13) for
each k € [n]. The uniqueness statement in Theorem 3.5 implies that the covariance structure
of a joint mix is unique for n = 3, as we see in Example 3.3.

Below we discuss two specific optimal transport problems related to the quadratic cost.

Example 3.4 (Variance minimization). The quadratic cost minimization problem is equiv-

alent to variance minimization with given marginals. It is clear that

CoX1,.... X)) = > var (ZXZ) p(K)+ ) (ZE[}Q]) w(K),

KCln] ieK KC[n] \ieK
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and the second term does not depend on the dependence structure of (Xi,...,X,). If

Fi, ..., F, have zero mean, then the problem (3.11) can be written as

to minimize sup Z var (Z Xi> pu(K) subject to X; ~ F, i € [n].
[n]

HEM pC ieK
Variance minimization is a classic problem in Monte Carlo simulation (Craiu and Meng,
2001, 2005) and risk management (Riischendorf, 2013). The above arguments show that the
statements in Theorems 3.4 and 3.5 hold true if the objective of quadratic cost E[(3",; Xi)?]

is replaced by the variance var()_, , X;).

Example 3.5 (Repulsive harmonic cost). The repulsive harmonic cost function is defined
by

c(:pl,...,xn):—Z(wi—xj)Q, (1,...,2,) € R,

ij=1
This cost function originates from the so-called weak interaction regime in Quantum Me-

chanics; see e.g., Di Marino et al. (2017). Any joint mix minimizes the expected repulsive

harmonic cost. To see this, we can rewrite

Ele(Xy,...,X,)] :—ZniE[Xf]+2E (ix) : (3.14)

Since the first terms on the right-hand side of (3.14) do not depend on the dependence struc-
ture of (Xi,...,X,), minimizing E[c¢(X}, ..., X, )] is equivalent to minimizing E[(>_" | X;)?],
which is clearly minimized if (X, ..., X,) is a joint mix. Let cx(@1,...,25) = =37, i pe(®i—
z;)?, (x1,...,2,) € R", for K C [n]. The problem (3.11) can be written as
to minimize sup <%E[CK(X)] + | K| Z]E[X?]) u(K) subject to X; ~ F i € [n].
HEM [l i€K

The statement in Theorem 3.4 remains true if the objective of quadratic cost E[(D",, Xi)?]
is replaced by the cost E[ck (X)].

3.4.3 Discussions on heterogeneous marginals

In Theorem 3.5, we assumed that the marginal distributions are identical. This assump-

tion is not dispensable, as the situation for heterogeneous marginals is drastically different
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and we do not have general results. In this section, we present a result in the simple case
n = 3 and provide several examples to discuss some subtle issues and open questions. To
illustrate these issues, we focus on the problems (3.12) and (3.13) for n = 3. In all examples,
we explain with Gaussian marginal distributions, but this assumption can be replaced as

long as the covariance matrices in the examples are compatible with the marginals.

Proposition 3.6. Let n = 3. For any tuple of marginal distributions with finite variance
vector and zero means, any joint miz, if it exists, minimizes (3.12). If an NCD joint miz

exists, then no random vector with any positive bivariate covariance can minimize (3.12).

Remark 3.3. Proposition 3.6 states that, if a Gaussian triplet supports an NCD joint mix,
then it minimizes (3.12), and all Gaussian minimizers must be NCD. It is not clear whether

this observation can be extended to n > 4.

Unlike the situation in Theorem 3.5, uniqueness of the covariance matrix does not hold

in the setting of Proposition 3.6, as illustrated in the following example.

Example 3.6. Consider Gaussian marginal distributions with variance vector (0%, 03, 03) =

(2,1,1). In this case, (3.4) holds, and an NCD joint mix exists by Theorem 3.2. Both the

covariance matrices ¥ and ¥ defined by

2 -1 -1 2 -1/2 -1
Y= -1 1 0 and X'=| -1/2 1 0
-1 0 1 -1 0 1

minimize (3.12) subject to the marginal distributions. We can see that X corresponds to an

NCD joint mix, whereas Y corresponds to an NCD random vector, but not a joint mix.

The next example illustrates that, although a joint mix generally minimizes (3.12) in
case n = 3, NCD may be more relevant than joint mixes for minimizing (3.13) with some

k # n when the two dependence requirements cannot be simultaneously achieved.

Example 3.7. Consider Gaussian marginal distributions with variance vector (0%, 03, 03) =

(4,1,1). In this case, (3.4) does not hold, and no NCD joint mix exists. Both the covariance
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matrices ¥ and Y’ defined by

4 -2 -2 4 -1 -1
Y= 9 1 1 and Y= -1 1 0
-2 1 1 -1 0 1

minimize (3.12) subject to the marginal distributions. The covariance matrix 3 corresponds
to a joint mix, but not NCD. The covariance matrix ¥’ corresponds to an NCD random
vector, but not a joint mix. Thus, the problem (3.12) admits an NCD minimizing distribution
N3(03, X'). Moreover, for (3.13) with k£ = 2, the NCD distribution N3(03,>’) has a maximum

of 3 which is strictly better than the joint mix distribution N3(03, ) with a maximum of 4.

Example 3.7 suggests, informally, that there is a trade-off between a joint mix and
NCD when both cannot be attained simultaneously, with a joint mix minimizing (3.13) for
k = n, and an NCD random vector improving (3.13) from the case of a joint mix for some
1 < k < n. In fact, (3.13) is not always minimized by NCD random vectors as seen in the

following example.

Example 3.8. Consider marginal distributions with variance vector (0%, 03,032) = (0%,1,1)

and zero means, where o > 3. For any (X, Xy, X3) with the given marginals, we have
E[(Xo+ X3)?] <4< (0—1)*<min (E [(X; +X5)°] ,E [(X1 + X3)%]),
and hence

KC[3], |K|=2

2
max E (Z X,-) = 0%+ 1+ 20 max(pya, p13), (3.15)
i€k

where p;;, i,j € [3] is the correlation coefficient of (X;, X;). For Gaussian marginals, the
minimum of (3.15) is attained if and only if pj5 = p13 = —1. In this case, pa3 = 1 is the only

possible correlation, and thus the minimizer to (3.15) cannot be NCD.

On the other hand, the next example shows that, if n = 3, there always exists an NCD

minimizer to (3.12) for Gaussian marginals.

Example 3.9. Let (X, X3, X3) follow a multivariate Gaussian distribution with equicor-

relation matrix Pj; i.e., all pairwise correlation coefficients are —1/2. The variances 0%, o3
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and o2 are assumed to satisfy o1 < 0y < o3 without the loss of generality and the means
for prescribed marginal distributions are assumed to be zero. We can easily verify that each
of E[(X1 + X2 + X3)% and E [(X; + X;)%], 4,7 € [3], is smaller than or equal to o3. Hence,
(X1, Xo, X3) attains the lower bound

2
max [E X; =03 = maxo;,
KC[3) (ZEZK ) 3 e
and thus it minimizes (3.12).

Remark 3.4. For n > 4, it is not clear whether there always exists an NCD minimizer to

(3.12) under a general heterogeneous marginal constraint.

3.5 Elliptical distributions

Elliptical distributions form a tractable class of joint mixes for arbitrary dimensions. In

this section, we investigate negative dependence properties of such elliptical joint mixes.

An n-dimensional elliptical distribution is a family of multivariate distributions defined

through the characteristic function
ox(t) =E [exp (it' X)] = exp (it 'p) ¥(t'St), teR", (3.16)

for some location parameter u € R"™, n x n positive semi-definite symmetric matrix > € R™*"
and the so-called characteristic generator ¢ : R, — R, where Ry = {x € R : > 0}. See
Section 6 of McNeil et al. (2015) for more properties. We denote an elliptical distribution by
E, (@, X2,1) and refer to p as the location vector and ¥ the dispersion matriz. We say that
an elliptical distribution E, (u, ¥, ¢) is non-degenerate if all its marginals are non-degenerate
(i.e., not a point-mass). Equivalently, the diagonal entries of ¥ are positive. As presented in
Proposition 6.27 of McNeil et al. (2015), a random vector X ~ E,(p, 3, ) with rank(X) = k
admits the stochastic representation X = p + RAS, where S is the uniform distribution
on the unit sphere on R*, the radial random variable R > 0 is independent of S, and
A € R™* is such that AAT = . With this representation, we have that E[X] = p and
cov(X) = E[R? 2/k provided E[R?] < oo.
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We first present a simple lemma on elliptical joint mixes which will be useful for later

discussions.

Lemma 3.1. An n-dimensional elliptically distributed random vector X ~ E,(u, %, 1) is a

joint miz if and only if 1731, =0 or =1 on Ry,

Negative dependence of such an elliptical joint mix is the main topic of this section. We

next provide a characterization for NCD-JM as an extension to Theorem 3.2.

Proposition 3.7. Suppose that 1 is the characteristic generator of an n-dimensional ellip-
tical distribution. A tuple of univariate distributions (E;(u;, 02,1),1 € [n]) supports an NCD
joint miz if and only if (3.4) holds, that is, 2max;ep, 07 < Zie[n] o?. Moreover, such an

NCD joint mix can be chosen to follow an elliptical distribution.

As we showed in Proposition 3.1, for Gaussian random vectors, NA, NSD and NOD
are all equivalent to NCD; that is, the bivariate correlations are non-positive. Recall that
P* is an n x n matrix whose diagonal entries are 1 and off-diagonal entries are —1/(n — 1).
Together with Lemma 3.1, the matrix P is the only choice of ¥ with diagonal entries being

1 such that X ~ N, (i, ) is an exchangeable NA (and thus NSD and NOD) joint mix.

One may hope that non-Gaussian elliptical distributions can represent NOD, NSD and
NA joint mixes for n > 3. The following result states that Gaussian family is characterized as
the only elliptical family which admits such a negatively dependent n-joint mix for all n. For
a characteristic generator 1, denote by (1) the class of all non-degenerate random vectors
following an elliptical distribution with characteristic generator . In what follows, a class
E(Y) is a Gaussian variance mizture family if there exists a nonnegative random variable
W such that each member X admits the stochastic representation X 4 p+ VW AZ, where

p R AcR™ and Z is a k-dimensional standard Gaussian independent of .

Theorem 3.6. Let v be a characteristic generator.

(i) The class E(¢) contains an NCD n-joint miz for all n > 2 if and only if the class E(1)

1s a Gaussian variance mizture family.
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(ii) The class (1) contains an NOD, NSD, or NA n-joint mizx for all n > 2 if and only if
the class () is Gaussian.

Theorem 3.6 shows a clear contrast between NCD and other concepts of negative de-
pendence. As seen in the proof of Theorem 3.6, NCD does not restrict the class of elliptical
distributions since 1 generates an n-dimensional elliptical distribution for every n € N if
and only if the corresponding elliptical class is a Gaussian variance mixture family (Fang
et al., 1990, Section 2.6). Note that a class of multivariate ¢ distributions (with a common
degree of freedom) is an example of a Gaussian variance mixture family. On the other hand,
NOD, NSD and NA characterize Gaussian. This result stems from the fact that multivariate
Gaussian distribution is the only one among elliptical distributions such that independence

is equivalent to uncorrelatedness.

3.6 Conclusion

This chapter has focused on the relationship between JM and classic notions of negative
dependence such as NOD and NA. Various connections between these concepts are obtained,
and some conditions for a joint mix to be negatively dependent are derived. In particular,
an exchangeable negatively dependent joint mix solves a multi-marginal optimal transport

problem for quadratic cost under uncertainty on the participation of agents.

Negative dependence is always studied with many technical challenges. Although our
main questions are addressed or partially addressed in this chapter, they give rise to many

questions that remain open. We list a few of them that we find particularly interesting.

1. Under what conditions, possibly stronger than exchangeability and NOD, is a joint
mix NA? An example of NOD joint mix that is not NA can be found in Section
3.2 of Malinovsky and Rinott (2023) in the context of knockout tournaments with a

nonrandom draw.

2. Under what general conditions, other than Gaussian, do we know a tuple of distribu-
tions supports an NA joint mix? For a fixed n > 3, this question is not clear even

within the elliptical class.
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3. It is unclear whether the decomposition result in Theorem 3.3 can be generalized to

joint mixes that take infinitely many values or that are continuously distributed.

4. Assuming homogeneous marginals, does an exchangeable joint mix solve problem (3.8)
for a general convex cost function f?7 In Theorem 3.4, we showed that this holds true for
quadratic cost. We also know that a joint mix is an optimizer for the general convex
cost problem without uncertainty. These observations seem to hint at the possible
optimality of some exchangeable joint mix for general convex cost under uncertainty,

but we do not have a proof.

5. Do negatively dependent joint mixes play an important role in optimization problems
other than the ones considered in Section 3.47 It is also unclear how results in Section
3.4 can be extended to heterogeneous marginal distributions with dimension higher

than 3. Two unsolved questions have already been mentioned in Remarks 3.3 and 3.4.

These questions yield new challenges to dependence theory and require future research.

3.7 Proofs of all results

Some notions of negative dependence introduced in Section 3.2 are related to stochastic

orders. We first introduce some concepts of stochastic order.

For two n-dimensional random vectors X and Y, X is said to be less than Y in lower
concordance order (denoted by X <., Y) if P(X < t) < P(Y < t) for all t € R", upper con-
cordance order (denoted by X <.v Y) if P(X > t) < P(Y > t) for all t € R™, concordance
order (denoted by X <. Y) if X <. Y and X <.y Y, and in supermodular order (denoted
by X <em Y) if E[¢)(X)] < E[¢(Y)] for all supermodular functions ¢ : R™ — R such that the
expectations exist. Using these notations of stochastic order, the notions of negative depen-
dence NLOD, NUOD, NOD and NSD for an n-dimensional random vector X = (X1,...,X,,)
are denoted by X <, X+, X <.y X+, X < X+ and X < X, respectively, where we
recall that X+ = (Xi, ..., X:1) is a random vector with independent components such that

X, L X1 i en)
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Proof of Proposition 3.1. In part (a), the implication from (v) to (i) is shown by Joag-Dev
and Proschan (1983). The other implications follow from (3.3). Parts (b) and (c) can be
easily checked by definition. Finally, part (d) follows from the fact that a CT random vector
for n > 3 cannot have continuous marginal distributions (Dall’Aglio, 1972; Puccetti and

Wang, 2015). O

Proof of Theorem 3.1. Note that to show NA, it suffices to show (3.1) for A, B that form a
partition of [n], as we can choose increasing functions in (3.1) that only depend on a subset
of A and B. Let f and g be two increasing functions on R? and R"¢, respectively, where d

is the cardinality of A. Note that

cov(f(Xa),9(Xp)) = E[cov(f(Xa), 9(Xp)[Sa)] + cov(E[f(Xa)[Sa], E[g(Xp)[Sa]);

see (1.1) of Joag-Dev and Proschan (1983). Using conditional independence (a), we get

cov(f(Xa),9(Xp)) = cov(E[f(Xa)|Sal, Elg(Xp)|Sa])-

Since S+ Sp is a constant, condition (b) implies that E[f(X 4)|S4] is an increasing function
of Sy, and E[g(Xp)|Sa] = E[g(X5)|Ss] is a decreasing function of S4. This shows that their

covariance is non-positive. Therefore, X is NA. O]

Proof of Proposition 3.2. Denote by X = (X, ..., X,) the NSD n-joint mix with joint dis-
tribution Fx. Let X = (X1(1), - - -» X1m)) be an exchangeable joint mix, where II follows a
uniform distribution on &,, and is independent of X. Obviously X! is a joint mix, and has
the same marginal distributions as X. Let F' = % > ree, Fx= be the distribution function

of X", Then F is exchangeable. Moreover, F' is NSD since

E[p(X™] = - 3 Blp(X™)] < - 3 (XY = Efp(X")

TES, €S,

for every supermodular function v such that the expectations above exist. Other cases of

NOD, NUOD and NLOD are shown analogously. m

Proof of Proposition 3.3. Without loss of generality, assume o2 is the maximum of {o%, ... ,02}.

Note that NCD implies that the bivariate correlations are non-positive. If (Xi,..., X)) is
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an NCD joint mix where X; ~ F;, i € [n], then

n—1
02 =var(X,) = var(X; + -+ X,,_1) < Zvar(Xi) = Z o2,
i=1 ;

which yields (3.4) by adding o2 to both sides. O

Proof of Theorem 3.2. The necessity follows from Proposition 3.3, and below we show suf-
ficiency. Suppose that (3.4) holds. Without loss of generality, we can assume o, > 0, 1 >

- > o1. It suffices to consider n > 3 and o,,_; > 0, and otherwise the problem is trivial.
Moreover, the location parameters of the Gaussian distributions are not relevant, and they

are assumed to be 0.

Let A be a constant such that
n—1
A2 Zaf + (1= MN)o2_ | =02 (3.17)
i=1

By (3.4), we have 37" 0? > 02 > 02_,, and this ensures that we can take \ € [0, 1].

n n—1»

Let P! be a matrix with diagonal entries being 1 and off-diagonal entries being —1/(n —
1), and let Pt be a matrix with diagonal entries being 1 and off-diagonal entries being 0.

Take Y = (Vy,..., Y, 1) ~ N, 1(0, 1, P+ ) and
Zm = (zm . Z0) Ny 1 (0 i, Pry), omo=1,...,n—1,

such that Y, ZM ... Z( Y are independent. Note that Z"1) = (Z(n_l) Z,(Ln_l)) ~ Ny(0q, P5)

n—1 »

is 2-dimensional, and each Z(™ is a joint mix.

For notational simplicity, let the function d be given by d(a,b) = (a®> — b*)"/? for a >
b > 0. Note that a® = d(a,b)? + b*. Moreover, for k =1,...,n — 1, let

1/2
a = d(og, 05-1) = (O’Z — 02_1) /

I

with 0y = 0, and thus oy = o0;. For k=1,...,n—1, let

k
Xk = )\Ukyk + d(l, )\) ZOéjZ]gj).

Jj=1
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Moreover, let

k=1

n—1 n—1

X, =-=-AY"+d(1,)) ZajZfzj), where Y™ = ZakYk.
j=1

For k =1,...,n — 1, using independence among Z,gl), cee Z,gk), we get
k . k
ar (Z osz,(f)> = Za? =07+ d(02,01)° + -+ + d(o}, 04-1)° = 0}
j=1 i=1
()

Hence, Z?Zl &jZ,gj) ~ Ny(0,0%), and again using independence of Y} and 2521 a; 2,7, we
get X ~ Ny(0,02). By (3.17), we have

n—1 n—1 n—1
var(X,) = var ()\ ZakYk> + var <d(1, A) Z Osz,(Lj)> = \? Zaf + (1= A)o2 | =02,
i=1

k=1

Hence, X,, ~ N;(0,02).

Next, we show that (Xi,...,X,) is a joint mix. We can directly compute
n n—1 k -1
Y X, = ZAakYk +d1L,NY Y "z - )\ZakYk +d(1,)) Z i Z9)
k=1 i=k k=1 j=1 k=1 j=1
n—1 n
=AY ez =0,
=1 k=j
where the last equality follows from the fact that Z) is a joint mix for each j =1,...,n—1.

We check that (Xi,...,X,) is NA. This follows from the fact that (Xi,...,X,) is
the weighted sum of several independent NA random vectors (01Y3,...,0,.1Y,_1,—Y ") and
(0,1, Z™) for m = 1,...,n — 1. Alternatively, one can check that all non-zero terms in

cov(X;, X;) are negative for i # j as follows. For X, X; with &,/ <n—1 and k < [, we have

k l
cov(Xy, X;) = cov <)\akYk +d(1,0)Y 0,20 MYy +d(1,0)Y aiZl(i))

j=1 i=1

l
= Moyo1c0v(Vi, Y1) + Aowd(1,0) D aicov (2,7, ¥7)

i=1

k koo
+ Aoyd(1,\) Zozjcov Z() Y)) 4+ d?(1,0) ZzajoéiCOV(Zlgj)7Zz(i))

j=1 j=1 i=1

k ag
= —d*(1,)) J
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For X, X,, for all kK < n — 1, we have

n—1 n—1
cov( Xy, Xp) = cov (AokYker 1A Zajz,gﬂ, /\ZUZY—HZ (1,\) ZazZ( )

7j=1
n—1 n—1
UkZUzCOV Yi,Y:) + Aowd(1, \) Zalcov AR
i=1 =1
k n—-1 k n—1 '
— Ad(1,)) ZZUZOZJCOV Y;) 4 d*(1,\) ZZQ a;cov(Z ,EJ),ZT(LZ'))
J=1 =1 7j=1 =1
k &2-
— X207 — (1, ) i <o.
Oy ( ) )]Zln_]

Finally, the joint mix can be chosen as multivariate Gaussian by the construction of

(X1,...,X,) as the sum of Gaussian vectors. O

Proof of Theorem 3.3. The “if” statement is straightforward, and we will check the “only if”
statement. Let X = (Xi,...,X,) be a joint mix and denote by ¢ = > | X; € R. First,
suppose that each component of X is positive. Denote by V' C R the set of all possible
values taken by random variables of the form Egzl X; for j =0,...,n, with the convention
that 22:1 X; = 0. Clearly, V is finite. The elements of V' are denoted by vy, v1, ..., vk such
that vg < v1 < --+ < vg. Our assumptions imply that vy = 0, v; > 0 and vg = ¢ because

Yo Xi=c Forke[K|and i€ [n], let

Yii -1

_]1{21 1 X 2vk} {202) Xk}

and let Yy = (Yj1,...,Yen). Since each X is positive, the value of Y} ; is either 0 or 1, and

ZYk,i =liyr xzoy = Liozug = Liezoy = 1
=1

Therefore, Y}, follows a binary multinomial distribution for each k € [K]. Let X} = (v —
vk—1) Yy for k € [K] with vy = 0. Note that for i € [n],

i i—1
ZX’“ - Z Uk~ Uk-1) (1{Z§:1 Xjzve} ]1{22-;11 XJ'?Uk}) - ZXj N ZXj = X,
k=1 j=1 j=1

where we used the identity Zle(vk — Up—1) Lz} = @ for € V. Therefore, Zle Xi =X,
showing that X can be represented as a finite linear combination of binary multinomial

random vectors.
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If some components of X are not positive, we can take m € R such that X; > m for each
i € [n]. Applying the above result, we know that (X;—m, ..., X,, —m) can be decomposed as
the sum of JM joint mixes. Note that X = (X;—m, ..., X;,—m)+(m,...,m), and (m,...,m)
is m times the sum of n binary multinomial random vectors (1,0,...,0),...,(0,...,0,1).

Hence, X admits a finite linear combination of binary multinomial random vectors. O]

Proof of Proposition 3.4. Let G be the joint distribution of an exchangeable joint mix. Let

us write

G(A) = / 0a(A)dG(a), A€ B(RY),

where 0, is the point-mass at a. By exchangeability, we have G(A™) = G(A) for 7 € &,, and
A € B(R™), where A™ is 7 applied to elements of A. Therefore,

G(A) = / e (4) dG(a),

Taking an average of the above formula over &,,, we have

GA) = / Ua(4)dG(a).

It is known that each U, is NA (Joag-Dev and Proschan, 1983, Theorem 2.11). Moreover,
the center of the joint mix distributed as U, is p since G is supported on {(z1,...,z,) € R":

T+ X, = k. ]

Proof of Proposition 5.5. As M is symmetric, we have sup,c 4 C’[j(X) = SUD e C}:(X”) for
all T € &,,. Let II be uniformly distributed on &,, and independent of X. Plugging X' in
the objective (3.7), we have

sup Ci(XH) = sup Z E
neM HEM KCln]

= sup Z%ZE f(ZXZT> 1K)

KC[n] ~ mEG,

f (Z XF)] p(K)

€K

N
| —
n
=
e
=
Kh 1
(]
N————
E
3



Hence, sup ¢y C’l{(XH) < SUPLem C!J:(X). Furthermore, as X is a joint mix, we have that

X™ is an exchangeable NCD joint mix with marginals F' and correlation matrix P O

Proof of Theorem 3.4. Without loss of generality, we assume that the variance of F' is 1.
Using the same argument in the proof of Proposition 3.5, for any X with identical marginals
F, we have sup,c C2(X") < sup,ep Cr(X), where II is uniformly distributed on &,,.
Let X, be a random vector with identical marginals I’ and a correlation matrix whose off-
diagonal entries are all p. Since correlation matrices are positive semi-definite, we have
p€[-1/(n—1),1], with p = —1/(n — 1) attainable since F' is n-completely mixable. The
value of sup ¢ Cﬁ(X) only depends on the correlation matrix. Therefore, it suffices to find

an optimizer of the form X, for some p € [-1/(n — 1), 1]. Note that

sup Cﬁ(Xp) = sup Z var (Z Xi> + (E ZX,]) p(K)
KC[n]

HeM peM ieK ieK

n

=sup Y Y (k+ (K —k)p+ FE[X)]) u(K).

HEMY T KCln], K=k
It is clear that sup,c Ci(Xp) increases in p. Therefore, the minimum is achieved at p* =
—1/(n — 1), which implies that X,- is an NCD joint mix with correlation matrix Py. As the

value of (3.11) only depends on the correlation matrix, we have the desired result. O

Proof of Theorem 3.5. The “if” part is shown by Theorem 3.4 by choosing M as both (3.12)
and (3.13) are special cases of (3.11). Next, we show the “only if” part by showing that the

correlation matrix of the minimizer to (3.12) or (3.13) with any k € [n]\ {1,n — 1,n} is P

Without loss of generality, we assume that the variance of F'is 1. As the mean of F
is zero, we have E[(}°, ; X;)?] = var(}_,.x X;). By plugging an NCD joint mix X* with

correlation matrix P! into (3.12), the optimal value for (3.12) is

2
k(n—Fk) k*(n— k%)
max (Z ) mu(z ) R T I b

where k* = |n/2].

First, we consider the case n = 3. In this case, [n] \ {1,n — 1,n} is empty, and we only

need to show that P is the unique correlation matrix of the minimizer to (3.12). Suppose
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that X with covariance matrix ¥ is a minimizer to (3.12). By (3.18), optimal value for (3.12)

is 1. Hence,

ar (Z XZ-) <1  for each K with |K| =2,

€K
and this implies
oy < —1/2,  fori#j. (3.19)
Since ¥ is positive semi-definite, we have ), el Tid > 0, which leads to 34+2015+2013+2093 >
0, implying 012 + 013 + 093 = —3/2. Together with (3.19), we get 012 = 013 = 093 = —1/2,
and hence ¥ = P;.
Next, we consider the case n > 4. We first show that the correlation matrix of the

minimizer to (3.13) is unique for 1 <k <n —1. Fix k € [n]\ {1,n — 1,n}. Suppose that X

with covariance matrix ¥ is a minimizer to (3.13). Our goal is to show ¥ = P7.

Let Ky, € =1,...,ng, be all subsets of [n] with cardinality k, where ny = (}). Then we

have

oS (S0 2 (20

€Ky

As X is a minimizer, for each K with |K| = k, we have

| = ; 2 max 2 —M
ar<ZX,)_E (ZX) < omax B (ZX) =——" (321

€K 1eK

Combining (3.20) and (3.21), we have

—k
(ZX) ; M=) g cach K with K| = k.
n _

€K

Take k = 2. For any 4, j € [n] such that i # j, the above equation implies

2(n —2)

var(X; + X;) = var(X;) + var(X;) + 2cov(X;, X;) = .
n —

As a result, we have cov(X;, X;) = —1/(n — 1) for all 4,5 € [n] such that i # j. Hence, we
conclude that ¥ = P.

Finally, note that £* in (3.18) satisfies 1 < k* < n — 1 for n > 4. We have justified that
the correlation matrix for optimizers to (3.13) with k& = k* is unique. Therefore, by using

(3.18), the correlation matrix for optimizers to (3.12) is also unique.
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The above arguments show that, for n > 3, if X is a minimizer to (3.12), then the
correlation matrix of X is P, which implies that X is an NCD joint mix with correlation

matrix P¥. The same conclusion holds true if (3.12) is replaced by (3.13) with any k €

n]\ {1,n —1,n}. O
Proof of Proposition 3.6. As the given marginals have zero means, for any (Y3,...,Y,) with
variance vector (0%,...,02),
2
max E Y; = max var Y; max var(Y; max 02
KC[n] <z€ZK ) (zGZK > 1€[n] ( ) 1€[n]
In case n = 3, a joint mix X with variance vector (¢%, ..., 02) satisfies
X | = X, | = X, ;
et (20 = o (550 =g < e

and var(X; + Xy + X3) = 0. Hence, the joint mix minimizes (3.12).

To show that no positive covariance is allowed, suppose that (X, X3, X3) is a minimizer

0 (3.12) and cov(X;, X;) > 0 for some i # j. We have

KC[n]

max E (Z Xi) >E[(X;+ Xj)g} = var(X;+X;) > o} —1—0 > max (07,05,03), (3.22)

where the last inequality follows from the necessary condition (3.4) of the existence of an
NCD joint mix. Since we have seen that the optimal value of (3.12) is max;ep 07, (3.22)
implies that (X3, X3, X3) does not minimize (3.12). O

Proof of Lemma 3.1. One of the key properties of elliptical distributions is that they are
closed under linear transformations, which is clear from (3.16). Hence, for X ~ E,(p, 3, ),
the random variable Y7 | X; follows E, (1.} p,1]31,,,4), which is degenerate if and only if
131, = 0. Hence, X is a joint mix if and only if 1)1, =0or ¢ =1 on R,. O]

Proof of Proposition 3.7. Necessity follows from Proposition 3.3. To show sufficiency, let
X ~ E,(p, X, 1), where ¥ is the dispersion matrix of the multivariate Gaussian distribution
constructed in the proof of Theorem 3.2. Then X; ~ E;i(u;,04,v), i € [n]. Moreover, it is
checked in the proof of Theorem 3.2 that 131, = 0 and o;; < 0 for i,j € [n] such that
i # j. Therefore, X is the desired NCD joint mix. O]
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Proof of Theorem 3.6. The statement (i) immediately follows from the facts that ¢ generates
an n-dimensional elliptical distribution for every n € N if and only if the corresponding
elliptical class is a Gaussian variance mixture family (Fang et al., 1990, Section 2.6), and
that E,(0,, P, 1) is an NCD joint mix, where P’ is an n X n matrix whose diagonal entries

are 1 and off-diagonal entries are —1/(n — 1).
To show (ii), we need two lemmas.

Lemma 3.2 (Corollary 4 of Yin (2021)). Let X ~ E,,(p, 2,v) and Y ~ E,(p, X', 1) be two
elliptical distributions such that

Y = (045) and ¥ = (0}.) satisfy 0;; = ol; for all i € [n].
Then X <cu'Y if and only if oy; < o} for alli # j.

ij

Let Pt be the identity matrix, which is the correlation matrix of an independent random
vector. Although Lemma 3.2 implies that E,, (i, P*,v) <. E,(u, P, 1) for general elliptical
distributions, E, (g, P*,1)) is not necessarily NOD in general since E,(0,, P:,v) does not
have independent components. In fact, an elliptical distribution E, (0, P+, ) is not NOD

unless it is Gaussian.

Lemma 3.3. The elliptical distribution E,(p, X, 1) where ¥ is diagonal is not NOD unless

it is Gaussian.

Proof. Assume that X ~ E,(u, X,1) is NOD. Since NOD is location invariant, it suffices to
show the case when g = 0,,. When X is NOD, then so is (X, X3), that is,

P(X; <21, X5 < 19) <P(X; < 21)P(Xy < 19) forall (21, 25) € R
Since (X7, X3) and (—X7, X5) are identically distributed, we have

P(X;, > 21, Xo < x2) <K P(X; 2 21)P(Xy < x9) for all (z,29) € R?,
and similarly, by symmetry,

P(X1 > 21, Xy > 9) <P(X1 2> 21)P(Xy > 25) for all (21, 25) € R?,

P(Xl < ZE17X2 2 ZL‘Q) < ]P)(Xl < IL‘l)]P)(XQ 2 .I’Q) for all (1'1,1‘2) € RQ.

Adding the above four inequalities together, we get 1 < 1. Hence, each of them is an equality.

However, (X;, Xs) follows a bivariate elliptical distribution with generator ¢, and thus X;

88



and X, are not independent unless it is Gaussian; see Theorem 4.11 of Fang et al. (1990).

Therefore, X cannot be NOD unless it is Gaussian. O

(15

Now we are ready to prove Theorem 3.6. The “if” statement follows from Proposition
3.1. It remains to show the “only if” statement. Let ¢/ be a characteristic generator different
from that of the Gaussian distribution. For n > 2, let X ~ E, (u, %,1) be an NOD joint
mix where Y has positive diagonal entries. We start by observing from Lemma 3.2 that if
oy > 0 for i # j, then the bivariate projection (X;, Xj;) of X satisfies (X;, X;) >. (X, X})
where (X, X7) ~ E,(u,X;,9) with
, Oii 0
0 Ujj
Using Lemma 3.3, we know that (X, X}) is not NOD, that is, there exists (z;,z;) € R? such
that

P(X! < a:i,XJ’- < zj) > P(X] < xi)]P’(X; < x); (3.23)

note that it suffices to consider the inequality needed for NLOD (not NUOD) by symmetry

of the elliptical distribution and location invariance of NOD. Therefore, we have that
P(X; < 23, X; < 75) > P(X] <2, X < ). (3.24)
The two inequalities (3.23) and (3.24) imply that
P(X; <2, X; < zj) > P(X; < 2)P(X; < xj),

that is, (X;, X;) is not NOD. This leads to a contradiction.

Next, we assume o;; < 0 for all ¢ # j. Since a'Ya > 0 for all a € R” and ¥ has positive

diagonal entries, we can take a = (1/,/011, ..., 1/\/0nn), and this yields

n

Uij O-z'j
E =n-+ E > 0.
ig=1 V%] iz V0%

Hence, there exist i, j with ¢ # 7 such that

034 S 1

/003 - n—l
89

Pij =



Since NOD is location-scale invariant, the NOD of (X;, X;) implies that Eo(02, P;, 1) is
NOD, where

L py

pij 1

Py =

Taking a limit as n — oo, and noting that NOD is closed under weak convergence (Muller
and Stoyan, 2002), we conclude that Ey(0,, P, 1) is also NOD, which contradicts Lemma 3.3
if £(1) is not Gaussian.

Finally, by Proposition 3.1, this characterization result follows if NOD is replaced by
NSD or NA. n
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Chapter 4

Diversification quotients: Quantifying

diversification via risk measures

4.1 Introduction

Portfolio diversification refers to investment strategies that spread out among many
assets, usually with the hope to reduce the volatility or risk of the resulting portfolio.
A mathematical formalization of diversification in a portfolio selection context was made
by Markowitz (1952), and some early literature on diversification includes Sharpe (1964),
Samuelson (1967), Levy and Sarnat (1970) and Fama and Miller (1972), amongst others.

Although diversification is conceptually simple, the question of how to measure diver-
sification quantitatively is never well settled. An intuitive, but non-quantitative, approach
is to simply count the number of distinct stocks or industries of substantial weight in the
portfolio; see e.g., Green and Hollifield (1992), Denis et al. (2002) and DeMiguel et al. (2009)
in different contexts. This approach is heuristic as it does not involve statistical or stochastic
modeling. The second approach is to compute a quantitative index of the portfolio model,
based on e.g., the volatility, variance, an expected utility, or a risk measure; this idea is
certainly along the direction of Markowitz (1952). In addition, one may empirically address
diversification by combining both approaches; see e.g., Tu and Zhou (2011) for the perfor-

mance of different diversified portfolio strategies, D’Acunto et al. (2019) in the context of
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robo-advising, and Berger and Eeckhoudt (2021) from the perspective of risk aversion and
ambiguity aversion. Green and Hollifield (1992) studied conditions under which the two

approaches are roughly in-line with each other.

In this chapter, we take the second approach by assigning a quantifier, called a diversifi-
cation indez, to each modeled portfolio. Carrying the idea of Markowitz (1952), we start our
journey with a simple index, the diversification ratio (DR) based on the standard deviation
(SD). For a random vector X = (X, ..., X,) representing future random losses and profits
of individual components in a portfolio in one period,! DR based on SD is defined as

DR®P(X) = %; (4.1)

see Choueifaty and Coignard (2008). One can also replace SD by variance. Intuitively,
with a smaller value indicating a stronger diversification, the index DR®P quantifies the
improvement of the portfolio SD over the sum of SD of its components, and it has several
convenient properties. Nevertheless, it is well-known that SD is a coarse, non-monotone and
symmetric measurement of risk, making it unsuitable for many risk management applications,
especially in the presence of heavy-tailed and skewed loss distributions; see Embrechts et al.

(2002) for thorough discussions.

Risk measures, in particular the Value-at-Risk (VaR) and the Expected Shortfall (ES),
are more flexible quantitative tools, widely used in both financial institutions’ internal risk
management and banking and insurance regulatory frameworks, such as Basel I11/TV (BCBS
(2019)) and Solvency II (EIOPA (2011)). ES has many nice theoretical properties and
satisfies the four axioms of coherence (Artzner et al. (1999)), whereas VaR is not subadditive
in general, but it enjoys other practically useful properties; see Embrechts et al. (2014, 2018),
Emmer et al. (2015) and the references therein for more discussions on the issues of VaR

versus ES.

Some indices of diversification based on various risk measures have been proposed in
the literature. For a given risk measure ¢, an example of a diversification index is DR in

(4.1) with SD replaced by ¢; see Tasche (2007). For a review of diversification indices, see

'We focus on the one-period losses to establish the theory. This is consistent with the vast majority of

literature on risk measures and decision models.
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Koumou (2020). We find several demerits of DR built on a general risk measure ¢ such as
VaR or ES in Section 4.2. A natural question is whether we can design a suitable index based
on risk measures to quantify the magnitude of diversification, which avoids the deficiencies

of DR. Answering this and related questions is the main purpose of this chapter.

We take an axiomatic approach to find our desirable diversification indices. Axiomatic
approaches for risk and decision indices have been prolific in economic and statistical decision
theories; see e.g., the recent discussions of Gilboa et al. (2019) and the monographs Gilboa
(2009) and Wakker (2010). Closely related to diversification indices, risk measures (Artzner et
al. (1999); Frittelli and Rosazza Gianin (2002); Féllmer and Schied (2016)) and acceptability
indices (Cherny and Madan (2009)) also admit sound axiomatic foundation; the particular

cases of VaR and ES are studied by Chambers (2009) and Wang and Zitikis (2021).

In Section 4.3, as our main contributions, we establish the first axiomatic foundation of
diversification indices.? This axiomatic theory leads to the class of diversification quotients
(DQs), the main object of this chapter, which have an interpretation parallel to DR. Six sim-
ple axioms—mnon-negativity, location invariance, scale invariance, rationality, normalization,
and continuity—are introduced and justified for their desirability in quantifying diversifica-
tion. Their interpretations are self-evident and they describe the basic requirements for a
diversification index. In Theorem 4.1, these six axioms characterize DQ based on monetary
and positive homogeneous risk measures. A seventh axiom of portfolio convexity, planting an
intuitive ordering over portfolio weights in the index, further pins down DQ based on coher-
ent risk measures in Theorem 4.2. Further, Proposition 4.1 gives conditions for which such
DQ@ has the range of a standard interval. Portfolio convexity means that, with a given list of
assets, combining a portfolio with a better-diversified one does not lead to worse diversifica-
tion than the original portfolio, reflecting a fundamental principle in economics (Mas-Colell
et al. (1995)). The financial interpretation of DQ is that it quantifies the improvement of

a risk-level parameter (such as the parameter in VaR or ES) caused by pooling assets, and

2A different list of desirable axioms for diversification indices is studied by Koumou and Dionne (2022).
Their framework is mathematically different from ours as their diversification indices are mappings of portfolio
weights, instead of mappings of portfolio random vectors. They did not provide axiomatic characterization

results.
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this is discussed in Section 4.3.4.

A detailed analysis of the properties of DQ based on general risk measures is discussed
in Section 4.4, which reveals that DQ has many appealing features, both theoretically and
practically. In addition to standard operational properties (Proposition 4.2), DQ has intuitive
behaviour for several benchmark portfolio scenarios (Theorem 4.3). Moreover, DQ allows
for consistency with stochastic dominance (Proposition 4.3) and a fair comparison across
portfolio dimensions (Proposition 4.4). We proceed to focus on VaR and ES in Section
4.5. It turns out that DQs based on VaR and ES have convenient alternative formulations
(Theorem 4.4) and a natural range of [0, n] and [0, 1], respectively (Proposition 4.5). Further,
they report intuitive comparisons between normal and t-models and it has the nice feature

that it can capture heavy tails and common shocks.

In Section 4.6, efficient algorithms for DQs based on VaR and ES in portfolio optimiza-
tion based on empirical observations are obtained (Proposition 4.6). Our new diversification
index is applied to financial data in Section 4.7, where several empirical observations high-
light the advantages of DQ. We conclude this chapter in Section 4.8 by discussing a number
of implications and promising future directions for DQ. Some additional results, proofs, and

some omitted numerical results are relegated to the E-Companion.

Notation. Throughout this chapter, (€2, F,P) is an atomless probability space, on
which almost surely equal random variables are treated as identical. A risk measure ¢ is a
mapping from X to R, where X is a convex cone of random variables on (2, F, P) representing
losses faced by a financial institution or an investor (i.e., a sign flip from Artzner et al. (1999)),
and X is assumed to include all constants (i.e., degenerate random variables). For p € (0, c0),
denote by LP = LP(Q, F,P) the set of all random variables X with E[|X|’] < oo where E
is the expectation under P. Furthermore, L> = L*>(, F,P) is the space of all (essentially)
bounded random variables, and L% = L2, F,P) is the space of all random variables. Write
X ~ F'if the random variable X has the distribution function F' under P, and X LY if two
random variables X and Y have the same distribution. Further, denote by Ry = [0, c0) and
R = [~00,00]. Terms such as increasing or decreasing functions are in the non-strict sense.
For X € L° ess-sup(X) and ess-inf(X) are the essential supremum and the essential infimum

of X, respectively. Let n be a fixed positive integer representing the number of assets in a
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portfolio, and write [n] = {1,...,n}. It does not hurt to think about n > 2 although our
results hold also (trivially) for n = 1. The vector O represents the n-vector of zeros, and we

always write X = (X1,...,X,) and Y = (Y1,...,Y,).

4.2 Preliminaries and motivation

The main object of this chapter, a diversification index D is a mapping from X" to
R, which is used to quantify the magnitude of diversification of a risk vector X € A"
representing portfolio losses. Our convention is that a smaller value of D(X) represents a

stronger diversification in a sense specified by the design of D.

As the evaluation of diversification is closely related to that of risk, diversification indices
in the literature are often defined through risk measures. An example of a diversification
index is the diversification ratio (DR) mentioned in the Introduction based on measures of

variability such as the standard deviation (SD) and variance (var):

ber SD(S X)) e var (X, X)
DRP(X) = s~ 5pxy 4 PR = =m =iy

with the convention 0/0 = 0. We refer to Rockafellar et al. (2006), Furman et al. (2017) and
Bellini et al. (2022) for general measures of variability. DRs based on SD and var satisfy the

three simple properties below, which can be easily checked.

[+] Non-negativity: D(X) > 0 for all X € X™.
[LI] Location invariance: D(X 4 c¢) = D(X) for all ¢ = (¢4,...,¢,) € R and all X € A™.

[SI] Scale invariance: D(AX) = D(X) for all A > 0 and all X € A",

The first property, [+], simply means that diversification is measured in non-negative values,
where 0 typically represents a fully diversified or hedged portfolio (in some sense). The
property [LI] means that injecting constant losses or gains to components of a portfolio,
or changing the initial price of assets in the portfolio,® does not affect its diversification

index. The property [SI] means that rescaling a portfolio does not affect its diversification

3Recall that X; represents the loss from asset i. Suppose that two agents purchased the same portfolio of
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index. The latter two properties are arguably natural, although they are not satisfied by
some diversification indices used in the literature (see (4.2) below). A diversification index

satisfying both [LI] and [SI] is called location-scale invariant.

Next, we define the two popular risk measures in banking and insurance practice. The

VaR at level a € [0, 1) is defined as
VaR,(X)=inf{z e R:P(X <z)>1-0a}, XelL
and the ES (also called CVaR, TVaR or AVaR) at level a € (0,1) is defined as

1 (0%
ES,(X) = —/ VaRs(X)d3, X e L',
0

a
and ESy(X) = ess-sup(X) = VaRy(X), which may be co. The probability level a above
is typically very small, e.g., 0.01 or 0.025 in BCBS (2019); note that we use the “small ”
convention. Artzner et al. (1999) introduced coherent risk measures ¢ : X — R as those

satisfying the following four properties.

[M] Monotonicity: ¢(X) < ¢(Y) for all X,Y € X with X <Y.*
[CA] Constant additivity: ¢(X +¢) = ¢(X) +cforallc€ R and X € X.
[PH| Positive homogeneity: ¢p(AX) = Ap(X) for all A € (0,00) and X € X.

[SA] Subadditivity: ¢(X + V) < (X) + ¢(Y) for all X,Y € X.

ES satisfies all four properties above, whereas VaR does not satisfy [SA]. We say that a risk
measure is monetary if it satisfies [CA] and [M], and it is MCP if it satisfies [M], [CA] and
[PH]. For discussions and interpretations of these properties, we refer to Follmer and Schied

(2016).

Some diversification indices are defined via risk measures, such as DR (e.g., Biirgi et al.

(2008), Mainik and Riischendorf (2010) and Embrechts et al. (2015)) and the diversification

assets but at different prices of each asset. Denote by X the portfolio loss vector of agent 1. The portfolio
loss vector of agent 2 is X + ¢, where c is the vector of differences between their purchase prices. The two
agents should have the same level of diversification regardless of their purchase prices, as they hold the same

portfolio.
4The inequality X <Y between two random variables X and Y is pointwise.
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benefit (DB, e.g., Embrechts et al. (2009) and McNeil et al. (2015)). For a risk measure ¢,
DR and DB based on ¢ are defined as®

DR?(X) = % and DB?(X) = Z O(X;) — ¢ (Z Xi) . (4.2)

In contrast to DR, a larger value of DB represents a stronger diversification, but this con-
vention can be easily modified by flipping the sign to consider —DB?. By definition, DR is
the ratio of the pooled risk to the sum of the individual risks, and thus a measurement of
how substantially pooling reduces risk; similarly, DB measures the difference instead of the

ratio.

DR has a number of deficiencies. First, the value of DR? is not necessarily non-negative,
violating [+]. Since the risk measure ¢ may take negative values,® it would be difficult to
interpret the case where either the numerator or denominator in DR is negative, and this
makes optimization of DR troublesome. An example is a portfolio of credit default losses,
where VaR of individual losses is often 0 or negative but VaR of the portfolio loss is positive;
see McNeil et al. (2015, Example 2.25). Second, for common risk measures, DR violates [LI],
meaning that adding a risk-free asset changes the value of DR. Third, DR is not necessarily
quasi-convex in portfolio weights; this point is more subtle and will be explained later. In
addition to the above drawbacks, we also find that DR has wrong incentives for some simple
models; for instance, it suggests that an iid portfolio of ¢t-distributed risks is less diversified
than a portfolio with a common shock and the same marginals; see Section 4.5.2 for details.
Similarly to DR, the index DB satisfies [LI] for ¢ satisfying [CA], but it does not satisfy [SI]

for common risk measures, and it may take both positive and negative values.

In financial applications, the risk measures VaR and ES are specified in regulatory
documents such as BCBS (2019) and EIOPA (2011), and therefore it is beneficial to stick
to VaR or ES as the risk measure when assessing diversification. Both DRV*Re and DR

satisfy [SI], but they do not satisfy [+] or [LI].” It remains unclear how one can define a

5If the denominator in the definition of DR?(X) is 0, then we use the convention 0/0 = 0 and 1/0 = oc.
6A negative value of a risk measure has a concrete meaning as the amount of capital to be withdrawn

from a portfolio position while keeping it acceptable; see Artzner et al. (1999).
"An impossibility result (Proposition 5.1) is presented in Section 5.3, which suggests that it is not possible

to construct non-trivial diversification indices like DR and DB satisfying [+], [LI] and [SI].
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diversification index based on VaR or ES satisfying these properties. In the remainder of

this chapter, we will introduce and study a new index of diversification to bridge this gap.

4.3 Diversification indices: An axiomatic theory

In this section, we fix X = L*> as the standard choice in the literature of axiomatic
theory of risk measures. In addition to [+], [LI] and [SI] introduced in Section 4.2, we propose
four new axioms. The first six axioms together characterize a new class of diversification
indices, that is, diversification quotients (DQ) based on MCP risk measures. With the
seventh axiom of portfolio convexity, we further pin down the class of DQ based on coherent

risk measures.

4.3.1 Axioms of rationality, normalization, and continuity

We first present three axioms, which depend on a risk measure ¢. These three axioms
are standard and weak in the sense that they do not impose a specific functional structure

on D other than some forms of monotonicity, normalization, and continuity.

For a risk measure ¢, we say that two vectors X, Y € X" are ¢-marginally equivalent
if $(X;) = ¢(Y;) for each i € [n], and we denote this by X ~ Y. In other words, if an agent
evaluates risks using the risk measure ¢, then she would view the individual components of
X and those of Y as equally risky. Similarly, denote by X g Y if ¢(X;) < o(Y;) for each
i € [n], and by X S if d(Xi) < ¢(Y;) for each i € [n]. The other three desirable axioms are
presented below, and they are built on a given risk measure ¢, such as VaR or ES, typically
specified exogenously by financial regulation.

[R], Rationality: D(X) < D(Y) for X, Y € A" satisfying X ~Y and Y X, < 1LY

To interpret the axiom [R] 4» consider two portfolios X and Y satisfying X Y. If

further 1" | X; < >, Y; holds, then the total loss from portfolio X is always less or equal to

that from portfolio Y, making the portfolio X safer than Y. Since the individual components
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in X and those in Y are equally risky, the fact that X is safer in aggregation is a result of the
different diversification effects in X and Y, leading to the inequality D(X) < D(Y). This

axiom is called rationality because a rational agent always prefers to have smaller losses.

Next, we formulate our idea about normalizing representative values of the diversifica-
tion index. First, we assign the zero portfolio 0 the value D(0) = 0, as it carries no risk in
every sense.® A natural benchmark of a non-diversified portfolio is one in which all compo-
nents are the same. Such a portfolio X% = (X, ..., X) will be called a duplicate portfolio,
and we may, ideally, wish to assign the value D(X) = 1. However, since the zero portfolio
0 is also duplicate but D(0) = 0, we will require the weaker assumption D(X) < 1 for
duplicate portfolios.” Lastly, we should understand for what portfolios D(X) > 1 needs to
occur. We say that a portfolio XV = (X;,..., X,,) is worse than duplicate, if there exists a
duplicate portfolio X = (X, ..., X) such that X"d = X4 and Yo Xi > nX. Intuitively,
this means that each component of X% is strictly less risky than X, but putting them
together always incurs a larger loss than nX; in this case, diversification creates nothing
but a penalty to the risk manager, and we assign D(X"4) > 1.10 Existence of worse-than-
duplicate portfolios is characterized in Section 5.4.1. Putting all of the considerations above,

we propose the following normalization axiom.

[N], Normalization: D(0) = 0, D(X) < 1 if X is duplicate, and D(X) > 1 if X is worse
than duplicate.

Finally, we propose a continuity axiom which is mainly for technical convenience.

[C]y Continuity: For {Y*}en € X" and X € X" satisfying Y* ~ X for each k, if O Xi—
S YE) . £5 0 as k — oo, then (D(X) — D(Y*)); — 0.

The axiom [C], is a special form of semi-continuity. To interpret it, consider portfolios X

and Y that are marginally equivalent. If the sum of components of X is not much worse than

8Indeed, the value of D(0) may be rather arbitrary; this is the case for DR where 0/0 occurs.
9Theorem 4.3 gives some mild conditions that yield D(X9") = 1 for the class D characterized in this

section.
10Such situations may be regarded as diversification disasters; see Ibragimov et al. (2011).
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that of Y in L, then the axiom says that the diversification of X is not much worse than
the diversification of Y. This property allows for a special form of stability or robustness®!

with respect to statistical errors when estimating the distributions of portfolio losses.

One can check that the axioms [R],, [N], and [C], are satisfied by DRY*"« and DR"

o |
if we only consider positive portfolio vectors. The axioms are not satisfied by DR3P because
SD is not monotone and hence the inequalities > . | X; < > ", Y; and Y | X; > nX used

in [R], and [N], are not relevant for SD.

4.3.2 Portfolio convexity

The next axiom, different from the three above, imposes a natural form of convexity on
the diversification index. Portfolio diversification is intrinsically connected to convexity of
ordering relations. Quoting Mas-Colell et al. (1995, p. 44), “Convexity can also be viewed as
the formal expression of a basic inclination of economic agents for diversification.” For this

purpose, we propose an axiom of portfolio convexity in this section.

Let arandom vector X € X" represent losses from n assets and a vector w = (wy, ..., w,) €

A,, of portfolio weights, where A, is the standard n-simplex, given by
A, ={xel0,1]" a1+ - +z,=1}.

The total loss of the portfolio is w' X. We write w ® X = (w X1, ..., w,X,), which is the

portfolio loss vector with the weight w. The portfolio converity axiom is formulated below.

[PC] Portfolio convexity: The set {w € A, : D(w ® X) < d)} is convex for each X € A™
and d € R.

Intuitively, portfolio convexity means that, for a given vector X of assets, combining a
portfolio strategy with a better-diversified one on the same set of assets does not result in
a portfolio that is less diversified than the original portfolio. As convexity is the decision-

theoretic counterpart of diversification, [PC] is desirable for diversification indices.

HTn the literature of statistical robustness, often a different metric than the L™ metric is used; see Huber
and Ronchetti (2009) for a general treatment. Our choice of formulating continuity via the L metric is

standard in the axiomatic theory of risk mappings on L.
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Remark 4.1. Axiom [PC] is equivalent to quasi-convezity of w — D(w®X) for each X € A™;
that is, D(Aw + (1 = AM)w') ©X) < D(w © X) V D(w' © X) for all A € [0,1], w,w’' € A,
and X € A"

Remark 4.2. Convexity or quasi-convexity of X — D(X) is not natural or desirable. For
instance, combining two diversified portfolios (X,Y) and (Y, X) may result in a duplicate

portfolio; see Example 5.1 in Section 5.4.2. Convexity of w — D(w ® X), which is stronger
than [PC], is not desirable either; see Example 5.2 in Section 5.4.2.

The four axioms introduced above, together with the three in Section 4.2, lead to a

class of diversification indices, which we define next.

4.3.3 Characterization results

We first formally introduce the diversification index DQ relying on a parametric class

of risk measures, which will be characterized in two results below.

Definition 4.1. Let p = (pa)acr be a class of risk measures indexed by o € I = (0, @) with
@ € (0,00] such that p, is decreasing in . For X € X", the diversification quotient based
on the class p at level a € I is defined by
a* n n
DQ?(X) = —, h * = inf el: Xi| < a(Xi) s 4.3
QX) =L, where a” = in {6 p5<2 ) > ool >} (13)

=1

with the convention inf(@) = @.

We first characterize DQ based on MCP risk measures by six axioms without [PC].

Theorem 4.1. A diversification index D : X™ — R satisfies [+], [L1], [SI], [R], [N], and
[Cly for some MCP risk measure ¢ if and only if D is DQ? for some o and decreasing class
p of MCP risk measures. Moreover, in both directions of the above equivalence, it can be

required that p, = ¢.

Theorem 4.1 gives the first axiomatic characterization of diversification indices, to the

best of our knowledge. The proof techniques to show the important “only if” statement of
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Theorem 4.1 are based on a sophisticated analysis of an auxiliary mapping
R:X —[0,00], R(X) = inf{D(X) X <Y X, X o} :
i=1

and this is explained in Section 5.2.

Next, we incorporate portfolio convexity into our axiomatic framework. For this pur-
pose, it is natural to build the diversification indices based on risk measures with convexity.
When formulated on monetary risk measures, convexity represents the idea that diversifica-
tion reduces the risk; see Follmer and Schied (2016). For risk measures that are not constant
additive, Cerreia-Vioglio et al. (2011) argued that quasi-convexity is more suitable than con-
vexity to reflect the consideration of diversification; moreover, convexity and quasi-convexity
are equivalent if [CA] holds. A risk measure is linear if it satisfies ¢p(a X +bY") = ap(X)+bp(Y)
for all X,Y € X and a,b € R. Since linear risk measures correspond to expectations (under
monotonicity), which do not reflect diversification, we will focus on non-linear ones. The

next theorem characterizes D(Q based on coherent risk measures.

Theorem 4.2. Suppose n > 4 and ¢ is a non-linear coherent risk measure. A diversification
index D : X" — R satisfies [+], [LI], [SI], [R],, [Nl [Clg and [PC] if and only if D is DQJ,

for some a and decreasing class p of coherent risk measures with p, = ¢.

The conditions n > 4 and non-linearity of ¢ are essential to the proof of Theorem 4.2.
They are harmless for financial applications since typical portfolios have more than a few

components, and common risk measures are not linear.

Although portfolio convexity is crucial for diversification indices, making Theorem 4.2
a central result, we present Theorem 4.1 separately for the following reasons. First, Theorem
4.1 reveals the fundamental properties needed to pin down the form of DQ and this helps to
clarify the role of [PC]. Second, the proof of Theorem 4.2 is technically built on Theorem 4.1.
Third, the class of DQ characterized by Theorem 4.1 allows for DQ based on VaR, which is

popular in financial regulation.

In the next proposition, we show that for sub-linear risk measures, DQ satisfies [PC]
(thus, the “if” direction of Theorem 4.2 does not need [M] and [CA] for p), and its range

is [0, 1] under mild conditions, avoiding non-degeneracy. A risk measure is sub-linear if it
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Table 4.1: Summary of axioms satisfied by diversification indices DR?, DB? and DQ? (with

® = pa), where X is the set of non-negative elements in X and « € (0,1)

Index Domain | [+] [LI} [SI] [R] s [N] 5 [Cly [PC]
DR"*Re and DRFSe X" X X X X X X
DRVeRe A7 vox ooV v VvV X
DR xrolvox vV v VY
DR®P xm ol voovoVox X x
DR xm Vv v v X X X X
—DBY#Re xn X v X v ox v X
—DRESe X" X i X v X i v
DQY™ xn v v voooX
DQL® xn v % VooV

satisfies subadditivity and positive homogeneity (equivalently, convexity and positive homo-

geneity).

Proposition 4.1. Let p = (/)B)ﬁel be a decreasing class of sub-linear risk measures and
a € I. Then DQY, satisfies [PC|. If n = 3, po is non-linear and there exists X € X such
that 5 — pp(X) is strictly decreasing, then {DQA(X) : X € A"} = [0, 1].

Given a sub-linear risk measure p,, the conditions in Proposition 4.1 for {DQ?(X) :
X € A"} = [0, 1] are mild and satisfied by e.g., DQ based on the family of ES. In contrast
to DQ, DR based on sub-linear risk measures may not satisfy [PC] since the denominator
in (4.2) may be negative. For a clear comparison, we summarize in Table 4.1 the axioms

satisfied by the diversification indices that appear in this chapter.

4.3.4 Interpretation of DQ

DQ based on MCP or coherent risk measures have been characterized axiomatically,
but we have not interpreted the meaning of DQ in (4.3). For an interpretation, consider a

decreasing class of risk measures (pg)ges. The values of risk measures typically represent the
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Figure 4.1: Conceptual symmetry between DQ and DR

Pp (Z?:l Xi)

capital requirement of a risky asset, and hence (3 is interpreted as a parameter of risk level
(as in VaRg or ESp), that is, a smaller § means a larger capital requirement for the same

risk. Notice from (4.3) that, under mild conditions, o* is uniquely determined by

Pox (Z Xz) = Zpa<Xi)'

Therefore, a* is the parameter of risk level achieved by pooling, assuming that the portfolio
maintains the same total capital requirement assessed by p, when there is no pooling, that
is, Y pa(X;). As DQA(X) = o* /o, DQ is the ratio of the risk-level parameters before and

after pooling. To summarize,

the index D@ quantifies the improvement of the risk-level parameter caused by pooling

assets.

In the most relevant case p, (D1 Xi) < >, pa(X;), we present in Figure 4.1 the con-
ceptual symmetry between DQ, which measures the improvement by pooling in the horizontal
direction, and DR, which measures an improvement in the vertical direction. In particular,
in the case of VaR, DQ measures the probability improvement, whereas DR measures the

quantile improvement; see Theorem 4.4 and (4.7) below.

Remark 4.3. The idea of improvement of risk level is closely related to acceptability indices,

proposed by Cherny and Madan (2009). More precisely, an acceptability index for a loss
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X € X is defined by AI’(X) = sup{y € R, : py/,(X) < 0} for a decreasing class of coherent
risk measures (p,),cr, , which has visible similarity to o* in (4.3); see Kovacova et al. (2020)

for optimization of acceptability indices. If p is a class of risk measures satisfying [CA], then

o= (s (£ ncr))

i=1
Dhaene et al. (2012) studied several methods for capital allocation, among which the quan-
tile allocation principle computes a capital allocation (Ci,...,C,) such that > "  C; =
VaR,(>", X;) and C; = VaR.,(X;) for some ¢ > 0. The constant ¢ appearing as a nuisance
parameter in the above rule has a visible mathematical similarity to DQXaR. Mafusalov and
Uryasev (2018) studied the so-called buffered probability of exceedance, which is the inverse
of the ES curve g — ESz(X) at a specific point « € R; note that a* in (4.3) is obtained by
inverting the ES curve f — ESz(> 1, X;) at Y. ES.(X;).

We close the section with discussions on the construction of DQ. First, DQ can be
constructed from any monotonic parametric family of risk measures. All commonly used risk
measures belong to a monotonic family, as this includes VaR, ES, expectiles (e.g., Bellini
et al. (2014)), mean-variance (e.g., Markowitz (1952) and Maccheroni et al. (2009)), and
entropic risk measures (e.g., Follmer and Schied (2016)); some choices do not guarantee all
axioms to hold. Our results imply that using ES or expectiles guarantees all axioms and non-
degeneracy for DQ. In addition, there are ways to construct DQ from a single risk measure;
see Section 5.4.3. DQ can also be axiomatized using preferences instead of risk measures; see

Section 5.4.4.

DQ can be used as a normative tool for measuring diversification. In this context, the
choice of the parametric family of risk measures is up to the user, and DQ serves as a versatile
tool that accommodates various risk attitudes. The choice of risk measures (e.g., VaR, ES)
and the determination of the confidence level (a) should be aligned with the risk tolerance,
objectives, and regulatory requirements of the decision maker. For instance, conservative
investors, prioritizing capital preservation, may gravitate towards the family of ES at a high
level a;, which reflects an assessment of downside risk, whereas those with aggressive risk
preferences may opt for VaR or ES at a lower level a. Most generally, we would recommend

the use of DQ based on ES, which has a natural and strong connection to financial regulation
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and tail risk management, and the parameter « allows for flexibility in the assessment of tail

risk.

4.4 Properties of DQ

In this section, we study the properties of DQ defined in Definition 4.1. For the greatest
generality, we do not impose any properties of risk measures in the decreasing family p =
(Pa)acr, 1-€., the family p is not limited to MCP or coherent risk measures, so that our results
can be applied to more flexible contexts in which some of the seven axioms are relaxed. In

this section, X is not restricted to L.

4.4.1 Basic properties

We first make a few immediate observations by the definition of DQ. From (4.3), we
can see that computing DQ? is to invert the decreasing function 5 — pg(d> 7 | X;) at
Y pal(X;). For the cases of VaR and ES, I = (0,1), o € [0,1], and DQ has simple
formulas; see Theorem 4.4 in Section 4.5. For a fixed value of > 7" | po(X;), DQ is larger if
the curve 8 — pg(> 1, X;) is larger, and DQ is smaller if the curve 8 — pg(d> 7 X;) is
smaller. This is consistent with our intuition that a diversification index is large if there is
little or no diversification, thus a large value of the portfolio risk, and a diversification index

is small if there is strong diversification.

In Theorem 4.1, we have seen that DQ satisfies [SI] and [LI] if p is a class of MCP
risk measures. These properties of DQ can be obtained based on a more general version of
properties [CA] and [PH] of risk measures, allowing us to include SD and the variance. The

results are summarized in Proposition 4.2, which are straightforward to check by definition.

[CAJ,, Constant additivity with m € R: ¢(X +¢) = ¢(X) +mc for all c € R and X € X.
[PH], Positive homogeneity with v € R: ¢(AX) = \¢(X) for all A € (0,00) and X € X.

Proposition 4.2. Let p = (pa)acs be a class of risk measures decreasing in «. For each

ael,
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(i) if pp satisfies [PH] with the same v across B € I, then DQS, satisfies [SI].
(11) if ps satisfies [CA],, with the same m across 5 € I, then DQ? satisfies [Ll].

(111) if pa satisfies [SA], then DQ? takes value in [0, 1].

It is clear that [CA] is [CA],, with m = 1 and [PH] is [PH], with v = 1. More properties
of DQs on the important families of VaR and ES will be discussed in Section 4.5. In particular,

we will see that the ranges of DQY*® and DQY® are [0, 7] and [0, 1], respectively.

Example 4.1 (Liquidity and temporal consistency). In risk management practice, liquidity
and time-horizon of potential losses need to be taken into account; see BCBS (2019, p.89).
If liquidity risk is of concern, one may use a risk measure with [PH], with v > 1 to penalize
large exposures of losses. For such risk measures, DQ’ remains scale invariant, as shown by
Proposition 4.2. On the other hand, if the risk associated to the loss X(¢) at different time
spots t > 0 is scalable by a function f > 0 (usually of the order f(¢) = v/t in standard models
such as the Black-Scholes), then DQ is consistent across different horizons in the sense that
DQA(X(t)) = DQA(X(s)) for two time spots s,t > 0, given that pg(X;(t)) = f(t)ps(X;(1))
forie[n],t >0and g € I.

Next, we explain that the values taken by DQ are consistent with our usual perceptions
of portfolio diversification. For a given risk measure ¢ and a portfolio risk vector X, we

consider the following three situations which yield intuitive values of DQ.

(i) There is no insolvency risk with pooled individual capital, i.e., > » | X; < > 0, ¢(X;)

a.s.;
(ii) diversification benefit exists, i.e., ¢ (D i Xi) < Do d(X5);
(iii) the portfolio relies on a single asset, i.e., X = (M X, ..., A\, X) for some X € X and

A, ..y A\ € Ry A duplicate portfolio relies on a single asset.

The above three situations receive special attention because they intuitively correspond to
very strong diversification, some diversification, and no diversification, respectively. Natu-

rally, we would expect DQ to be very small for (i), DQ to be smaller than 1 for (ii), and
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DQ to be 1 for (iii). It turns out that the above intuitions all check out under very weak

conditions that are satisfied by commonly used classes of risk measures.

Before presenting this result, we fix some technical terms. For a class p of risk measures
po decreasing in «, we say that p is non-flat from the left at (o, X) if pg(X) > pa(X)
for all € (0,a), and p is left continuous at (o, X) if o — po(X) is left continuous. A
random vector (X7, ..., X,,) is comonotonic if there exists a random variable Z and increasing
functions fi,..., f, on R such that X; = f;(Z) a.s. for every i € [n]. A risk measure is
comonotonic-additive if ¢(X +Y) = ¢(X) + ¢(Y) for comonotonic (X,Y). Each of ES
and VaR satisfies comonotonic-additivity, as well as any distortion risk measures (Yaari
(1987), Kusuoka (2001)) and signed Choquet integrals (Wang et al. (2020b)). We denote by
po = limg o po. Note that py = ess-sup for common classes p such as VaR, ES, expectiles,

and entropic risk measures.

Theorem 4.3. For given X € X" and o € I, if p is left continuous and non-flat from the
left at (o, Y1 X;), the following hold.

(i) Suppose py < ess-sup. If for p, there is no insolvency risk with pooled individual capital,

then DQF(X) = 0. The converse holds true if py = ess-sup.
(i1) Diversification benefit exists if and only if DQ?(X) < 1.
(1) If po satisfies [PH] and X relies on a single asset, then DQA(X) = 1.

(iv) If po is comonotonic-additive and X is comonotonic, then DQ?(X) = 1.

In (i), we see that if there is no insolvency risk with pooled individual capital, then
DQ(X) = 0. In typical models, such as some elliptical models in Section 4.5.2, Y~ | X; is
unbounded from above unless it is a constant. Hence, for such models and p satisfying py =
ess-sup, DQA(X) = 0 if and only if Y ; X; is a constant, thus full hedging is achieved. This
is also consistent with our intuition of full hedging as the strongest form of diversification.
The existence of diversification benefit is the main idea behind coherent risk measures of
Artzner et al. (1999). By (ii), DQ and DR agree on whether diversification benefit exists

under mild conditions, and this intuition is consistent with Artzner et al. (1999).
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Remark 4.4. We require p to be left continuous and non-flat from the left to make the
inequality in (ii) holds strictly. This requirement excludes, in particular, trivial cases like
X = ¢ € R® which gives DQY*®(X) = 0 by definition. In case the conditions fail to hold,
DQA(X) < 1 may not guarantee p, (D X;) < D", pa(X;), but it implies the non-strict
inequality po (D1 X;) < > i pa(X;), and thus the portfolio risk is not worse than the sum

of the individual risks.

4.4.2 Stochastic dominance and dependence

In this section, we discuss the consistency of DQ with respect to stochastic dominance,
as well as the best and worst cases for DQ among all dependence structures with given

marginal distributions of the risk vector.

For a diversification index, monotonicity with respect to stochastic dominance yields
consistency with common decision-making criteria such as the expected utility model and the
rank-dependent utility model. A random variable X (representing random loss) is dominated
by a random variable Y in second-order stochastic dominance (SSD) if E[f(X)] < E[f(Y)]
for all decreasing concave functions f : R — R provided that the expectations exist, and
we denote this by X <ssp YV.'? A risk measure ¢ is SSD-consistent if ¢(X) > ¢(Y") for all
X,Y € X whenever X <gssp Y. SSD consistency is known as strong risk aversion in the
classic decision theory literature (Rothschild and Stiglitz (1970)). SSD-consistent monetary
risk measures, which include all law-invariant convex risk measures such as ES, admit an

ES-based characterization (Mao and Wang (2020)).

Proposition 4.3. Assume that p = (pa)acr i a decreasing class of SSD-consistent risk
measures. For X, Y € X" and o € I, if > i pa(Xi) < Doiypa(Ys) and 37 Xi <ssp
i1 Yi, then DQZ(X) > DQL(Y).

Proposition 4.3 follows from the simple observation that

{Bel:pﬁ (ZX> <Zpa(Xi)} C {561:% (ZY> < Zpa(Yi)},

i=1

121f X and Y represent gains instead of losses, then SSD is typically defined via increasing concave functions.
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and we omit the proof.

Assume p is a class of SSD-consistent risk measures (e.g., law-invariant convex risk
measures). Proposition 4.3 implies that if the sum of marginal risks is the same for X and
Y (this holds in particular if X and Y have the same marginal distributions), then DQ is
decreasing in SSD of the total risk. The dependence structures which maximize or minimize
DQ for X with specified marginal distributions are discussed in Section 5.5.1. For instance,
a comonotonic portfolio has the largest DQ (thus the smallest diversification) among all
portfolios with the same marginal distributions; this observation is related to Proposition 4.2

(iii) and Theorem 4.3 (iv).

4.4.3 Consistency across dimensions

All properties in the previous sections are discussed under the assumption that the
dimension n € N is fixed. Letting n vary allows for a comparison of diversification between
portfolios with different dimensions. In this section, we slightly generalize our framework by

considering a diversification index D as a mapping on | _n X™; note that the input vector X

neN
of DQ and DR can naturally have any dimension n. We present two more useful properties
of DQ in this setting. For X € &A™ and ¢ € R, (X, ¢) is the (n+1)-dimensional random vector
obtained by pasting X and ¢, and (X, X) is the (2n)-dimensional random vector obtained

by pasting X and X.

[RI] Riskless invariance: D(X,c) = D(X) for alln € N, X € X™ and ¢ € R.

[RC] Replication consistency: D(X,X) = D(X) for all n € N and X € A™.

Riskless invariance means that adding a risk-free asset into the portfolio X does not affect
its diversification. For instance, the Sharpe ratio of the portfolio does not change under such
an operation. Replication consistency means that replicating the same portfolio composition
does not affect D. Both properties are arguably desirable in most applications due to their

natural interpretations.

Proposition 4.4. Let p = (pa)acr be a class of risk measures decreasing in a. For a € I,
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(i) If pg satisfies [CAly, with m € R for B € I and p,(0) = 0 then DQ? satisfies [RI].

(i1) If pg satisfies [PH] for B € I, then DQ? satisfies [RC].

We further show in Proposition 5.7 that if [RI] is assumed, then the only option for DR
is to use a non-negative ¢ (which is a subclass of DQ). Thus, if [RI] is considered as desirable,
then DQ becomes useful compared to DR as it offers more choices, and in particular, it works
for any classes p of monetary risk measures with p,(0) = 0 including VaR and ES. Both DQ
and DR satisfy [RC] and [RI] for MCP risk measures.

Example 4.2. Let ¢ be a risk measure satisfying [CA], such as ES,, or VaR,,. Suppose that
o>, X;) = 1and Y1, ¢(X;) = 2, and thus DR?(X) = 1/2. If a non-random payoff of
¢ > 0 is added to the portfolio, then DR?(X, —¢) = (1 —¢)/(2 — ¢), which turns to 0 as ¢ 1 1,
and it becomes negative as soon as ¢ > 1. Hence, DR? is improved or made negative by
including constant payoffs (either as a new asset or added to an existing asset). This creates
problematic incentives in optimization. On the other hand, DQ does not suffer from this

problem due to [LI] and [RI].

4.5 DQ based on the classes of VaR and ES

Since VaR and ES are the two most common classes of risk measures in practice, we
focus on the theoretical properties of DQY*® and DQES in this section. We fix the parameter
range I = (0, 1), and we choose X™ to be (L°)" when we discuss DQY*® and (L')" when we

discuss DQES, but all results hold true if we fix X = L.

4.5.1 General properties

We first provide alternative formulations of DQY*® and DQY®. The formulations offer
clear interpretations and simple ways to compute the values of DQs. The formula (4.6) below
can be derived from the optimization formulation for the buffered probability of exceedance

in Proposition 2.2 of Mafusalov and Uryasev (2018).
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Theorem 4.4. For a given o € (0,1), DQY*® and DQY have the alternative formulas

DQY*™(X) = é[@ (Z X; > ZVaRa(XZ-)> , Xeam (4.4)
=1 =1
and .
DQS(X) = éIP’ (Y > ESa(Xi)) . Xeam (4.5)
=1

where Y = ESy (3> 1, Xi) and U ~ U[0,1]. Furthermore, if P(> 0, X; > > i ESa(X;)) >
0, then
1
DQ™(X) == min E

« re(0,00)

, (4.6)

(r i()(Z — ESQ(Xz)) + 1)

=1

and otherwise DQYS(X) = 0.

As a first observation from Theorem 4.4, it is straightforward to compute DQY*® and
DQ on real or simulated data by applying (4.4) and (4.5) to the empirical distribution of
the data.

Theorem 4.4 also gives DQXaR a clear economic interpretation as the improvement of
insolvency probability when risks are pooled, making the discussion in Section 4.3.4 more
concrete. Suppose that Xi,..., X, are continuously distributed and they represent losses
from n assets. The total pooled capital is s, = > .| VaR,(X;), which is determined by the
marginals of X but not the dependence structure. An agent investing only in asset X; with
capital computed by VaR, has an insolvency probability a = P(X; > VaR,(X;)). On the
other hand, by Theorem 4.4, o* is the probability that the pooled loss Y | X; exceeds the
pooled capital s,. The improvement from « to a*, computed by o* /a, is precisely DQY*®(X).

From here, it is also clear that DQY*®(X) < 1 is equivalent to P (3.1, X; > s,) < a.

To compare DQY*® with DRY*Re | recall that the two diversification indices can be

rewritten as

¢ "X,
Zz:l i > SOC) and DRVaRa (X) — vaRa (Zz:l 1) ) (47>

o Sq

DQY(x) =

From (4.7), we can see a clear symmetry between DQ, which measures the probability im-
provement, and DR, which measures the quantile improvement. DQ and DR based on ES

have a similar comparison.
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The range of DQ based on VaR is different from that based on ES, which is [0, 1] by

Proposition 4.1. We summarize them below.

Proposition 4.5. For a € (0,1) and n > 2, {DQY**(X) : X € A"} = [0,min{n, 1/a}] and
{DQE(X) - X € X} = [0, 1],

Both DQXaLR and DQES take values on a bounded interval. In contrast, the diversification

ratio DRV*Re is unbounded, and DR¥® is bounded above by 1 only when the ES of the total

risk is non-negative.

Remark 4.5. It is a coincidence that DQY*® for a < 1/n and DRY™ both have a maximum
value n. The latter maximum value is attained by a risk vector (X/n,...,X/n) for any

X e L2

4.5.2 Capturing heavy tails and common shocks

In this section, we analyze three simple normal and t-models to illustrate some features
of DQ regarding heavy tails and common shocks in the portfolio models. Here, we only
present some key observations. A detailed study of DQs based on VaR and ES for ellip-
tical distributions and multivariate regularly varying models, including explicit formulas to

compute DQ for these models, can be found in Chapter 6.

Let Z = (Zy,...,Z,) be an n-dimensional standard normal random vector, and let &?
have an inverse gamma distribution independent of Z. Denote by it,(v) the joint distribution
with n independent t-marginals t(v, 0, 1), where the parameter v represents the degrees of
freedom; see McNeil et al. (2015) for t-models. The model Y = (Y3,...,Y,) ~ it,(v) can be
stochastically represented by

Y, =&7;, forié€[n], (4.8)

where &1,...,&, are iid following the same distribution as &, and independent of Z. In
contrast, a joint t-distributed random vector Y’ = (Y{,....Y)) ~ t(v, 0, I,,) has a stochastic

representation Y’ = £Z, that is,

Y/ =¢&Z;, fori€|[n]. (4.9)

)
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Table 4.2: DQs/DRs based on VaR, ES, SD and var, where a = 0.05, n = 10 and v = 3;

numbers in bold indicate the most diversified among Z,Y,Y’ according to the index D

D DQYaR DQES DRYaR« DRES: DRSSP DR
Z~N(0,1,) |20x10°% 1.9x10° 0.3162 0.3162 0.3162 1
Y ~it,(3) 0.0235 0.0124 0.3569 0.2903 0.3162 1
Y’ ~t(3,0,1,) 0.0502 0.0340 0.3162 0.3162 0.3162 1
D(Z) < D(Y) Yes Yes Yes No No No
D(Y) < D(Y'") Yes Yes No Yes No No

In other words, Y’ is a standard normal random vector multiplied by a heavy-tailed common

shock &. All three models Z,Y,Y’ have the same correlation matrix, the identity matrix I,,.

Because of the common shock ¢ in (4.9), large losses from components of Y’ are more
likely to occur simultaneously, compared to Y in (4.8), which does not have a common
shock. Indeed, Y’ is tail dependent (Example 7.39 of McNeil et al. (2015)) whereas Y is
tail independent. As such, at least intuitively (if not rigorously), diversification for portfolio
Y’ should be considered as weaker than Y, although both models are uncorrelated and
have the same marginals.'> By the central limit theorem, for v > 2, the component-wise
average of Y (scaled by its variance) is asymptotically normal as n increases, whereas the

component-wise average of Y’ is always t-distributed. Hence, one may intuitively expect the

order D(Z) < D(Y) < D(Y’) to hold.

In Tables 4.2 and 4.3, we present DQ and DR for a few different models based on
N(0, I,,), t(»,0,I,), and it,(v). We choose n = 10 and v = 3 or 4, and thus we have five
models in total. As we see from Tables 4.2 and 4.3, DQs based on both VaR and ES report a
lower value for it, () and a larger value for t(v, 0, I,,), meaning that diversification is weaker

for the common shock t-model (4.9) than the iid t-model (4.8). For the iid normal model, the

130n a related note, as discussed by Embrechts et al. (2002), correlation is not a good measure of diversi-

fication in the presence of heavy-tailed and skewed distributions.
4 Most financial asset log-loss data have a tail-index between [3, 5], which corresponds to v € [3,5]; see

e.g., Jansen and De Vries (1991).
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Table 4.3: DQs/DRs based on VaR, ES, SD and var, where v = 0.05, n = 10 and v = 4;

numbers in bold indicate the most diversified among Z,Y,Y’ according to the index D

D DQYaR DQES DRYaR« DRES: DRSSP DR
Z~N(0,1,) |20x10°% 1.9x10° 0.3162 0.3162 0.3162 1
Y ~it,(4) 0.0050 0.0017 0.3415 0.2828 0.3162 1
Y’ ~t(4,0,1,) 0.0252 0.0138 0.3162 0.3162 0.3162 1
D(Z) < D(Y) Yes Yes Yes No No No
D(Y) < D(Y'") Yes Yes No Yes No No

diversification is the strongest according to DQ. In contrast, DR sometimes reports that the
iid t-model has a larger diversification than the common shock t-model, which is counter-
intuitive. In the setting of both Tables 4.2 and 4.3, a risk manager governed by DQY*®
would prefer the iid portfolio over the common shock portfolio, but the preference is flipped
if the risk manager uses DRY*®*_ A more detailed analysis on this phenomenon for varying

a € (0,0.1] is presented in Figure 5.1 in Section 5.6, and consistent results are observed.

4.6 Portfolio selection with DQ

Next, we focus on the optimal diversification problem

min DQY*(w® X) and min DQM(w ® X); (4.10)

weA, wEA,

recall that a smaller value of DQ means better diversification.'® Recall from Table 4.1 that the
first optimization is not quasi-convex and the second one is quasi-convex (Proposition 4.1).
We do not say that optimizing a diversification index has a decision-theoretic benefit; here we
simply illustrate the advantage of DQ in computation and optimization. Whether optimizing

diversification is desirable for individual or institutional investors is an open-ended question

15A possible alternative formulation to (4.10) is to use DQ as a constraint instead of an objective in the
optimization. This is mathematically similar to a risk measure constraint (e.g., Basak and Shapiro (2001),
Rockafellar and Uryasev (2002) and Mafusalov and Uryasev (2018)), but with a different interpretation, as

DQ is not designed to measure or control risk.
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which goes beyond this chapter; we refer to Van Nieuwerburgh and Veldkamp (2010), Boyle
et al. (2012) and Choi et al. (2017) for relevant discussions.

For the portfolio weight w, DQ based on VaR at level o € (0,1) is given by

DQY*R(w ® X) = éinf { B € (0,1): VaRg (Z wl-X,) <> inaRa(X,;)} :
=1

i=1
and DQ based on ES is similar. In what follows, we fix @ € (0,1) and X = (Xy,..., X,,) € &A™,
where X is L° for VaR and L! for ES, as in Section 4.5. Write 0 = (0,...,0) € R™ and
xP = (pa(X1), ..., pa(X,)) for a given risk measure p.

Proposition 4.6. Fiz a € (0,1) and X € X". The optimization of DQY*(w ® X) in (4.10)
can be solved by

min P (w' (X —x*%) > 0). (4.11)

weA,

Assuming P(X; > ES,(X;)) > 0 for each i € [n], the optimization of DQYS(w © X) in (4.10)
can be solved by the convexr program
: T (v _ ES
velﬂf&l{l{o}E [(V (X —x5°) + 1)+] : (4.12)

*

and the optimal w* is given by v/||v||;.

Proposition 4.6 offers efficient algorithms to optimize DQXaR and DQES in real-data

VaR

VaR and xS can be computed by many existing estimators

applications. The values of x
of the individual losses (see e.g., McNeil et al. (2015)). In particular, a simple way to
estimate these risk measures is to use an empirical estimator. More specifically, if we have
data XM, ... X sampled from X satisfying some ergodicity condition (being iid would

be sufficient), then the empirical version of the problem (4.11) is

N
minimize Y Leorxogpr)se)  OVr W E Ay, (4.13)

=1
where XY2® is the empirical estimator of x¥*® based on sample X, ..., X(™); see McNeil et

al. (2015). Write y) = XU — ¥R and z; = L, ry)0y for j € [n]. Problem (4.13) involves
a chance constraint (see e.g., Luedtke (2014) and Liu et al. (2016)). By using the big-M
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method (see e.g., Shen et al. (2010)) via choosing a sufficient large M (e.g., it is sufficient if
M is larger than the components of y) for all j), (4.13) can be converted into the following
linear integer program:
minimize Zjvzl 2
subject to  wlyW — Mz; <0, Y0 w =1, (4.14)
z; €4{0,1}, w; >0 forall j € [N]andi € [n].
Similarly, the optimization problem (4.12) for DQES can be solved the empirical version of

the problem (4.12), which is a convex program:

N
minimize Z max {v' (X¥ —x55) + 1,0} over veRy, (4.15)

j=1
where X5 is the empirical estimator of x25 based on sample XM . X®™) Both problems

(4.14) and (4.15) can be efficiently solved by modern optimization programs, such as CVX

programming (see e.g., Matmoura and Penev (2013)).

Additional linear constraints, such as those on budget or expected return, can be eas-
ily included in (4.11)-(4.15), and the corresponding optimization problems can be solved

similarly.

Tie-breaking needs to be addressed when working with (4.13) since its objective function
takes integer values. In dynamic portfolio selection, it is desirable to avoid adjusting positions
too drastically or frequently. Therefore, in the real-data analysis in Section 4.7.3, among tied
optimizers, we pick the closest one (in L'-norm || - ||; on R") to a given benchmark wy, the

portfolio weight of the previous trading period. With this tie-breaking rule, we solve
N
minimize ||w —wgll; over w € A, subject to Z Liyryiop < m’, (4.16)
j=1

where m* is the optimum of (4.13). A tie-breaking for (4.15) may need to be addressed

similarly since (4.15) is not strictly convex.

4.7 Numerical illustrations

To illustrate the performance of D(Q, we collect historical asset prices from Yahoo Fi-

nance and conduct three sets of numerical experiments based on the data. We use the period
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Figure 4.2: DQs and DRs based on VaR and ES with o« = 0.05
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from January 3, 2012, to December 31, 2021, with a total of 2518 observations of daily losses
and 500 trading days for the initial training. In Section 4.7.1, we first compare DQs and DRs
based on VaR and ES. In Section 4.7.2, we calculate the values of DQY*® and DQE® under
different selections of stocks. Finally, we construct portfolios by minimizing DQY*®, DQES

and DR®P and by the mean-variance criterion in Section 4.7.3.

4.7.1 Comparing DQ and DR

We first identify the largest stock in each of the S&P 500 sectors ranked by market cap
in 2012. Among these stocks, we select the 5 largest stocks'® to build our portfolio. We
compute DQY*R, DQES, DRYR and DR®= on each day using the empirical distribution in

a rolling window of 500 days, where we set o = 0.05.

Figure 4.2 shows that the values of DQ and DR are between 0 and 1. This corresponds to
the observation in Theorem 4.3 that DQ? < 1 is equivalent to DR”* < 1. DQ has a similar
temporal pattern to DR in the above period of time, with a large jump when COVID-19
exploded, which is more visible for DQ than for DR. We remind the reader that DQ and
DR are not meant to be compared on the same scale, and hence the fact that DQ has a
larger range than DR should be taken lightly. We also note that the values of DQY*" are in

discrete grids. This is because the empirical distribution function takes value in multiples of

16XOM from ENR, AAPL from IT, BRK/B from FINL, WMT from CONS, and GE from INDU.
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1/N there N is the sample size (500 in this experiment) and hence DQY*® takes the values
k/(Na) for an integer k; see (4.4). If a smooth curve is preferred, then one can employ a
smoothed VaR through linear interpolation. This is a standard technique for handling VaR,;
see McNeil et al. (2015, Section 9.2.6) and Li and Wang (2022, Remark 8 and Section B).

4.7.2 DAQ for different portfolios

In this section, we fix @ = 0.05 and calculate the values of DQY** and DQSS under
different portfolio compositions of stocks. We consider portfolios with the following stock

compositions:

(A) the two largest stocks from each of the 10 different sectors of S&P 500;
(B) the largest stock from each of 5 different sectors of S&P 500 (as in Section 4.7.1);

(C) the 5 largest stocks, AAPL, MSFT, IBM, GOOGL and ORCL, from the Information
Technology (IT) sector;

(D) the 5 largest stocks, BRK/B, WFC, JPM, C and BAC, from the Financials (FINL)

sector.

Figure 4.3: DQs based on VaR (left) and ES (right) with oo = 0.05
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We make a few observations from Figure 4.3. Both DQXaR and DQES provide similar
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comparative results. The order (A)<(B)<(C)<(D) is consistent with our intuition.'” First,
portfolio (A) of 20 stocks has the strongest diversification effect among the four compositions.
Second, portfolio (B) across 5 sectors has stronger diversification than (C) and (D) within
one sector. Third, portfolio (C) of 5 stocks within the IT sector has a stronger diversification
than portfolio (D) of 5 stocks within the FINL sector, consistent with the fact that the
stocks in the IT sector are less correlated. Moreover, DQY*® for the FINL sector is larger
than 1 during some period of time, which means that there is no diversification benefit if
risk is evaluated by VaR. All DQ curves based on ES show a large up-ward jump around
the COVID-19 outbreak; such a jump also exists for curves based on VaR but it is less

pronounced.

4.7.3 Optimal diversified portfolios

In this section, we fix @ = 0.1 and build portfolios via DQY*¥, DQES, DRSP, and the
mean-variance criterion in the Markowitz (1952) model.'® The optimal portfolio problems
using DR5P and the Markowitz model are well studied in literature; see e.g. Choueifaty
and Coignard (2008). We compare these portfolio wealth with the equal weighted (EW)
portfolio and the simple buy-and-hold (BH) portfolio. For an analysis on the EW strategy,
see DeMiguel et al. (2009).

ES

o, Which are

We apply the algorithms in Proposition 4.6 to optimize DQXaR and DQ
extremely fast. A tie-breaking is addressed for each objective as in (4.16). Minimization of
DRSP and the Markowitz model can be solved by existing algorithms. The initial wealth is
set to 1, and the risk-free rate is r = 2.84%, which is the 10-year yield of the US treasury bill
in Jan 2014. The target annual expected return for the Markowitz portfolio is set to 10%.
We optimize the portfolio weights in each month with a rolling window of 500 days. That is,
in each month, roughly 21 trading days, starting from January 2, 2014, we use the preceding

500 trading days to compute the optimal portfolio weights using the method described above.

'"The observations here are consistent with those from applying DRSP (which is also a DQ) in the same

setting; see Section 5.8.
80ne may try other portfolio criteria other than mean-variance. For instance, Levy and Levy (2004)

found that portfolio strategies based on prospect theory perform similarly to the mean-variance strategies.
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The portfolio is rebalanced every month. We choose the 4 largest stocks from each of the
10 different sectors of S&P 500 ranked by market cap in 2012 as the portfolio compositions
(40 stocks in total). The portfolio performance is reported in Figure 4.4, and the cumulative
distribution of the sorted portfolio weights, averaged over each month, is shown in Figure 4.5.
Summary statistics, including the annualized return (AR), the annualized volatility (AV),
the Sharpe ratio (SR), and the average trading proportion (ATP), are reported in Table
4.4.19

From these results, we can see that the portfolio optimization strategies based on min-
imizing DQ perform quite well, similarly to those based on DRSP, and better than the
Markowitz strategy. Moreover, ATP and portfolio weight distribution are similar across the
strategies based on the three diversification indices and the Markowitz strategy. In contrast,
the EW and BH strategies have more uniform portfolio weight distributions and smaller
ATP, as anticipated. We remark that it is not our intention to analyze which diversification
strategy generates the highest return, which is a challenging question that needs a separate
study; also, we do not suggest diversification should or should not be optimized in practice.
The empirical results here are presented to illustrate how our proposed diversification indices
work in the context of portfolio selection. More empirical results with some other datasets

and portfolio strategies are given in Section 5.8, and the results show similar patterns.

4.8 Concluding remarks

In this chapter, we put forward six axioms to jointly characterize a new class of indices
of diversification, and a seventh axiom to specialize this class. The new diversification index
DQ has favourable features both theoretically and practically, and it is contrasted with its

competitors, in particular DR. At a high level, because of the conceptual symmetry in Figure

YATP is an approximation of trading costs, and it is computed as the average of 23:1 lwt — w!™| over
i=1,...,n, where T = 96 is the total number of months, w! is the portfolio weight of asset i at the beginning
of month ¢, and wf is the portfolio weight of asset i at the end of month ¢ — 1, with wilf set to w}. Note
that for BH, ATP is 0 because there is no trading, whereas for EW, ATP is positive, as rebalancing occurs

at the end of each month.
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Figure 4.4: Wealth processes for portfolios, 40 stocks, Jan 2014 - Dec 2021
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Figure 4.5: Cumulative portfolio weights, 40 stocks, Jan 2014 - Dec 2021
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4.1 (see also (4.7)), we expect both DQ and DR to have advantages and disadvantages in
different applications, and none should fully dominate the other. Nevertheless, we find many
attractive features of DQ through the results in this chapter, which suggest that DQ may be

a better choice in many situations.

We summarize these features below. Some of these features are shared by DR, but
many are not. (i) DQ defined on a class of MCP risk measures can be uniquely characterized
by six intuitive axioms (Theorem 4.1). DQ defined on a class of coherent risk measures can

be uniquely characterized by further adding the axiom of portfolio convexity (Theorem 4.2).

122



Table 4.4: Annualized return (AR), annualized volatility (AV), Sharpe ratio (SR), and aver-
age trading proportion (ATP) for different portfolio strategies from Jan 2014 to Dec 2021

% | DQY"™® DQF® DR®® Markowitz EW  BH
AR | 1256 14.59 14.36 7.93 11.91 12.88
AV | 1464 1574 14.99 12.98 15.92 14.34
SR | 66.40 74.66 76.85 39.22  56.95 70.02
ATP | 19.29 14.75 15.61 18.79 443 0

These two results lay an axiomatic foundation for using DQ as a diversification index. (ii)
DQ further satisfies many properties for common risk measures (Propositions 4.1-4.4). These
properties are not shared by the corresponding DR. (iii) DQ is intuitive and interpretable
with respect to dependence and common perceptions of diversification (Theorem 4.3). (iv)
DQ can be applied to a wide range of risk measures, such as the regulatory risk measures
VaR and ES, as well as expectiles. In cases of VaR and ES, DQ has simple formulas and
convenient properties (Theorem 4.4 and Proposition 4.5). (v) Portfolio optimization of DQs
based on VaR and ES can be computed very efficiently (Proposition 4.6). (vi) DQ can
be easily applied to real data and it produces results that are consistent with our usual

perception of diversification (Section 4.7).

Among the class of DQ, for most applications, we generally recommend the use of DQ
based on ES for the following reasons: (a) it satisfies all seven axioms of intuitive appeal; (b)
it has a simple optimization formula that is very convenient in portfolio optimization; (c) it
is closely connected to financial regulation as ES is the standard risk measure of Basel 1V;
(d) it has a flexible parameter « that allows for reflecting the sensitivity to the tail risk of
the decision maker; (e) it is conceptually easy to interpret as the (usually unique) level g of

the ES family such that ES5(> "1, X;) = > ES,(X5).

We also mention a few interesting questions on DQ, which call for thorough future study.
(i) DQ is defined through a class of risk measures. It would be interesting to formulate DQ
using expected utility or behavioral decision models, to analyze the decision-theoretic im-

plications of DQ. For instance, DQ based on entropic risk measures can be equivalently
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formulated using exponential utility functions. Alternatively, one may also build DQ di-
rectly from acceptability indices (see Remark 4.3). (ii) To compute DQ, one needs to invert
the decreasing function 5+ pg(> 1, X;). In the case of VaR and ES, the formula for this
inversion is simple (Theorem 4.4). For more complicated classes of risk measures, this com-
putation may be complicated and requires detailed analysis. (iii) For general distributions
and risk measures other than VaR and ES, finding analytical formulas or efficient algorithms
for optimal diversification using either DQ or DR is a challenging task. (iv) Further analysis
of DQ without scale-invariance, such as those built on star-shaped risk measures (Castagnoli

et al. (2022)), may further generalize the domain of application.
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Chapter 5

Diversification quotients: Technical

details and illustrations

5.1 Outline

We organize this chapter as follows. The proofs of the main results in Chapter 4,
Theorems 4.1-4.4, are presented in Section 5.2. Additional results, discussions, and proofs
of propositions are presented in Section 5.3 (for Section 4.2), 5.4 (for Section 4.3), 5.5 (for
Section 4.4), 5.6 (for Section 4.5), and 5.7 (for Section 4.6). Finally, in Section 5.8, we present
other examples for the optimal portfolio problem that complement the empirical studies in

Section 4.7.3.

5.2 Proofs of Theorems 4.1-4.4

Proof of Theorem 4.1. For X € X" and a risk measure ¢ : X — R, denote by S(X) =
Z?:l X; and X¢ = (Xl - ¢(X1)7 ooy X — gb(Xn))

We first verify the “if” statement. Using the definition of DQ and properties of MCP
risk measures, it is straightforward to verify [+], [LI], [SI]. Below we check the other three

axioms.
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To show [R],, for X, Y € &A™ such that X ~ Y and 37, X; < Y1,V we have
S pal(X0) = X0y pa(¥5) and ps(S, Xo) < ps(S50, Vi) for all § € . Henee,

DQ?(X) = éinf {B el:pg (ZXZ> < Zpa(Xi)}
< éinf{ﬂ €l:ps (;K) < ;%(Yi)} = DQA(Y).

To show [N],, it is straightforward that DQ?(0) = 0. Let X = (X,...,X) for any

X € X. We have

@

DQAX) = ~inf{B € I ps(nX) < mpulX)} < & =1

Y = (X,...,X) and 37, Y; > nX, then 327 pa(Yi) < 1pa(X) < pa(d27, Y;). Hence,
DQ2(Y) = 1.

To show [C],, for X € X", we have ak = inf{ € I : p3(S(X,,)) < 0}. If ak = 0,
it is clear that DQ?(X) = 0 and [C], holds as DQ2(Y*) > 0 for any Y¥ € X". Now,
we assume a > 0. For any 0 < 8 < a%, we have pg(S(X,,)) > 0. Since Y¥ =~ X for
each k and (S(X) — S(Y")), L% 0 as k — oo, for any € > 0, there exists K such that
S(X,,) —S(YE) <eforall k > K. Forany 0 < 0 < ak, let 0 < € < pag _5(5(X,,)). It
is clear that 0 < e < pg(S(X,,)) for all 0 < f < a% — 6. Hence, for all 0 < f < ak — 6,
there exists K such that 0 < pg(S(X,,)) — € < pg(S(Y})) for all k > K, which implies

a% = ak — 0. Therefore, (DQA(X) — DQA(Y")); — 0.

Next, we show the “only if’ statement. Assume that D : X" — R satisfies [+], [LI],
[S1], [R]s, [N], and [C],. Note that X, ~ Y, for all X, Y € X" since ¢(X — ¢(X)) = 0 for
any X € X. Hence, by using [R];, we know that S(X,) = S(Y,) implies D(Xy) = D(Yy).
Further, by [LI], we have D(X) = D(Y) if S(X,;) = S(Y4). This means that D(X) is
determined by S(Xy). Define the mapping

R:X —[0,00], R(X)=inf{D(X): X <S5(Xy), X"}, (5.1)
with the convention inf @ = co. Next, we will verify several properties of R.

(a) R(S(Xy)) = D(X) for X € X". The inequality R(S(Xy)) < D(X) follows directly
from (5.1). To see the opposite direction of the inequality, suppose R(S(X,)) < D(X).
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By (5.1), there exists Y € X" such that D(Y) < D(X) and S(X,;) < S(Y,). This
contradicts [R]; of D.

(b) R(AX) = R(X) for all A >0 and X € X. This follows directly from (5.1), [SI] of D and
positive homogeneity of ¢ which gives (AX)ys = AX,.

(c) R(X) < R(Y) for all X,Y € X with X <Y. This follows directly from (5.1).
(d) R(0) = 0. This follows directly from (5.1) and D(0) = 0 in [N],.

(e) lim.o R(S(Xy) — ¢) = R(S(Xy)) for X € A" Let X = S(Xy). By (c), we have
lim. o R(X —¢) < R(X). Assume lim. o R(X — ¢) < R(X); that is, there exists 6 > 0
such that R(X —¢) < R(X) — 6 for all ¢ > 0. Let ¢, = 1/k for k € N. By (5.1), there
exists a sequence {Y*}ren such that X — ¢, < S(Y}) and D(Y}) < D(Xy) — 6. For
{Y%}een, we have 0 < (S(Xy) — S(Y}))+ < ¢k, which implies (S(Xy) — S(Y]))+ 250
as k — oo. By [C],, we have (D(Xy) — D(Y})); — 0; that is, for any ¢ > 0, there exists
K € N such that D(X4) —d < D(Y}) for all k > K, which is a contradiction. Therefore,
we have lim. o R(S(Xy) — ¢) = R(S(Xy)).

Let I = (0,00). For each g € (0,00), let Az = {X € X : R(X) < }. Since R is
monotone, Az is a decreasing set; i.e., X € Ag implies Y € Ap for all Y < X. Moreover, Ag
is conic; i.e., X € Ag implies AX € Ag for all A > 0. Moreover, we have Az C A, for 8 < 7,
and Ag # @ since 0 € Ay.

Let pg(X) = inf{m € R: X —m € Az} for § € I. Since ps is defined via a conic
acceptance set, (pg)ger is a class of MCP risk measures; see Follmer and Schied (2016). It is

also clear that pg is decreasing in §. Note that X € Az implies pz(X) < 0. Hence,
RX)=mf{fel:RX)<B}=mmf{fel: X e Az} >inf{fel:pzX)<0}

For X € {S(X,) : X € A"}, using (e), we have R(X —m) < f for all m > 0 implies
R(X) < 8. Then we have

inf{f e€l:p3(X)<0}=inf{fel:RX—m)<Pforallm>0}>inf{fel: R(X)<p}
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Therefore, inf{3 € I : pg(S(X,)) < 0} = inf{B € I : R(S(Xy)) < B} = R(S(X,)) for all
X € &™. Using (a), we get, for all X € X",

D(X) = R(S(X,)) = int {@ el ps (Z XZ-) < zwm} .

i=1 =1

Take a duplicate portfolio X = (X, ..., X). Together with [PH] of pg, D(X) < 1 implies
D(X,...,X) =t {f e ps(X) <HX)} < 1,

which is equivalent to pg(X) < ¢(X) for § > 1. For m < ¢(X), take any Y = (V1,...,Y,)
satisfying S(Y,) > X —m; such Y may not exist. Let Z = (Y1 —¢(Y1)+m/n,...,Y,—o(Y,)+
m/n), yielding Y0 Zi = S Y= 6(Y)+m > X and (2, ..., Z,) = (X/n, ..., X/n).
Hence, Z is worse than duplicate. By [LI] and [N];, we have D(Y) = D(Z) > 1. Since
D(Y) > 1 for all such Y, by (5.1), we have R(X —m) > 1. The above observation implies
P1—e(X) = ¢(X) for any € > 0 since p;_(X) = inf{m € R: R(X —m) < 1 — ¢}. Therefore,
we get p1_e = ¢ = piye for all € > 0. Let py = ¢, and pg = pg for B # 1. The class
p = (pp)ser of MCP risk measures is decreasing in S by the above argument. Moreover, for
any X € X, since the two decreasing curves 8 +— pg(X) and 8 +— pg(X) differ at only one
point, their (left) inverses coincide, and we have, for all X € &A™,
inf {ﬁ €1:ps (ZXZ) < Zqﬁ(Xi)} = inf {B €1 ps (Z)@) < Zﬁl(xa} ,
i=1 i=1 i=1 i=1

which implies D = DQ'la on X™. A reparametrization via pg = pg/q leads to D = DQQ and
Pa = O. O

The next two remarks are useful in the proof of Theorem 4.2.

Remark 5.1. In the proof of Theorem 4.1, the constructed class of risk measures (pg)ger

exhibits right continuity in $. This is established based on the condition [ B>p Az = Ag-.

Remark 5.2. For a non-linear coherent risk measure ¢, there exists Y € X such that ¢(Y) 4+
»(—Y) > 0. Suppose otherwise. Since ¢ is coherent risk measure, we have ¢(Y)+¢(=Y) > 0,
and this implies ¢(Y) + ¢(—=Y) =0 for all Y € X. We obtain ¢(Y) < ¢(X +Y)+¢(—X) =
HX+Y)—o(X) and ¢(X +Y) < ¢(X)+¢(Y) for any X,Y € X. This implies (X +Y) =
d(X)+ o(Y) for any X, Y € X, contradicting the non-linearity of ¢.
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Proof of Theorem 4.2. For the“if” statement, since a coherent risk measure is also MCP, it
follows that DQJ, satisfies [+], [L1], [SI], [R], and [N], [C]; by Theorem 4.1. Next, we show
that DQ? satisfies [PC].

For any X € X", let 7 : A,, — R be given by

T?(W) = pg (Z w,-Xi> - Z Pa (W X;)
i=1 i=1
for € I. From [PH] of po, we have r¥(w) = pg (37, wiX;) — w'x2. Convexity of pg
implies convexity of w ré((w). Hence, for the portfolio weight Aw + (1 — A\)v € A,,, DQ
based on p at level a € (0, 1) is given by

DQA(W + (1 - A)v) 0 X) = ~inf {5 € - r¥(w + (1= W)v) <0}
< éinf{ﬁ e l: Mg (w)+ (1= \rg(v) <0}
< émax{inf{ﬁ el: rfg((W) < 0},inf{Bel: T?(") <0}}

= max {DQ7(w © X), DQG(v © X)},
which gives us quasi-convexity of w — DQf(w ® X). By Remark 4.1, we have that DQ?
satisfies [PC].

For the “only if” statement, we have constructed a class of MCP risk measures p =
(P8)ge(0,00) With po = ¢ in the proof of Theorem 4.1. We will further show that p is a class

of convex risk measures using [PC].

Forany A € [0,1], w,v € A,, X € X" and § € (0, 00), if 7} (W) < 0 and % (v) < 0, then
we have DQ? (woX) < fand DQ?(veOX) < . By [PC], we have DQA (Aw+(1-A)v)©X) <
B. As discussed in Remark 5.1, pg is right-continuous for any X € X. Hence, we have
rX(Aw + (1 — A)v) < 0. That is, the set {w € A, : r(w) < 0} is convex for any X € A"
and g € I.

Let Conv{X — po(X) : X € X'} be the convex hull of {X — p,(X) : X € X}. Next,
we show that Conv{X — po(X) : X € X} = {X € X : po(X) < 0}. For any Z €
Conv{X — po(X) : X € X}, there exist (A1,...,\,) € A, and X;j,...,X,, € X such that
Z =31 N(X — palX5)). Since p, is convex, we have

pa(Z) = pa (Z Ai( X — pa(Xi>>> < Z Aiba(Xi — pa(Xi)) = 0.
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Hence, Conv{X — po(X): X € X} C{X € X : p,(X) < 0}.

On the other hand, since p, is a non-linear coherent risk measure, as noted in Remark
5.2, there exists Y such that po(Y) + pa(=Y) > 0. Let Y/ =1 —Y. For any Z € X with
pa(Z) < 0, we can find 6 > 0 such that

Z = (1= 20)(X = pa(X)) + MO — pa(Y)) + A(OY' — pa(6Y"))

with A = —pa(2)/(0pa(Y) + 0pa(—=Y)) and X = 1/(1 — 2\)Z. Tt is clear that A € [0,1/2]
holds if 6 is sufficiently large. Hence, Z € Conv{X — p,(X) : X € X'}. This implies
Conv{X — po(X): X € X} D{X € X : po(X) <0}.

Therefore, for any X,Y € X with p,(X) < 0 and p,(Y) < 0, we can find w,v € A"
and X € X" with n > 4 such that X = w'(X —x?) and Y = v'(X — x?). Since
ra(w) = p (W7 (X — x2)), we have ps(X) = rX(w), ps(¥) = r(v) and ps(AX +(1-\)Y) =
rX AW + (1= A)v). If pg(X) < 0 and pg(Y) <0, we have r¥(Aw + (1 — A\)v) < 0 for any
A € [0,1]; that is pg(AX + (1 — A)Y') < 0. Hence, pg is quasi-convex. Since pgz is MCP, we

further have pg is coherent. O]

Proof of Theorem 4.3. (1) As > " | X; < > 0. pa(X;) as. and py < ess-sup, it is clear that
a* = 0 in (4.3), which implies DQ? (X) = 0. Conversely, if DQ?(X) = 0, then o* = 0. By
definition of py and DQY, this implies po(> ;; Xi) < D iy pa(Xi), and hence > | X; <
Yo pal(Xi) as.

(i) We first show the “only if” statement. As p is left continuous and non-flat from the

left at (o, >0 Xi) and D1 pa(Xs) — pa Oy X;) > 0, there exists 0 > 0 such that

o () - (5] < oo - (30
i=1 i=1 i=1 i=1
for all § € (o — 0, ). Hence, we have a* < a — § < «, which leads to DQ%(X) < 1.

Next, we show the “if” statement. As DQ?(X) < 1, we have a > a*. By (4.3), there

exists f € (a*, «) such that

Zpa(Xi) 2 pp <Z XZ) .
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Because p is non-flat from the left at (o, >, X;), we have

Z,%(Xi) Z pg <Z Xi) > Pa (Z Xi) .
i=1 i=1 i=1
(iii) If p, satisfies [PH], for X = (M X, ..., A\, X) where Ay, ..., A, = 0, we have

of = inf{ﬁ el:ps (i)xﬁ() < i)xipa(X)}.
i=1 i=1

It is clear that p, (-1 MX) = (D01, Ai)pa(X). Together with the non-flat condition and

=1

pg Qi NX) > D00 Aipa(X) for all f < a, we have o* = a, and thus DQ/(X) = 1.

(iv) If ps is comonotonic-additive and X is comonotonic, then

af = inf{ﬁ €l:pg <2X> < palX) = pa (ZX> } ,
i=1 i=1 i=1
which, together with the non-flat condition, implies that a* = «, and thus DQ?2(X) =1. O

Proof of Theorem /.4. We first show (4.4). For any X € X, ¢t € R and o € (0,1), by Lemma
1 of Guan et al. (2022), P(X > t) < « if and only if VaR,(X) < ¢. Hence,

P (zn: X, > zn:VaRa(Xi)> — inf {5 €(0,1):P (i X; > zn:VaRa(Xi)> < 5}
— inf {5 € (0,1) : VaRg (Zn: XZ) < Zn:VaRa(Xi)} ,

i=1
and (4.4) follows. The formula (4.5) for DQ"® follows from a similar argument to (4.4) by
noting that Y is a random variable with VaR,(Y) = ES, (>, Xi).

Next, we show the last statement of the theorem. If P(>"" | X; > > | ES,(X;)) =0,
then DQ¥(X) = 0 by Theorem 4.3 (i).

Below, we assume P(>"" | X; > > " | ES,(X;)) > 0. The formula (4.6) is very similar
to Proposition 2.2 of Mafusalov and Uryasev (2018), where we additionally show that the
minimizer to (4.6) is not 0. Here we present a self-contained proof based on the well-known

formula of ES (Rockafellar and Uryasev (2002)),

ESs(X) = teiﬂg {t—i— %]E (X —t)+]} , for X € X and 5 € (0,1).
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Using this formula, we obtain, by writing X! = X; — ES,(X;) for ¢ € [n],

DQS(X) = éinf {5 € (0,1) : ESg (i X,») ZES o}

559}

(ZX{—t) < —t for SometER}

, -

— Zinf (0,1) X' +1] | <pt 0,
~in {BE (Z +> S for some r € ( oo)}

(£

Let f:[0,00) = [0,00), 7+ E[(r >_7_, Xi +1)_]. Tt is clear that f(0) = 1. Moreover,

teR

1
:—inf{BE(O,l) m1n{t+ —-E
a

1
:ainf{ﬁe(o,l):BE

1
=— inf E

« re(0,00)

f(r)y > ?”E[(X) }—)oo as r — 00.

By Theorem 4.1 (iii), we have DQL®(X) < 1, and hence inf,c o) f(r) < @ < 1. The
continuity of f yields inf,c(go0) f(7) = min,e(oo0) f(r), and thus (4.6) holds. O

5.3 Additional results for Section 4.2

In this section, we present an impossibility result showing a conflicting nature of the
three natural properties [+], [LI] and [SI] for some diversification indices defined via risk
measures. As mentioned in Section 4.2, the most commonly used diversification indices
depend on X through its values assessed by some risk measure ¢. That is, given a risk

measures ¢ and a portfolio X, the diversification index can be written as

D(X)=R (gb <2”: XZ) L O(X5), .., gb(Xn)) for some function R : R"** - R.  (5.2)
i=1

We will say that D is ¢-determined if (5.2) holds. Often, one may further choose R so
that D(X) decreases in ¢(> _; X;) and increases in ¢(X;) for each i € [n], for a proper

interpretation of measuring diversification.

We show that a diversification index based on an MCP risk measure, such as VaR or

ES satisfying all three properties [+], [LI] and [SI] can take at most 3 different values. In
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this case, we will say that the diversification index D is degenerate. In fact, this result can
be extended to more general properties [PH], and [CA], with v € R and m € R of the risk

measure ¢, with definitions given at the beginning of Section 4.4.

Proposition 5.1. Fizn > 1. Suppose that a risk measure ¢ satisfies [PH] and [CA]y, with
v € R and m # 0. A diversification index D is ¢-determined and satisfies [+], [LI] and [SI]
if and only if for all X € X",

D(X) = Cilia<oy + Colia—oy + Csl{as0y, (5.3)

where d = DB?(X) = "1 ¢(X;) — ¢ (321, X) for some Oy, Ca,C3 € Ry U {o0}.

We first present a lemma to prepare for the proof of Proposition 5.1.

Lemma 5.1. A function R : R"*' — R satisfies, for all zg € R, x = (x1,...,1,) € R",
c=(c1,...,¢,) €ER"and X >0, (i) R(xo+ >, ¢;,x + ¢) = R(zg,x) and (i) R(A\zo, A\x) =
R(x0,%), if and only if there exist Cy,Cy,C5 € R such that

R(l‘g, X) = Cl]l{r<0} + Cg]l{r:()} + C3]l{r>0}, (54)

where r = Y"1 x; — xo, for all xy € R and x € R™.

Proof. First, we show that R in (5.4) satisfies (i) and (ii). Assume r < 0. For any ¢ € R"
and A > 0, it is clear that o + Y 1, ¢; < Y i (z; + ¢;) and Axg < Y., Az;. Therefore, (i)

and (ii) are satisfied. The cases of r = 0 and r > 0 follow by the same argument.

Next, we verify the “only if” part. Given x = (x1,...,2,) andy = (y1, .. ., yn) satisfying
Yoy ="y, let c =y —x. Forany xzp € R, we have Y . ¢; = > (y; — ;) = 0.

Therefore,

R(zo,x) =R (mo + Zci,x + c> = R(xo,y).

i=1
Thus, the value of R(zg,x) only depends on xq and 7, x;. Let R : R> — R be a function
such that R (o, 1, #;) = R(,x). From the properties of R, R satisfies R(a + ¢, b+ ¢) =
R(a,b) for any ¢ € R, and R(\a, \b) = R(a,b) for any A > 0. Hence, we have

R(a,b) = R(a —b,0) = R(1,0) for a >b,
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R(a,b) = R(0,b—a) = R(0,1) for a <b,

and

R(a,b) = R(a — a,b—a) = R(0,0) for a=0b.

Let C; = R(1,0), Co = R(0,0) and Cs = R(0,1). We have R(zo,x) = R(zo, >+, x;), which
has the form in (5.4). O

Proof of Proposition 5.1. Let us first prove sufficiency. By definition, D satisfies [+] and D
is ¢-determined. Next, we prove D satisfies [LI] and [SI]. Similarly to Lemma 5.1, we only
prove the case d < 0. It is straightforward that

¢ (_Z m-) =\¢ (Z XZ-) <\ Z $(X;) = Zcb(AXi),

and
¢<Z(Xi+cz>= (ZX)+chl<Z ) + me;) Z¢(Xi+ci).

Thus, we have D(AX) = C} and D(X + ¢) = C, which completes the proof of sufficiency.

Next, we show the necessity. Define the set

- {<¢ (ZX) ,ng(Xl),...,ng(Xn)) (X1, X,) € X"}.

Note that ¢ satisfies [PH], with v # 0 since [CA],, for m # 0 implies p(2) # p(1), which in
turn implies v # 0. We always write x = (z1,...,2,) and ¢ = (¢q,...,¢,). Consider the two
operations (zg,X) — (zg + Y ., ¢;,x + ¢) for some ¢ € R" and (z¢,x) +— (Azo, Ax) for some
A > 0. Let r(zo,x) = ;" #i—x0. By using [CA], and [PH], of ¢, we have that (see also the
proof of Lemma 5.1) the regions A, := {(xo, %) : 7(x0,x) > 0}, Ap := {(x0, %) : 7(x0,x) =0}
and A_ = {(x,x) : 7(z0,x) < 0} are closed under the above two operations, and each of

them is connected via the above two operations. Therefore, A is the union of some of A,

.AO and A,.

We define a function R : R™! — R. For (z9,%x) € A, let R(zo,x) = D(X1,...,X,),
where (X1, ...,X,) is any random vector with xo = ¢(>_;_; X;) and x = (¢(X1), ..., d(X,)).
The choice of (X1,...,X,) is irrelevant since D is ¢-determined. For (zg,x) € R"1\ A, let
R(zo,x) = 0. We will verify that R satisfies conditions (i) and (ii) in Lemma 5.1.
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For (zg,x) € A, there exists X = (X1,...,X,) € X" such that xy = ¢(>_;_, X;) and
= (¢(X1),...,¢(X,)). For any c € R", using [CA] = with m # 0 of ¢ and [LI] of D, we

obtain

R(mo—l—ici,x—i—c) —R<¢ (iXZ> +ici,¢(X1)+cl,...,¢(Xn)+cn>
~a(o(S (e 8) ) o1 2) o))

=1

=D (X+c/m)=D(X)=R(zo,x).

Using [PH] with v # 0 of ¢ and [SI] of D, for any A > 0, we obtain
R(Azq, Ax) (A¢ (ZX) Ao(X1), Ang(Xn))
( <Z AV X ) Al/VX ), . ¢(>\1/FYXn)>

= D(AY7X) = D(X) = R (0, X).

Hence, R satisfies (i) and (ii) in Lemma 5.1 on A. By definition, R satisfies (i) and (ii) also
on R"™\ A. Since A and R""!\ A are both closed under the two operations, we know that
R satisfies (i) and (ii) on R

Using Lemma 5.1, we have R has the representation (5.4), which gives
D(X) = Cl]l{d<0} + Cg]l{d:()} + Cg]l{d>0}

with d = Y1 ¢(X;) — ¢ (O, Xi) and Cy,Cy, C3 € R for all X € X™. As D satisfying [+],
we have C,Cy, C3 € Ry U {o0}. O

5.4 Additional results and proofs for Section 4.3

5.4.1 Existence of worse-than-duplicate portfolios

We discuss the existence of worse-than-duplicate portfolios. First, note that if a vector

Xvd = (X4 .. X)) is worse than a duplicate portfolio X4 = (X, ..., X) under a given
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MCP risk measure ¢, then we have
o 3ow) 3 o000) o) = et
i=1 =1
and thus ¢ violates subadditivity with X¥4. Therefore, a necessary condition for the existence
of a vector that is worse than a duplicate under a MCP risk measure ¢ is that ¢ violates

subadditivity.

We further provide a necessary and sufficient condition for the existence or non-existence

of duplicate portfolios.

Lemma 5.2. For a monotone risk measure ¢, there exists a worse-than-duplicate portfolio if
and only if there exist X, Xy,..., X, € X with X1+ -+ + X,, = nX such that ¢(X) > ¢(X;)

fori € [n].
Proof. This follows directly by monotonicity. O

A risk measure ¢ : X — R is scale-continuous if the mapping A\ — ¢(AX) on (0,1) is
continuous for every X. This condition is very weak; for instance it is weaker than continuity

on any LP-space X.

Proposition 5.2. For a monotone risk measure ¢ scale-continuous on X = L, there exists

no worse-than-duplicate portfolio if and only if ¢ is quasi-convez.

Proof. 1f ¢ is quasi-convex, then for any Xi,..., X,

s (% by %) < max{6(X,), ... (X)) (5.5)

By Lemma 5.2, there exists no worse-than-duplicate portfolio. Conversely, if exists no worse-
than-duplicate portfolio, then (5.5) holds for all Xi,...,X,,. It suffices to verify that this

implies quasi-convexity of ¢. That is, we need to show that for A € (0,1) and X, Xo,
P(AX1 + (1 = A)X3) < max{p(X1), o(X2)}. (5.6)

First, suppose that A = p/n? where p,q € N. Repeatedly applying (5.5) ¢ times, we get, for
all Y1,...,Y,, where m = n?,
o (2] <max{oi)....., o). 5.7
—m
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Letting V; = X for i < pand Y; = X, for ¢ > pin (5.7), we get (5.6). Next, consider a
general A € (0,1). Let X; = AX;/t and X, = (1 — \)X5/(1 —t), where t = p/n? € (0,1) for
some p,q € N. Using (5.7), we get

PAX1 + (1= M) Xs) = o(tX] + (1 — 1) X3) < max{$(X7), p(X3)}. (5-8)

Sending ¢ — A and using continuity we obtain the desired result. O]

5.4.2 Examples and proofs related to portfolio convexity

In the first example, we show that convexity or quasi-convexity of X — D(X) should

not hold for a diversification index D.

Example 5.1 (Quasi-convexity on X™ is not desirable). Let (X,Y) € X? represent any
diversified portfolio (e.g., with iid normal components), and assume that Z := (X +Y)/2 is
not a constant. Since the portfolio (Z, Z) relies only on one asset and has no diversification
benefit, for a good diversification index D we naturally want D(Z, Z) to be larger than both
D(X,Y) and D(Y, X); recall that D(Z,Z) = 1 in the setting of Theorem 4.3 (iii). This
argument shows that it is unnatural to require D to be convex or quasi-convex on X?; the
case of X™ is similar. Indeed, if a real-valued D satisfies [SI] and convexity on X", then it is

a constant; this is shown in the proposition below.

Proposition 5.3. A mapping D : X™ — R satisfies [Sl] and convezity if and only if D(X) =

c for all X € X and some constant c € R.

Proof. If D is a constant for all X € &A™, it is clear that D satisfies [SI] and convexity. Next
we will show the “only if” part. Let dy = D(0) € R.

(i) If dg > D(X) for all X € X™ and there exists X, such that D(Xg) < dy, then

D (%XO + %(—Xo)) = D(0) > %D(Xfﬁ + %DPXO)?

which contradicts the convexity of D.
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(ii) If there exists X¢ such that dy < D(Xy), then, by [SI] of D,

1 1 1 1

which contradicts the convexity of D.
By (i) and (ii), we can conclude that D only takes the value dj. O

From the proof of Proposition 5.3, we see that the conflict between convexity and [SI]

holds for real-valued mappings on any closed convex cone, not necessarily on X™.

In the second example, we see that convexity of w — D(w ©® X) is not desirable either

for a good diversification index.

Example 5.2 (Convexity in w is not desirable). Let Z be standard normal and ¢ > 0 be
a small constant. Consider a portfolio vector X = ((1 — €)Z, —eZ). Let w = (1,0) and
v = (6,1 —¢€). Note that w© X = (1 —¢)(Z,0) and v © X = (¢ — €?)(Z, —Z). The portfolio
w @ X is not diversified since it has only one non-zero component, and the portfolio v ® X
is perfectly hedged since the sum of its components is 0. Hence, for a good diversification
index D, it should hold that D(w ® X) =1 and D(v ® X) = 0; Theorem 4.3 confirms this.
On the other hand, the portfolio

(%w + %v> OX = % (1=€)Z,—(e—€)2)

is not well diversified since its second component is very small compared to its first compo-
nent. Intuitively, for € &~ 0, we expect D((w/2+v/2)0X)~ 1> D(woX)/24+D(veoX)/2.
This shows that w — D(w ® X) is not convex. One can verify that this is indeed true if D

is DQ or DR based on commonly used risk measures such as SD, VaR (a < 1/2) and ES.

Proof of Proposition 4.1. Since the proof of Theorem 4.2 solely relies on convexity and pos-

itive homogeneity of p, to show [PC], it is clear that DQ, satisfies [PC].

The subadditivity of p, implies that DQ?, takes value in [0, 1]. Consequently, {DQ?(X) :
X e X"} C[0,1]. We only need to show [0,1] C {DQ~(X) : X € A"},
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Since p, is non-linear and sub-linear; there exists Y such that p,(Y) + po(=Y) > 0
following the argument of Remark 5.2. Consider X% = (X, Y, —0Y,0,...,0) with § > 0. We
have

DQAX’) =~ inf{5 € I+ ps(X) < palX) + 0pa(¥) + Bpa(~V )}

It is clear that DQ?(X%) = 1, and there exists f such that DQ?(X?) = 0 with p,(X) +
0pa(Y) + 0pa(=Y) > po(X). Since 8+ ps(X) is strictly decreasing, its generalized inverse
is continuous and we can conclude {DQ?(X?) : 3 € [0,0]} = [0, 1]. Hence, [0,1] € {DQ~(X) :
X e xm}. O

5.4.3 Constructing DQ from a single risk measure

In this section, we discuss how to construct DQ from only a single risk measure ¢. For
commonly used risk measures like VaR and ES, a natural family p with p, = ¢ exists. If in
some applications one needs to use a different ¢ which does not belong to an existing family,

we will need to construct a family of risk measures for ¢.

First, suppose that ¢ is MCP. A simple approach is to take p, = (1 —a)ess-sup + a¢ for

€ (0,1). Clearly, py = ¢. As ¢ is MCP, we have ¢(X) < ¢(ess-sup(X)) = ess-sup(X) for
all X € L>™. Hence, p is a decreasing class of MCP risk measures. Therefore, DQ/ satisfies
the six axioms in Theorem 4.1. Moreover, by checking the definition, this DQ has an explicit

formula

e (esssup (T, X)) — 0 6(X)
D) = (p DS OETI X»)+ '

) —
IFY" X <D0, o(X;), we have ess-sup(D 1, X;) < > o(X;) and DQY(X) = 0; this is
also reflected by Theorem 4.3 when ess-sup(d>_, , X;) > o(> 1, X;).
For any arbitrary risk measure ¢, we can always define the decreasing family {¢, /« :

a € I} for constructing DQ; here ¢, is the positive part of ¢. This approach leads to DQs
that are also DRs.

Proposition 5.4. For a given ¢ : X — Ry, let p = (¢/)ac(o,00). For a € (0,00), we have
DQ? = DR?. The same holds if p = (bE + c)/)ac(o,00) for some b € R and ¢ > 0 and
X =1L
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Proof. First, we compute o* by the definition of DQ”. For any X € (L')",

;Xi + %¢ (;Xz) < b;E [Xi] + ; §¢<Xi>}
)  TLs))

B o

o> X;)=0and ;.  #(X;) =0, thena*=0. f¢(> ", X;) >0and Y, #(X;) =0,
then a* = oo because the set on which the infimum is taken is empty. If (>, X;) > 0 and
S o(X;) >0, then o = ap(3 1, X;)/ S, ¢(X;). Hence, DQ-(X) = DR?(X) holds for
all X € (L')". By the same argument, for p = (¢/a)ac(0,00), We get DQ2(X) = DR?(X) for
all X € A", [

o :inf{ﬂe (0,00) : DE

:inf{ﬁe (0,00) : ¢

As a result of Proposition 5.4, DQ built on the family p of the mean-SD functions given
by pa(X) = E[X] + SD(X)/« is precisely DR,

5.4.4 Axiomatization of DQ using preferences

The axioms [R]s, [N], and [Cly are formulated based on an exogenously specified risk
measure ¢, usually by financial regulation. This choice can also be endogenized in the context
of internal decision making. In this section, we provide an axiomatization of DQ as in
Theorem 4.1 without specifying a risk measure ¢. We first define the preference of a decision
maker over risks. A preference relation > is defined by a non-trivial total preorder! on X.
As usual, > and ~ correspond to the antisymmetric and equivalence relations, respectively.
On the preference > of risk, the relation X > Y means the agent prefers X to Y for any
X, Y € X. We will use the following axioms.

Al X<Y = X =Y.

[A2] X =Y — X +c>=Y +cforanyceR.

TA preorder is a binary relation on X, which is reflexive and transitive. A binary relation > is reflexive
if X = X for all X € X, and transitive if X = Y and Y > Z imply X > Z. A non-trivial total preorder is
a preorder that in addition is complete, that is, X = Y or Y = X for all X|Y € X', and there exist at least

two alternatives X, Y such that X is preferred over Y strictly.
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[A3] X =Y = AX = \Y for any A > 0.

[A4] For any X € X, there exists ¢ € R such that X ~ c.

The four axioms are rather standard and we only briefly explain them. The axiom [Al]
means that the agent always prefers a smaller loss. The axioms [A2] and [A3] mean that
if the agent prefers one random loss over another, then this is preserved under any strictly
increasing linear transformations. The axiom [A4] implies that any random losses can be

equally favourable as a constant loss which is commonly referred to as a certainty equivalence.

A numerical representation of a preference > is a mapping ¢ : X — R, such that
X »2Y <= ¢(X) < oY) for all X;Y € X. In other words, > is the preference of an
agent favouring less risk evaluated via ¢. There is a simple relationship between preferences

satisfying [A1]-[A4] and MCP risk measures.

Lemma 5.3. A preference satisfies [A1]-[A4] if and only if it can be represented by an MCP

risk measure .

Proof. The “if” statement is straightforward to check, and we will show the “only if” state-
ment. The preference = can be represented by a risk measure ¢ through X > Y <= ¢(X) <
o(Y) for all X,Y € X since = is separable by [A1] and [A4]; see Debreu (1954) and Drapeau
and Kupper (2013). If ¢(0) = ¢(1), then by using [A1]-[A3], the preference > is trivial, con-
tradicting our assumption on ». Hence, using [A1], ¢(0) < ¢(1), we can further let ¢(0) = 0
and ¢(1) = 1. It is then straightforward to verify that ¢ is MCP from [A1]-[A3]. O

Similarly to Section 4.3, but with the preference > replacing the risk measure ¢, we
denote by X ~ Y if X; ~Y; for each i € [n], by X g Y if X; > Y; for each i € [n], and by
X = Y if X; » Y for each ¢ € [n]. With this new formulation and everything else unchanged,
the axioms of rationality, normalization and continuity are now denoted by [R]_, [N]_ and

[C]-.

Proposition 5.5. A diversification index D : X™ — R satisfies [+], [L1], [SI], [R]», [N],. and
[C]s for some preference = satisfying [A1]-[A4] if and only if D is DQF, for some decreasing
famalies p of MCP risk measures. Moreover, in both directions of the above equivalence, it

can be required that p, represents >.
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Proof. The proof follows from Theorem 4.1 by noting that Lemma 5.3 allows us to convert

between a preference = satisfying [A1]-[A4] and an MCP risk measure ¢. O

Theorem 4.2 also admits a formulation via preferences similar to Proposition 5.5.

5.4.5 Uniqueness of the risk measure family representing a DQ

Proposition 5.6 below shows that the choice of the risk measure family is unique up
to strictly increasing transformation of the parameter if the ordering structure on portfolio
diversification is specified by a given ordering relation > on AX™ that can be numerically

represented by a DQ.

Proposition 5.6. Let n > 3, I = [0,1], a € I and ¢ is a positively homogeneous risk
measure with ¢(Y)+¢(=Y) > 0 for someY € X. Suppose that a weak order = is numerically
represented by both DQ? and DQ?, such that {DQ?(X): X € A"} = {DQL(X): X € A"} =
[0, 1], where p = (pg)ger and T = (73)per are continuous decreasing families of risk measures
satisfying ¢ = po = To. Then, there exists a strictly increasing f : (0,a) — (0, «) such that

75 = py(p) for all f € (0, ).

Proof. Since > is represented by both DQ? and DQ),,, there exists a strictly increasing func-
tion g : [0,1] — [0, 1] such that DQ? = ¢(DQY). Let f(8) = g(8/«) for 5 € (0, a).

Assume that there exists $* € (0, ) such that 75-(X) > pss+)(X). By positive homo-
geneity of ¢ and ¢(Y) + ¢(—Y) > 0, there exists € > 0 such that 75.(X) > ¢(X) + ¢(eY) +
P(—€Y) > pry(X). Let X = (X, €Y, —€Y,0,...,0). Since 3 — pg(X) and 3 — 75(X) are

continuous, we have

9(DQL(X)) = [ (inf {f € I : 73(X) < ¢(X) + ¢(eY) + ¢(—€Y)}) > f(57)

and

DQL(X) =inf{B € I : pg(X) < ¢(X) + ¢(eY) + ¢(—€Y)} < f (57),

which contradicts DQ? (X) = g(DQ_(X)). O
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5.5 Additional results and proofs for Section 4.4

In this section, we present additional results, proofs, and discussions supplementing

Sections 4.4.2 and 4.4.3.

5.5.1 Worst-case and best-case dependence for DQ (Section 4.4.2)

We assume that two random vectors X and Y have the same marginal distributions, and
we study the effect of the dependence structure. We will assume that a tuple of distributions

F = (F,...,F,) is given and each component has a finite mean. Let
yF:{(Xl,...7Xn) :XiNEfOreaChi:17...,n},

For X, Y € Vg, we say that X is smaller than Y in sum-convex order, denoted by X <. Y,
if >°°  Xi >ssp 2. Yi; see Corbett and Rajaram (2006). We refer to Shaked and Shan-
thikumar (2007) for a general treatment of multivariate stochastic orders. With arbitrary
dependence structures, the best-case value and worst-case value of DQ?’, are given by

inf DQA(X) and  sup DQA(X).

XeVr XeVp

For some mapping on X", finding the best-case and worst-case values and structures over
Vr is known as a problem of risk aggregation under dependence uncertainty; see Bernard et

al. (2014) and Embrechts et al. (2015).

If p = (pa)acr is a class of SSD-consistent risk measures such as ES, then, by Propo-
sition 4.3, DQ? is consistent with the sum-convex order on Vg. This leads to the following

observations on the corresponding dependence structures.

(i) It is well-known (e.g., Riischendorf (2013)) that the < .-largest element of Vg is
comonotonic, and thus a comonotonic random vector has the largest DQ?’ in this case.
Note that such p does not include VaR. Indeed, as we have seen from Proposition 4.5,
DQY*®(X) = 1 for comonotonic X under mild conditions, which is not equal to its

largest value n.
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(ii) In case n = 2, the <y-smallest element of Vg is counter-comonotonic, and thus a

comonotonic random vector has the smallest DQZ.

(iii) For n > 3, the <yx-smallest elements of Vg are generally hard to obtain. If each pair
(X, X;) is counter-monotonic for ¢ # j, then X is a <-smallest element of Vp. Pair-
wise counter-monotonicity puts very strong restrictions on the marginal distributions.
For instance, it rules out all continuous marginal distributions; see Puccetti and Wang

(2015).

(iv) If a joint mix, i.e., a random vector with a constant component-wise sum, exists in
Yk, then any joint mix is a < -smallest element of Vg by Jensen’s inequality. See
Puccetti and Wang (2015) and Wang and Wang (2016) for results on the existence of
joint mixes. In case a joint mix does not exist, the <q.-smallest elements are obtained
by Bernard et al. (2014) and Jakobsons et al. (2016) under some conditions on the

marginal distributions such as monotonic densities.

In optimization problems over dependence structures (see e.g., Riischendorf (2013) and Em-
brechts et al. (2015)), the above observations yield guidelines on where to look for the opti-

mizing structures.

5.5.2 Proofs and related discussions on RI and RC (Section 4.4.3)

Here we present the proof of Proposition 4.4 and an additional result (Proposition 5.7)

on the properties RI and RC.

Proof of Proposition 4.4. (i) For any n € N, X € (L?)" and ¢ € R, by [CA],, of (pa)acr,

DQQ(X7 C) = éinf {ﬁ S Ps (ZXZ + C) < Zpoc(Xi) —f-pa(C)}
i=1 i=1

= émf {B el: P8 (ZXZ> +me < Zpa(Xz) +mC} = DQg(X)a
=1 =1

and hence DQ? satisfies [RI].
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(ii) For any n € N and X € (LP)", by [PH] of (pa)aer,

i=1

1 n n
L = —1 : ] < o 7 - L )
DQZ(X, X) = —inf {6 el:py (22&) 2;[, (X >} DQA(X)
and hence DQ? satisfies [RC]. O

Proposition 5.7. Let ¢ : LP — R be a continuous and law-invariant risk measure.

(i) Suppose that DR? is not degenerate for some input dimension. Then DR? satisfies [RI]
and [+] if and only if ¢ satisfies [CA],, [£] and ¢(0) = 0.

(ii) If ¢ satisfies [PH], then DR? satisfies [RC].

Proof. (i) We first show the “if” part. If ¢ satisfies [CA], and ¢(0) = 0, then ¢(c) = ¢(0) =
0 for all c € R. For any n € N, X € (L?)" and ¢ € R,

6 o) = ¢(Z?:1 Xi+¢) _ ¢(Z:’L=1 Xi) _ é
PRI ) = s Sy o)~ S ok~ DR ).

Thus, DR? satisfies [RI].

For the “only if’ part, we first assume ¢(0) # 0. Since DR? satisfies [RI], for all n € N,
c € Rand X =0 € R", we have
¢ (c) ¢(0) 1
DR?(X,¢) = ————~—— =DR?(X) = =_.
X9 = 560 ra@ V) 60 T
The above equality means that ¢(c) = n¢(0)/(n — 1) holds for any n € N and ¢ € R,

and thus we have ¢(0) = 0, which violates the assumption ¢(0) # 0. Hence, ¢(0) = 0.

If there exists ¢; € R such that ¢(c;) # 0, then by [RI] and ¢(0) = 0, we have

P(c1+c) — DR%(¢ :¢(01) _
o)+l - DR 00.0) =gy =1

and thus ¢(c1 + ¢) = ¢(c1) + ¢(c) as long as ¢(c1) or ¢(c) is not zero. If both of ¢(cy)
and ¢(c) are 0, then ¢(c; +¢) = 0. To sum up, ¢ is additive on R. Since ¢ is also

DR?(c1,0,0,...,0,¢) =

continuous on R, we know that ¢ is linear, that is, ¢(c) = ¢ for some g € R.
Suppose that there exists X such that ¢(X) # 0; otherwise there is nothing to show.
Using [RI] and ¢(0) = 0, we have, for ¢ € R,

O(X +¢)
P(X) + ¢(c)
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which implies ¢(X + ¢) = ¢(X) + ¢(c) = ¢(X) + Se.

Using the fact that DR? is not degenerate for some dimension n, there exists X =
(X1, ..., X,) such that DR?(X) € R\{0,1}. Note that ¢(>_1_, X;) # Oand >, #(X;) #
0. Hence,
DR?(X,1) = ¢H(Z?:1 Xi+1) _ ¢>(;?:1 Xi)+ 8 ~ DRY(X) = M
Zi:l ¢(Xz) + ¢(1) Zi:l ¢(XZ) + 5 Zi:l ¢(XZ)
This implies § = 0, ¢(c) = 0 for all ¢ € R and ¢(X + ¢) = ¢(X) for all X € L such
that ¢(X) # 0. For any X € L? such that ¢(X) = 0 and ¢ € R, we have

X+ d(X+e) o(X)
DR¢(X,O,...,0,C)—¢(X)+¢(C)— o) _¢(X)_DR¢(X,O,...,O),

which implies ¢(X + ¢) = 0 = ¢(X). Therefore, ¢ satisfies [CA],.

Finally, we show ¢ is either non-negative or non-positive by considering the following

three cases.

(a) Assume that there exists X € LP such that ¢(X) + ¢(—X) > 0. If there exists
Y € LP such that ¢(Y) < 0, then by continuity of ¢ and ¢(0) = 0, there exists
m > 0 such that 0 < —p(mY’) < ¢(X) + #(—X). We have
¢(mY)
¢(mY) + (¢(X) + o(=X))
which contradicts the fact that DR? is non-negative. Hence, ¢(Y) > 0 for all
Y € L.

DR?(mY, X, —-X,0,...,0) =

<0,

(b) By the same argument, if there exists X € L” such that ¢(X) + ¢(—X) < 0, then
oY) <O0foral Y € L™.

(c) Assume ¢(X) + ¢(—X) = 0 for all X € L. Suppose that there exists Y € L*>
such that ¢(Y) < 0. Using Lemma 1 of Wang and Wu (2020) again, there exist
Z,7' € L™ satisfying Z < 7' and Z — 2' 2 Y —E[Y]. For Z = (Z,-2',0,...,0),
using the law invariance of ¢, we have

DRAz) - _CZ=Z) W -EN) __ e() o) _

o(2)+o(=2")  o(Z)+o(=2') o(Z)+o(=2) O
which contradicts DR?(Z) > 0. Hence, ¢(X) > 0 for all X € L*®. Together
with ¢(X) + ¢(—X) = 0, we get ¢(X) = 0. To extend this to LP, we simply
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use continuity. For X € LP, let Yy = (X A M)V (—M). Hence, Yy € L™ and

Yir =5 X as M — 00. As a result, we have O(X) = limp—00 9(Yar) = 0.

In conclusion, we have ¢(Y) > 0 or ¢(Y) < 0 for all X € LP. Case (c) is not possible
because it contradicts that DR? is not degenerate. Cases (a) and (b) are possible,

corresponding to, for instance, (a) ¢ = SD; (b) ¢ = —SD.

(i) If ¢ satisfies [PH], then for any n € N and X € (L?)",

2 0m 0(X) XL o(X))
Hence, DR satisfies [RC]. O

In Proposition 5.7, we show that if [RI] is assumed, then the only option for DR is to
use a non-negative ¢ (we can use —¢ if ¢ is non-positive) such as var or SD. By Proposition

5.4, all such DRs belong to the class of DQs.

5.6 Additional results and proofs for Section 4.5

In this section, we present the proof for Proposition 4.5 and an additional numerical

result to complement those in Section 4.5.2.

Proof of Proposition 4.5. This statement on ES follows from Proposition 4.1; for the one on

VaR, see Theorem 1 (i) of Chapter 6. O

We look at the models Y’ and Y in the setting of Tables 4.2 and 4.3. In Figure 5.1, we
observe that the values of D(Y’)/D(Y) for D = DQY*F or DQES are always smaller than 1
for v € (0,0.1], while the values of D(Y')/D(Y) for D = DRY*Re are only smaller than 1
when « is relatively small. We always observe that, if the desired relation D(Y')/D(Y) < 1
holds for D = DRY2Re or DR¥S« then it holds for D = DQY™® or DQES, but the converse
does not hold. This means that if the iid model is preferred to the common shock model by
DR, then it is also preferred by D@, but in many situations, it is only preferred by DQ not
by DR. Similarly to Tables 4.2 and 4.3, the iid normal model shows a stronger diversification
according to D@, and this is not the case for DR.
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Figure 5.1: D(Y')/D(Y) based on VaR and ES for o € (0,0.1] with fixed n = 10
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5.7 Proofs for Section 4.6

Proof of Proposition 4.6. For the case of DQY*®(X), (4.4) in Theorem 4.4 gives that to min-

imize DQY*™®(X) is equivalent to minimize

P(w'X>wx™) =P (w' (X—x"%)>0) overweA,.

(67

Next, we discuss the case of DQL®(X). Let f(v) = E[(vI (X —x5%) +1),] for v € R".

It is clear that f is convex. Furthermore, for any i € [n], we have, for almost every v € R,

of
81%

(v) =E[(X; - ESa(Xz'))]l{vT(x—ng)+1>o}]

=E |:(XZ - ESO‘(Xi))IL{{VT(Xfxgs)+1>0}ﬂ{X¢*ESa(X¢)>O}}i|
+E [(XZ — ESa(Xi))]l{{VT(X—XES)+1>O}N{XZ-—ESQ(Xi)<0}}] :

The set {(v X —x2%) +1 > 0} N {X; — ES,(X;) > 0} increases in v; and the set {(v'X —
x28) +1 > 0} N {X; — ES,(X;) < 0} decreases in v;. Hence, v; — Of/0vi(v) is increas-
ing. Furthermore, 0f/0v;(v) — E[(X; — ESa(X;))1x,—ps.(x,)>03] > 0 as v; = oo. Also,
Of /0v;(v) — E[X; —ES,(X;)] < 0as v | 0 component-wise. Hence, there exists a minimizer

v* of the problem minyegn (o) E[(v' (X — xE9) + 1) 4.

Let A = {v € R\ {0} : P(v(X —x5°) > 0) > 0} and B = {v € R? \ {0} :
P(v(X — x) > 0) = 0}. If B is empty, it is clear that mingen, DQ™(w © X) =
minyeg:\ (o} E[(v (X — x28) + 1), ] by Theorem 4.4.
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If B is not empty, assume v* € A. For any vy € A, vg € B and k > 0, we have
E [((VA + Ekvg) (X —x58) + 1)+} <E [(VX(X —x9) + 1)+} :

This implies f(v*+kvp) = f(v*) for all £ > 0, which contradicts f/0v;(v) > 0 as v; — oc.
Hence, we have v* € B. For w* = v*/||v*||, we have P((w*)"(X — x5%) > 0) = 0 and

DQES(W* ® X) = 0 by Theorem 4.4, which means that w* is the minimizer of the problem
mingea, DQ™(w ® X). O

5.8 Additional empirical results for Section 4.7

In this section, we present some omitted empirical results to complement those in Sec-
tions 4.7.2 and 4.7.3. In Section 4.7.2, the values of DQs based on VaR and ES are reported
under different portfolio compositions of stocks during the period from 2014 to 2022. Using
the same stock compositions in (A)-(D), we calculate the values of DRs based on SD and var
(recall that they are also DQs), to see how they perform. The results are reported in Figure
5.2.

Figure 5.2: DRs based on SD (left) and var (right)
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We can see that the same intuitive order (A)<(B)<(C)<(D) as in Figure 4.3 in Section
4.7.2 holds for DRSP, showing some consistency between DQs based on VaR and ES and
DRSP. The values of DR®P are between 0 and 1. On the other hand, the values of DR¥* are
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all larger than 1, and portfolio (A) of 20 stocks has the weakest diversification effect according
to DRY*" among the four compositions. This is not in line with our intuition, but is to be
expected since variance has a different scaling effect than SD, and more correlated stocks
lead to a larger value of DR in general. For example, DR equals 1 even for an iid normal
model of arbitrarily large dimension (which is often considered as quite well-diversified), and
DR equals n if the portfolio has one single asset. These observations show that DR is

difficult to interpret if it is used to measure diversification across dimensions.

In Section 4.7.3, we used the period from January 3, 2012, to December 31, 2021, to
build up the portfolios. Next, we consider two different datasets from Section 4.7.3, first
using the period 2002-2011 and second using 20 instead of 40 stocks, to see how the results

vary.

Figure 5.3: Wealth processes for portfolios, 40 stocks, Jan 2004 - Dec 2011
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For the first experiment, we choose the four largest stocks from each of the 10 different
sectors of S&P 500 ranked by market cap in 2002 as the portfolio compositions and use the
period from January 3, 2002, to December 31, 2011, to build up the portfolio. The risk-free
rate r = 4.38%, and the target annual expected return for the Markowitz portfolio is set to
5% due to infeasibility of setting 10%. The results are reported in Figures 5.3, 5.4 and Table
5.1.

For the second experiment, we choose the top two stocks from each sector to build the
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Figure 5.4: Cumulative portfolio weights, 40 stocks, Jan 2004 - Dec 2011
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Table 5.1: Annualized return (AR), annualized volatility (AV), Sharpe ratio (SR) and average

trading proportion (ATP) for different portfolio strategies from Jan 2004 to Dec 2011

% | DQY*™® DQP DR’ Markowitz EW  BH
AR | 946 813  9.10 7.98 530  6.23
AV | 16.65 21.45 20.92 11.98  20.15 15.53
SR | 3048 17.47 2258  30.06 457 1194
ATP | 3723 2859 2024  24.56 504 0

Table 5.2: Annualized return (AR), annualized volatility (AV), Sharpe ratio (SR) and average

trading proportion (ATP) for different portfolio strategies from Jan 2014 to Dec 2021

% | DQY*® DQFS DRV« DR DR® Markowitz EW  BH
AR | 1354 1479 1277 13.85 14.37 8.59 12.74  14.22
AV | 1343 1590 1441 1453 14.29 12.74  14.68 13.96
SR | 79.69 7517 6889 7579 80.67 4514 6740 81.54
ATP | 16.07 19.24  64.77  57.56 11.81 15.19 445 0
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Figure 5.5: Wealth processes for portfolios, 20 stocks, Jan 2014 - Dec 2021
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Figure 5.6: Cumulative portfolio weights, 20 stocks, Jan 2014 - Dec 2021
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portfolios, and all other parameters are the same as in Section 4.7.3. The results, including
two other portfolios built by DRY*R> and DR® | are reported in Figures 5.5 and 5.6 and
Table 5.2. Since we do not find an efficient algorithm for computing DRY*Re and DR
we use the preceding 500 trading days to compute the optimal portfolio weights using the
random sampling method, which is relatively slow and not very stable. (If the previous month
has an optimal weight w;_, then 10° new weights are sampled from Aw;_, +(1—\)A,,, where
A is chosen as 0.9. Tie-breaking is done by picking the one that is closest to w;_ ;. We set

wi = (1/n,...,1/n).) The results show similar observations to those in Section 4.7.3. The
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additional observation from Table 5.2 is that DR strategies have much larger ATP than the

others, but this may be partially caused by our random sampling algorithms to optimize DR.
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Chapter 6

Diversification quotients based on

VaR and ES

6.1 Introduction

In order to mitigate risks in portfolios of financial investment quantitatively, a common
approach is to compute a quantitative index of the portfolio model, based on e.g., the volatil-
ity, variance, an expected utility or a risk measure, following the seminal idea of Markowitz
(1952) on portfolio diversification. In the literature, one of the most prominent examples of
the diversification index based on a general risk measure is defined by Tasche (2007) which
is referred as diversification ratio (DR). Choueifaty and Coignard (2008) investigated the
theoretical and empirical properties of DR in portfolio construction and compared the be-
havior of the resulting portfolio to common, simple strategies. See Embrechts et al. (2015)
and Koumou and Dionne (2022) for theories of DR and other diversification indices. Biirgi
et al. (2008) defined a closely related notion of DR which is called the diversification gain
and explored various methods of modeling dependence and their influence on diversification

gain.

Different from the traditional diversification indices such as DR in the above literature,
Chapter 4 proposed six axioms — non-negativity, location invariance, scale invariance, ratio-

nality, normalization and continuity — which jointly characterize a new diversification index,
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called the diversification quotient (DQ), whose definition is based on a class of risk measures
decreasing in an index «. All commonly used risk measures belong to a monotonic paramet-
ric family, and this includes VaR, ES, expectiles, mean-variance, and entropic risk measures.
They argued that DQ has many appealing features both theoretically and practically, while
these properties, in particular the six axioms above, are not shared by DR based on VaR, ES,
or any other commonly used risk measure. Moreover, portfolio optimization of DQs based
on VaR and ES can be computed very efficiently, and thus DQ can be easily applied to real
data.

Most properties of DQ are studied by Chapter 4 for a general class of risk measures.
In this chapter, we focus on specific risk measures, in particular, the Value-at-Risk (VaR)
and the Expected Shortfall (ES). Even though VaR has been criticized because of its lack of
subadditivity and ES requires the loss to have a finite mean, VaR and ES are still the two most
common classes of risk measures in practice, widely employed in global banking and insurance
regulatory frameworks; see Basel III/TV (BCBS (2019)) and Solvency II (EIOPA (2011)).
More theoretical properties and discussions of VaR and ES can be found in, e.g., Artzner et
al. (1999), Embrechts et al. (2014, 2018), Emmer et al. (2015) and the references therein. We
pay particular attention to two popular models in finance and insurance, namely, elliptical
and multivariate regular variation (MRV) distributions. Elliptical distributions, including
normal and t-distributions as special cases, are the most standard tools for quantitative
risk management (McNeil et al. (2015)). They have been studied for DR with convenient
properties; see Cui et al. (2022) and the references therein. The MRV model is widely used
in Extreme Value Theory for investigating the portfolio diversification; see, e.g., Mainik and

Riischendorf (2010), Mainik and Embrechts (2013) and Bignozzi et al. (2016).

This chapter is an extension of Chapter 4 in which an axiomatic framework of diversi-
fication indices is proposed and general properties of DQ are studied. As a new concept of
diversification index, studying properties such as explicit formulas and limiting behavior of
DQ under specific risk measures and special risk models will help us to better understand
and use DQ in risk management applications. In addition, the advantages of DQ and the
connection between DQ and DR are clearer under the elliptical and MRV models, reveal-

ing many attractive features of choosing DQ instead of DR to quantify diversification risk,
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especially for tail heaviness and common shocks.

The chapter is organized as follows. In Section 6.2, the definition of DQ and some
preliminaries on risk measures are collected. In Section 6.3, we study general properties for
DQ@Qs based on VaR and ES. Since DQs based on VaR and ES have natural ranges of [0, n]
and [0, 1], respectively, some special dependence structures of the portfolio that correspond
to the special values of 0, 1, and n are constructed with clear interpretation for values in
between (Theorem 6.1). In Section 6.4, we focus on DQ for large portfolios. By the Law
of Large Numbers, we show that DQs based VaR and ES for a portfolio with independent
components tend to 0 as the number of assets in the portfolio increases to infinity (Theorem
6.2). The limits for DQs based on VaR and ES for portfolios with exchangeable components
do not necessarily tend to 0. We show that the upper bound for the limit decreases in
the bivariate correlation coefficient. (Proposition 6.1). In Section 6.5, DQ is applied to
elliptical models; explicit formulas and the limiting behavior of DQs based on VaR and ES
are available (Proposition 6.2 and Theorem 6.3). Moreover, we present several numerical
results for the two most important elliptical distributions used in finance and insurance,
namely the multivariate normal distribution and the multivariate t-distribution, and show
that DQ can properly capture tail heaviness. As a popular tool for modeling heavy-tailed
phenomena, MRV models for DQ are studied in Section 6.6. Furthermore, we generalize the
results to the optimal portfolio selection problem in Section 6.7. Under elliptical models,
the optimization problem can boil down to a well-studied problem (see e.g., Choueifaty and
Coignard (2008)) and a limiting result in MRV models is also derived (Theorem 6.4 and
Proposition 6.5). We conclude the chapter in Section 6.8.

6.2 Diversification quotients

Throughout this chapter, (£2, F,P) is an atomless probability. The atomless assumption
in our context is very weak and it is widely used in statistics and risk management; see Del-
baen (2002) and Section A.3 of Féllmer and Schied (2016) for details of atomless probability
spaces. Almost surely equal random variables are treated as identical. A risk measure ¢ is

a mapping from X to R, where X" is a convex cone of random variables on (2, F,P) repre-
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senting losses faced by a financial institution or an investor, and X is assumed to include all
constants (i.e., degenerate random variables). For p € (0,00), denote by L? = LP(Q), F,P)
the set of all random variables X with E[|X|P] < oo where E is the expectation under P.
Furthermore, L™ = L*(Q), F,P) is the space of all essentially bounded random variables,
and LY = L%Q, F,P) is the space of all random variables. Write X ~ F if the random
variable X has the distribution function F under P, and X 2 Y if two random variables X
and Y have the same distribution. We always write X = (X1,..., X,,) and 0 for the n-vector
of zeros. Further, denote by [n] = {1,...,n}, R, = [0,00) and R = [~o00, cc]. Terms such
as increasing or decreasing functions are in the non-strict sense. For X € X', ess-sup(X) and

ess-inf(X') are the essential supremum and the essential infimum of X, respectively.

A diversification index D is a mapping from X" to R, which is used to quantify the
magnitude of diversification of a risk vector X € X™ representing portfolio losses. Our
convention is that a smaller value of D(X) represents a stronger diversification. Measuring
diversification is closely related to risk measures. Some standard properties of a risk measure

¢ : X — R are collected below.

[M] Monotonicity: ¢(X) < ¢(Y) for all X, Y € X with X < Y.
[CA] Constant additivity: ¢(X +¢) = ¢(X) +cforallc€ R and X € X.
[PH] Positive homogeneity: ¢p(AX) = Ap(X) for all A € (0,00) and X € X.

[SA] Subadditivity: ¢(X + V) < ¢(X) + ¢(Y) for all X,Y € X.

The two popular classes of risk measures in banking and insurance practice are VaR

and ES. The VaR at level a € [0,1) is defined as
VaR,(X)=inf{z e R:P(X <z)>1-a}, XelL
and the ES (also called CVaR, TVaR or AVaR) at level o € (0,1) is defined as
ES.(X) = é/oa VaRg(X)d8, X e L',

and ESy(X) = ess-sup(X) = VaRy(X) which may be co. The probability level o above is
typically very small, e.g., 0.01 or 0.025 in BCBS (2019); note that we use the “small «”
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convention as in Chapter 4. Both VaR and ES satisfy the properties [M], [CA] and [PH],
while ES also satisfies the property [SA].

To measure diversification quantitatively, we recall a new index, called diversification

quotient (DQ), as follows.

Definition 6.1. Let p = (p,),c; be a class of risk measures indexed by o € I = (0, &) with
a € (0,00] such that p, is decreasing in o. For X € X™, the diversification quotient based

on the class p at level a € I is defined by

*

DQA(X) = %, where o = inf {B el:ps (i Xi> < ipa (Xl)}
i=1 i=1

with the convention inf(@) = a.

Remark 6.1. The value of DQ? depends on how the class p = (pa)acr is parametrized. For
instance, one could, hypothetically, use a different parametrization VaR,, = VaR,2 for the
class VaR, although there is no real reason to do so. The value of DQX&‘R/ is generally
different from DQY2®, but they generate the same order; that is, DQXaR/ (X) < DQZ"‘R/ (Y) if

and only if DQY3®(X) < DQY2®(Y), which can be checked by definition. Therefore, different

parametrizations do not affect the application of DQ in portfolio optimization.

Theorem 4.1 in Chapter 4 characterized a subclass of DQ via six axioms: non-negativity,
location invariance, scale invariance, rationality, normalization and continuity; such DQs are
defined on the class of risk measures satisfying [M], [CA] and [PH]. DQ is defined based on a
monotonic parametric class of risk measures. All commonly used risk measures belong to a
monotonic parametric family; for instance, this includes VaR, ES, expectiles, mean-variance,
and entropic risk measures; see Follmer and Schied (2016) for a general treatment of risk

measures.

In finance and insurance, the risk measures VaR and ES play prominent roles, as they
are specified in regulatory documents such as BCBS (2019) and EIOPA (2011). We will
focus on VaR or ES as the risk measures assessing diversification by DQ in this chapter. In
particular, both VaR and ES satisfy the properties [M], [CA] and [PH], and hence DQY?*®

and DQF® satisfy the six above axioms.
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Another popular diversification index is the diversification ratio (see e.g., Tasche (2007)

and Embrechts et al. (2015)), defined as

DR¢’(X) = M (6.1)

D iy O(Xi)
where ¢ is a suitably chosen risk measure, such as VaR,, ES,, variance (var), or standard
deviation (SD). Although DR generally does not satisfy some of the six axioms, we will
compare DQ and DR in several parts of the chapter.

6.3 DQ based on VaR and ES

In this section, we will focus on the theoretical properties of DQY*® and DQES. For
VaR and ES, the interval in Definition 6.1 has a natural range of I = (0,1). Similarly to

Chapter 4, we let X™ be (L°)™ when we discuss DQY*® and (L')” when we discuss DQ=°. To
ES

o )

compute DQ,”, we first define the superquantile transform (Liu et al. (2021, Example 4)).

The term “superquantile” is an alternative name for ES; see Rockafellar et al. (2014).

Definition 6.2. The superquantile transform of a distribution F' with finite mean is a dis-

tribution F with quantile function p — ES,_,(X) for p € (0,1), where X ~ F.

The following alternative formulas for DQs based on VaR and ES will be useful later.
They are shown in Theorem 4.4 of Chapter 4 For a given o € (0,1), DQY*™® and DQ™ can

be computed by
1-F (Z?:l vaROl(Xl>) and DQES<X) _ 1— ﬁ (Z?:l ESOé(XZ)) (62)

VaR _
DQa (X) - a a

where F' is the distribution of > | X; and F is the superquantile transform of F'.

Remark 6.2. Let S = 3" | X;. If S has a continuous and strictly monotone quantile function,

then (6.2) can be rewritten as

1 n
DQy(X) = ~P (S > ZvaRa(Xi)> , X ear

=1

and

DQIP(X) = é@ (S > ZESJXZ-)) , XeXn
=1
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for some probability measure QQ. To give a formula for Q, let F' be the distribution of S, and
ap = 1 — F(E[S]). There exists an increasing and continuous function g : (0,1) — [0, 1] such
that ESy)(S) = VaR4(S5) for all @ € (0,a0) and g(a) = 1 for a € [ag, 1). We can express
Q by dQ/dP = ¢(1 - F(5)).

Remark 6.3. DQ based on ES admits another convenient formula in Theorem 4.4. If we have

P, Xi > 27 ES,(X;)) > 0, then

DQM¥(X) = S min E

« re(0,00)

, (6.3)

(r Zn:(XZ — ES.(Xy)) + 1>

i=1

and otherwise DQ"®(X) = 0. The main advantage of this formula of DQ"S is computation
and optimization. In particular, this formula allows us to write the portfolio optimization

problem of DQES as a convex program; this is shown in Proposition 4.6 of Chapter 4.

Next, we see that if o € (0,1/n), there are three special values of DQY*®, which are 0,
1 and n, corresponding to different representative dependence structures. The last value of

n is based on a useful inequality

VaRpa (zn: X,-) < iVaRa(Xi) (6.4)

from Corollary 1 of Embrechts et al. (2018), and its sharpness is stated in Corollary 2 therein.
For DQSS, there are two special numbers, 0 and 1, because ES is a class of subadditive risk
measures. As a natural question, we wonder for what types of dependence structures these

special values are attained. Next, we address this question.

We first present the concept of risk concentration in Wang and Zitikis (2021) which will
be useful to understand the dependence structures corresponding to special values of DQY*®

and DQ"S.

Definition 6.3 (Tail event and a-concentrated). Let X be a random variable and v € (0, 1).

(i) A tail event of X is an event A € F with 0 < P(A) < 1 such that X (w) > X (w’) holds

for a.s. all w € A and W’ € A°, where A° stands for the complement of A.
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(ii) A random vector (Xi,...,X,,) is a-concentrated if its component share a common tail

event of probability o.!

Theorem 4 of Wang and Zitikis (2021) gives that a random vector (Xy,...,X,) is a-
concentrated for all o € (0,1) if and only if it is comonotonic, and hence the dependence
notion of a-concentration is weaker than comonotonicity. A random vector (X, ..., X,) is
comonotonic if there exists a random variable Z and increasing functions fi,..., f, on R

such that X; = f;(Z) a.s. for every i € [n].

We first address the case that DQX"“R(X) = n, which involves the dependence concepts
of both risk concentration and mutual exclusivity (see Dhaene et al. (1999)). Thus, to arrive
at the maximum value of DQY*®(X) = n, one requires a dependence structure that is a
combination of positive and negative dependence. This phenomenon is common in problems
in VaR aggregation; see Puccetti and Wang (2015) for extremal dependence concepts. For
this purpose, we propose the a-concentration-exclusion (a-CE) model for o € (0,1/n), which

is a random vector X € X" satisfying four conditions:

(i) P(X; > VaR,(X;)) = «;
(ii) P(X; > VaR.(X})) = na;
(iii) {X; > VaR,(X;)}, ¢ € [n], are mutually exclusive;

(iv) (Xy,...,X,) are (na)-concentrated.

For a class p of risk measures p, decreasing in «, we say that p is non-flat from the left at
(a, X) if pg(X) > pa(X) for all 5 € (0, ), and p is left continuous at (o, X) if a — pa(X)

is left continuous.

Remark 6.4. For any given X € L° if VaR is non-flat from the left at (na, X), then
there exists @-CE random vector X € X" such that Y, X; = X. For instance, let
A = {X > VaR,,(X)}. As VaR is non-flat from the left at (na, X), we have P(A) = na.

"'Wang and Zitikis (2021) used the “large a” convention, and hence our a-concentration corresponds to

their (1 — a)-concentration.

161



Let (Ay,...,A,) be a partition of A with P(A;) = a for ¢ € [n]. Also, let X; = (X —m)1y4,
for i € [n —1] and X,, = (X — m)1la,0aey +m where m = VaR,,(X) is a constant. It
follows that Y ", X; = X, and it is clear that X = (X7,...,X,,) is an a-CE model; such a
construction is essentially the one in Embrechts et al. (2018, Theorem 2). More generally, we
give a sufficient condition for X to satisfy the a-CE model. A random vector (X, Y’) is said to
be counter-monotonic if (X, —Y') is comonotonic. If each pair (X;, X;) is counter-monotonic

for i # j, and for each i € [n], P(X; > VaR,(X;)) = @ and VaR,(X;) = ess-inf(X;), then X

follows an a-CE model. For recent results on pairwise counter-monotonicity, see Chapter 7.

In the next result, we summarize several dependence structures that correspond to

special values 0, 1 and n of DQXaR and the special values 0 and 1 of DQES.

Theorem 6.1. For o € (0,1) and n > 2, the following hold:

(i) {DQY**(X) | X € x"} = [0,min{n, 1/a}] and {DQL*(X) | X € X"} = [0,1].

(ii) For p being VaR or ES, DQ2(X) = 0 if and only if > | X; < > pa(X;) a.s. In
case Y0 X; is a constant, DQY*(X) = 0 if a < 1/n and DQES(X) = 0.

(iii) For p being VaR or ES, if X is a-concentrated, then DQ?(X) < 1. If, in addition, p is
continuous and non-flat from the left at (o, > 1| X;), then DQA(X) = 1.

(i) If « < 1/n and X has an a-CE model, then DQY*(X) = n and DQ™(X) = 1.

Proof. (i) We first prove the case of VaR. By Corollary 1 of Embrechts et al. (2018), we have
VaR,o (Z Xi) < ZvaRa(Xi)a
i=1 i=1
which implies o < na, and hence DQY*®(X) < n. By definition, a* € [0,1], and hence
0 < DQY*™(X) < 1/a. To summarize, {DQY*(X) | X € X"} C [0, min{n, 1/a}].
Next, we show that every point in the interval [0, min{n, 1/a}] is attainable by DQY*.
Take any X € X™ and let a = DQY*®(X). Since DQY*® satisfies [LI], we can replace each

component X; of X with X; — VaR,(X;) for ¢ € [n]. Hence, it is safe to assume that
VaR,, of each component of X is 0. Let Z = X1, where A € F is independent of X and
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P(A) = p € (0,1). Since the mapping F' — VaR,(X) where X ~ F has convex level sets
(e.g., Gneiting (2011)), VaR,, of each component of Z is 0. By (6.2), we have

DQY*R(Z) = éIP’ <Z Z; > O) = glP’ <Z X > 0) = pDQYR(X).
i=1 =1

Since p € (0,1) is arbitrary, any point in [0, a] belongs to the range of DQY*®. To complete
the proof, it suffices to construct X such that DQY*®(X) = min{n, 1/a}.

In case a > 1/n, let X follow an n-dimensional multinomial distribution with parameters
(1/n,...,1/n). Tt is clear that >  X; = 1. Since a > 1/n, then VaR,(X;) = 0. In this
case, by (6.2), DQY*®(X) = 1/a. In case a < 1/n, we can find X satisfying DQY*®(X) = n,

which is constructed in part (iv) of the proof below.

Next, we prove the case of ES. Since ES satisfies [SA], the range of DQES is contained
in [0,1]. Take any t € [0,2], and let each of X; and X, follow a uniform distribution on
[—1, 1] such that X; + X5 is uniformly distributed on [—¢,¢]. The existence of such (X7, X5)
is shown by Theorem 3.1 of Wang and Wang (2016). Let X; = 0 for i = 3,...,n. We can
easily compute ES, (X;) = ES,(X3) =1 — a and ESg(X; + X3) = ¢(1 — ). Hence,

DQSS(Xb...,Xn):linf{ﬁe(071);t(1_5)<2_2a}:l(1_2—2a) ‘
Q@ o ; .

For letting t vary in [0, 2], we get that every point in [0, 1] is attained by DQM.

(ii) The first part follows directly from Theorem 4.3 (i) of Chapter 4. In particular, if
>, X; is a constant, we have VaRg (D1, X;) = VaR,, (X1 Xi) < D1, VaR,(X;) for
a < 1/n,and ESy (3.1, X;) = ES, (31, X;) < 327, ES,(X;). Thus, we have DQY5(X) =
0if a < 1/n and DQES(X) = 0.

(iii) By Theorem 6 in Wang and Zitikis (2021), if X is a-concentrated, we have

which implies o < a and then DQY*®(X) < 1. Further, as VaR is continuous and non-flat
from the left at (o, Y ;- X;), by Theorem 6 in Wang and Zitikis (2021), the inequality above
is an equality. Thus, we have o* = «, which leads to DQY*¥(X) = 1. Moreover, from

Theorem 5 of Wang and Zitikis (2021), we know that ES, (D", X;) = > | ES, (X;) if

163



(X1,...,X,) is a-concentrated. Combining with the fact that ES, (>, X;) is non-flat from
left at (o, X), we have DQ™(X) = 1.

(iv) As Xi,..., X, are (na)-concentrated, there exists an event B such that B is a tail
event for all X; and P(B) = na. Let B; = {X; > VaR,(X;)}. By Lemma A.3 of Wang
and Zitikis (2021), we have {X; > VaR,,(X;)} € B. As VaR,(X;) > VaR,,(X;), it gives
B; C B for all i € [n]. From P(X; > VaR,(X;)) > na, we know that X;(w) > VaR.(X;)
for all w € B. Further, as By, ..., B, are mutually exclusive, we have X;(w) > VaR,(X;)
and X;(w) = VaR,(Xj;) for all w € B; and j # i. Hence, for all w € (J;_, B, we have
Sor o Xi(w) > >0 VaR,(X;) while 77 | Xi(w) < Yoi, VaRo(X;) for w € (U, 4)° =
N, AS. Therefore, if o < 1/n,

n

P (i X; > iVaRa(Xi)> =P (O Bi> =Y P(B) = na.

By (6.2), we have DQY**(X) = n.

For the case of ES, as Xj,..., X, are (na)-concentrated, by Theorem 5 of Wang and
Zitikis (2021), we have ES,, (D", Xi) = > ES, (X;). Together with the fact that
B+ ESp (3.7, X;) is strictly decreasing at 8 = na, we get that DQYS(X) = 1. O

Note that comonotonicity is stronger than a-concentration, and hence it is a sufficient

condition for (iii) in Theorem 6.1 replacing a-concentration.

In summary, both DQY*® and DQY® take values on a bounded interval. In contrast,
the diversification ratio DRY*R is unbounded, and DR®* is bounded above by 1 only when
the ES of the total risk is non-negative. The continuous ranges of DQs also give more
information on diversification. Moreover, similarly to the continuity axiom of preferences
(e.g., Follmer and Schied (2016)), a bounded interval can provide mathematical convenience
for applications. The values of DQs are simple to interpret. To be specific, for DQY*®, its
value is 0 if there is a very good hedge in the sense of Theorem 6.1 (ii); its value is 1 if there
is strong positive dependence such as comonotonicity, and its value is n if there is strong
negative dependence conditional on the tail event. For DQYS| its value is 0 if there is a

very good hedge in the sense of Theorem 6.1 (ii) and its value is 1 if there is strong positive

dependence such as comonotonicity or a-concentration.
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6.4 Diversification for large portfolios

In this section, we will focus on the asymptotic behavior of DQ for large portfolios. First,
since the independent portfolio is widely recognized as an effectively diversified portfolio, we

anticipate that DQ for this type of portfolio would be close to zero as n tends to oco.

Theorem 6.2. Let X, X5, ... be a sequence of uncorrelated random variables in L?. Assume

sup;ey var(X;) < oo and infen{pa(X;) —E[X;]} > 0. For a € (0,1) and p being VaR or ES,

lim DQ2(X1, ..., X,) = 0. (6.5)

n—oo

Proof. Let X,, = (X1,...,X,,) and S, = > | X;. As DQ? is location invariant, we can
assume that E[X;] = 0 for i = 1,2,.... Hence, by the L?-Law of Large Numbers in the form
of Durrett (2019, Theorem 2.2.3), we have S, /n L—2> 0. (In fact, L' convergence is sufficient

to prove our result.)

We first prove the case of VaR. Note that S,,/n 5 0 implies lim,, o P(S,/n > x) =0
for all z > 0. Let € = inf;en{pa(X:) — E[Xi]}. As VaR,(X;) >¢€,i=1,2,..., we have

P (Sn > iVaRJXQ) <P(S,/n>¢€)—0.

i=1

Thus, lim,,_,o P(S, > >, VaR,(X;)) = 0. By (6.2), we have

1
: \/aR
nhmDQ (X,) = nhm IP’(S >E VaR,( X))—O.

=1

Next, we prove the case of ES. As ES is a convex distortion risk measure, ES is L!-
continuous (see Riischendorf (2013, Corollary 7.10)). Further, since ESz(0) = 0, we have
ESs(S,/n) — 0 as n — oo for all 5 € (0,1). As a result, for every € (0, 1), there exists N
such that ESg(S,,/n) < € for all n > Ng. Therefore, we have

a*:inf{56(01 ESs(S ZES }gmf{@e(o,n ES5(Su/n) <€)} — 0

as n — co. Hence, we have DQYS(X,,) = o /oo — 0 as n — oo. O
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Note that Theorem 6.2 does not imply that all independent portfolios are good hedges,
because (6.5) holds under some assumptions. In case the components of the portfolio have
very heavy tails, DQ based on VaR can be close to n even if the individual losses are iid, as

we will see in Theorem 6.3 below.

Remark 6.5. In the special case that X, Xy, ... areiid, Theorem 6.2 implies that, if p,(X;) >
E[Xy], we have
lim DQ?2(X4,...,X,) =0

n—o0

for p being VaR or ES.

Next, we focus on portfolios with exchangeable components, which may represent a
homogeneous subgroup of assets from a large asset pool. An infinite sequence of random
variables X7, Xs, ... issaid to be exchangeable if (Xi,..., X,,) 4 (Xa)s - - Xa(my) foralln >
2 and T € 6,,, where &,, is the set of permutations of [n]. Exchangeability is closely related
to iid sequence of random variables due to de Finetti’s theorem, which says that any infinite
exchangeable sequence is conditionally iid. However, for the exchangeable portfolio, the value
of DQ does not necessarily converge to 0 as n goes to infinity. By the Birkhoff-Khinchin
theorem (see Aleksandr and Khinchin (1949)), if E[|X;|] < oo, we have Y"1 | X;/n — E[X}|F]

a.s. for some sub-o-algebra G C F. By (6.2), we get
1 — F (VaR,(X1))

DQY*®(Xy,..., X,) — as m — 00,
a
and ~
1 — F(ES.(X
DQ™S(Xy,..., X,) — (BS(X1)) as n — o9,
!

where F is the distribution of E[X;|G] and F is the superquantile transform of F.
The above formulas depend on G which may not be explicit. In the next proposition,

we derive an upper bound on the limit.

Proposition 6.1. Let X;, Xs,... be a sequence of exchangeable random variables in L?.
Denote by = E[X], 0 = var(X;) and r = corr(Xy, X3). For a € (0,1) and p being VaR
or ES, if po(X1) > 1, then

1 ro?

lim DQ?(X1,...,X,) <

M, S aro? 1 (pu(X0) = ) (6.6)
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Proof. Let S, = Y. X;. As (Xi,...,X,) is exchangeable, we have E[S,] = nu and

var(S,) = (n + n(n — 1)r)o?. The mean and variance of S,, imply the bound

ps(Sn) < np+ov/n+n(n—1)r 1;6

for all 5 € (0,1); see Table 1 of Li et al. (2018). As a result, we have

DQQ(Xla s aXn) <

Q|+

inf {5 €(0,1) :nu+oy/n+n(n— 1)7“1 / % < npa(X1)}

1+(n—1
t(n=Dr 2
n

O 4 (pa(X2) = )

n

Q|+

Sending n — oo, we get the desired result. [

The upper bound (6.6) on lim,,_,,, DQ? (X7, ..., X,) in Proposition 6.1 decreases as the
correlation r between assets decreases. Intuitively, this means that less positive dependence
leads to greater diversification. In particular, if r | 0, then lim, . DQ2(X4,..., X,) — 0.
The upper bound (6.6) holds true also without exchangeability, as long as the average of the

bivariate correlations of assets converges to r and all assets are identically distributed.

6.5 Elliptical models

The most commonly used classes of multivariate distributions are the elliptical models
which include the multivariate normal and t-distributions as special cases. For a general
treatment of elliptical models in risk management, see McNeil et al. (2015). In this section,

we study DQs based on VaR and ES for elliptical models.

6.5.1 Explicit formulas for DQ

A random vector X is elliptically distributed if its characteristic function can be written
as

P(t) =E [exp (itTX)} = exp (itTu) T (tTEt) ,
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for some p € R™, positive semi-definite matrix > € R"™" and 7 : R,y — R called the
characteristic generator. We denote this distribution by E,(u, >, 7). We will assume that
>} is not a matrix of zeros. Each marginal distribution of an elliptical distribution is a
one-dimensional elliptical distribution with the same characteristic generator. The most
common examples of elliptical distributions are normal and t-distributions. An n-dimensional
t-distribution t(v, p, %) with v > 0 has density function f given by (if |X| > 0)

__ Tllv+n)/2) e\
f(x)_F(u/z)un/27rn/2|2|1/2 (”y(x )BT (x u)) ,

where I' is the gamma function and |X| is the determinant of the dispersion matrix X.

We remind the reader that for elliptical models, VaR and ES behave very similarly.
For instance, VaR,, is subadditive for av € (0,1/2) in this setting; see McNeil et al. (2015,
Theorem 8.28). Moreover, for X ~ E,(u, Y, 7) and a € R", both VaR,(a” X) and ES, (a’X)
have the form yv/aTSa+a' p for some constant y being yY*® := VaRo(Y) or 45 := ES,(Y)
where Y ~ E;(0,1,7). As a consequence, the behaviour of DQ based on VaR is similar to

that based on ES, except for the case of infinite mean.

For a positive semi-definite matrix X, we write ¥ = (0ij)nxn, 07 = 04, and o =
(01,...,0,), and define the constant
n T 1/2 n
4 \€; Eei 10
5 = Lz ( : ) = Lizt € [1,00), (6.7)
(1T21)1/2 n 1/2
(Z” Uij)
where 1 = (1,...,1) € R™ and ey,...,e, are the column vectors of the n x n identity

matrix I,,. Moreover, ks, = 1 if and only if ¥ = oo ", which means that X ~ E,(u, 2, 7) is

comonotonic.

Explicit formulas and the limiting behavior of DQs based on VaR and ES for elliptical

models are given by the following few results.

Proposition 6.2. Suppose that X ~ E,(u, %, 7). We have, for a € (0,1),

L= F(ksVaRa(Y)) o x)= L= f(szSa(Y))’

« (0%

DQ™(X) =

where Y ~ Fq(0,1,7) with distribution function F, and F is the superquantile transform of

F in (6.2). Moreover,
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(i) a v DQY*R(X) takes value in [0,1] on (0,1/2] and it takes value in [1,2] on (1/2,1);
(ii) ks — DQY*®(X) is decreasing for o € (0,1/2] and increasing for o € (1/2,1);

(i1i) ks — DQS(X) is decreasing for a € (0,1).
Proof. We first consider the case of VaR. Since X ~ E,(u, %, 7), the linear structure of
ellipitical distributions gives S-" | X; ~ Ey(I", I'SL 7). That is, 30, X; < S0 i +

11T All2Y, where A is the Cholesky decomposition of 3. Also, we have VaR,(X;) = u; +
le) All2VaR,(Y). By (6.2),

1 n n
DQXaR<X) = EIP) (Z Xz > Zuz + He;rAHZVaRa(Y))
=1 A

A . n . 1 — F(ksVaRa(Y))
= —P (Zlu + (17 ALY > Zu + lle; AHzVaRa(Y)) = - :

By replacing VaR with ES and )" | X; with ESy (D" | X;), we can get the first formula of
DQ.”(X).

(i) For a € (0,1/2], we have VaR, (V) < kgVaR,(Y) and 1 — a < F(ksVaR,(Y)) < 1.
Hence, 0 < DQY*®(X) < 1.

For a € (1/2,1), VaR, (Y) = kgVaR,(Y) and a < 1 — F(ksVaR,(Y)) < 1. Hence,
1 <DQY*™(X) < 1/a< 2.

(ii) If a € (0,1/2], then VaR4(Y) > 0, and thus DQY**(X) decreases in ks. If o € (1/2,1),
then VaR,(Y) < 0, and thus DQY**(X) increases in ks.

(iii) For a € (0,1), ESo(Y) > 0. Hence, DQY3(X) increases in ks. O

In the discussions below, we will assume a € (0,1/2), which is the most common setting
in risk management. In Proposition 6.2, we see that, for a € (0,1/2), DQY*®(X) € [0, 1].
This is in contrast to Theorem 6.1, where the range of DQY*® is [0, n] instead of [0, 1], when
we do not restrict to elliptical models. This phenomenon should not be surprising, because,
as we mentioned before, VaR,, for a € (0,1/2) is similar to ES, for elliptical models, and

DQ has range [0, 1].
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In case Y ~ E;(0,1,7) has a positive density on R, we can see from Proposition 6.2

that DQY*®(X) = 1 if and only if kg = 1 (i.e,, X is comonotonic) or VaR.(Y) = 0 (i.e.,

o = 1/2). Similarly, DQYS(X) = 1 if and only if ks = 1.

In case the elliptical distribution is asymptotically uncorrelated, we will see that, as n —

00, DQY*R(X) — 0 and DQF(X) — 0. This is consistent with our intuition that, if the indi-

vidual risks are asymptotically uncorrelated, then full diversification can be achieved asymp-

totically, thus the diversification index goes to 0. The value ACy = 377 03;/ (X1, 03)? =

1/k% will be called the average correlation (AC) of X.

Proposition 6.3. Suppose that X ~ E,,(u, %, 7).

(i) Let Y ~ Eq(0,1,7) and f be the density function of Y. We have

f(ks)
f(x)

and lim, o DQY*(X) = 0 if VaRe(Y) < oo.

lim DQY* (X)) = lim ky
—00

m if VaRo(Y') = oo and the limit exists,

(i1) If lim, ., ACy =0, then
lim DQY**(X) = lim DQ*(X) =0

n—o0 n—oo

for a € (0,1/2) and g € (0,1).

(6.8)

Proof. (i) If VaRo(Y') < 0o, then VaRo(Y) < ksVaRo(Y) as ks > 1. Hence, DQy**(X) = 0.

If VaRo(Y') = oo, then VaRy(Y') > kxVaR,(Y) for a > 0. Therefore,

_ . . 1 —=F(ksVaRo(Y))) .. [ (ksVaR.(Y)))
Jiny DQ,™(X) = lim a ST AR YY)

and we get the desired result.

(ii) We only show the proof of DQY*® as the result for DQES can be obtained along

the same analogy. By Proposition 6.2, it is clear that ACy, — DQY*®(X) is increasing for

a € (0,1/2) and ACy — DQ?S(X) is increasing for a € (0,1). Moreover, if ACy, goes to 0 as

n — oo, we have lim,,_,, kg = co. Thus, we have DQY**(X) — 0 as n — oo by Proposition

6.2.
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Explicit formulas of (6.8) for normal and t-distributions are provided in Section 6.5.2.

Remark 6.6. In general, we do not have a limiting result for DQES in the form of Proposition
6.3 (i). If X ~ t(v,u, %) for v > 1, then DQE® has the same limit as DQY*® in (6.8) as
a | 0 because VaR,(Y)/ES.(Y) has a constant limit (v — 1)/v for a t-distributed Y by the
Karamata theorem; see Theorem A.7 of McNeil et al. (2015).

From the results above, DQY*®(X) and DQ¥(X) depend on both 7 and . In sharp
contrast, DR of a centered elliptical distribution is always 1/kys, which ignores the shape of

the distribution. More precisely, for X ~ E,(0,%,7) and a € (0,1/2), we have
. 1/2
~ VaR.(X1L, X)) <Z” Uij) VaR.(Y) ¢

DRY2Re(X) = = = — 6.9
(X) S, VaR, (X)) S o VaR,(Y) ks’ (6.9)

and similarly, DR¥®*(X) = 1/ks. Note that in this case, DRY*Re and DR®* do not depend

on 7, o or whether the risk measure is VaR or ES. Indeed, DR based on var or SD also has

the same value 1/ksy.

For X ~ E,(u, 2, 7) with pu # 0, DRY*®*(X) and DR¥*(X) depend also on g, which
is arguably undesirable as it conflicts location invariance. Nevertheless, lim, o DRY*Re (X)) =
1/ks, if VaRy(Y) = oo (i.e., the value taken by Y is unbounded from above), and this limit
does not depend on g. On the other hand, DQY*®(X) has a limit in (6.8) which depends on
both ks and 7. The above observations suggest that DQ is more comprehensive than DR by

utilizing the information on the shape of the distribution.

A similar result to Proposition 6.3 (ii) holds for DR of centered elliptical distribu-
tions. More precisely, If a € (0,1/2), p = 0, and lim, ,,, ACyx = 0, then we have
lim,, 0o DRV**(X) = 0 by (6.9), and similarly, lim,,_,.c DR®*(X) = 0. These limits do
not hold if p # 0.

6.5.2 Normal and t-distributions

Next, we take a close look at the two most important elliptical distributions used in
finance and insurance, namely the multivariate normal distribution and the multivariate t-
distribution. The explicit formulas for DQ for these distributions are available through the

explicit formulas of VaR and ES; see Examples 2.14 and 2.15 of McNeil et al. (2015).
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Chapter 4 proposed three simple models where the components of portfolio vectors
follow the iid normal model, iid t-model and the common shock t-model, respectively, and
showed that the diversification is the strongest according to DQ for the iid normal model and
the iid t-model has a smaller DQ than the common shock t-model. In contrast, DR reports
a similar value for all three models; see their Section 5.2 for details. Therefore, DQ has the

nice feature that it can capture heavy tails and common shocks.

We present some formulas and numerical results for correlated normal and t-models.
We focus our discussions mainly on DQXELR as the case of DQES is similar. We first compute

the limit of DQ as a | 0 according to (6.8). By direct calculation,

lim DQY(X) = Lgg=ry  if X ~ N(p, X); (6.10)
hﬂ} DQY*R(X) = kg”  if X ~ t(v, u, X). (6.11)

The above two values properly reflect the fact that the normal distribution is tail independent
unless ks = 1 (i.e., comonotonic), whereas the t-distribution is tail dependent; see Examples
7.38 and 7.39 of McNeil et al. (2015). DQ is able to capture this phenomenon well, by
providing, for a close to 0, DQY*™® a 0 (strong diversification) for normal distribution and
DQY*® ~ k" (moderate diversification for common choices of . and v; see Figure 6.3) for a
t-distribution. On the other hand, DR of centered normal and t-distributions is always 1/ks,,
which fails to distinguish the tail of the t-distribution from that of the normal distribution
(see (6.9)).

For numerical illustrations, we consider two specific dispersion matrices, parameterized
by r € [0,1] and n € N,
Y1 = (0ij)nxn, where 0; =1 and o;; = r for i # j, and

Y9 = (0ij)nxn, Where 0, =1 and 0;; = rli=il for i # j.

Note that >; represents an equicorrelated model and ¥, represents an autoregressive
model AR(1). Forr =0, 7 = 1 or n = 2, these two dispersion matrices are identical. We take
four models X; ~ N(p, ;) and Y; ~ t(v, u, %), @ = 1,2, and we will let r, v, a, n vary. Note
that the location p does not matter in computing DQ, and we can simply take p = 0. The

default parameters are set as r = 0.3, n =4, v = 3 and a = 0.05 if not explained otherwise.
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Figure 6.1: DQ and DR based on VaR for v € (0,10] and ES for v € (1,10] with fixed
a=0.05r=03andn=4

DQxaR (Y‘1> DRVaR,, (Yl )
—-—-DQV"™(Y2) —-—- DRV (Yy)|]

0.1r

Figure 6.2: DQ based on VaR and ES for r € [0, 1] with fixed a = 0.05, v = 3, and n = 4
1 — : = 1 ‘ ‘ ‘ ‘
——DQ*"(Xy) ——DQy*" (Y1) 4 —— DOy (Xy) DQS(Y)) 4
09| —-—-DQY™(Xs) —-=-DQI™(Ya)| /] 91|~ ~-DQI*(Xs) ——-DQ*(Ya) a
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DQ for the t-models as the parameter of degrees of freedom v varies

Figure 6.1 presents the values of DQ for the t-models with varying v, where v € (0, 10]
for VaR and v € (1, 10] for ES. We observe a monotonic relation that DQY*® and DQY are
decreasing in v. In particular, if v is close to 0, we see that DQXaR ~ 1 which means there is
almost no diversification effect for such super heavy-tailed models. On the other hand, DR
completely ignores v and always reports the same value. Note that the values of DQ and

DR are not directly comparable as they are not on the same scale.
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Figure 6.3: DQ based on VaR and ES for o € (0,0.1) with fixed v =3, r = 0.3 and n =4
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DQ for elliptical models as the correlation parameter r varies

In Figure 6.2, we report how DQ changes over r € [0, 1] in the four models. Intuitively,
for r close to 1 which corresponds to comonotonicity, DQ is close to 1 in all models since there
is no or very weak diversification in this case. More interestingly, for r close to 0, there is very
strong diversification for the normal models, meaning DQX"‘R ~ 0 and DQES ~ 0, whereas
for the t-models, DQY*® and DQ™® are clearly away from 0. Note that the components of
a t-distribution are tail dependent even for zero or negative correlation (see Example 7.39
of McNeil et al. (2015)). Hence, DQ is able to capture dependence created by the common

factor in the t-model, in addition to its correlation structure.

DQ for varying a and its limit

In Figure 6.3, we report DQY*® and DQM for o« € (0,1) in the four models with
correlation matrices specified in Section 6.5.2. We can see from Figure 6.3 that DQ can
be non-monotonic with respect to a (see the curves of DQES for X; ~ t(v,pu,%;)). In
addition, we can compute ky, = 1.4510 and ky, = 1.6046. Hence, it can be anticipated from
Proposition 6.2 that, since DQ is decreasing in ky, models with >; has larger DQ than the
corresponding models with ¥,. Moreover, as « | 0, we can see that DQXaR converges to its
corresponding limits in (6.10) and (6.11); also note that DQX® has the same limits as DQY*®

for t-distributions as discussed in Remark 6.6.
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DQ for elliptical models as the dimension n varies

Figure 6.4 is related to Section 6.5.2 and reports how DQ changes over n € [2,100]
in the four models. We choose » = 0.5 in this experiment for better visibility. As we can
see, DQ decreases to 0 for models with the AR(1) dispersion 35, and DQ converges to a
non-zero constant for models with the equicorrelated dispersion ;. This is consistent with

Proposition 6.3 (ii) because ACyx, — r and ACx, — 0 as n — oc.

Figure 6.4: DQs based on VaR and ES for n € [2,100] with fixed a = 0.05, r = 0.5 and
v=3
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Cross-comparison between DQ based on VaR and ES

One may be tempted to compare values of DQ based on VaR to those based on ES.
Although we see from Figure 6.3 that the curve DQY™® often dominates the curve DQ™ for
the same model, such a comparison is not meaningful, since VaR and ES are not meant to be
compared at the same level a. For a fair comparison, one needs to associate a VaR level a to
an ES level ca where ¢ > 1 is PELVE of Li and Wang (2022) defined via ES.,(X) = VaR,(X)
for X being normally or t-distributed; note that the location and scale of X do not matter.
The values of ¢, DQY*® and DQL? for a = 0.01 are summarized in Table 6.1. As we observe
from Table 6.1, the values of DQs based on VaR and ES are quite close when the probability
level is calibrated via PELVE. This is consistent with the afore-mentioned fact that VaR

behaves similarly to ES in the setting of elliptical models.

175



Table 6.1: Values of DQs based on VaR at level @ = 0.01 and ES at level ca, where n = 4
and r = 0.3

¢ ca DQY DQY
Xi~N(p,2y) | 258 0.0258 0.0369 0.0377
Xy~ N(p,22) | 2.58 0.0258 0.0024 0.0025
Y, ~t(3,u,%) | 3.31 0.0331 0.3558 0.3373
Y, ~t(3, 1, %,) | 3.31 0.0331 0.2094 0.1961

6.6 Multivariate regularly varying models

Heavy-tailed distributions are known to exhibit complicated and even controversial phe-
nomena in finance (see e.g., Ibragimov et al. (2011)), and they are typically modelled via
multivariate regularly varying (MRV) models, important objects in Extreme Value Theory.
Such models are particularly relevant for tail risk measures such as VaR and ES at high
levels (McNeil et al. (2015)). In particular, MRV models have been applied to DR based
on VaR (e.g., Mainik and Riischendorf (2010) and Mainik and Embrechts (2013)). Since
VaR,(X)/ESo(X) = (v —1)/v as a | 0 for X € RV, with finite mean (see e.g., McNeil et
al. (2015, p.154)), we only present the case of VaR.

Definition 6.4. A random vector X € X" has an MRV model with some v > 0 if there
exists a Borel probability measure W on the unit sphere S” := {s € R" : ||s|| = 1} such that
for any t > 0 and any Borel set S C S™ with U(9S) =0,

P(|IX]| > tz, X/[IX]| € 5)

lim =t7U(9),
# 00 P(IX] > )
where || || is the Li-norm (one could use any other norm equivalent to the L;-norm). We call

7 the tail index of X and ¥ the spectral measure of X. This is written as X € MRV, (V).

The univariate regular variation with tail index ~ is defined as

for all t > 0, lim LX(m)

—
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where F' is the distribution function of X. We write X € RV, for this property. As a
consequence of X € MRV, (¥), || X]|| satisfies univariate regular variation with the same tail
index 7.

Regular variation is one of the basic notions for describing heavy-tailed distributions

and dependence in the tails. In what follows, we limit our discussion to X € MRV, (¥) under

the non-degeneracy condition:
U({seS":s€(0,00)"}) > 0.

Note that if X € MRV, (V) satisfies non-degeneracy condition, we have w'X € RV., (See
Mainik and Embrechts (2013)).

Let X € MRV, (V) be a random vector with identical marginals. If X;,..., X, have a
finite mean, then VaR is asymptotically subadditive in the following sense (see e.g., Embrechts

et al. (2009))

VaR, (Z Xi> < Z VaR,(X;) for a close enough to 0,
i=1 i=1

but the inequality is reversed if Xi,..., X,, do not have a finite mean. Next, in contrast to
Proposition 6.2 and Remark 6.5, we will show that DQ based on VaR can be arbitrarily close

to n even if the individual losses are iid.

Theorem 6.3. Suppose that X € MRV, (V) and X has positive joint density on the support
of X. Then,

n -
: VaR _ 1/
limn DQL(X) = i <§n> , (6.12)

where Ny = fsw (XTS)1 U(ds) for x € R*. Moreover, if Xi,...,X, are iid random variables,

then DQY*®(X) — n'™ as o | 0.

Proof. A more general result of (6.12) and its proof are shown in Proposition 6.5, where
the asymptotic behavior of DQY*® for weighted portfolios is investigated. Since DQ is scale-

invariant, by taking w = (1/n,...,1/n) in Proposition 6.5, it gives

lim DQYR(X) = Lim DQY*R(1/nX,. . ... 1/nX,,) = tw
ct?& Qa ( ) 014?01 Qa (/n 1, 9 /n ) (Zﬂ_lwiné/’y>’y,
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where 7y =n77 [, (lTs)jr U(ds) =n""n;. As a result, we have

n -y
: VaR _ 1/v
lim DQ;™(X) = 1 (Zl me! ) -

If Xy,...,X, are iid non-negative random variables, by Example 3.1 of Embrechts et

al. (2009), we have
VaRq (35, Xi)

n, = lim = n!/7

al0 VaR,(X;) !

which implies that n; = n. Moreover,

. VaR,(X;)
Y =1im = —
(e = i R ()
Hence, lim, o DQY*®(X) = n'~". Further, if v | 0, then DQY**(X) — n. O

The a-CE model in Theorem 6.1 with DQY**(X) = n is complicated and involves
both positive and negative dependence. Theorem 6.3 suggests that DQ)**(X) ~ n can be
obtained for some very heavy-tailed iid model with ~ close to 0. Therefore, the upper bound
n on DQXaR is relevant when analyzing very heavy-tailed risks such as catastrophe losses;
we refer to Embrechts et al. (1997) for a general treatment of heavy-tailed risks in insurance

and finance.

Remark 6.7. Suppose that X,..., X, are iid random variables with X; € RV, having posi-
tive density over its support. We have X = (X3,...,X,,) € MRV, (¥) by Kulik and Soulier
(2020, Example 2.1.4), and thus DQY*®*(X) — n'™ as a | 0.

Remark 6.8. We note that the intersection between elliptical distributions and MRV distri-
butions is non-empty. For X ~ E, (i, X, 7), we have

X L 1+ RAU,

where A € R™" satisfying AAT = ¥, U is uniformly distributed on the Euclidean sphere S¢
and R is a non-negative random variable that is independent of U. Theorem 4.3 of Hult and
Lindskog (2002) showed that X has an MRV model if and only if R € RV, for some v > 0.
Assume that the elliptically distributed X is in MRV, (¥) with v > 0. As a result, we have
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Y ~ E;(0,1,7) € RV,. Let f be the density of Y. Following Proposition 6.3 (i) and the fact
that VaR,(Y)/ES,(Y) = (y —1)/y as a | 0 for Y € RV, with finite mean, we have

. T a T f(ksz)
lim DQZ™(X) = lim DQ™(X) = lim s )

If X follows an elliptical distribution in the MRV class, then DQY®(X) has the same limit as
DQY**(X). For example, if X ~ (v, u, %), we have X € MRV, (V) with v = v as we have
shown in (6.11) that lima o DQY*R(X) = lim, 0 DQ™(X) = kg”.

= k5.

To end this section, we show that if there exists an asset with a strictly heavier tail

than the other assets in the portfolio, then DQ based on VaR tends to 1 as a | 0.

Proposition 6.4. Suppose X; € RV, fori € [n] such that v1 < min,—o__,v. If X1,..., X,

.....

have positive densities on their support, then limg o DQXaR(X) =1.

Proof. Since v, < min;—s__ ,y;, X1 has a heavier tail than X,,..., X,,. As a result, we have

.....

> i, X; € RV, regardless of the dependence between all random variables (See Kulik and
Soulier (2020, Lemma 1.3.2)), that is,

zoo  P(X; > 1)

Moreover, X; having a heavier tail than X, ..., X, also implies that lim, o VaR,(X;)/VaR4(X;) =
0 for all i =2,...,n, and thus lim,o Y ,~, VaR(X;)/VaR,(X1) = 1. Therefore, we have

P (Z?zl Xi > Z?:l VaR, (X))
al0 al0 o
i D2 X > 3, VaRa(X))
al0 P(Xl > VaRa<X1))
— lim P (lel Xi > Z?:l VaR, (X;)) P(X; > Z?:l VaR,(X;))
ol P(X; >0 VaR, (X)) P(X; > VaRa (X))
Z?:l VaRa<X7;) n 1
VaRa(Xl) -

= lim
Thus, we get the desired result. O]

Proposition 6.4 illustrates the intuitive fact that, if the tail of one asset is strictly heavier

than the others, then the portfolio has no diversification in the tail region, i.e., as « J. 0.
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6.7 Optimization for the elliptical models and MRV

models

We analyze portfolio diversification for a random vector X € X™ representing losses

from n assets and a vector w = (wy, ..., w,) € A, of portfolio weights, where
A, ={xel0,1]" 214+ Fx,=1}.

The total loss of the portfolio is w'X. We write w ® X = (w, X1, ..., w,X,) which is the
portfolio loss vector with the weight w. For a portfolio selection problem, we need to treat

DQA(w ® X) as a function of the portfolio weight w.

Chapter 4 studied the following optimization diversification problem

min DQY*(w®X) and min DQM(w ® X); (6.13)

wEA, wEA,

for general X. Moreover, efficient algorithms are obtained to optimize DQY*® and DQ™® in
real-data applications; see their Sections 6.2 and 7. In this section, we focus on the portfolio

optimization problems for elliptical and MRV models.

For the elliptical models, the optimization of DQZaR, DQES boils down to maximizing
kwsw in (6.7) since DQ of w @ X is decreasing in kysy 7. We assume that X is invertible,
and write ¥ = (0i;)nxn, with diagonal entries o;; = o7, @ € [n], and o = (01, ...,0,). Note

that

WTO'

kwswr = )
v Vwiiw

and we immediately give the optimizer of (6.13) for the elliptical models.

Theorem 6.4. Suppose that X ~ E,(u, X, 7), 3 is invertible and o € (0,1/2), then the
vector

w" = arg max —— 6.14
weA, VW Xw (6.14)

minimizes (6.13), that is,

min DQ?(w ® X) = DQA(w* © X) (6.15)

WGAn

for p being VaR or ES.
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The optimization problem (6.14) is well studied in the literature, and the existence and
uniqueness of the solution can be verified if X is invertible, see, e.g. Choueifaty and Coignard
(2008). Note that the optimizer for problem (6.15) does not depend on the tail probability

level a. It is straightforward to see that

T T Y
arg min DR”*(w ® X)) = arg max W ptw opall)
WEA, weA, W+ VwiEwp,(Y)

for p being VaR or ES and Y ~ E;(0,1, 7). This optimizer is the same as that of (6.15) if
p = 0. This shows that for centered elliptical models, optimizing DQ and optimizing DR
are equivalent problems, both of which are further equivalent to optimizing DR based on SD
(assuming it exists). This is intuitive as for a fixed 7, centered elliptical distributions are

parameterized by their dispersion matrices.

Example 6.1. Assume that X ~ t(v, pu, X)) where v = 3 and the dispersion matrix is given

by
1 05

0.5 2

2:

Clearly, DQ does not depend on p. We show the curves of DQY*®(w ® X) and DQ(w ® X)
against the weight w; with various values of a = 0.001,0.01,0.025,0.05. It can be anticipated
from (6.14) that although DQ depends on «, the optimizer does not. By solving (6.14), we
get wi = 0.5860 and w; = 0.4140, which corresponds to the observations in Figure 6.5.
Recall that DQ® is quite flat when « varies in Figure 6.3, and hence curves of DQ¥(w © X)

look similar for different «.

Figure 6.5: Values of DQY**(w ® X) and DQ™(w ® X) for w; € [0, 1]
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Next, we turn to the MRV model. The following result gives the limit of DQ of the
portfolio w ® X where X follows an MRV model. Due to the same reason stated in Section

6.6, we only present the case of VaR. In the proofs below, for any positive functions f and

g, we write f(x) ~ g(z) as x — x¢ to represent lim,_,,, f(x)/g(x) =

Proposition 6.5. Suppose that X € MRV, (V) and X has positive joint density on the
support of X. Then, for w € A,

lim DO, (w © X) = f(w),
where f(W) = Ny / <ZZ L wznel/A’)’y and 1x = [g. (x7 s) U(ds) forx € R".

Proof. If X € MRV, (V) with v € (0,1), we have (Lemma 2.2 of Mainik and Embrechts

(2013))
lim VaR, (D, wiX;) _
alo  VaR, (|IX]|1)

and

w; VaR,
li v ; 1/'7
,i?& < VaR,, ||X|| Z“’ e

where | X[y = D", |Xi|. As X has positive joint density, VaR,, is continuous for Y ", w; X;.
Then we have VaRq- (D> w; X;) = Y1, w;VaR,(X;). Thus, it follows that

VaRo (D0, wiXy)
VaR - (Z:‘L:l wiXi) Z:l 1 wznéz/

Since Y1, w; X; € RV,,, for ¢ > 0,

VaRa (Z?:l ’lUZXZ) N 1 —1/y as o l/ 0
VaRca (Z?:l wZXZ) B .

as a 0.

C

Let ¢ = a*/a, we have
1/~

a1/ Nw
(E) S /7"
ZZ 1 wz/r]el

Hence,

o W

DY (WO X)=— = n ! N\

@ (Zz 1 wﬂkﬂ)

The desired result is obtained. O]
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Proposition 6.5 allows us to approximately optimize DQY*® by minimizing f(w). For
X € MRV, (V) with v > 1, by assuming ¥ ({X cR":a'x = O}) = 0 for any a € R",
which means that all components are relevant for the extremes of X, the existence and
uniqueness of w* = argmin, ., f(W) are guaranteed. In fact, the existence of w* is due to
the continuity of f(w) and the compactness of A,,. To show uniqueness, we can rewrite the
above minimization problem as

d
min 7y S.t. g wmt = 1.
WGAn i—1 ¢

1=

Note that the set of constraints is compact and 7, is strictly convex, and hence w* is unique.

Example 6.2. Assume that Y; and Y5 are iid following a standard t-distribution with v > 1
degrees of freedom. A random vector X = (X7, X5) is defined as

0
N

The random vectors X and Y are not elliptically distributed. Using the results in Mainik
and Embrechts (2013), we have

X =AY with A=

Iw _ (w1 + war)” + <w2\/1 — 7"2> ,

Ty
and ,
Nw . (w1 + lUQT)V + (UJQ\/ 1-— 7'2)
M1, rv + my .
Hence,

_1
v\~ (w1 + war)” + (ng/l— 7’2)V g
_ v — 2
f(w) =1 uw ((w1 + wor)’ 4+ (wgvl r ) ) + wo ( Y g
Take r = 0.3. We show the curves of DQ)**(w ® X) against w; for a = 0.001,0.01,0.025
and v = 2,4. Also, we use f(w) to approximate DQY*®(w ® X) as a tends to 0. From

Figure 6.6, we can see that the optimizer wy is converging to the one that maximizes f(w)

as « tends to 0.

Remark 6.9. Some negative dependence concepts yield small values of DQ. The joint mix

dependence usually leads to a zero DQ as we see in Theorem 6.1 (ii). The negative dependence
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Figure 6.6: Values of DQY*(w ® X) with v = 2 (left) and v = 4 (right)
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concept of Lee and Ahn (2014), weaker than joint mix dependence, does not necessarily lead
to a small value of DQ. For instance, the portfolio vector X = (X, —eX) is counter-monotonic
for e > 0, but its DQ can be close to 1 for small €. In particular, we have DQY**(X) = 0.9333
and DQ™(X) ~ 0.9044 for & = 0.05 and ¢ = 0.01 when X follows a standard normal

distribution.

6.8 Conclusion

The DQs based on VaR and ES are investigated in this chapter, following the theory
of DQ in Chapter 4. In particular, for elliptical and MRV models, these DQs have simple
forms. Comparisons between DQ and DR illustrate some attractive features of DQ. These

results enhance the theory and applications of DQ.

We summarize some features below. (i) In cases of VaR and ES, DQs have simple
formulas, in a way comparable to DRs. (ii) DQs based on VaR and ES take values in bounded
intervals and have natural ranges of [0, n] and [0, 1], respectively. The special values 0, 1 and
n which correspond to special dependence structures can be constructed. (iii) DQs based
on VaR and ES for elliptical distributions and MRV models have convenient expressions
and it can capture heavy tails in an intuitive way. (iv) Portfolio optimization for elliptical
models boils down to a well-studied problem in the literature. For centered elliptical models,

optimizing DQ and optimizing DR are equivalent problems.

184



We discuss some future directions for the research of DQ. As a potential alternative to
ES, expectiles (Bellini et al. (2014)) have received increasing attention in the recent literature;
indeed, they are the only elicitable coherent risk measures (Ziegel (2016)). It would be inter-
esting to formulate DQ based on expectiles and investigate its properties that are different
from DQ based on ES or VaR. As another interesting class of risk measures, the optimized
certainty equivalents (Ben-Tal and Teboulle (2007)) are introduced from decision-theoretic
criterion based on utility functions. It would be useful to construct DQ based on utility

functions or optimized certainty equivalents and analyze the decision-theoretic implications

of DQ.
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Chapter 7

Pairwise counter-monotonicity

7.1 Introduction

Dependence modelling is a crucial part of modern quantitative studies in economics,
finance, and insurance (McNeil et al. (2015)). Comonotonicity and counter-monotonicity are
known as the strongest forms of positive and negative dependence, respectively. In quanti-
tative risk management, assuming knowledge of the marginal distributions, comonotonicity
corresponds to the most dangerous dependence structure (Denneberg (1994) and Dhaene et
al. (2002, 2006)) for the aggregate risk, whereas counter-monotonicity corresponds to the
safest. In dimensions higher than 2, by counter-monotonicity we mean pairwise counter-
monotonicity (Dall’Aglio (1972)), which has been studied under the name of mutual exclu-

sivity in the actuarial literature (Dhaene et al. (1999) and Cheung and Lo (2014)).!

Despite the obvious similarity in their definitions, comonotonicity and counter-monotonicity
are asymmetric in several major senses. For instance, comonotonicity admits a stochastic
representation (see Lemma 7.1 below), but such a representation is not known for pairwise
counter-monotonicity. Moreover, for any given tuple of marginal distributions, a comono-

tonic random vector with these marginal distributions always exists, but a pairwise counter-

'Mutual exclusivity is defined using joint exceedance probability (see Section 7.2). The two definitions
are shown to be equivalent first by Dall’Aglio (1972, Lemma 2) and in a more precise form by Cheung and

Lo (2014, Theorem 4.1).
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monotonic one may not exist unless quite restrictive conditions on the marginal distributions
are satisfied, as first studied by Dall’Aglio (1972). In particular, a pairwise counter-monotonic
random vector cannot have continuous marginal distributions. Comonotonicity has many im-
portant roles in economics, finance and actuarial science, and as such it has received great
attention in the literature, as in axiomatization of preferences (Yaari (1987); Schmeidler
(1989)), risk measures (Kusuoka (2001)) and premium principles (Wang et al. (1997)), risk
sharing (Landsberger and Meilijson (1994); Jouini et al. (2008)), insurance design (Huber-
man et al. (1983); Carlier and Dana (2003)), risk aggregation (Embrechts et al. (2015)), and
optimal transport (Riischendorf (2013)).

In sharp contrast to the rich literature on comonotonicity, research on pairwise counter-
monotonicity is quite limited. As a dependence concept, pairwise counter-monotonicity has
been studied by Dall’Aglio (1972), Hu and Wu (1999), Dhaene et al. (1999) and Cheung and
Lo (2014), but the list of relevant studies do not grow much longer. In contrast to the rel-
atively limited studies on pairwise counter-monotonicity, this dependence structure appears
naturally in many economic contexts, such as lottery tickets, Bitcoin mining, gambling, and
mutual aid platforms, whenever payment events are mutually exclusive. In particular, the
interest in studying pairwise counter-monotonicity has grown in the recent risk sharing liter-
ature. A pairwise counter-monotonic structure is the essential building block of any optimal
allocation for agents using Value-at-Risk (VaR, which are quantiles) and quantile-related
risk measures; such problems are studied by Embrechts et al. (2018) and generalized by
Weber (2018), Embrechts et al. (2020), Liu et al. (2022) and Xia et al. (2023). Moreover,
counter-monotonicity, when possible, serves as the best-case dependence structure in risk
aggregation for some common risk measures, and, in some contexts, it also serves as the

worst-case dependence structure for VaR (see Example 7.1 in Section 7.2).

This chapter is dedicated to a systematic study of pairwise counter-monotonicity. As
comonotonicity and counter-monotonicity are classic and prominent concepts in mathematics
and its applications with a long history, at least since the seminal work of Hardy et al. (1934),
one may guess that there is not much more to discover about them. To our pleasant surprise,
we offer, through the development of this chapter, many new results on counter-monotonicity,

some of which are motivated by recent developments in risk management.
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We obtain a new stochastic representation for pairwise counter-monotonic random vec-
tors using their component-wise sum in Theorem 7.1, which will be useful for many other re-
sults in this chapter. The second result, Theorem 7.2, establishes that counter-monotonicity
is preserved under increasing transforms on disjoint sets of components of a random vec-
tor, which is an invariance property proposed by Joag-Dev and Proschan (1983) satisfied
by negative association (Alam and Saxena (1981)). Using this invariance property, we ob-
tain in Theorem 7.3 that counter-monotonicity implies negative association. The notion of
negative association is stronger than many other forms of negative dependence, such as neg-
ative orthant dependence (Block et al. (1982)) and negative supermodular dependence (Hu
(2000)). In particular, Theorem 7.3 surpasses a result of Dhaene et al. (1999) showing that

counter-monotonicity implies negative supermodular dependence.

Another negative dependence concept is joint mix dependence (Wang and Wang (2011,
2016)), which can be used to optimize many quantities in risk aggregation; see Wang et al.
(2013) and Riischendorf (2013). To connect counter-monotonicity and joint mix dependence,
we fully characterize all Fréchet classes (Joe (1997)) which are compatible with both depen-
dence concepts in Theorem 7.4; it turns out that the two notions, when both exist in the
same Fréchet class, are equivalent. Finally, we show in Theorem 7.5 that in the context of
risk sharing for quantile agents (Embrechts et al. (2018)), under some mild conditions on
the total loss, there always exists a pairwise counter-monotonic Pareto-optimal allocation,
and any pairwise counter-monotonic allocation is Pareto optimal for some agents. As a con-
sequence, pairwise counter-monotonic random vectors are natural for agents that are not
risk averse. This is in stark contrast to comonotonic allocations, which appear prominently
for risk-averse agents (in the sense of Rothschild and Stiglitz (1970)) as a consequence of

comonotonic improvements introduced by Landsberger and Meilijson (1994).

7.2 Preliminaries

We first define comonotonicity and counter-monotonicity for bivariate random variables.
Fix a probability space (€2, A4,P). The probability space does not need to be atomless in

Sections 7.2-7.4. We treat almost surely (a.s.) equal random variables as identical; this
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means that all equalities and inequality for random variables hold in the a.s. sense, and we

2

omit “a.s.” in all our statements. Terms like “increasing” are in the non-strict sense. Let n

be a positive integer and [n] = {1,...,n}. Throughout, we consider n > 2.

A bivariate random vector (X,Y') is comonotonic if there exist increasing functions
f,g and a random variable Z such that (X,Y) = (f(Z),9(Z)). A bivariate random vec-
tor (X,Y) is counter-monotonic if (X, —Y) is comonotonic. An equivalent formulation of

comonotonicity is
(X(w) = X(W)(Y(w) =Y (w)) =0 for (P x P)-almost every (w,w’) € Q7.
An equivalent formulation of counter-monotonicity is

(X(w) = X(W)(Y(w) =Y (w)) <0 for (P x P)-almost every (w,w’) € Q2.

Next, we define these concepts in dimensions higher than 2. For n > 3, a random vector
X taking values in R" is (pairwise) comonotonic if each pair of its components is comonotonic,
and it is (pairwise) counter-monotonic if each pair of its components is counter-monotonic.?
We will say “pairwise counter-monotonicity” to emphasize the case n > 3 and simply say
“counter-monotonicity” when we also include dimension 2. We always omit “pairwise” for

comonotonicity, for which the distinction between dimensions n = 2 and n > 3 is unnecessary.

There are many equivalent ways of formulating comonotonicity and counter-monotonicity;
see Puccetti and Wang (2015, Section 3.2) for a review. For instance, they can be formulated
using joint distributions. A comonotonic random vector and a counter-monotonic random
vector have, respectively, the largest and the smallest joint distribution functions among all
random vectors with the same marginals. With given marginals, the largest (resp. smallest)

joint distribution function is known as the Fréchet-Hoeffding upper (resp. lower) bound.

A stochastic representation of comonotonicity, which follows from Denneberg (1994,

Proposition 4.5), is presented in the next lemma.

Lemma 7.1 (Denneberg (1994)). Let (X1,...,X,) be a random vector and denote by S =

Yov 1 Xi. The following are equivalent.

2We also say that random variables X1, ..., X, are comonotonic (counter-monotonic), which means that

the random vector (X3, ..., X,) is comonotonic (counter-monotonic).
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(i) (X1,...,Xn) is comonotonic.

(ii) There exist increasing functions fi,..., f, and a random variable Z such that X; =

fi(Z) for alli € [n].

(1ii) There exist continuously increasing functions fi,..., fn such that X; = f;(S) for all

i € [n].

Lemma 7.1 implies that a comonotonic vector can be represented by increasing functions
of the sum S. Such a representation result does not exist for pairwise counter-monotonicity,
since the sum S cannot determine the components (X7, ..., X,,) in the presence of negative

dependence.

Although quite different from comonotonicity, pairwise counter-monotonicity also has
a special structure, presented below in Lemma 7.2, which is a restatement of Lemma 2 and
Theorem 3 of Dall’Aglio (1972). This result will be useful in a few places in the chapter.
The current form of this lemma can be found in Theorem 4.1 of Cheung and Lo (2014) and
Proposition 3.2 of Puccetti and Wang (2015). Denote by ess-inf X and ess-supX the essential

infimum and essential supremum of a random variable X, respectively.

Lemma 7.2 (Dall’Aglio (1972)). If at least three of X3, ..., X,, are non-degenerate, pairwise

counter-monotonicity of (Xy,...,X,) means that one of the following two cases holds true:
P(X; > ess-infX;, X; > ess-infX;) =0 for all i # j; (7.1)
P(X; < ess-supX;, X; < ess-supX;) =0 for alli # j. (7.2)

A necessary condition for (7.1) is Y . P(X; > ess-infX;) < 1, and a necessary condition

for (7.2) is > ¢ P(X; < ess-supX;) < 1.

In the actuarial literature, mutual exclusivity of (X7, ..., X,,) is defined as either (7.1)

or (7.2); see Cheung and Lo (2014).

Pairwise counter-monotonicity imposes strong constraints on the marginal distribu-
tions. For instance, the necessary condition in case of (7.1) is equivalent to > .  P(X; =

ess-infX;) > n — 1, and it implies, in particular, that Xi,..., X, are bounded from below.
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Moreover, given n > 3 non-degenerate marginal distributions, a pairwise counter-monotonic
random vector exists if and only if one of the two necessary conditions on the marginal

distributions holds (Theorem 3 of Dall’Aglio (1972)).

Example 7.1. We illustrate the special role of counter-monotonicity in risk aggregation with
a simple model. Let Fi,...,F, be Bernoulli distributions with mean ¢ € (0,1/n). These
distributions may represent losses from credit default events in a pre-specified period, which
usually occur with a small probability. In risk aggregation problems (e.g., Embrechts et al.
(2013, 2015)), we are interested in the minimum (best-case) value or maximum (worst-case)

value of
P (Z X,-) with the marginal condition X; ~ F;, i € [n], (7.3)
i=1

where p is a risk measure, and | X; represents the total loss from a portfolio of defaultable
bonds, with the probability of default ¢ estimated from the credit rating of these bonds,
assumed to be equal for simplicity. We consider two choices of p, which lead to opposite

conclusions.

(a) Let p be a risk measure that is consistent with convex order. Such risk measures are
characterized by Mao and Wang (2020), and they include all law-invariant coherent,
as well as convex, risk measures, such as the Expected Shortfall (F6llmer and Schied
(2016)). The minimum value of (7.3) is obtained by a counter-monotonic random vector
(X1,...,Xy). This result holds for other marginal distributions as long as a counter-

monotonic random vector with these marginal distributions exists; see e.g., Lemma 3.6

of Cheung and Lo (2014).

(b) Let p: X — inf{x € R: P(X < z) > 1 — a}, which is the risk measure VaR,, in Section
7.6. Further, assume that a/e € (n/2,n). The mazimum value of (7.3) is obtained by a
counter-monotonic random vector (X1, ..., X,), as explained below. First, since ) . | X;
only takes integer values, so does p(>_r_, X;). If (X3,..., X,,) is counter-monotonic, then
>, X; follows a Bernoulli distribution with mean ne > «, and hence p(} 1 ; X;) = 1.
Moreover, for any X, ..., X,, with the specified marginal distributions, if p(}"1; X;) > 2
then E[Y " | X;] > 2« > ne, a contradiction, thus showing p(d>"1 | X;) < 1.
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The interpretation of the above two cases is that, for credit default losses, using a coherent
risk measure and using VaR may lead to opposite conclusions on which dependence structure

is safe or dangerous, and both cases highlight the important role of counter-monotonicity.

7.3 Stochastic representation

We provide in this section a stochastic representation of pairwise counter-monotonicity.

To explain the result, let II,, be the set of all n-compositions of €2, that is,

I, =< (Ay,...,A,) € A™: U A; =Q and Ay,..., A, are disjoint

i€[n]
In other words, a composition of €2 is a partition of €2 with order. Denote by X the set of

all nonnegative random variables and nonpositive random variables.

Theorem 7.1. Let (Xy,...,X,) be a random vector and denote by S = > | X;. Suppose

that at least three of X1,..., X, are non-degenerate. The following are equivalent.
(i) (Xi,...,X,) is pairwise counter-monotonic.
(ii) There exist my,...,m, € R, (A1,...,A,) €1l,, and Z € Xy such that

X =Z14,+m; forallié€ n]. (7.4)

(i1i) There exists (Aq, ..., A,) € 1L, such that
Xi=(S—m)la, +m; forallié€ n], (7.5)
where either m; = ess-infX; fori € [n] orm; = ess-supX; fori € [n], andm =3, m,.

Proof. The implication (iii)=-(ii) is straightforward. To see (ii)=(i), take 7,5 € [n] with
i # j, and we check a few cases of w,w’ € Q. If w,w" & A;, then X;(w) = X;(&') = my, and

hence

(Xi(w) = Xi(w)(X;(w) = X;(w)) = 0. (7.6)



Similarly, (7.6) holds if w,w’ & A;. If (w,w’) € A; x A; or (w,w’) € Aj x A;, then

This shows that (X, X;) is counter-monotonic, and hence, (Xj,...,X,,) is pairwise counter-

monotonic.

Next, we show the implication (i)=-(iii). By Lemma 7.2, it suffices to consider (7.1) and
(7.2). Suppose that (7.1) holds. Let B; = {X; > ess-infX;} and m; = ess-infX; for i € [n].
Clearly By, ..., B, are (a.s.) disjoint events, and S > > " ' m; = m. Using (7.1), if event
B, occurs, then X; = m; for j # ¢, and S = X, + Z?:l m; — m;. Moreover, if B; does not

occur, then X; = m;. Therefore, we have

Let B = {S = m} and it is clear that (B, By, ..., B,) is a composition of 2. Let A; = B{UB,
and Ay = By, ..., A, = B,. Since S —m =0 on B, (7.7) yields (7.5). If (7.2) holds instead

of (7.1), then we can analogously show (7.5) with m; = ess-supX; for i € [n]. O

Theorem 7.1 shows that pairwise counter-monotonicity can be represented by the sum S
and a composition (Ay, ..., A,). In contrast, comonotonicity can be represented by the sum
S and increasing continuous functions fi, ..., f,, asin Lemma 7.1. This representation result
will be instrumental in proving the other results of this chapter. Another direct consequence
of Theorem 7.1 is that if at least three components of a pairwise counter-monotonic random
vector are non-degenerate, then either the components are all bounded from below or they

are all bounded from above; this can also be seen from Lemma 7.2.

Example 7.2. A simple pairwise counter-monotonic random vector in the form of (7.4) and

(7.5), which will be referred to repeatedly in the following sections, is given by
X; =14, for i € [n] where (Ay,..., A,) € 11,. (7.8)

Such (Xi,...,X,) may represent the outcome of n lottery tickets, exactly one of which
randomly wins a reward of 1, or the reward to Bitcoin miners computing the next block in

the Bitcoin blockchain; see Leshno and Strack (2020).
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Remark 7.1. In parts (ii) and (iii) of Theorem 7.1, we can replace (Ai,...,A,) € II, by

Ay, ..., A, being disjoint events, and the equivalence relations in the theorem remain true.

In the case at most two components of (Xi,...,X,,) are non-degenerate, the stochastic
representation of counter-monotonicity is quite different from Theorem 7.1. When n = 2,

(X1, X3) is counter-monotonic if and only if there exist increasing functions fi, fo such that
X1 = fl(Xl — X2) and X2 = fQ(XQ — )(1)7

this statement follows by applying Lemma 7.1 to the comonotonic random vector (X, —X5).
Note that the difference X; — X5 replaces the summation S = X; + X5 in Lemma 7.1. The
sum of two counter-monotonic random variables represents the loss from a hedged portfolio

and it has been studied by Cheung et al. (2014) and Chaoubi et al. (2020).

7.4 Invariance property and negative association

Negative association appears in various natural probabilistic and statistical contexts,
such as permutation distributions, sampling without replacement, negatively correlated Gaus-
sian distributions and tournament scores; see Joag-Dev and Proschan (1983) and the more

recent paper Chi et al. (2022) for many examples.

A random vector X = (X1,...,X,,) is said to be negatively associated if for any disjoint

subsets I, J C [n], and any real-valued, coordinate-wise increasing functions f, g, we have
Cov(f(Xr1),9(X,)) <0, (7.9)

where X; = (Xy)rer and X; = (Xi)res, provided that f(X;) and g(X ;) have finite second
moments. Negative association is stronger than many other notions of negative dependence,
such as negative supermodular dependence (shown by Christofides and Vaggelatou (2004))
and negative orthant dependence (shown by Joag-Dev and Proschan (1983)).

Remark 7.2. Negative association is invariant under increasing marginal transforms. There-
fore, if f(X;) and g(X,) are continuously distributed, then NA implies that (7.9) holds
with the covariance operator replaced by Spearman’s rank correlation coefficient or another

similar concordance measure; see McNeil et al. (2015, Chapter 7).
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We first present a self-consistency property of both comonotonicity and counter-monotonicity

in the spirit of Property P6 of Joag-Dev and Proschan (1983) for negative association. To
the best of our knowledge, this self-consistency property is not found in the literature even

for the case of comonotonicity, although its proof is straightforward.

Theorem 7.2. The following statements hold.

(i) Increasing functions of subsets of a set of comonotonic random variables are comono-

tonic.

(ii) Increasing functions of disjoint subsets of a set of counter-monotonic random variables

are counter-monotonic.

Proof. (i) Let X = (Xi,...,X,) be a comonotonic random vector. By Lemma 7.1, there
exist increasing functions fi,..., f, and a random variable Z such that X; = f;(Z) for all
i € [n]. For I, ..., I, C [n] and increasing functions g; : Rl — R, j € [m], let Y; = g;(X,),
j € [m], where | - | is the cardinality of a set. That is, Y; = g; o f1,(Z) where fr, = (fi)ie,-
As the composition of increasing functions, g; o f1; is increasing on R. Thus, (Y1,...,Y;,) is

a comonotonic vector.

(i) Let X = (X3,...,X,) be a pairwise counter-monotonic random vector. If at most
two of X1,..., X,, are non-degenerate, the desired statement holds trivially. Next, we assume
that at least three of X1, ..., X,, are non-degenerate. For disjoint subsets I3, ..., I, of [n] and

increasing functions g; : R — R, j € [m], let Y; = 9;(X1,), j € [m]. By Theorem 7.1, there
exist m = (my,...,m,) € R" (Ay,..., A,) €11, and Z € Xy such that X; = Z1 4, + m; for
all i € [n]. Without loss of generality, assume Z > 0. For i € [n] and j € [m], if A; occurs,
then X; = Z 4+ m; and X, = my, for k # i, which means Y; = ¢;(X;;) > g;(my,). If A; does
not occur, then Y; = g;(my,). Let Z; =, (9;(Xy,) — gj(my,)) L, > 0. It follows that

Y= g;(Xp)la, +g5(my) [ 1= 1,

’iEIj ie[j

= Z;ly,., a +g;(my) = (Z Zk> Ly, A+ 95(my,).

k=1
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By using Theorem 7.1 and the fact that > ;" Z, > 0, we conclude that (Yi,...,Y},) is

pairwise counter-monotonic. O

Remark 7.3. For Theorem 7.2 (i), an equivalent statement is that increasing functions of
comonotonic random variables are comonotonic. This is because one can choose the subsets
as [n] and take functions on R™ which are constant in some dimensions. We use the current

presentation of statement (i) to show a contrast to statement (ii).

What we will use from Theorem 7.2 is the second statement, which leads to the next
result in this section; that is, counter-monotonicity implies negative association. Since neg-
ative association is stronger than negative supermodular dependence, this result surpasses
Theorem 12 of Dhaene et al. (1999), which states that counter-monotonicity is stronger than

negative supermodular dependence.

Theorem 7.3. Counter-monotonicity implies negative association.

Proof. Let X be an n-dimensional counter-monotonic random vector. Take disjoint sub-
sets I,J C [n] and coordinate-wise increasing functions f : R/l — R and ¢ : RVl — R,
where | - | is the cardinality of a set. By Theorem 7.2 (ii), f(X;) and g(X,) are counter-
monotonic. The Fréchet-Hoeffding inequality (see e.g., Corollary 3.28 of Riischendorf (2013))
yields E[f(X1)g(X,)] < E[f(X[)]E[g(X,)] provided that the expectations exist. Hence, X

is negatively associated. [l

Joag-Dev and Proschan (1983, Theorem 2.11) already noted that the lottery-type ran-

dom vector (7.8) in Example 7.2 is negatively associated.

The result in Theorem 7.3 has a straightforward interpretation, as counter-monotonicity
is the extreme form of negative dependence, which intuitively should imply other notions of
negative dependence, among which negative association is considered a strong notion; see

Amini et al. (2013) for a comparison of several notions of negative dependence.

Counter-monotonicity is also stronger than several other notions of negative dependence
which are not implied by negative association. These notions include conditional decreasing

in sequence and negative dependence in sequence (see Joag-Dev and Proschan (1983, Remark
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2.16)) and negative dependence through stochastic ordering (see Block et al. (1985)). These
implications can be checked directly with Theorem 7.2, thus highlighting its usefulness.

Remark 7.4. A random vector X is positively associated if Cov(f(X),g(X)) = 0 for all
real-valued, coordinate-wise increasing functions f, g (Esary et al. (1967)). Comonotonicity
implies positive association because (f(X), g(X)) is comonotonic by Theorem 7.2, and the
covariance of a comonotonic pair of random variables is non-negative due to the Fréchet-

Hoeffding inequality.

7.5 Joint mix dependence and Fréchet classes

Another type of extremal negative dependence structure is the notion of joint mixes.
In this section, we study the connection between counter-monotonicity and joint mix depen-

dence.

From now on, assume that the probability space (2, .4, P) is atomless. A random vector
(X1,...,X,) is a joint miz if )" X, is a constant ¢, and in this case we say that joint
mix dependence holds for (Xi,...,X,). The constant c is called the center of (Xi,...,X,),
and it is obvious that ¢ = > | E[X;] if the expectations of X7, ..., X,, are finite. Joint mix
dependence is regarded as a concept of extremal negative dependence due to its opposite role
to comonotonicity in risk aggregation problems; see Puccetti and Wang (2015) and Wang

and Wang (2016).

The lottery-type random vector in Example 7.2 satisfies both counter-monotonicity and
joint mix dependence. In the case n = 2, joint mix dependence is strictly stronger than
counter-monotonicity. This result cannot be extended to n > 3. For example, (X, X, —2X)
is a joint mix that is not counter-monotonic. A weaker notion than joint mix dependence
is proposed by Lee and Ahn (2014), which does not imply, and is not implied by, counter-

monotonicity in dimension n > 3.

Joint mix dependence and counter-monotonicity share some similarities. First, for a
random vector (Xy,...,X,) with its sum S = X; + --- + X,,, if either pairwise counter-

monotonicity or joint mix dependence holds, then X; and S — X; are counter-monotonic
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for each i € [n]. The case of pairwise counter-monotonicity is verified by Theorem 7.2,
and the case of joint mix dependence is verified by definition. Second, both dependence
notions impose strong conditions on the marginal distributions. The condition for pairwise
counter-monotonicity is given in Lemma 7.2, and that for joint mix dependence is much more
sophisticated; see Wang and Wang (2016) for some sufficient conditions as well as necessary
ones. This is in contrast to concepts such as comonotonicity, independence, and negative
association, for which the existence of the corresponding random vectors is always guaranteed
for any given marginal distribution. Both joint mix dependence and counter-monotonicity
are used in the tail region to obtain lower bounds for risk aggregation with given marginal

distributions, as studied by Bernard et al. (2014) and Cheung et al. (2017), respectively.

The next result characterizes marginal distributions that are compatible with both
counter-monotonicity and joint mix dependence. For this, we need some notation and ter-
minology. In what follows, we will use distribution functions to represent distributions. For
an n-tuple (F,..., F,) of distributions on R, a Fréchet class (see Joe (1997, Chapter 3)) is
defined as

Fo(Fy, ..., F,) = {distribution of (X1,...,X,): X; ~ F;, i € [n]}.

We say that a Fréchet class F,(Fi, ..., F,) supports counter-monotonicity (resp. joint mix
dependence) if there exists a counter-monotonic random vector (resp. a joint mix) whose
distribution is in this class. Let 0, be the distribution function of a point-mass at € R, and
denote by O, the standard n-simplex, that is, ©, = {(p1,...,pn) € [0,1]" : > 0" p;i = 1}
Two distributions F' and G are symmetric if F'(z) =1— G(c—z), x € R for some ¢ € R. In
other words, if X has distribution F', then ¢ — X has distribution G.

It turns out that all Fréchet classes F,,(F1, ..., F},) which support both counter-monotonicity
and joint mix dependence can be characterized explicitly. If at least three of Fi,..., F, are

non-degenerate, then F},..., F}, are two-point distributions given by

F; = pidatm, + (1 — p;)om, for i € [n], where a,my,...,m, € R and (p1,...,pn) € O,.
(7.10)
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If at most two of Fi, ..., F,, are non-degenerate, then

F; and F; are symmetric for some i, j € [n], and Fj, is degenerate for all k € [n] \ {i,7}.

(7.11)

Theorem 7.4. A Fréchet class supports both counter-monotonicity and joint mix dependence
if and only if one of (7.10) and (7.11) holds. In case both are supported, counter-monotonicity

and joint mix dependence are equivalent for this Fréchet class.

Proof. We first prove the equivalence statement in the last part of the theorem. Suppose
that the Fréchet class F,(Fi,...,F,) supports both counter-monotonicity and joint mix
dependence. Puccetti and Wang (2015, Theorem 3.8) shows that if a Fréchet class supports
a counter-monotonic random vector, then a random vector is counter-monotonic if and only if
it is X-counter-monotonic, and moreover, a joint mix is always »-counter-monotonic. Using
these two facts, a joint mix is counter-monotonic for this Fréchet class. For the conserve

statement, note that in F,,(F}, ..., F},) there exists a unique distribution function

F(a:l,...,a:n):(Zﬂ(xi)—d—Fl) . (a1, 2,) R
i=1

+

of a counter-monotonic random vector (Theorem 3.3 of Puccetti and Wang (2015)). Since a
joint mix with marginal distributions F}, ..., F}, is counter-monotonic, its distribution must
coincide with F'. This shows that F'is the distribution of a joint mix.

454

Next, we prove the first part of the theorem. For the “if” statement, assume that a
Fréchet class F,,(F1,. .., F,) supports both counter-monotonicity and joint mix dependence.
By the above argument, F,(Fi, ..., F,) supports a pairwise counter-monotonic joint mix
(X1,...,X,). First, consider the case that at least three of Fi,...  F, are non-degenerate.
Using (7.5),

Xi=(c—m)la, +m;, for i€ n],
where (Ay,...,A,) € II,, ¢ is the center of (Xi,...,X,), either m; = ess-inf(X;) for all
i € [n] or m; = ess-sup(X;) for all ¢ € [n], and m = >, m;. It is clear that F; has the
form (7.10) by setting a = ¢ —m. If at most two of Fi, ..., F,, are degenerate, say F; and Fj},
then a joint mix (X7,...,X,) with marginal distributions Fy,..., F, satisfies X; = ¢ — X
for some ¢ € R, and X is a constant for each k£ € [n] \ {,7}. This implies (7.11).
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Finally, we verify the converse statement. If (Fy,...,F,) has the form (7.10), then
take X; = ala, +m; with (Ay,...,A,) € II, satisfying P(A;) = p; for ¢ € [n], and we
have (X7,...,X,) is counter-monotonic by Theorem 7.1 and Y " X; = a + > ., m;. If
(F1,...,F,) has the form (7.11), then by taking X, with distribution Fj, X; = ¢ — X, with
distribution F; and ¢ € R, and X with distribution Fj for each k € [n]\ {i,j}, we can

directly verify that (Xi,...,X,) is a counter-monotonic joint mix. H

From the proof of Theorem 7.4 (ii), if at least three components of a pairwise counter-

monotonic joint mix X = (Xj,...,X,,) are non-degenerate, then it has the form
X;=ala, +m;, for ié€|n]

where (Ay,...,A,) € II,, a € R and m = (my,...,m,) € R". If a # 0, then the random
vector (X — m)/a has a categorical distribution with n categories and probability vector

(P(Ay),...,P(A,)).

Remark 7.5. Theorem 7.4 characterizes a Fréchet class that supports both counter-monotonicity
and joint mix dependence. Fréchet classes that support (non-degenerate) pairwise counter-
monotonicity are fully described by the conditions in Lemma 7.2. Whether a given Fréchet
class supports joint mix dependence is a very challenging problem, with existing result sum-
marized in Puccetti and Wang (2015) and Wang and Wang (2016). In risk aggregation
problems, the notion of joint mix dependence is more relevant, because a joint mix usually
“approximately exists” for large dimensions, which leads to the main idea behind the Rear-
rangement Algorithm; see Embrechts et al. (2013, 2014), Bernard and Vanduffel (2015) and
Bernard et al. (2017). In contrast, counter-monotonicity is more relevant for risk sharing

problems, which we discuss in the next section.

7.6 Optimal allocations in risk sharing for quantile agents

We now formally establish the link between counter-monotonicity and Pareto-optimal

allocations in risk sharing problems for quantile agents.
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We first describe the basic setting. A quantile agent assesses risk by its quantile, also
known as the risk measure Value-at-Risk (VaR) in risk management. Following the conven-

tion of Embrechts et al. (2018), the VaR at level a € (0, 1) is defined as
VaR,(X) =inf{r e R:P(X <z)>1-a}, Xei,

where X is the set of all random variables in the probability space. Moreover, write VaR,, =
—oo on X for a > 1, although our agents use VaR,, for o € (0,1). It is important to highlight
that quantile agents with level o € (0, 1) are not risk averse (Rothschild and Stiglitz (1970)).

We consider the risk sharing problem for n > 3 quantile agents with levels aq,...,a €

(0,1). For a given S € X, the set of allocations of S is

An(S) = {(Xl,...,Xn) exnzixi:s}.

i=1
An allocation (Xi,...,X,) € A,(S) is Pareto optimal if for any (Y1,...,Y,) € A,(S) satis-
fying VaR,,(Y;) < VaR,,(X;) for all i € [n], we have VaR,, (Y;) = VaR,,(X;) for all i € [n].
Pareto optimality of (X1,...,X,,) € A,(S) is equivalent to

iVaRai (X;) = inf {iVaRai(Yi) :(\N1,...,Y,) € An(S)} = VaRyr ,,(S), (7.12)

where the first equality is Embrechts et al. (2018, Proposition 1) and the second equality is
Embrechts et al. (2018, Corollary 2). Using (7.12), we obtain that the existence of a Pareto-
optimal allocation is equivalent to > . ; oy < 1; this is also given by Theorem 3.6 of Wang and
Wu (2020). For this reason, we say that the n quantile agents are compatible if >  o; <1

holds, meaning that a Pareto-optimal allocation exists for some S, and equivalently, for every

S.

The following theorem shows that, under some conditions of the total risk S to share, the
risk sharing problem for any quantile agents admits a pairwise counter-monotonic Pareto-
optimal allocation, and every pairwise counter-monotonic allocation is Pareto optimal for
some agents. Moreover, comonotonic allocations are never Pareto optimal. Recall that by

Lemma 7.2, a pairwise counter-monotonic random vector (X1, ..., X,,) satisfies either (7.1)

or (7.2).
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Theorem 7.5. For S € X, the following hold.

(i) If S is bounded from below, then for any compatible quantile agents there exists a pair-

wise counter-monotonic allocation of S which is Pareto optimal.

(i1) If P(S = ess-infS) > 0, then every type-(7.1) pairwise counter-monotonic allocation of

S is Pareto optimal for some quantile agents.

(11i) If S is continuously distributed, then a comonotonic allocation of S is never Pareto

optimal for any quantile agents.

Proof. (i) Let ay,...,a, € (0,1) be the VaR levels of the quantile agents. Compatibility of
the agents means Y . a; < 1. In this case, a Pareto-optimal allocation (X, ..., X,) of S is

given by Theorem 2 of Embrechts et al. (2018), with the form
Xi=(X—-—m)ly, i€n—1] and X, =(X—-—m)ls, +m

for some (A;,...,A,) € II,,. By setting m = ess-infS, (Xi,...,X,) is pairwise counter-

monotonic by Theorem 7.1.

(ii) Note that shifting Xi,..., X, by arbitrary constants, and adjusting S correspond-
ingly, does not affect its Pareto optimality due to (7.12). Moreover, (7.1) guarantees that
at most one of Xj,..., X, is not bounded from below, and further P(S = ess-infS) > 0
guarantees that this can only happen if all X,..., X,, are bounded from below. Therefore,

we can, without loss of generality, assume ess-inf X; = 0 for each i € [n].

Let B = {S = ess-infS} and A = |J_,{X; > 0}. First, if P(BN A) = 0, then we let
a; =P(X; >0)+P(B)/(2n) > 0 for i € [n]. Note that

Z a; = ZP(Xi >0)+ §]P’(B) =P(A) + §]P’(B) <P(A)+P(B)=P(AUB) < 1.

i=1 i=1

It is clear that VaR,,(X;) = 0 for each i € [n], leading to Y " ; VaR,,(X;) = 0 < ess-infS <
VaRy» o, (5). Note that

> VaR,,(X:) < VaRyw o,(S) = (Xi,...,X,) is Pareto optimal. (7.13)
=1
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This is because Corollary 1 of Embrechts et al. (2018) gives > "' | VaR,, (X;) = VaRs o, (5),
and this leads to )" | VaR,, (X;) = VaRyr o, (S) in (7.12), which gives Pareto optimality
of (Xi,...,X,) as we see in part (i).

Next, assume P(B N A) > 0. Then there exists j € [n] such that P(B N {X; > 0}) > 0.
Let ¢ = P(BN{X; > 0})/(2n). Take oy = P(X; > 0)+¢€ > 0 for i € [n] \ {j} and
a; =P({X; >0} \ B) +e. By Lemma 7.2,

n

1> iP(Xz >0) :Z(Oéi—E)—F]P)(Bﬂ{Xj >0}) —iai—i—ne,

i=1
and hence """ | a; < 1. By definition of a1, ..., a,, we have VaR,, (X;) = 0 for i € [n]\ {j}.
Moreover, note that X; =S on {X; > 0} and

P({X, = ess-infS} N {X,; > 0}) = P(BN{X; > 0}) = 2ne,

which implies P(X; > ess-infS) = P(X; > 0) — 2ne < a;. Therefore, VaR,,(X;) < ess-infS,
leading to 7" | VaR,, (X;) < ess-infS < VaRsn ,(S). Hence, we obtain Pareto optimality
of (X1,...,X,) via (7.13).

(iii) For a comonotonic allocation (X7,...,X,) of S, using decreasing monotonicity of

a — VaR, and comonotonic additivity of VaR,,, we have
D VaR,,(X;) > ) VaRg(X;) = VaRg(S),
i=1 i=1

where we write § = max{ay,...,a,}. As S is continuously distributed, VaR,(S) is strictly
decreasing in «. Noting that § < >7" | o, we have VaRg(S) > VaRyr (). Therefore,
the comonotonic allocation (Xy,...,X,) is not Pareto optimal by (7.12). O

Theorem 7.5 states that allocations with a pairwise counter-monotonic structure solve
the problem of sharing risk among quantile agents. For instance, the lottery-type allocation
in Example 7.2 is Pareto optimal for some quantile agents. Further, Theorem 7.5 (iii) states
that comonotonic allocations can never be Pareto optimal for quantile agents if the total
risk is continuously distributed. As mentioned, this is in stark contrast with the risk sharing
problem with risk-averse agents, for which comonotonic allocations are always optimal. The

latter result, due to the comonotonic improvements of Landsberger and Meilijson (1994), is
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well-known; see also Jouini et al. (2008) and Riischendorf (2013). Moreover, when all agents
are strictly risk averse, only comonotonic allocations are Pareto optimal (see Proposition
8.5 of Chapter 8 for the case when preferences are modelled by strictly concave distortion

functions).

As a symmetric statement to Theorem 7.5, if a random vector (X, ..., X,,) is pairwise
counter-monotonic of type (7.2), then it is the maximizer of a risk sharing problem for some

quantile agents.

Theorem 7.5 (i) assumes that S is bounded from below. This is needed because any
type-(7.1) pairwise counter-monotonic allocation is bounded from below. Theorem 7.5 (ii)
assumes P(S = ess-infS) > 0. In case P(S > ess-infS) = 0, a pairwise counter-monotonic
allocation of type (7.1) may not be Pareto optimal for any quantile agents with levels in
(0,1). A counter-example is provided in Example 7.3 below. Theorem 7.5 (iii) assumes
that S is continuously distributed. This condition is also needed for the result to hold. For
instance, if S = 1, then the allocation (1/n,...,1/n) is Pareto optimal for any compatible

quantile agents, violating the impossibility statement on Pareto optimality.

Example 7.3. Suppose that S is uniformly distributed on [0,1], and X; = S1,4, with
(Aq,...,A,) € 11, independent of S with P(A;) > 0 for each i € [n]. We will see that the
pairwise counter-monotonic allocation (X1,...,X,) is not Pareto optimal for any quantile
agents with levels oy, ..., a, € (0,1). If "7 | oy > 1, there does not exist any Pareto-optimal

allocation. If """  a; < 1, then

and

VaRZ?ZIQZ =1- Z o = Z - ( ) al) ZV&R%

=1 =1
Using the condition (7.12), if (Xi,...,X,) is Pareto optimal, then the inequality above
is an equality; this implies a; = P(A;) for each i € [n]. However, this further implies

Yoo =" P(A;) =1 conflicting Y"1, a; < L.

The next example illustrates that for the same .S in Example 7.3 and compatible quantile
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agents, a pairwise counter-monotonic Pareto-optimal allocation exists as implied by Theorem

7.5 (i).

Example 7.4. Let S be uniformly distributed on [0, 1] and o, ..., o, € (0,1) with Y | o <
1. Take (A,...,A,) € IL, such that JI) A = {S > 1 - 3" a;} and P(4;) = o, for
i €[n—1]. Let X; = S1y,, for i € [n]. We can verify that VaR,,(X;) =0 for i € [n — 1] and

VaRa, (X,) = VaRa, (S]l {5<1_En_1&i}) =1-Y = VaRyr o, (9).
=1

=1

This shows that (Xi,...,X,) is Pareto optimal. It is also pairwise counter-monotonic
by Theorem 7.1. Note that although the allocation (X7,...,X,) here has the same form
(S14,,...,814,) as the one in Example 7.3, the specification of (Ay,..., A,) is different in

the two examples, leading to opposite conclusions on optimality.

Remark 7.6. One may notice that the condition on S in Theorem 7.5 part (ii) and that in part
(iii), although both quite weak, are actually conflicting. This is not a coincidence, because
comonotonicity and counter-monotonicity have a non-empty intersection: A random vector
is both comonotonic and counter-monotonic if and only if it has at most one non-degenerate

component. Therefore, we cannot have both conclusions in parts (ii) and (iii) for the same

S.

Remark 7.7. As shown by Embrechts et al. (2018), the same pairwise counter-monotonic allo-
cation which is Pareto optimal for quantile agents is also optimal for the more general Range
Value-at-Risk (RVaR) agents. Therefore, the conclusion in Theorem 7.5 also applies to the
RVaR agents. Another appearance of pairwise counter-monotonicity in optimal allocations
is obtained by Chapter 8, where it is shown that for agents using inter-quantile differences, a
Pareto-optimal allocation is the sum of two pairwise counter-monotonic random vectors. All
discussions above assume homogeneous beliefs; that is, all agents use the same probability
measure P. In the setting of heterogeneous beliefs, Embrechts et al. (2020) showed that for
Expected Shortfall agents, a Pareto-optimal allocation above certain constant level also has
a pairwise counter-monotonic structure; see their Proposition 3. Generally, agents using the
dual utility model of Yaari (1987), including the quantile-based models above, have quite

different features in risk sharing and other optimization problems compared to those with
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expected utility agents. For the optimal payoff of Yaari agents in portfolio choice, see Boudt

et al. (2022).

Example 7.5. We illustrate that counter-monotonicity may also be the structure of an

optimal allocation outside the dual utility of Yaari (1987). Let (€2,.4,P) be an atomless

probability space, S =1 and o > 0. Consider the problem

to maximize Z]E [ol(x,>13] subject to (Xi,...,X,) € A,(S) and X; >0, for i € [n].
i=1

It is straightforward to verify that the set of maximizers is
A* = {(]lA17---,]lAn) € An<5) : (Al,...,An) € Hn},

which contains only counter-monotonic allocations. This problem can be interpreted as the
problem of sharing S = 1 among n expected utility maximizers with common utility function
u(r) = alyz1y for a > 0. The optimization problem is thus a social planner’s problem, and
the set A* contains all Pareto-optimal allocations for this problem. The allocations satisfying
P(A;) = P(A;) for every i # j are of particular interest, as they are common in auction theory
as the random tie-breaking rule. The variable S can be understood as an indivisible good that
was auctioned, and the parameter « as the net utility of a series of n agents with quasi-linear
utilities v(X,t) = X — t having bid the same amount 0 < ¢ < . It is straightforward to
see that these allocations are the only fair allocations, in the sense that all agents have the
same expected utility. In other words, a fair lottery (which is counter-monotonic) is the only

fair way to distribute the indivisible good among people who value it equally.

7.7 Conclusion

We provide a series of technical results on the representation (Theorem 7.1) and invari-
ance property (Theorem 7.2) of pairwise counter-monotonicity, as well as their connection
to negative association (Theorem 7.3), joint mix dependence (Theorem 7.4), and optimal
allocations for quantile agents (Theorem 7.5). This chapter is motivated by the recently
increasing attention in counter-monotonicity and negative dependence, and it fills the gap

between the relatively scarce studies on pairwise counter-monotonicity in the literature and
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the wide appearance of this dependence structure in modern applications, in particular, in

risk sharing problems with agents that are not using expected utilities.

In general, studies of negative dependence and positive dependence are highly asym-
metric in nature, with negative dependence being more challenging to study in various appli-
cations of risk management and statistics. In addition to the negative dependence concepts
we considered in this chapter, some other notions have been studied in the recent literature,
and the interested reader is referred to Amini et al. (2013), Lee and Ahn (2014), Lee et al.
(2017) and Chi et al. (2022), as well as the monographs of Joe (1997, 2014).
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Chapter 8

Risk sharing, measuring variability,

and distortion riskmetrics

8.1 Introduction

Anne, Bob and Carole are sharing a random financial loss. After negotiating their re-
spective expected returns, each of them prefers to minimize a statistical measure of variability
of their allocated risk. While agreeing on the distribution of the total loss, and that the vari-
ance is a poor metric of riskiness, each of them has their own favourite tool for measuring
risks. Anne, as an economics student, likes the Gini deviation (GD) because of its intuitive
appearance as an economic index. Bob, as a computer science student, prefers the mean-
median deviation (MMD) because it minimizes the mean absolute error. Finally, Carole, as
a statistics student, finds that an inter-quantile difference (IQD) is the most representative
of her preference, as she does not worry about extreme events for this particular risk. How

should Anne, Bob and Carole optimally share risks among themselves?

The reader familiar with risk sharing problems may immediately realize two notable
features of such a problem. First, the preferences are not monotone, different from standard
decision models in the literature. Second, and most crucially, Carole’s preference is neither
convex nor consistent with second-order stochastic dominance. This alludes to the possibility

of non-comonotonic Pareto-optimal allocations, in contrast to the comonotonic ones, which
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are well studied in the literature (e.g., Landsberger and Meilijson, 1994; Jouini et al., 2008;
Carlier et al., 2012; Riischendorf, 2013).

The GD, the MMD and the IQD are measures of distributional variability. Variability
is used to characterize the concept of risk as in the classic work of Markowitz (1952) and
Rothschild and Stiglitz (1970). For this reason, we also call them riskmetrics, which include
also risk measures in the literature, often associated with monotonicity (e.g., Féllmer and
Schied, 2016). As the most popular measure of variability, the variance is known to be a
coarse metric; Embrechts et al. (2002) discussed various flaws of using variance and corre-
lation in financial risk management. Anne’s decision criterion has been proposed in Shalit
and Yitzhaki (1984), which considers an optimal portfolio problem a la Markowitz (1952),
but with the variance replaced by the GD.! Formally, the authors analyze the investor’s
problem miny GD(X) subject to E[X] > R, for a given rate R > 0 of return proportional
to the investor’s risk aversion. As with mean-variance preferences (e.g., Markowitz, 2014;
Maccheroni et al., 2013), the decision criterion can thus be viewed as the problem of maxi-
mizing E[X]| — nGD(X), for n > 0 being the Lagrange multiplier of the problem. While the
decision criterion E[X] — nGD(X) seems natural, it is not monotone unless 7 is less than or
equal to one, in which case the investor’s preference belongs to those of Yaari (1987). The
other measures MMD and IQD also have sound foundations and long history in statistics and
its applications (Yule, 1911, Chapter 6). Slightly different from MMD, Konno and Yamazak
(1991) studied portfolio optimization using the mean-absolute deviation from the mean. Risk
sharing problems with convex risk measures are well studied (e.g., Barrieu and El Karoui,
2005, Jouini et al., 2008 and Filipovi¢ and Svindland, 2008), but the classes of riskmetrics

mentioned above do not belong to convex risk measures in general.

In this chapter, we address the problem of sharing risk among agents that uses distortion
riskmetrics as their preferences. Distortion riskmetrics are evaluation functionals that are
characterized by comonotonic additivity and law invariance (Wang et al., 2020a). This rich
family includes many measures of risk and variability, and in particular, the mean, the GD,
the MMD, the IQD, and their linear combinations. Distortion riskmetrics are closely related

to Choquet integrals and rank-dependent utilities widely used in decision theory (e.g., Yaari,

!The authors use the term Gini’s mean difference.
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1987; Schmeidler, 1989; Carlier and Dana, 2003); for a comprehensive treatment of distortions
in decisions and economics, see Wakker (2010). The combination of the mean and GD or
that of the mean and MMD, as well as other distortion riskmetrics, are used as premium
principles in the insurance literature; see Denneberg (1990). Several variability measures
within the class of distortion riskmetrics are studied by Grechuk et al. (2009), Furman et al.

(2017) and Bellini et al. (2022).

While we analyze the general problem of sharing risk amongst distortion riskmetrics
agents, non-monotone and non-cash-additive evaluation functionals receive greater attention.
This is for a few reasons. First, the special case of sharing risk with cash-additive and law-
invariant functional is well studied, and more so when the functionals are monotone, but the
general case is less understood. Second, the formalism we introduce allows us to generalize
the example above and consider individuals that analyze their risks with different variability
measures. This is critical because we aim to understand how the act of measuring risk
differently gives rise to incentives to trade it. Third, technically, relaxing monotonicity and
convexity allows us to deal with maximization and minimization problems of risk in a unified

framework.

The following simple example, by considering the GD and MMD agent only, illustrates

the structure of a Pareto-optimal allocation as an insurance contract.

Example 8.1. Consider the problem of sharing a random loss X between Anne (A) and
Bob (B) only. Recall that Bob evaluates its allocation Xp using the mean-median deviation
MMD(Xp). Similarly, Anne’s allocation is X4 which she evaluates with the Gini deviation
GD(X ). We will show (in Section 8.6) that any Pareto-optimal allocation takes the form

Xa=XAl—XNANd, Xp=X-—Xu,

where ¢ > d will be specified later. We can interpret this as a situation where X is Bob’s
potential loss and Anne provides some degree of insurance for Bob. The contract (transfer
function) is thus simply the random variable X 4. Notice that (i) when ¢ > X > d = 0 there
is full insurance, (ii) when ¢ = d there is no insurance and (iii) for other choices of ¢ > d,
the contract is a simple deductible d with an upper limit ¢. Further, we show that each

Pareto-optimal allocation minimizes AMMD(Xpg) 4 (1 — A\)GD(X4) for some A € [0, 1].
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The previous example is interesting because it confirms the intuition that the act of
measuring risk differently leads to incentives to trade it. Yet, the “shape” of the solution
above is not surprising, as both the Gini deviation and mean-median deviation are convex
order consistent functionals, and so exhibit risk aversion of Rothschild and Stiglitz (1970).
Just as in the increasing distortion case, risk-minimizing (utility-maximizing) Pareto-optimal
allocations are comonotonic when the distortion riskmetrics’ distortion function is concave
(convex), because concavity of the distortion function is equivalent to convex order consis-

tency.

The situation for IQD agents like Carole is more sophisticated. The distortion function
of IQD is discontinuous, non-concave, non-monotone, and takes value zero on both tails of
the distribution. The preference induced by IQD does not correspond to decision criterion
typically considered in the literature, whereas the preferences induced by quantiles, called
quantile maximization, have been axiomatized by Rostek (2010). IQD is a standard measure
of dispersion used in statistics such as in box plots, and its most popular special case in
statistics is the inter-quartile difference, which measures the difference between the 25% and

75% quantiles of data.

The general theory of risk sharing between agents using distortion riskmetrics is laid
out in Section 8.3. A convenient feature of distortion riskmetrics is that they are convex
order consistent if and only if the distortion function is concave (Wang et al., 2020a, Theo-
rem 3). This enables the characterization of Pareto-optimal allocations for such agents using
the comonotonic improvement, a notion introduced in Landsberger and Meilijson (1994)
to characterize the optimal sharing of risk among risk-averse expected utility maximizers;
see also Ludkovski and Riischendorf (2008) and Riischendorf (2013). Non-concave distor-
tion functions lead to substantial challenges and to non-comonotonic optimal allocations,
with limited recent results obtained by Embrechts et al. (2018) and Weber (2018) for some

increasing distortion riskmetrics.

We study optimality within the subset of comonotonic allocations, which we refer to
as the comonotonic risk sharing problem, for general distortion riskmetrics which are not
necessarily convex in Section 8.4. We show that the utility possibility frontier of distortion

riskmetrics is always a convex set when restricted to the subset of comonotonic allocations.
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By the Hanh-Banach Theorem, we can always find comonotonic Pareto-optimal allocations
by optimizing a linear combination of the agents’ welfare. This simple but valuable result
“essentially comes for free” by the comonotonic additivity and positive homogeneity of distor-
tion riskmetrics. In particular, it does not require the convexity of the evaluation functionals.
Moreover, this comonotonic setting allows us to easily incorporate heterogeneous beliefs as
in the setting of Embrechts et al. (2020), which we study in Section 8.11 for the interested

reader.

With IQD agents, the set of optimal allocations can dramatically differ when defined on
the whole set of allocations or the subset of comonotonic ones, as shown by results in Sections
8.3.2 and 8.4.2. We show the surprising result that Pareto-optimal allocations are precisely
those which solve a sum optimality problem, which is not true for other variability measures
such as GD or MMD. Closed-form Pareto-optimal allocations are obtained, which can be
decomposed as the sum of two pairwise counter-monotonic allocations. This observation
complements the optimal allocations for quantile agents obtained by Embrechts et al. (2018)

which are pairwise counter-monotonic.

Combining results obtained in Sections 8.3 and 8.4, the general problem of sharing
risks between IQD agents (like Carole) and agents with concave and symmetric distortion
functions (like Anne and Bob) mentioned in the beginning of the chapter is solved in Section
8.5 and further illustrated in Section 8.6. We obtain a sum-optimal allocation which features a
combination of comonotonicity and pairwise counter-monotonicity. These two structures are,
respectively, regarded as extremal positive and negative dependence concepts; see Puccetti
and Wang (2015) for an overview of these dependence concepts and Chapter 7 for a stochastic
representation of pairwise counter-monotonicity. More specifically, there exists an event on
which the obtained Pareto-optimal allocation is comonotonic, and two events on which the
sum-optimal allocation is pairwise counter-monotonic. To the best of our knowledge, this is
the first article to obtain such a type of sum-optimal or Pareto-optimal allocation. Moreover,
none of our results relies on continuity of the distortion functions. We conclude the chapter

in Section 8.7 with a few remarks, and all proofs are put in Sections 8.3 - 8.12.
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8.2 Preliminaries

8.2.1 Distortion riskmetrics

For a measurable space (€2, F) and a finite set function v : F — R with v(&) = 0, the

signed Choquet integral of a random variable X : {2 — R is the integral

/Xdy:/oooy(X>x)dx+/0 (W(X > 2) — (Q)) da, (8.1)

—00
provided these integrals are finite. Let n be a positive integer and let [n] = {1,...,n}.
The random variables X1, ..., X, are comonotonic if there exists a collection of increasing

functions f; : R — R, i € [n], and a random variable Z such that X; = f;(Z) for all i € [n].
Two random variables X, Xy are counter-monotonic if X;,—X, are comonotonic. The
random variables X, ..., X,, are pairwise counter-monotonic if X;, X; are counter-monotonic
for each pair of distinct 4,j (see Puccetti and Wang (2015) and Chapter 7). Terms like

“increasing” or “decreasing” are in the non-strict sense.

Assume that (€, F,P) is an atomless probability space where almost surely equal ran-
dom variables are treated as identical. Let X be a set of random variables on this space.
For simplicity, we assume throughout that X = L*, the set of essentially bounded random
variables, and we will inform the reader when a result can be extended to larger spaces. A

distortion riskmetric py is the mapping from X to R,

0

pn(X) = /Xd(hoIP’) - /OOO h(P(X > x))dx—l—/ (h(P(X > z)) — h(1))dz,  (8.2)

— 00

where h is in the set HBY of all possibly non-monotone distortion functions, i.e.,

H®Y = {h:]0,1] = R | h is of bounded variation and h(0) = 0}.

We now recall some properties of distortion riskmetrics that we use throughout. Any

distortion riskmetric p, always satisfies the following four properties as a function p : X — R.

1. Law invariance: p(X) = p(Y) for X dy.
2. Positive homogeneity: p(AX) = Ap(X) for all A >0 and X € X.
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3. Comonotonic additivity: p(X+Y) = p(X)+p(Y) whenever X and Y are comonotonic.

4. Translation invariance: p(X +c¢) = p(X) 4+ cp(1) for all c € R and X € X.

As a special case of translation invariance with p(1) = 1, p is cash additive if p(X + ¢) =
p(X)+cforz € Rand X € X. For a distortion riskmetric pp,, cash additivity means h(1) = 1.
We also say location invariance for h(1) = 0 and reverse cash additivity for h(1) = —1.
We note that although we use the general term “cash additivity” as in the literature of risk
measures, the values of random variables may be interpreted as non-monetary, such as carbon

dioxide emissions, as long as they can be transferred between agents in an additive fashion.

A distortion riskmetric p, may also satisfy the following properties depending on h.
A random variable X is said to be smaller than a random variable Y in the convex order,
denoted by X < Y, if E[p(X)] < E[p(Y)] for every convex function ¢ : R — R, provided

that both expectations exist.

5. Increasing monotonicity: p(X) < p(Y) whenever X <V
6. Convex order consistency: p(X) < p(Y) whenever X <. Y.

7. Subadditivity: p(X +Y) < p(X) + p(Y) for every X, Y € X.

We also say that p is monotone if either p or —p is increasing. Increasing and cash-additive
functionals are called monetary risk measure (Féllmer and Schied, 2016) or niveloids (Cerreia-
Vioglio et al., 2014). For a distortion riskmetric py, increasing monotonicity means that h is
increasing, and either subadditivity or convex order consistency is equivalent to the concavity

of h by Theorem 3 of Wang et al. (2020a).

Distortion riskmetrics are precisely all law-invariant and comonotonic-additive map-
pings satisfying a form of continuity; see Wang et al. (2020b) on L and Wang et al. (2020a)
on general spaces. The subset of increasing normalized distortion functions is denoted by

HPT | that is,

HPT = {h:[0,1] = R | h is increasing, h(0) = 0 and h(1) = 1}.
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If h € HPT, then py, is called a dual utility of Yaari (1987). Recall that a Yaari agent
is strongly risk averse when the distortion function h is concave (Yaari, 1987). Hence, we
slightly abuse nomenclature and simply say that a distortion riskmetric agent is risk averse
when its distortion function is concave, regardless of whether it is increasing or not. This is

consistent with the concept of increasing in risk introduced by Rothschild and Stiglitz (1970).

Any distortion riskmetric admits a quantile representation (Lemma 1 of Wang et al.
(2020a)). For a concise presentation of results, we define quantiles by counting losses from
large to small.? Formally, we define the left quantile of a random variable X € X as Q; (X) =
inf{z € R:P(X <) >1-t}, and the right quantile as Q; (X) = inf{z e R: P(X < z) >

1 —t}, where inf @ = oo, ess-sup = @, and ess-inf = Q" by convention.

Lemma 8.1. For h € HBY and X € X such that py(X) is well-defined (it may take values
+00),

(i) if h is right-continuous, then [ X d(hoP) = fol QF (X)dh(t);
(ii) if h is left-continuous, then [ X d(hoP) = fol Q; (X)dh(t);

(i) if Q; (X) is continuous on (0,1), then [ X d(holP) = fol Q; (X)dh(t) = fol Q; (X)) dh(t).

There are two main advantages of working with non-monotone distortion functions.
First, as monotonicity is not assumed, results on maxima and minima are symmetric; we only
need to analyze one of them. Second, distortion riskmetrics include many more functionals
in risk management, such as variability measures, which never have a monotone distortion
function. We will make extensive use of three variability measures which appeared in the
introduction. They are well defined on spaces larger than L, although we state our main

results on X = L.

The first measure of variability we use extensively is the Gini deviation (GD)

1

GD(X) = 3

BIX - X7 = [ Xd(hon o)

2Tt will be clear from Theorem 8.2 that this nontraditional choice of notation significantly simplifies the

presentation of several results; this is also the case in Embrechts et al. (2018).
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for X € L', hgp(t) =t — 2, t € [0,1] and X*, X** independent copies of X. Its distortion
function is depicted in Figure 8.1 (a). As our second measure of variability, the mean-median

deviation (MMD) is defined by
MMD(X) = min (X - ] = E[1X = Qp,(X)) = [ X d(fsn o P)

for X € L' and mynp(t) = t A (1 —t), t € [0,1]; see Figure 8.1 (b). The mean-median
deviation is sometimes called the mean (or average) absolute deviation from the median
and is well known for its statistical robustness. Both the mean-median deviation and the
Gini deviation have concave distortions and thus are convex order consistent. Lastly, the

inter-quantile difference (IQD) is defined by

1QD,,(X) = @, (X) = Qf o(X) = [ X d(huan o P)

for X € L° and higp(t) = Liactci—a}, t € [0,1] and a € [0,1/2). See Figure 8.1 (c) for
its distortion function. We further set IQD, = 0 for o € [1/2,00), but this is only for
the purpose of unifying the presentation of some results. Our formulation of IQD is slightly
different from the definition used by Bellini et al. (2022) where IQD, is defined as Q —Q7_,,
but this difference is minor. For X € X and « € [0,1/2), a convenient formula (see Theorem

1 of Bellini et al. (2022)) is

1QD,(X) = @ (X) + Qo (=X), (8.3)

and this is due to Q7 _,(X) = —Q, (—X).

Consider now a preference functional Z of the form
Z(X) =0E(X)+vD(X)

for 6 > 0, v € R and D(X) a variability measure. The version of Z with # = 1 and v < 0
is widely used in modern portfolio theory (as an objective to maximize). There, the random
variable X denotes the gains, the parameter + indicates the degree of risk aversion and D(X)
is a variability measure chosen to replace the variance. This yields the “Mean-D” preferences
nomenclature common in the literature. The version of Z with X being aloss, # > 1and vy > 0

is common in the insurance/reinsurance literature, where it is called a distortion-deviation
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Figure 8.1: Distortion functions for GD, MMD, IQD and E + vD, where v = 1/2

h(t) h(t) h(t)
1/2 1 o—0
1/4 ]
| t | t e 1ta t
(a) GD (b) MMD (c) IQD,,
h(t) h(t) h(t) ‘
1 1 1 / /
t t a 11—« t
(d) E+~GD (e) E + yMMD (f) E +~41QD,,

premium principle. For instance, Denneberg (1990) suggests the premium principle § = 1
and D(X) = MMD(X). The functional Z is a distortion riskmetric as long as D is one, and
so we adopt the convention of denoting such functional by p; and interpreting X as losses.

Panels (d)-(f) of Figure 8.1 illustrate the distortion functions of E + ~D.

8.2.2 Risk sharing problems

There are n agents sharing a total loss X € X. Suppose that agent ¢ € [n] has
a preference modelled by a distortion riskmetric p;,, with smaller values preferred. Given
X € X, we define the set of allocations of X as
An(X)—{(Xl,...,Xn)eX":ZXi—X}. (8.4)
i=1

The inf-convolution (I}, pp, of n distortion riskmetrics py,,, ..., pp, is defined as

n

0 pu,(X) = inf {thi(xi) C(X1,..., X)) € An(X)} , Xex.

i=
That is, the inf-convolution of n distortion riskmetrics is the infimum over aggregate wel-

fare for all possible allocations. For a general treatment of inf-convolution in risk sharing

problems, see Riischendorf (2013).
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Let pp,,- .., pn, be distortion riskmetrics and X € X. The allocation (Xq,...,X,,) is
sum optimal in A,(X) if O pp,(X) = >0, pn(X;). An allocation (Xi,...,X,) € A,(X)
is Pareto optimal in A, (X) if for any (Y1,...,Y,) € A, (X) satisfying pp, (Y;) < pp, (X;) for
all 7 € [n], we have py, (Y;) = pp,(X;) for all i € [n].

Part of our analysis is conducted for the constrained problem where the allocations are

confined to the set of comonotonic allocations, that is,

AT(X)={(Xy,...,X,) € A, (X): Xy,...,X, are comonotonic} ,

We first make a useful observation about A (X) below, which is a generalization of

Denneberg (1994, Proposition 4.5) in the case of n = 2.

Proposition 8.1. The random variables Xy,..., X, are comonotonic if and only if there
exist increasing functions f; : R — R such that X; = f;(>°7_, X;), i € [n] and Y, filx) =«
for x € R.

Proof. We first show that the statement holds for n = 3. Assume that X;, X, and X3
are comonotonic. We have that X; + X5 and X3 are comonotonic by the definition of
comonotonicity. By Denneberg (1994, Proposition 4.5), there exist increasing functions u

and v such that
X1+X2:U(X1+X2+X3), XgZU(X1+X2+X3)

and u(x) +v(x) =z for all z € R. Since X; and X, are comonotonic, there exist increasing
functions g; and gs such that X7 = ¢1(X; + X3), Xo = ¢2(X1 + X3) and ¢1(z) + ¢2(z) = x
for z € R. Let fi = g1 ou, fo = goou and f3 = v. It is clear that X; = f1(X; + Xo + X3),
Xy = fo(Xy + Xo+ X3), X3 = f35(X1 + Xo+ X3) and fi(x) + fo(x) + f3(x) = x for all z € R.
By repeating the above argument, we can show the “only if” part for n > 3. The “if” part

follows directly from the definition of comonotonicity. O]

Proposition 8.1 implies that if (X3,...,X,) € Af(X), then we can set X = Z in the
definition of comonotonicity while guaranteeing that for every w € Q it is > | X;(w) =

X(w).
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The comonotonic inf-convolution B, pp,, of distortion riskmetrics py,, ..., pp, is defined

as

n

B pu,(X) = inf {Z on (X)) 1 (X1,...,X,) € A:;(X)} .
i=1
Let pny, - - -, pn, be distortion riskmetrics and X € X. An allocation (Xy,...,X,) is sum
optimal in A} (X) when B | pp, (X) = >0, p,(Xi). An allocation (Xi,...,X,) € Af(X)
is Pareto optimal in A (X) if for any (Y1,...,Y,) € AT (X) satisfying pp, (Y:) < pn, (X;) for
all i € [n], we have py,(Y;) = pp,(X;) for all i € [n].

The set of comonotonic allocations A(X) is a strict subset of the set of all possible
allocations A, (X). Hence, the sequel refers to the problem of sharing risk in A, (X) and

AT (X) as unconstrained and comonotonic risk sharing, respectively.

8.3 Unconstrained risk sharing

This section tackles the unconstrained risk sharing problem. It is divided into two sub-
sections. The first aims at providing general results and the second subsection characterizes
the unconstrained risk sharing problem with IQD agents. There, we show that sum-optimal
allocations involve pairwise counter-monotonicity, an extreme form of negative dependence

between the agents’ risk.

8.3.1 Pareto optimality, sum optimality, and comonotonic improve-

ment
In all results, we will always assume that agents have preferences modelled by pp,, . . ., pn,
where hq, ..., h, € HBY, with one exception which will be specified clearly. The value of

h(1) is important for a distortion riskmetric p, because, by translation invariance, it pins

down the value attributed to a sure gain or loss.

Proposition 8.2. Let X € X. Then
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(i) If a Pareto-optimal allocation in either At (X) or A, (X) exists then h;(1), i € [n], are

all 0, all positive, or all negative;

(11) If B, pp,(X) > —o0, then hi(1) = -+ = h,(1).

The proof of Proposition 8.2 highlights the role of translation invariance. Notice that
since distortion riskmetrics are positively homogeneous, the value of hA(1) can be interpreted
as a constant marginal utility of money. For (i), we thus assume by contradiction that
(Xi,...,X,) is Pareto optimal but that h;(1), i € [n], are not all zero or all of the same
sign. We can organize a (cash) transfer ¢y, ..., c, between agents such that ", ¢; = 0 and
the allocation (X; + ¢y, ..., X, + ¢,) strictly improves upon (X1,...,X,), an absurd. This
condition implies that, in order for the risk sharing problem to be meaningful, all agents
must agree on whether they like or dislike an increase of their allocation. In the former
case, X1,...,X, may represent a good like monetary gains, and in the latter case, they may
represent bad, like carbon dioxide emissions. For (ii), when the value of h(1) differs between
agents, a similar type of transfer strictly reduces the sum of welfare " | ps,, and so the

value attained by the inf-convolution ', pp, is arbitrarily small.

For h € HBV, we write h = h/|h(1)| if h(1) # 0 and h = h if h(1) = 0. If h(1) # 0,
then h(1) = 1. Note that replacing h; with its normalized version h; does not change the
preference of agent i. Hence, we sometimes consider in our proofs distortion riskmetrics that
are either all cash additive or all reverse cash additive. While this normalization does change
the value attained by the inf-convolution, it is without loss of generality for characterizing

Pareto optimality.

We now state our first theorem, a generalization of Proposition 1 of Embrechts et al.

(2018) stated for monetary risk measures.

Theorem 8.1. Suppose that h;(1) # 0 for somei € [n]. An allocation (X1,...,X,) € A, (X)
is Pareto optimal in A, (X) if and only if Y77, py (X)) = Oy pj, (X).

Theorem 8.1 states that Pareto optimality and sum optimality can be translated into
each other via normalization whenever the distortion riskmetrics are not location invariant.

The picture for location-invariant distortion riskmetrics is, however, drastically different,
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as we only have one direction. The next statement considers this setting. Its proof is

straightforward and thus omitted.

Proposition 8.3. Suppose that h;(1) = 0 for all i € [n]. For an allocation (X.,...,X,) €
A, (X), it holds that (i)=(ii):

(Z) Z?zl Alphz(XZ> = D?:l(Aiphi)(X) fO’)” some (/\17 T An) S (07 Oo>n;

(i) (X1,...,X,) is Pareto optimal in A,(X).

One might be interested in the converse statement of Proposition 8.3, asking whether the
Pareto optimality of (X3, ..., X,,) implies the existence of a set of (Ay,..., ;) € [0,00)™"\ {0}
such that Y"1 | A\ipp, (X;) = 01 (Xipn,)(X). We see in this chapter that this claim holds in
three cases: when agents have h;(1) > 0 or h;(1) < 0 (Theorem 8.1); when all agents are IQD
(Theorem 8.2); when they have concave distortion functions (a combination of Propositions
8.4 and 8.7). However, we do not know whether this holds true for general distortion functions

with hy(1) = --- = h,(1) = 0; see also the discussion after Proposition 8.7.

In view of Proposition 8.3, we say that an allocation (X1, ..., X,) of X is A-optimal if
T s (X) = s (Xi). 8.5
0 paing(X) ; Pais (Xi) (8.5)

where A = (\q,...,\,). Clearly, A-optimality is equivalent to sum optimality when the
preferences are specified as (A1pp,, ..., Anpn, ), and conversely, sum optimality is (1,...,1)-
optimality. Therefore, we encounter no additional technical complications when solving either

of them.

The following result follows from the well-known result of comonotonic improvement of
Landsberger and Meilijson (1994) and the fact that distortion riskmetrics are convex order
consistent when the distortion functions h; are concave (Theorem 3 of Wang et al. (2020a)). A
comonotonic improvement of (Xi, ..., X,,) € A, (X) is arandom vector (Y1,...,Y,) € Af(X)
such that Y; <. X; for all i € [n]. Such a comonotonic improvement always exists for any

(X1, ) Xn).

3See Riischendorf (2013) for this result on general spaces.
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Proposition 8.4. Suppose that hy, ..., h, are concave. It holds that O}, pn, = B, pn,-
Moreover, for any X € X, if there exists a Pareto-optimal allocation in A, (X), then there

exists a comonotonic Pareto-optimal allocation in A,(X).

Next, we prove that if hy, ..., h, are strictly concave, then the set of optimal allocations
in A,,(X) is exactly that of those in A (X). This is because comonotonic improvements lead
to a strict increase in welfare when the probability distortions h; are strictly concave. We

state this result formally in Corollary 8.1 as a consequence of the following ancillary lemma:

Lemma 8.2. For two random variables X,Y € X, the following are equivalent:
(i) X 2Y;
(ii) pn(X) = pn(Y) for all concave h € HBEY;

(iii) pn(X) < pn(Y) for all concave h € HBV, in which the equality holds for a strictly

concave h;

(iv) X < Y and pp(X) = pn(Y) for a strictly concave h € HBV.
Corollary 8.1. If X < Y and X %‘é Y, then pp(X) < pn(Y') for any strictly concave h.

Remark 8.1. The equivalence in Lemma 8.2 holds true for any random variables X, Y with
finite mean, by requiring that p,(X) and p,(Y') are finite for the strictly concave function h
in (iii) and (iv). This follows by noting that we did not use the boundedness of X and Y in

the proof.

Proposition 8.5. Suppose that hy, ..., h, are strictly concave and X € X.

(i) Every Pareto-optimal allocation in A, (X) is comonotonic.

(i1) If for each i € [n], h; = a;hy for some a; > 0 then an allocation is Pareto optimal in

AL (X) if and only if it is comonotonic.

As mentioned previously, Proposition 8.4 and 8.5 are generalizations of well-known
results in the literature. Both can easily be extended to LP for p > 1 instead of X = L™

provided that every py, is finite when defined on LP.*

4Conditions for the finiteness of pj, on LP are provided in Proposition 1 of Wang et al. (2020a).
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8.3.2 IQD agents and negatively dependent optimal allocations

We characterize the sum-optimal allocations on general spaces when agents evaluate
their risk with the IQD measure of variability. We start with the problem of sharing risk
among 1QD agents only. In this setting, agent ¢ € [n] has IQD,,  as their preference where
a; €10,1/2).

For a random variable X on the probability space (€2, F,P), we define tail events as in
Wang and Zitikis (2021). For g € [0, 1], we say that an event A € F is a right (resp. left)
B-tail event of X if P(A) = 5 and X (w) > X(w') (resp. X(w) < X («w')) holds for a.s. all

w € A and W' € A, where A° stands for the complement of A.

Theorem 8.2. For X € X and the 1QD risk sharing problem in A,(X) with ay,...,ap €
[0,1/2), let a =>"" | .

(i) An allocation of X is Pareto optimal if and only if it is sum optimal.

(ii) For \i,..., 0, 20 and A = N\]_| \;,

@1()\2-IQD%,) - ( /n\ A,) IQDy: . = AIQD,. (8.6)
In particular, O}, IQD,,. = 1QD,,.
(i1i) A class of Pareto-optimal allocations of X € X for IQD agents is given by
Xi=(X—-0)laup +a(X —c¢)(1—1aup) +c, ©€]n], (8.7)
where, by setting 6 = a A (1/2),

(a) {A;},_, and {B;}!_, are partitions of a right 5-tail event A and a left 5-tail event
B of X with A, B disjoint, respectively, satisfying P(A;) = P(B;) = a3/, i € [n];
(b) a; =0 forien] and Y a;=1;

(c) c€ [Q1_/2(X)7 QT/Q(X)] and Z?:l ¢ = ¢

Remark 8.2. The allocation (8.7) satisfies > 7" | ,IQD,, (X;) = O, (MIQD,, ) (X) by setting
a; = 0 for i € [n] such that A\; > .
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The surprising ingredient of Theorem 8.2, part (i) is that, for IQD agents, sum optimal-
ity is indeed equivalent to Pareto optimality, which is the case for cash-additive distortion
riskmetrics (Theorem 8.1). However, for general agents with hy(1) = --- = h,(1) = 0,
Pareto optimality is not necessarily equivalent to sum optimality, because different choices
of (A, ..., A,) in Proposition 8.3 lead to different Pareto-optimal allocations, which are not
necessarily sum optimal (see Proposition 8.3 as well as Section 8.6). As a consequence of
this result, Pareto-optimal allocations for IQD agents are precisely those for agents using the

mean-risk preferences with risk measured by 1QD,
pn,(Xi) = E[Xi] +1QD,, (X;), i€ [n],

because both solve the same sum optimality problem by noting that Y | E[X;] = E[X] for
any allocation (Xi,...,X,) of X.

In part (ii) of Theorem 8.2, we see that the inf-convolution of several IQD is an IQD.
Related to this observation, Embrechts et al. (2018) showed that the inf-convolution of several

quantiles is again a quantile.

Figure 8.2 illustrates an example of the Pareto-optimal allocation (8.7) in Theorem 8.2,
part (iii). The dependence structure of this allocation warrants some further discussion.
Without loss of generality, assume ¢; = --- = ¢, = 0 (this implies that a median of X is
¢ = 0), and assume that X is continuously distributed. Note that (a.s.) X > 0 if event A

occurs and X < 0 if event B occurs.

First, suppose a > 1/2 so that P(AU B) = 1. In this case, we have X; = X1 4,,p, for
i € [n]. The random vector (X1, X14,) for i # j is counter-monotonic because A;NA; = @
and X > 0 on A. This implies (X14,,...,X14,) is pairwise counter-monotonic. From the
above analysis, we can see that conditional on A, (X7, ..., X,) is pairwise counter-monotonic,
and so is it conditional on B; that is (Xi,...,X,) is a mixture of two pairwise counter-
monotonic vectors. Moreover, (Xi,...,X,) is also the sum of the two pairwise counter-
monotonic vectors (X14,,...,X1,,) and (X1p,,...,X1p,). We can check that (X;(w) —
Xj(w))(X;(W)—X;(w)) <0forw e A; and w' € A;, and (X;(w) —X;(w))(Xi (W) —X;(w')) >
0 for w € A; and W' € B;. Therefore, the allocation (Xj,...,X,) is not comonotonic, yet

it is not pairwise counter-monotonic either. This is illustrated by the “vertical slicing” in
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Figure 8.2: A Pareto-optimal allocation in (8.7), where the shaded area represents the allo-

cation to agent 1 minus ¢, that is, X1 —¢; = (X — ¢)1a,u, + ai(X — ¢)Lause)

Figure 8.2, where on A and B pairwise counter-monotonicity holds.

As discussed above, we can describe (X7,..., X)) as either the sum or the mixture of
two pairwise counter-monotonic vectors. Pairwise counter-monotonicity is a form of extreme
negative dependence that extends the concept of counter-monotonicity to the case of n > 3
agents; see Puccetti and Wang (2015) and Chapter 7 for more details. This observation is
in contrast to the optimal allocations for quantile agents in Theorem 1 of Embrechts et al.

(2018), which are indeed pairwise counter-monotonic.

If 0 < a < 1/2, then the term ;X1 aup) appears in the allocation of every agent.
Note that conditional on (AU B)°, (Xi,...,X,) becomes comonotonic. This is illustrated
by “proportional slicing” in the middle part of Figure 8.2. This local comonotonicity will
become crucial in Section 8.5, where we study the risk sharing problem among several 1QD

agents and risk-averse agents.

As hinted by Propositions 8.4 and 8.5, solving Pareto-optimal allocations for risk-averse

agents requires us to study comonotonic risk sharing, which is the topic of the next section.
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8.4 Comonotonic risk sharing

We now turn to the important case of comonotonic risk sharing. As before, we first
provide theoretical results and then proceed to analyze further the special case of sharing

risks with IQD agents.

8.4.1 Pareto optimality, sum optimality, and explicit allocations

The next result is similar to Theorem 8.1, but for comonotonic risk sharing. We omit

its proof because it does not provide new insights.

Proposition 8.6. Suppose that h;(1) # 0 for some i € [n]. Then, (X1,...,X,) € Al (X) is
Pareto optimal in A (X) if and only if 71 pj, (Xi) = B, pj, (X).

We now show that A-optimality in A} (X)) pins down Pareto optimality. This result is
stated in a stronger form than Proposition 8.3 for the corresponding notions of optimality in

An(X).

Proposition 8.7. Suppose that h;(1) = 0 for all i € [n|. For an allocation (Xi,...,X,) €
AT (X)), it holds that (i)=(ii)= (iii):

(i) 2oims Xipn (Xi) = By (Nipn, ) (X) for some (A1, An) € (0,00)";
(i1) (X1,...,Xy,) is Pareto optimal in A} (X);

(ZZZ) Z?:l /\thz(XZ) = E?:I(Azphz)(X) Jor some (/\1’ R An) S [07 Oo)n \ {O}

Comonotonicity plays an important role in the proof of Proposition 8.7. The comono-
tonic additivity of distortion riskmetrics guarantees that the utility possibility frontier S is
a convex set when restricted to A (X). This needs not be true on A, (X). In this case,
we cannot use the Hanh-Banach Theorem to obtain the existence of the Pareto weights
(A1, ..., An), which is the reason why we did not state a “converse statement” in Proposi-
tion 8.3. Propositions 8.4 and 8.7 together yield that if all agents have concave distortion

functions, then any Pareto-optimal allocation in A, (X)), which yields the same welfare for
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all agents as a Pareto-optimal allocation in At (X), must satisfy (iii). If their distortion
functions are strictly concave, then by Proposition 8.5, every Pareto-optimal allocation can

be found through an inf-convolution.

We now aim to characterize further the set of Pareto-optimal allocations in A" (X). The

following result generalizes Proposition 5 of Embrechts et al. (2018) for dual utilities.

Theorem 8.3. Suppose that hy(1) =--- = hy(1). Then

n

Bal Phi = Phns

1=

where ha(t) = min{hy(t),...,h,(t)}, and pn, is finite on X. Moreover, a sum-optimal
allocation (X1,...,X,) in AF(X) is given by X; = f;(X), i =1,...,n, where

filz) = /0 gt)dt, and g(x) = @n{i%}, TER, (3.8)
and where M, = {j € [n] : h;(P(X > z)) = ha(P(X > z))}. The sum-optimal allocation
is unique up to constant shifts almost surely if and only if |M,| = 1 for ux-almost every x,

where px 1s the distribution measure of X.

A key step in the proof of Theorem 8.3 is the following lemma, which gives a convenient
alternative formula for p,(f(X)). The lemma generalizes Lemma 2.1 of Cheung and Lo

(2017) for dual utilities in the context of optimal reinsurance design.

Lemma 8.3. For any h € HBV, random variable X bounded from below, and increasing

Lipschitz function f with right-derivative g, we have

0

() = [ b > o) e+ [ @ B@X >0 - h)de (59)

—00

The results in Theorem 8.3 can be extended to domains like {X € L? : X_ € L™}
for p > 0 as long as pp,, ..., pp, are finite on this domain. This is because Lemma 8.3 only
requires boundedness from below. The next example illustrates the uniqueness statement
in Theorem 8.3, which gives not only unique sum-optimal allocations in Af(X), but also

unique Pareto-optimal ones, up to constant shifts.
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Example 8.2. Suppose that p,, = 51E+71GD, pp, = B2E4+7MMD and pp, = B3E+31QD,,

for some f;,7; > 0,7 =1,2,3, and o € [0,1/2). For any continuously distributed X € X, the

Pareto-optimal allocation in Aj (X) is unique up to constant shifts. To see this, by Propo-

sition 8.6, any Pareto-optimal allocation (X1, Xy, X3) in A$(X) satisfies 307, P, (Xi) =

w2, p;,(X). Noting that for each 1 < i < j < 3, hi(t) = h;(t) for at most two points
€ (0,1), by Theorem 8.3, the allocation (X7, X5, X3) is unique up to constant shifts.

By replacing h; with \;h; for some \; > 0, we obtain the following corollary, which helps

to identify A-optimal allocations in conjunction with Theorem 8.3.

Corollary 8.2. Let A € R} \ {0} be a vector and B}, px,pn, be finite. Then B_, px,n, = Phy,
where hy(t) = min{\1hy(t),..., \pho(8)} fort € [0,1].

By Proposition 8.2, the inf-convolution H} , py,», being finite implies that A\;h;(1) are
equal for all ¢ € [n]. Corollary 8.2 is thus only useful for the case of location-invariant
distortion riskmetrics (h;(1) = 0, i € [n]), as otherwise we simply normalize \; = 1, i €
[n]. Theorem 8.3’s characterization of A-optimality in A} (X) extends to location-invariant

distortion riskmetrics by setting M, = {i € [n] : \ih;(P(X > x)) = ha(P(X > z))} in (8.8).

For cash-additive and reverse cash-additive distortion riskmetrics, Proposition 8.6 and
Theorem 8.3 together yield a full characterization of Pareto-optimal allocations in Af. Tt
remains to characterize those for location-invariant distortion riskmetrics. The next propo-

sition gives an answer for a large class of such distortion riskmetrics.

Proposition 8.8. Suppose h;(1) =0 and h;(t) > 0 for alli € [n] and allt € (0,1). Then the
allocation (X1, ..., X,) € At (X) is Pareto optimal if and only if there exists K C [n] and a
vector X € (0,00)"5 such that (X;)icx solves Bick pan,(X), and X;, i € K are constants.

The assumption that h;(t) > 0 for all @ € [n] and all ¢ € (0,1) is critical for the
characterization of Proposition 8.8. This condition has a natural interpretation, as it is
equivalent to pp, (X) > 0 for all non-degenerate X and it is satisfied by many variability
measures; it is part of the definition of deviation measures of Rockafellar et al. (2006). But

this assumption rules out IQD, which we study in the next section.
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8.4.2 1IQD agents and positively dependent optimal allocations

We start with the comonotonic risk sharing problem among IQD agents. The following
proposition gives the corresponding statements, parallel to Theorem 8.2, on Pareto optimality

and inf-convolution in this setting. The sum-optimal allocations are given by Theorem 8.3.
Proposition 8.9. Consider X € X and the IQD risk sharing problem in A} (X) with
ag,..., o €10,1/2).
(i) An allocation of X is Pareto optimal if and only if it is sum optimal.
(ii) For Ai,..., A\, =0,
iBZHl()\Z-IQDai) - ( /:\1 )\Z-) QD .

In particular, H_, IQD,,. = IQD\/”:lai'

Comparing Theorem 8.2 with Proposition 8.9, we note that for ay,...,a, € (0,1/2),

we have Y " | a; > \/_, o, which implies that

HE

B(\IQD,,)(X) — B (MIQD,,)(X) >0 (8.10)

=
for any continuously distributed X. This further implies that the Pareto-optimal allocations
in A, (X) are disjoint from those in A} (X). The difference in (8.10) can be interpreted as

the welfare gain of allowing agents to share risks in non-comonotonic arrangements.

8.5 Several IQD and risk-averse agents

Combining results established in Sections 8.3 and 8.4, we are now able to tackle the
unconstrained risk sharing problem for IQD and risk-averse agents. We consider agents from

the following two sets: the IQD agents, modelled by distortion functions in
H® = {t = L{aciciay @ €[0,1/2)}
and the risk-averse agents, modelled by distortion functions in
HE = {h € H®V| h(1) =0, h is concave}.
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Figure 8.3: An illustration of the transform G¢

h(t) GR(h)(t)
)\ //////\ — *\:* N -
0 1 ¢ —a & l—al :&- a
(a) h (b) GX(h)

That is, H'P is the set of all distortion functions for IQD variability measures and H°
is the set of location-invariant concave distortion functions h € HBY. Notice that each
h € HC is increasing in [0, s] and decreasing [s, 1] for some s € (0,1). Define the mapping

G HE — HBY for a € ]0,1/2) and A > 0 as
GS(h)(t) = (h(t —a) ANh(t 4+ a) AX) Ljacic1—ay for t €[0,1].

The mapping G¢ transforms a concave distortion function to another distortion function
with value 0 on [0, U [1 — o, 1]. See Figure 8.3 for an illustration of this transform. For

a > 1/2, we define G§(h) = 0.

We will see in the next proposition that the function G plays an important role because

of the inf-convolution of ANIQD,, and pj, for h € H® satisfies

(MQD,)Opn = pagn)-
This formula is a special case of (8.11) in Theorem 8.4 below.

Theorem 8.4. Let C C [n] and I = [n]\ C. Suppose that h; € HE fori € C and h; € HP

fori € I with IQD parameter o;. Denote by o =Y., ;.
(i) For Ai,..., A\, =0, denoting by X = \,c; \i and h = \,.g(Nihi), we have
O (Aipn,) = pasn- (8.11)

i—1
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(i) A Pareto-optimal allocation is given by
Xi = (X - C)]lAiUBi + }/z + ¢, (812)
where, by denoting by = a A (1/2),

(a) {A;};_, and {B;};_, are partitions of a right $-tail event A and a left f-tail event
B of X with A, B disjoint, respectively, satisfying P(A;) = P(B;) = a8/« fori € 1
and A; = B; = @ fori e C;

(b) (Y1,...,Ys) is a Pareto-optimal allocation of (X — c)Laupye for preferences with
distortion functions hi,... kI, where h; = h; if i € C and hi(t) = Loy for

n

ve 1.

(¢) ¢ € [Q1,(X), @ ,(X)] and X0 c; = c.

The type of allocation characterized in Theorem 8.4 has some special features. In
contrast to the allocation with several IQD agents only in Theorem 8.2, the risk in case of
the event (AU B)¢ are optimally shared among risk-averse agents with distortion functions
Ry, ..., h!, which are all concave. To solve for the allocation (Y7,...,Y,) in (b) of Theorem
8.4, we can conveniently convert the problem into a comonotonic allocation problem as

guaranteed by Proposition 8.4, and this allocation is fully solved by Theorem 8.3, Corollary

8.2, and Proposition 8.8, thus yielding an explicit solution to the problem in this section.

Remark 8.3. Let C' C [n] and I = [n] \ C. Suppose that h; € HC for i € C' and h; € HIP
for i € I with IQD parameter a;. For any Ay,...,; A\, = 0 it is B ,(X\ipn,) = pn,, Where

a;, 1]; on the

hx = Nicpn Aihi. The distortion function hy takes value 0 on [0, Vo, ] U[V ¢,

other hand, the distortion function G§(h) from Theorem 8.4 takes value 0 on [0, ; o;] U

2 ier @i 1.

8.6 GD, MMD and IQD agents

We now provide examples of the results obtained in Section 8.3 and 8.4. Some calcu-

lation details are put in Section 8.12. The following two subsections come back on the risk
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sharing problem with several IQD agents and explains further the allocations found in Sec-
tion 8.3.2. The last two subsections analyze the risk sharing problem when agents consider

the Gini and mean-median deviations as the relevant statistical measures of risk.

8.6.1 Several IQD agents

The difference between the two sum-optimal allocations found in Theorem 8.2 and

Proposition 8.9 is important.

In contrast, Figure 8.4 illustrates some comonotonic allocations that are A-optimal (and
also Pareto optimal and sum optimal; see Proposition 8.9) when restricted to the subset
A} (X). The solution for B, (\IQD,, ) is not unique as |M,| can be larger than 1. The
figure depicts a particular case when simultaneously a; < as < agz and A\; < Ay < A3. The
left panel shows the distortion function of each agent multiplied by the corresponding A,
and the lower envelope hy(t). Figure 8.4b presents a sum-optimal allocation where all three
agents take non-zero risks. Comonotonic sum-optimal allocations are not unique, because
the allocation where agent 3 takes all risks in the ags-tails and agent 1 takes the rest is also
sum optimal. As discussed before, comonotonic sum-optimal allocations are generally not

sum optimal in A, (X).

Figure 8.4: Distortion functions and the sum-optimal allocation for B, \;IQD,,

Agf - —
o fi()
N
- x
N N R N | N
I ; e
0 dl dg C¥‘31—‘0431—‘0421—‘CV11 | | i i -
0 Qr_a,(X)Q1 4, (X) Qa,(X)Qq,(X)

(a) Distortion functions for \IQD,., i =
1,2,3 (b) Allocation for B ; \;IQD,,,
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8.6.2 The GD, MMD, and IQD problem

We now turn to the allocations characterized by Theorem 8.4. Consider the problem of
sharing risk between Anne, Bob and Carole, i.e., the case when there is only one GD agent,

one MMD and IQD agent. Let o < 1/2 and Ay, Ag, A3 > 0 and consider the inf-convolution

inf D(X MMD(X IQD,,(X3)}.
(X1,X271;<13)€A(X){)\1G ( 1)_'_)\2 ( 2)+)\3Q a( 3)}

Without loss of generality we assume QI/Q(X ) = 0 for the convenience of presentation, so

that ¢ in Theorem 8.4 is taken as 0.

Let A be a right a-tail event and B C A° be a left a-tail event of X, where A and B
are disjoint sets. All the a-tail risks must go to the IQD agent. That is, every sum-optimal

allocation requires that the IQD agent takes the whole risk on AU B.

It remains to share risk “in the middle”, that is, on the event (A U B)°. We note
by Y = X1 aup)e, which has an optimal allocation (Y7,...,Y},) in Theorem 8.4 which is
comonotonic on (AU B)°. This is done in the same fashion as we do later for comonotonic
risk sharing, with the caveat that the IQD agent might take on some risk depending on
the weights A, A2 and A3. Define ¢; = 1/2 — m+ a, ¢g = A3/A2 + a and
3 =1—X/M +a Ife € (o,1/2), then \Mhgp(t) and Ashigp(t) cross twice on (0, 1),
once at ¢; — o and then once again at 1 — ¢; + a. If ¢y € (e, 1/2), then Ahyup(t) and
Ashigp(t) cross twice on (0, 1), once at co — a and then once again at 1 — ¢y + . Similarly, if
c3 € (a,1/2) then A\hgp(t) and Aphyvup(t) cross at ¢ — a and 1 — ¢3 + . Note that ¢; > o

and o < ¢; < 1/2 4 o whenever 1/4 > A\3/)\;.

We have six cases to handle; the details can be found in Section 8.12. Figure 8.5 plots
the function G$(h) for h = min{\ hgp, Aahmup }- The red, blue and black colour denote the
risk that goes to the GD agent, the MMD agent and the IQD agent, respectively.

We present the Pareto-optimal allocations (X7, X5, X3) in the six cases below. These
allocations are generally not comonotonic, but they are comonotonic on the event (AU B)°.

Recall that Y stands for X1 aup)e.

Casel,¢g >1/2and g < a: X;=Y, Xo =0and X3 = X1 ,5.

Case 2, cp>1/2and c3 > 1/2: X1 =0, Xo =Y and X3 = X1 4,5.
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Figure 8.5: The function G§(h)

GR(h)(t) G (h)(t) GR(h)(t)
e 1—at a 1—at a ¢ 1—at
(a) case 1 (b) case 2 (c) case 3
A(h)(t) A(h)(t) GR(h)(t)
\040; l—«at ‘aé3 1—at ‘Oé 1—at
(d) case 4 (e) case 5 (f) case 6

Case 3,cs<a<c; <1/2: X1 =X - X3, Xo=0and Xz = Xlag+YAQ,L(X)-Y A
Qlifcl(X)'

Case 4, either a < ¢y <3< 1/2ora<c <1/2<c3: X7 =0, Xo =X — X3 and

Xs=XLag+Y ANQ(X) - Y ANQ_(X).

Case 5 a<cy< 1/2 < cy: Xo :X—Xl—X3, X3 =X1auB and X :Y/\Q(;B(X)—Y/\
Ql_—cg(X)'

Case 6, a <c3<c1 <1/2: Xi =Y AQ_(X)-YANQL(X)+YANQ_ . (X)=YANQ_,(X),

Xo=X—X;— X3 and Xz = Xl +Y AQs (X) =Y AQr,. (X).

The allocation in case 6 is showing a particularly rich feature, and we depict it in Figure

8.6.

8.6.3 Insurance between two GD and MMD agents

We next solve the insurance example (Example 8.1) presented in the introduction. Con-

sider two individuals, Anne and Bob, who evaluate their risk with GD and MMD, respectively.
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Figure 8.6: A Pareto-optimal allocation for Anne, Bob and Carole, where the red, blue
and gray areas represent the allocations to Anne (GD), Bob (MMD) and Carole (IQD)

respectively, up to constant shifts

That is, set hy = hgp and hy = hyyp. (Or, they could use E + A\GD and E + A\;MMD,
which would not change our analysis.) This setting is simpler than the three-agent problem

in Section 8.6.2, and it offers a clearer visualization of the Pareo-optimal allocation.

Both h; and hy are strictly concave, and, by Proposition 8.5, any Pareto-optimal allo-
cation in A,(X) is comonotonic. By Proposition 8.7, each Pareto-optimal allocation can
be found by solving the inf-convolution B2, ()\;pp,) for some Pareto weights (A, \y) €
[0,00)? \ {0}. Consider the normalized ones \; = X\ € [0,1] and Ay = 1 — \. Figure 8.7
depicts the functions h;(t) and \;h;(t).

By positive homogeneity it is App, (X1) = pan, (X1) for Anne, and similarly for Bob. By
Corollary 8.2, we have B, px.n, = pny, Where hy(t) = min{Ahi(¢), (1 — A\)hy(t)}. That is,
the sum-optimal allocation gives all the marginal ¢-quantile risk to the individual with the

lowest \;h;(t).

The condition of Theorem 8.3 is satisfied, and so the (A, Ag)-optimal allocation is unique
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Figure 8.7: Distortion functions of GD and MMD agents

ho(t) =t N (1 —1)
0.4ho(t)
hi(t) =t — ¢ 0.6h4(t)
t t
(a) hy is GD, hy is MMD (b) Ahg and (1 — A)hy when A = 0.4

up to constant shifts. Any Pareto-optimal allocation takes the form
X1 = X/\QJ(X) —X/\QI_C(X) + k and Xz =X —Xl,

where ¢ € [0,1/2] and k € R is a constant. We can interpret this as a situation where the first
individual insures the potential losses X of the second one. The contract (transfer function) is
the random variable X7, while its price is k, the latter which needs to be negotiated between

the two agents. Next, we argue that the mapping A — c is surjective.

(i) If A < 1/2 we have Ah; < (1 — A)hy everywhere and so ¢ = 0. That is, the GD agent
bears all the risk and provides full insurance. (ii) Similarly, if A > 2/3 we have Ahy > (1—\)hy
everywhere and so ¢ = 1/2. It is the MMD agent that bears all the risk and no insurance is
provided. Finally, (iii) if 1/2 < A < 2/3 then Ah; > (1 — A)hy on both (0, (2A — 1)/A) and
((1=X)/A 1) and Ahy < (1 =A)hg on ((2A—=1)/A, (1 —=X)/N). Hence, ¢ = (2A—1)/X and the
contract is a simple deductible Q;_.(X) with an upper limit Q. (X). This type of allocation
is depicted in Figure 8.8.

The constant k can take any value because by location invariance, for any k € R, we
have pp, (X; + k) = pn, (Xi) + hi(1)k = pp,(X;) and the price of the insurance does not affect

Pareto optimality. This observation remains true if agents use E + \;p,, instead of py,.
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Figure 8.8: A Pareto-optimal allocation for the MMD and GD pair

fi(z)

X

Qr.(X) 0 (X)

8.6.4 Risk sharing with several mixed GD-MMD agents

We conclude with the problem of sharing risk among many agents ¢ € [n]| evaluating

their risks with the variability measure
Ph; (Xz) = /Xz d ((aihGD + (1 — ai)hMMD) o ]P) = CLZGD(Xz) + (1 - CLZ)MMD(XJ,

a; € [0,1]. It is easily verified that for every i € [n| the distortion function h; = a;hgp +
(1 — a;)havup is strictly concave and satisfies h;(1) = 0. We can therefore invoke Theorem
8.3, Corollary 8.2 and Proposition 8.8 to characterize the set of Pareto-optimal allocations.
Consider the usual normalization of the Pareto weights Z?:l A; = 1 with A\; > 0 and notice
that

1%1 PXihi = Phy>

where hy(t) = min{\1hy(t),..., \pha(t)}.

Deriving every agent’s allocation (contract) in a closed-form solution is a bit more
cumbersome. Yet, Theorem 8.3 and Corollary 8.2 still fully pin down the shape of the
optimal allocation, and we can visualize it easily. Consider the case when 0 < \ja; < Asas <
s < Aay, and set M, = {i € [n] : Mhi(P(X > 2)) = ha(P(X > 2))} as before. We have
that |M,| = 1 pux-almost surely, so the sum-optimal allocation is unique up to constant shifts

for any A. Figure 8.9 shows an example with three agents.
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Figure 8.9: Distortion functions for mixed GD-MMD agents, where a; = 1/4, as = 1/2, a3 =
3/4 and A = (0.31,0.32,0.37)

Aihi(t) ha(t)
A1hy
Azhs
)\3h3
t . . . . t
Ahi Aoha  Azhs  A2he A1l
(a) Distortion function \;h; (b) Lower envelope: hy(t) = min;es) Aihi(t)

As we obtained in the previous application, hy induces a partition of the state space on
which only one agent takes the full marginal risk. That is, the Pareto-optimal allocation’s
shape is similar to the payoff obtained with a collection of straight deductibles insurance

contracts with upper limits. For instance, the part of the risk that goes to agent 2 is
Xo=XANb—XANa+XANd—XAc

for 0 < a < b < c<d< oo implicitly defined through the lower envelope h(t).

8.7 Conclusion

We summarize the chapter with a few remarks on the results that we obtained. While
we focused on the case X = L, all the results of this article generalize to larger spaces
provided all the decision criteria p,, and the inf-convolution O, pp,(X) are finite on the
larger space. We emphasized when key results can be readily generalized, but this finiteness
property must often be verified case-by-case. For example, the results on risk sharing with
IQD agents can be extended to L° because the IQD is bounded from below. This property

does not generalize to other functionals.
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The unconstrained risk sharing problem for non-concave distortion functions typically
leads to non-comonotonic sum-optimal allocations without explicit forms, and they can be
difficult to analyze. Although we obtained several results on necessary or sufficient conditions
for Pareto and sum optimality (Theorem 8.1 and Propositions 8.2-8.5), a full characterization
of the Pareto-optimal or sum-optimal allocations for arbitrary distortion riskmetrics is beyond

the current techniques.

The case of IQD agents is, nevertheless, special, although they do not have concave
distortion functions. For this setting, we can fully characterize all Pareto-optimal allocations
via sum-optimal ones, and the inf-convolution for such distortion riskmetrics admit concise

formulas (Theorem 8.2 and Proposition 8.9):

El(AiIQDai) = ( /:\1 A,-) IQDy . and E(A,-IQD%) = ( /:\1 Ai> IQDyr .

and their particular instances
Z‘El I(QI)Q1 = IQDZ?:l a and iazal IQDO@ = I(Q]:)\/?:1 a;

These formulas may be compared with the quantile inf-convolutions formulas obtained by

Embrechts et al. (2018) and Liu et al. (2022)
m - — - b OF " O — - Y oF — OF
E1 Qai B QZ?:l i’ 1'91 Q“i o QZ?:l o’ and ZE:31 Qai o Q\/?:l o and 1‘5231 Qo‘i T %Viniag”

In the context of risk sharing, these results show that a representative agent (using the inf-
convolution as its reference) of several IQD agents is again an IQD agent, and similarly, the

representative agent of several quantile agents is again a quantile agent.

When the distortion functions are concave, or, when we constrain ourselves to the set
of comonotonic allocations, the risk sharing problem becomes much more tractable, and we
obtain explicit allocations which are Pareto optimal or sum optimal (Theorem 8.3). This
builds on the comonotonic improvement ¢ la Landsberger and Meilijson (1994), when the
distortion riskmetrics are convex order consistent. A high-level summary is that all results
that were established for increasing distortion riskmetrics, in particular, Yaari (1987)’s dual
utilities, can be extended in parallel to non-increasing ones without extra efforts (these results
are summarized in Propositions 8.6-8.8). This opens up various application areas where risks

are traditionally studied with only increasing distortion riskmetrics.
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Combining the results for IQD agents and for risk-averse agents, we are able to solve risk
sharing problems among these agents, whose Pareto-optimal allocations are found explicitly
(Theorem 8.4). Various examples of risk sharing among these agents are presented in Section

8.6.

It remains unclear to us whether our analysis can be generalized to distortion riskmetrics
other than IQD, which are not convex (i.e., with non-concave distortion functions), and how
large the class of such tractable risk functionals is. As far as we are aware, the unconstrained
risk sharing problems for non-convex risk measures and variability measures have very limited
explicit results (e.g., Embrechts et al. (2018), Weber (2018) and Liu et al. (2022)), and further

investigation is needed for a better understanding of the challenges and their solutions.

8.8 Proofs of results in Section 8.3

Proof of Proposition 8.2. (i) Let (X1,...,X,) be a Pareto-optimal allocation in A, (X). We
will show, without loss of generality, that any of the three following hypotheses leads to a
contradiction of the Pareto optimality of (Xi,...,X,): (1) if simultaneously h;(1) = 0 and
ho(1) > 0; (2) if simultaneously h;(1) < 0 and he(1) > 0 and (3) if simultaneously h;(1) =0
and ho(1) < 0.

Consider the allocation (X; + ¢, Xy — ¢, X3,...,X,). Clearly, the allocation belongs
to A, (X). Recall that by translation invariance it is pp, (X1 + ¢) = pn,(X1) + chi(1) and
Pha (X2 — €) = pny(X2) — cha(1).

Suppose (1) first so that hi;(1) = 0 and hy(l) > 0. Setting ¢ > 0 we have that
P (X1 + ¢) = phi(X1) and ppy(Xe — ¢) < pp,(Xa) contradicting the Pareto optimality
of (Xi,...,X,). For (2), we have pp, (X1 + ¢) < phi(X1) and pp,(Xa — ¢) < pp,(X2) as
hi(1) < 0 and hy(1) > 0. For (3), the case when h;(1) = 0 and ho(1) < 0, we can choose

¢ < 0, which leads to a similar contradiction of the Pareto optimality of (X,..., X,,).

The case when (X, ..., X,) is Pareto optimal in A} (X) is identical, and we conclude

that h;(1) are either all zero, all positive, or all negative.
(ii) We show that if there exist ¢, j € [n] such that h;(1) # h;(1), then B, pp, (X) = —o0
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for any X € X. Without loss of generality, let hy(1) < ho(1) and consider a ¢ > 0. Given
X € X, for any allocation (Xi,...,X,) € AT (X) we have that

Py (X1 + €) + py (X — ¢) = py (X1) + pny (X2) + c(ha(1) — ho(1)).

Consider now the allocation (X + ¢, Xy — ¢, X3,...,X,,). Taking the limit ¢ — oco we have

S pni(X;) = —oo and so HY | pp, (X) = —o0. 0

Proof of Theorem 8.1. For the “if” part, since every pj, , i € [n], are finite and Y 7" | p; (X;) =
- pj, (X) it holds that [JiL, p; (X) is finite. It is thus clear that, by definition, the allo-
cation (X1,...,X,) is Pareto optimal for agents using Ppys - -+ Py, as their preferences. We
now show that (X, ..., X,) is also Pareto optimal for agents using py,,, ..., pp, as their pref-
erences. Since h; = h;/|hi(1)| for i € [n], we have p, (X) = |hi(1)|p7,(X) for all X € X and
i € [n]. Suppose (Y1,...,Y,) € A,(X) is such that py, (Y;) < pp,(X;) for all i € [n]; we obtain
that p; (Vi) < p; (Xi) for all i € [n]. As (Xi,...,X,) is Pareto optimal for agents using
Pi,»- - Ph, as their preferences, it holds that p; (Vi) = p;. (X;i). Hence, pp,(Y;) = pn,(X;)
for all ¢ € [n], and (X3,...,X,) is Pareto optimal for agents using pp,,...,pn, as their

preferences.

Next, we show the “only if” part. Let (Xi,...,X,) € A,(X) be a Pareto-optimal
allocation in A,,(X). By Proposition 8.2, we have h;(1), ¢ € [n], are either all positive or all
negative; that is h;(1), i € [n], are all 1 or —1. We first consider the case where h;(1) = 1 for
i € [n]. Assume by contradiction that Y " p; (X;) > Of, pj (X). There exists an allocation
(Vi) Ya) € An(X) such that S, pr, (V) < Sy o (X0). Set e = pi (X0) — i, (V).

i =1,...,n and notice that ¢ =" ¢; > 0. Hence,
Yi+c—c¢/n,....Y,+ ¢ —c/n) € Ay (X)
and by translation invariance for every ¢ € [n] it is
P (Yt —cfn) = p (Yi+ ;) —c/n < pj (Yi+ i) = pj, (Xi),

contradicting the Pareto optimality of (X1, ..., X,). The case h;(1) = —1, i € [n], is analo-
gous. O
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Proof of Lemma 8.2. The implications (i)=-(ii)=-(iii)=-(iv) are all straightforward, where
(iii)=(iv) follows from the fact that X <. Y is equivalent to pn(X) < pn(Y) holding for all
concave h € HBY by Theorem 2 of Wang et al. (2020b).

We next show (iv)=(i). Suppose for the purpose of contradiction that A is strictly
concave, X < Y, pp(X) = pp(Y), and X £Y. Fort e (0,1) and € > 0 with [t —
e,t+¢€ C (0,1), let Y;. be a random variable such that Q; (Y;.) = (2¢)~! tt_te Q. (Y)dr for
set—et+e, and Q; (Vi) = Q5 (Y) otherwise. By construction, Y; <. Y.

We claim that there exist ¢ € (0,1) and € > 0 such that X <. Y. % Y. To see this,
consider the function py : [0,1] — R, ¢t — fot Q; (Z)ds for Z € X. Note that X <. Y if and
only if px > py and px(1) = py(1); see e.g., Theorem 3.A.5 of Shaked and Shanthikumar
(2007). Note that pux and py are continuous convex functions. Since X % Y, we have
px(t) > py(t) for some t € (0,1). Because uy is concave and pux (1) = uy (1), we can and
will choose ¢ such that py is not locally linear at ¢; this gives Y; % Y. Since puy and px are
continuous and px(t) > uy(t), there exists € > 0 small enough such that

inf x (S) > sup [Ly(S) + 4EM7
sE[t—e,t+e] s€[t—e,t+¢]

where M = supye(;—c1e) Q5 (Y)]- Using the above inequality and

t+e

by, — py| < / Q5 (Yie) — Qs (Y)|ds < 4eM,
t

we get ix (s) > py (s)+4eM > py, (s) for s € [t—e, t+e|. Moreover, py, (s) = py(s) < px(s)
for s € [0,1] \ [t — €,t + €]. Therefore, we get X <cx Y.

Note that X Sex Yie Ser ¥ implies pu(X) < pu(¥ie) < pu(Y), and further p(X) =
pn(Yee) = pr(Y) since pp(X) = pp(Y). Since h is concave, it is continuous on [t —€,t 4 €] C
(0,1). Using Lemma 3 of Wang et al. (2020b), we get
tte t+e
) =) = [ Q) = Q) dhls) = [ (@:(¥) = @ (1) (s s,
where A’ represents the right derivative of h. Since @ (Y') is not a constant for s € [t—e, t+¢],
and h is strictly concave, by the Fréchet-Hoeffding inequality, we have
the

/t 6 (QQ(Y) — Q;(Yi,e)) R'(s)ds > %/t_: (QQ(Y) - Q?(Yt,e)) ds/ h'(s)ds = 0.
24
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Hence, pn(Y) — pn(Yie) > 0, a contradiction to pp(Yie) = pn(Y). Therefore, (iv)=-(i) holds.
O]

Proof of Proposition 8.5. (i) follows from Corollary 8.1 observing that comonotonic improve-
ments strictly improve welfare. For (ii), the “only if” part is directly shown by (i). We only
show the “if” part. As the normalization of h;, ¢ € [n], will not change the preferences,
we only consider the case when a; = a; = a for all i,j € [n]. Let (Xi,...,X,) € Af(X).
By comonotonic additivity and positive homogeneity it is > i | pa;n, (Xi) = app, (X). Let
(Y1,...,Y,) € A,(X). By subadditivity we have Y\ | pa,n, (Vi) = apn, (O, Yi) = app, (X).
Hence, a comonotonic allocation (X7,...,X,) always solves ", pa,n(X), and thus it is

Pareto optimal. H

Proof of Theorem 8.2. We first prove part (ii) and then use it to prove part (i). Let us first
verify 7, (AIQD,,) > AIQD,,. Using (8.3) and the fact that an IQD is non-negative, if
a < 1/2, then for X € X,

O(MIQD,,) > A 0 1QD,, (X)
=1 i

—Amf{ZQ +ZQ% Xl,...,Xn)eAn(X)}

> A1 Qa (%) + A1 Qa (-X)
Qe o (X) +AQ5 o (—X) = AIQD,(X),
where the second-last equality is due to Corollary 2 of Embrechts et al. (2018). If o > 1/2,
then (07, (MIQD,,) > 0 = AIQD,, holds automatically.

Next, we verify O, (\IQD,,.) < AIQD,, by showing that the construction of the alloca-
tion (X1,...,X,) of X € Xin (8.7) satisfies ) | IQD,, (X;) = AIQD,(X). This will prove
part (ii) as well as Remark 8.2. First, it is straightforward to verify (Xi,...,X,) € A, (X).
Since IQD is location invariant, we can, without loss of generality, assume ¢ = ¢; = --- =

¢, = 0; i.e., 0 is a median of X. Note that this leads to the simplified form

Xi=Xlaup, +aX (1 —1aup), 1€[n].

243



If a > 1/2, then it suffices to verify that IQD,, (X;) = 0, which follows because P(X; >
0) < P(4;) < a; and symmetrically, P(X; < 0) < P(B;) < «;.

Next, assume a < 1/2. We have P({X > Q_(X)} N A°) = 0 by Lemma A.3 of Wang

and Zitikis (2021). For ¢ € [n], we can compute
IP)(XZ > CLZQQ_<X)) < ]P)(AZ) + IP)({XZ > CL,Q;(X)} \ Al) <o+ P({X > Q;(X)} N AC) < ;.
This implies Q;, (X;) < a;Q; (X). Using a symmetric argument, we get Q1_,, (X;) > a,Q{_,(X).
It follows that
I1QD,,, (Xi) = a;,Q, (X) — a:Q)_(X) < a;IQD, (X).

Therefore, 7" | AIQD,, (X;) < >°1, Aia;,IQD,(X). Taking a; = 0 for all i € [n] with A; > A
gives the desired inequality >_7" ; A,IQD,, (X;) < AIQD(X).

Putting the above arguments together, we prove (ii), that is, Of; AIQD, (X) =
AIQD, (X). In particular,

1QD,, (X;) = a,IQD,(X) and iIQDai(Xi):IQDa(X):@1IQD%(X), (8.13)

i=1
and thus (X7,...,X,,) is sum optimal.

Next, we show part (i). The “if” statement follows from Proposition 8.3, and we will
show the “only if” statement. Take any Pareto-optimal allocation (Y7,...,Y,,) of X. Write
z =1QD,(X), y; = 1QD, (Y;) for i € [n], and y = > | y;. It suffices to show y = z. If
y = 0, there is nothing to show; next we assume y > 0. For the allocation (Xj,...,X,) in
(8.7), we have 1QD,, (X;) = a;1QD,(X) = a;z by (8.13). Let a; = y;/y for i € [n], which
sums up to 1. If x <y, then IQD, (X;) = zy;/y < vi = IQD,, (Y;) for i € [n], and strict
inequality holds as soon as y; > 0, conflicting Pareto optimality of (Y7,...,Y},). Hence, we
obtain z = y.

Finally, part (iii) on Pareto optimality of (X7,...,X,) follows by combining (i) and
(8.13). O

8.9 Proofs of results in Section 8.4

Proof of Proposition 8.7. (i) = (ii) is analogous to Theorem 8.1.
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(i) = (iii) Let S = {(pn, (X1)s- -y o, (Xn) + (X1,...,X,) € AT(X)} be the utility
possibility frontier of the set of comonotonic allocations. We claim that S is a convex set.
First, notice that A (X) is a convex set, as for any two allocations X = (Xy,...,X,,),Y =
(Y1,...,Y,) € AH(X) and every £ € [0,1] we have X + (1 — )Y € Af(X). Set x =
(pny (X1)s ooy pn, (X)) € Sandy = (pr, (Y1), ..., pn,, (Ya)) € S two vectors of utility achieved
by allocation X and Y. By comonotonic additivity and positive homogeneity for every

¢ €[0,1] and for every i € [n] it is

Ph; (le + (1 - é)K) = ph¢(£Xi> + ph¢(<1 - é)Y;)
= &pn,(Xi) + (1= & pn,(Y2)

=&x; + (1= &)y

and ¢x + (1 — &)y € S. Notice now that the utility vector (pp,(X1),...,pn, (X)) of a

Pareto-optimal allocation always belongs to the boundary of S.

Let V= {(v1,...,0n) : v; < pp,(X;) for i € [n]} where (X1,...,X,) is Pareto optimal.
It is clear that V' is a non-empty convex set. Next, we clarify that V' NS = {x}. Assume
v=(v1,...,0,) €EVNS. As v €S, there exists an allocation (Y;,...,Y,) € AT (X) such
that py,(Y;) = v; for all i € [n]. Furthermore, as v € V', we have pp,, (Vi) = v; < pp,(X;) for all
i € [n]. As (Xyq,...,X,) is a Pareto-optimal allocation, we get v; = pp, (V) = pn, (Xi) = x;
for all i € [n]. Hence, v=xand VNS = {x}.

Therefore, by the Separating Hyperplane Theorem, there exists (Ay,...,A,) € R"\ 0
such that Y7 \ipp, (Xi) = infues D0, N = infxcpt ) Doiy Aipn (Xi) and D770 Ay <
S Nipn (X;) for any (vy,...,v,) € V.

We are left to show that \; > 0 for every i € [n]. Let v.=x —(1,0,...,0). We have
v € V. Hence, we have Ay > 0 as Y ., Av; < Y. \ipp,(X;). Similarly, we obtain A; > 0
for all i € [n]. O

Proof of Theorem 8.3. We first show that B} | pn, = pn,. Let ha(t) = min{h(t), ..., ha(t)}.
For every i € [n], we have h;(1) = h,(1) and h; < h, on [0, 1]; hence, it is pp, (X) < pp,(X)

for every X € X. By comonotonic additivity of py,, for every (Xi,...,X,) in A}T(X) we
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have
Zﬂhi( ZPhA ) = Phy (ZX) = pna(X)

and thus B}, p, > pn,. Conversely, notice that for every i € [n] the function f; in (8.8)
is Lipschitz continuous and non-decreasing because g¢; is non-negative and bounded. Using

Lemma 8.3, we get

on, ([i(X)) = /Ooo gi(s)h;(P(X > s))ds —|—/ gi(s)(h;(P(X > s) — hy(1)) ds. (8.14)

—00

It follows that

0

> (X)) Z | aom@ee > )ds+ [ a6 mEee > 9 - hw)ds

—0o0

/ Zgz P(X > s)) ds+/ Zgl hi(P(X > s) — h;(1))ds
= /00 ha(P(X > s))ds + /0 (ha(P(X > s) — ha(1))ds

—0o0
n

= pna(X) 2 B pni(X).

Hence, B, pn, = pn,-
Next, we show that the solution is unique up to constant shifts almost surely if and

only if |M,| =1 for px-almost every x, where px is the distribution measure of X.

Since the above argument of Y 3" | pp, (fi(X)) = B, pp,(X) only requires .., gi(z) =
1 for almost every x, any allocation (f1(X),..., f,(X)) in (8.8) with g; replaced by

gi(z) = 1 i=min a1,y OF gi(r) = Ticmax sy, T € R,

also satisfies sum optimality. Therefore, if |[M,| = 1 does not hold almost surely, there are

multiple optimal allocations that are not constant shifts from each other.

Conversely, we show that if |M,| = 1 for ux-almost every x then every sum-optimal

allocation is almost surely equal to the one in (8.8).

For any increasing and Lipschitz function k with right-derivative w, we have, by Lemma

8.3,
pr(k(X)) = pg(k(X)) 2/_ w(s)(h(P(X > s5)) — g(P(X > s)))ds.

[e.9]
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This means p,(k(X)) = py(k(X)) with h > g if and only if £'(s) = 0 almost surely for s such
that h(P(X > s)) > g(P(X > s)). Note that if (k1(X),..., k., (X)) € AT (X) is sum optimal,
then . .

3 on (X)) = o1, (X) = 3, (X
This implies that w;(z) :Z 01 as soon as h;(P(X > x))l>1 ha(P(X > x)), where w; is the right-
derivative of k;. Moreover, w;(z) = 1 if hi(P(X > x)) = hy(P(X > x)) since > 7, w;(z) =1
for almost every x. and thus w; is uniquely determined px-a.s., implying that k; is unique

[x-a.s. up to a constant shift. O

Proof of Lemma 8.3. Without loss of generality we assume X > 0 and f(X) > 0. Denote
by v = h o P. We have

muunj[lmwmx>mm:[fmf y)dy - Aﬁ; V(X > 2)de
:Aw¢m<< ) > f(a))da / g(2)(X > z) dz

_ /OOO J@) (X)) > f(2) - v(X > ) da.
Note that P(f(X) > f(x)) < P(X > z) for all z. If P(f(X) > f(z)) < P(X > x), then

there exists z > x such that f(z) = f(x). This implies that g(x) = 0 for any point = with
v(f(X) > f(z)) — v(X > z) #0. Therefore,

pmﬂxn—Amammmx>x»w:w.

The case of general X bounded from below can be obtained by constant shifts on both X
and f. O

Proof of Proposition 8.8. It is clear that since h;(1) = 0 and h;(t) > 0 for all ¢ € [n] and all
t € (0,1), we have that pp,(X) > 0 for all i € [n], with equality only if X is a constant. We
first show the “if” statement. Suppose, by contradiction, that (Xi,...,X,) € A (X) is not
Pareto optimal but that it solves Hiex pan, (X — 3205 Xi) for K = {i € [n] : X; ¢ R} and
A € (0,00)#E. Our contradiction hypothesis implies that there exists a (Y1, ...,Y,) € A} (X)
such that simultaneously py, (Y;) < pn, (X;) for every i € [n] and pp,(Y;) < pn,(X;) for some
j € [n]. Notice that if i ¢ K it is



and so it must be the case that pp, (Y;) < pp,(X;) for some i € K, a contradiction with the
hypothesis that (X;);cx solves Bic i pan, (X — ZigéK ¢;) = Bick pan, (X), where the equality

follows because of location invariance of H;cx px,n, -

Conversely, let (Xi,...,X,) € AF(X) be Pareto optimal and define K = {i € [n] :
X; ¢ R}; this gives that 3., X; is a constant. Recall that py,(X;) = 0 for every i ¢ K,
and pp, (X;) > 0 for every i € K. It is clear that (X;);ex is a Pareto-optimal allocation of
X =3 ¢x Xi for the collection (py, )iex. By Proposition 8.7, there exists a A € [0, o0)#E\ {0}
such that e Aipn, (Xi) = Biex (Nipn)(X — 32505 Xj) = Biex pan(X). As pp,(X;) > 0
for i € K, we have B;cx (Aipp,)(X) > 0. It must be the case that A\; > 0 for all i € K, as

otherwise, we have B;cx (Aipn,)(X) = 0, a contradiction. O

Proof of Proposition 8.9. Part (ii) follows directly from Corollary 8.2, so it remains to show
part (i). Let (Xi,...,X,) € AT(X) be Pareto optimal. Then there exists (\1,...,\,) €
[0,00)", with A = A}, \; > 0, such that

n

> (MIQD,, ) (X:) = AIQDy» . (X).

=1

Using the fact that an IQD is non-negative and part (ii), we get

A BIQD,, (X) < ;(MQD%)(XJ < ;(MQDW)(XH = AlQDyn o, (X) = A B 1QD,,(X),
and so (X1,...,X,) is sum optimal. O

8.10 Proofs of results in Section 8.5

We first present a lemma that we will use in the proof of Theorem 8.4.

Lemma 8.4. For a € [0,1/2), A >0 and h € HC it is
(IQD,)Clpn = pes (3.15)

Proof of Lemma 8.4. We first verify that AIQD,, (X1)+pn(X2) = pagny(X) for any (Xy, X») €
Ay (X). As both IQD,, and p, are location invariant, we can, without loss of generality, as-

sume the allocation (X1, X3) satisfies @ ,(X1) = 0. Let A be a right a-tail event of X; and
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B C A°be aleft a-tail event of X;. Hence, P(A) = P(B) = v and X;(wp) < X;(w) < Xi(wa)
for a.s. wqg € A, wp € Band w € (AU B)°. Let X{ = Xi1{upy} and h* = h A X. Re-
call that IQD, = Q, — Qf is the range functional. It is straightforward to verify that
IQD,(X1) = 1QDy(X7) and that h* is concave. Further, notice that AIQDy = pp+, pr = pn-

and pp+ is subadditive. Therefore,
AQD,, (X1) + pr(X2) = MQDo(XT) + pn(Xa) = ppe(X7) + pre(X2) = pp (X7 + Xo).

As Ql_/z(Xl) = 0, we have, in the a.s. sense, X; > 0 on A and X; < 0 on B; that is,
X{+Xo=Xon (AUB)*, X7+ Xy > X on B, and X] + Xy < X on A. For any z € R, we

have

P(X] + Xy > x) (X >z, (AUB)°) +P(X >z, B)

> P

>P(X >z)-P(A) =P (X >z)—q,

and similarly, P (X} + Xs < z) > P (X < 2) — a. Therefore,
PX>z)—a<PX]+Xo>2)<P(X>z)+a.

Let s € R be such that x — h*(P(X] + X3 > x)) is increasing on (—oo, s] and decreasing on
[s,00). Such s exists since h* is first increasing and then decreasing. By treating h*(t) = 0

if ¢ is outside [0, 1], we have

S

pr (X7 + Xo) = /

—0o0

W (P(XE + Xy > 2)) da +/ W (P(XF + Xy > 2)) dz

>/S h*(]P’(X>x)—a)dx+/ooh*(]P(X>:(:)+oz)da:

> / min {1* (B(X > ) + a) , h*(B(X > 2) — a)} dz = pasq(X).
Therefore, we have AIQD,,(X1) + pn(X2) = pagn) (X).

Next, we give an allocation (X1, X3) € Ay(X) that attains the lower bound peg () (X).
Define the function f(s) = hA*(P(X > z) + a) — h*(P(X > x) — a) where h*(t) = 0 if ¢ is
outside [0, 1]. Since h* is concave, the function s — f(s) is increasing on the set of s with
P(X > s) € [a,1 — a]. Moreover, f(s) <0 for s < Q7_(X) and f(s) > 0 for s > QF (X).
Hence, there exists s* € [Q_,(X), QL (X)] such that f(s) > 0 for s < s* and f(s) < 0 for

s > s*.
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Let A be a right a-tail event of X and B C A° be a left a-tail event of X. Write
T = AUB. Let (Y1,Ys) € AJ(X1ge + s*17) be a (), 1)-optimal allocation for (IQD,, pr).
Define X; = (X — s*)1r 4+ Y; and Xy = Ys; clearly (X3, Xo) € Ay(X). By Theorem 8.3, we
have

AQD,, (X1) + pr(X2) = MQDy (Y1) + pu(Ya) = pp= (XL pe + s™17).

Note that

@t (x)
o (Xge + 5717) = / B (B(X1ge + 51 > 2)) da
1—a(X)
- @t (x)
:/ h*(P(X >z, T°) + 2a) da:‘—i—/ R*P(X >, T°)dx
1—a(X) s*
s QLX)
:/ h*(IP(X>:c)+a)da:+/ BBX > 2) — a)dz
1—a(X) s*

Qa (X)
_ / min{h*(P(X > ) + o), h*(B(X > ) — a)} dz = pasg (X),
Qi_o(X)

where the second-last equality is due to the definition of s*. Therefore, the lower bound

pas(ny(X) can be attained. Thus, (AQD,)Opn = pagny(X). O

Proof of Theorem 8.4. As the cases I = [n] and S = [n] follow from Theorems 8.2 and 8.3

respectively, we assume that the sets I and S are non-empty.

(i) The equality CIf_;(Aipn,) = pag(ny follows from Lemma 8.4, Theorems 8.2 and 8.3,
and the fact that the inf-convolution is associative (Lemma 2 of Liu et al. (2020)), which

together yield

1€

0 = (

=1

00w ) O g ) = (MQDIT = pegr

(ii) Without loss of generality, we assume ¢ =¢; = --- = ¢, = 0 and let Y = X1 4up)e.
If a > 1/2, it is straightforward to check that (X3,...,X,,) is Pareto optimal as pp, (X;) =0
for i € [n]. Now, we assume o < 1/2.

We first show that py, (X;) < pp(Y7) for alli € [n]. Note that py, (Xi) = pn, (Vi) = pn (Y2)
for all i € C. We are left to show IQD,, (X;) <1QD(Y;) for all i € 1. As X(w) <0 a.s. for

w € B;,
P(X < Qp(¥) = B(X Ly, +; < @5 (¥) > B(B) +B((AUB)) = s +1- 20 = 1— o
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That is, Q (X;) < Qp (Y;). Similarly, Qf_,,(X;) > Qf (Y;). Hence, p;,(X) = IQD,, (X;) <
1QDy(Y:) = p (Y;) for all i € 1.

Let (Y{,...,Y)) be a comonotonic improvement of (Y3,...,Y,). The definition of
comonotonic improvement and Pareto optimality of (Y3, ...,Y,) imply that pu/ (Y:) = pp (Y])
for all ¢ € [n]. First, if there exists some ¢ € C such that h;(t) = 0 on [0, 1], then Pareto
optimality of (Y{,...,Y,) implies that ps (Y;) = 0 for each i € [n]. This in turn implies that
pr;(X;) = 0 for each i € [n], and hence (Xj,...,X,) is Pareto optimal. Below, we assume
for each i € C, h;(t) > 0 for some ¢ € (0, 1), which gives that h;(t) > 0 for all ¢t € (0,1) due

to concavity.

As Ri(1) = 0 and hl(t) > 0 for all ¢ € [n] and ¢t € (0,1), by Proposition 8.8, Pareto
optimality of (Y{,...,Y) implies that there exist K C [n] and a vector A € (0, 00)#¥ such
that (Y)icx solves Bicx pxn (Y), and Y/, i ¢ K are constants. Denote by h* = ;.o (Aihi)
and \* = A, c;nx Ai > 0; here, we set inf @ = oo. Putting together several observations above,
we get

Z )\zph Z PX; h’ Z PX; h’ 53 PR, (Y) = Ph*Arx (Y)a (8-16)

€K €K €K

where the first inequality holds because pp,(X;) < pp/ (Vi) for all i € [n], the first equality
holds because pj/(Y;) = pp (Y/) for all i € [n], the second equality is due to A-optimality
of (Y/);ex whose component-wise sum is Y plus a constant, and the last equality is due to
Theorem 8.3. Furthermore, for i ¢ K, we have 0 < pp,(X;) < pn(c;) = 0; that is pp,, (X;) = 0.
Note that

ph*/\)\* (Y) - ph*/\A*(X]l(AUB)C) — pGi*(h*)(X) (817)

Take 8 > A\*. If i € C'\ K, then X; =Y} is a constant. Write Z = ., , X;. Using (8.16)
and (8.17), we get

D Xion (X)) + D Bon(X:) < pag. vy (X) = pos.oey | X = Y Xi | = pos.on)(2).

ieK i€I\K i€C\K
(8.18)

Using part (i), we have

(,D (Ai/)hi)) O ( L] (5/)}”)) = PGS, (h*)-
€K 1€e\K
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Therefore, (8.18) implies that (X;)ierux € An(Z) minimizes 32, Aipn, (Xi)+ e p i Bon (Xi)-
Since also p(X;) =0 for i ¢ K, we conclude that (X3,...,X,) is Pareto optimal. O

8.11 Heterogeneous beliefs in comonotonic risk sharing

We considered throughout an atomless probability space (€2, F,P). This assumption
entails that every individual ¢ € [n]| agrees on the fundamentals of the risk to be shared.
We explain in this section that all our results on comonotonic risk sharing can be extended
to incorporate heterogeneous beliefs with almost no extra effort; this is not true for the
unconstrained setting of risk sharing in Section 8.3. Our characterization of comonotonic
risk sharing extends the main results of Liu (2020), which focus on dual utilities. See also
Embrechts et al. (2020), Boonen and Ghossoub (2020) and Liebrich (2021) for risk sharing

with risk measures and heterogeneous beliefs.

Let (2, F) be a measurable space that allows for atomless probability measures and
denote by P; the atomless probability measure that agent ¢ € [n| considers. That is, every
individual ¢ € [n] believes the probability space (2, F,[P;) is the true one. Let P be the set
of atomless probability measures on the measurable space (2, F) and let < denote absolute

continuity. As before, every individual evaluates their risk with the distortion riskmetric

priX) = /Xd(hl- olP;).
For a probability measure P, we define the corresponding left quantile as Qf (X) = inf{z €
R:P(X <z)>1-t}.
The next lemma is instrumental in proving this section’s main result:

Lemma 8.5. Let Py, P € P be such that Py < P, let h € HBY and let X € X admits a density
under P. The function g(t) = h(Po(X > QY (X)), t € [0,1], satisfies p,°(f(X)) = Py (f(X))

for any increasing functions f: R — R.

Proof of Lemma 8.5. Let g(t) = h(Po(X > QF(X))) for t € [0,1], where Qf(X) is the
left quantile under the measure P. We first show that g(P(X > xz)) = h(Po(X > z)) for
all x € R. It is clear that g(P(X > z)) = h(Po(X > Qg(xgz)(X)» By the definition
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of QF, we have Qpx.,)(X) < z. For v € R, if Qpy.,)(X) = 2, then it is clear that
g(P(X > 2)) = h(Py(X > z)). If Qg(xn)(X) < x, we have P(Q&X”)(X) <X <x)=0.
As Py < P, we have Py(Qpx-,)(X) < X < ) = 0. Hence,

h(Po(X > Qpxs0)(X))) = b (Po(z = X > Q5yspy (X)) + Po(X > 2)) = h(Py(X > x)).

Taking ¢ 1T 1, we obtain g(1) = h(1).

Next, let show that p,°(f(X)) = p, (f(X)) for any increase function f : R — R. Denote
by f~'(x) = inf{y : f(y) > z} the inverse function of f. As P(X = z) =0 and Py < P, we
have P(X = z) = Py(X = z) for all z € R. Hence,

0

ﬁ%ﬂX»=[fhmaﬂX>>mMM+/“Uw%quv>w»—hu»m

—0o0

— /Oooh(IPO(X > f7H@) + Po(X = fH (@) Lis(r-1@)say) do

[ B> ) 4 BolX = @) o) — A(D) do

—0o0

0

= [ e > ) dok [ B> @) - b)) da

—0o0

0

=AmeX>fﬂm»m+/“@@M>f*mm—hmﬁu:£0a»

—0o0

as desired. ]

Lemma 8.5 states that if a belief Py is absolutely continuous with respect to a probability
measure P and if a random variable X is continuous under P, then we can always find a
distortion function g such that the two distortion riskmetrics pI,[fO and pg are exactly the same

for every random variable Y = f(X) comonotonic with X.

Our last result states that when every belief is sufficiently “well-behaved”, then the
comonotonic risk sharing problem with heterogeneous beliefs is equivalent to a comonotonic

risk sharing problem with homogeneous belief P.

Proposition 8.10. Let Py,...,P, € P, hy,...,h, € HBY be given and let X € X admit
a density under all Py,... ,P,. There exist a probability measure P € P and a collection
of distortion functions gi,...,g, € HBY such that the allocation (Xi,...,X,) € Af(X) is

Pareto optimal for (p]f:i, o ,plgz) if and only if it is Pareto optimal for (pgl, o ,pgn).
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The proof of Proposition 8.10 is straightforward. The essential step is to notice that
we can find a probability measure P such that X admits a density under P and for which
P; < P, i € [n], and then invoke Lemma 8.5. The proof simply takes [P as an average of the
beliefs P;, although other such P would have worked.

Proof of Proposition 8.10. Let P =1/n>""" | P; and g;(t) = hy(P;(X > Qy(X))) for t € [0, 1].
It is clear that X also has a density function under IP and pI,’: (f(X)) = p,, (f(X)) for increasing

P

5, ) have the same

functions f and i € [n] by Lemma 8.5. Hence, (p]f;i, . ,pI,P;Z) and (o, .. .,

class of Pareto-optimal allocations. O

8.12 Omitted details in Section 8.6

We present the functions G§(h) for Cases 1 to 6 in Section 8.6.2 which yield the alloca-

tions that we present in that section.

Case 1: When ¢; > 1/2 and ¢3 > 1/2 it is
GR(h)(t) = X ((t =) A1 =1 — @) Tjactci-ay-
Case 2: When ¢ > 1/2 and ¢3 < v it is
GR(h)(@t) = A ([t —a) (A +a =] A [t + @)1 —a—1)]) Ljacici—a}-
Case 3: When either a < ¢y <cg<1/20ora<c <1/2<c3itis
GR(h)(t) = (o[t =) A (1 =t = )] A M) Tjacici—a}-
Case 4: When ¢3 < a <y < 1/21it is

GX(M)(1) = st = )1 +a =] A [+ a)(1 —a =] AM) Tjaci<i-ay:
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Case 5: When a < ¢3 < 1/2 < ¢o, it is

«a
A

(h)(#)

;

\

Case 6: When a < c3 <2 < 1/21itis

07

A

(h)(t) =

0,

Ao(t — ),

At —a)(l —t+ ),
A1

At +a)(1—t—a),

\)\2(1 —1— Oé),
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Chapter 9

Negatively dependent optimal risk

sharing

9.1 Introduction

The problem of sharing risk and its mathematical underpinnings are pivotal in under-
standing the economic behaviours of agents. When agents are risk-averse expected utility
maximizers, the risk sharing problem behaves similarly to the general equilibrium of an ex-
change economy with aggregate risks (Arrow and Debreu, 1954; Arrow, 1964; Radner, 1968).
An important observation from this literature is that, under strict risk aversion, Pareto-
optimal allocations are comonotonic, i.e., they are increasing functions of the total wealth.

This can be interpreted as agents being “on the same boat” when losses or gains occur.

As comonotonicity is an extreme form of positive dependence, one might wonder if a
converse statement exists for risk-seeking agents, i.e., the agents in an optimal allocation
being “in opposite boats” when losses or gains occur. Unfortunately, it is well known that
the most extreme form of negative dependence is generally not tractable with three or more
random variables, and thus, the question is technically very challenging and not well under-

stood.

This article addresses this gap by investigating negative dependence in risk sharing,

and in particular, the extreme form of negative dependence, which we refer to as counter-
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monotonicity. To establish comonotonic optimal allocations in the classic literature, a central
mathematical tool is the comonotonic improvement theorem of Landsberger and Meilijson
(1994), which states that for any random vector, there exists a comonotonic random vector
whose components are less risky than those of the given random vector, in the sense of
Rothschild and Stiglitz (1970). This establishes the important intuition that risk-averse

agents always prefer comonotonic allocations.

Parallel to this classic finding, our main result, Theorem 9.1, referred to as the counter-
monotonic improvement theorem, states that for any random vector bounded from below
(or above), there exists a counter-monotonic random vector whose components are riskier
than those of the given random vector. The counter-monotonic improvement theorem uses
the stochastic representation of counter-monotonicity recently obtained by Chapter 7. In
Proposition 9.2, we provide a simplification of this stochastic representation that makes
transparent that any counter-monotonic allocation resembles extreme forms of gambling as
either “winner-takes-all” or “loser-loses-all” (drawing straws) lotteries. We respectively define
the normalized version of “winner-takes-all” and “loser-loses-all” allocations as jackpot and

scapegoat allocations.

To appreciate the optimality of the jackpot and the scapegoat allocations, we need to
depart from the standard utility theory of risk-averse agents. An immediate consequence of
our main theorem is that for the problem of sharing risk among strictly risk-seeking agents, all
Pareto-optimal allocations are jackpot allocations. However, this set may be empty in some
situation, and this can be resolved by imposing constraints on the allocations or restricting

the effective domain of their Bernoulli utility function.

To understand the role of scapegoat allocations, we then analyze the problem of sharing
risk among agents that have the same discontinuous utility function. We first consider the
problem of sharing risk among Dirac utility agents, defined as expected utility maximizers for
which the Bernoulli utility function is an indicator function. A key property of this problem
is that allocations which give a constant endowment to all agents but one are always Pareto
optimal. The choice of whose allocation varies can be random, as if all agents were “drawing
straws”. The optimal allocations must thus be (payoff equivalent to) scapegoat allocations

when the endowment is probabilistically too small. In this case, Pareto-optimal allocations

257



cannot be simultaneously comonotonic and fair, where we define fairness as all agents having
the same expected utility.! We show that a similar result holds for agents with piecewise
linear Bernoulli utility function with one jump, demonstrating that this result does not rely

on the satiation of the underlying preference relation.

We proceed to consider agents modelled by rank-dependent expected utility (RDU)
of Quiggin (1993), with a particular focus on agents with inverted S-shaped probability
distortions as in the cumulative prospect theory of Tversky and Kahneman (1992). RDU
agents with inverted S-shaped distortion can exhibit a combination of risk-averse and risk-
seeking behaviours. Assuming that all agents are modelled by the same RDU, we find
conditions where these agents prefer fair jackpot allocations to any other fair allocations.
We show that if the number of agents is large, then only jackpot allocations can be both fair
and Pareto optimal; as a consequence, comonotonic and fair allocations cannot be Pareto

optimal.

We conclude with a simplified game-theoretical model of cryptocurrency mining where
agents can choose to form a mining pool. Leshno and Strack (2020) already observed that
risk-averse agents have an incentive to form mining pools because it allows them to reduce
the variability of their payoff. Clearly, the payoff of joining the pool is a mean-preserving
contraction of the payoff for mining alone when at least another agent joins the pool. Joining
the pool is thus a weakly dominant strategy for risk-averse agents, with strict dominance if at
least one other agent joins. However, RDU agents can behave the opposite depending on the
size of their computing power. RDU agents with large computing power behave as risk-averse
agents. But if their computing power is small so that their probability of mining the coin
is also small, then mining alone can be a weakly dominant strategy, with strict dominance
whenever at least one agent joins the pool. These novel results suggest that a richer model

of pool formation is required to better understand the interaction between crypto-miners.

It is natural to ask if and how the counter-monotone improvement theorem can be
used in other contexts than risk-sharing. We investigate competitive equilibria with risk-
seeking agents and obtain all results of typical interest in general equilibrium, including the

first and second fundamental theorem of welfare economics. We also show that all jackpot

Fair allocations maximize the Rawlsian social welfare function in this particular setup.
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allocations are Pareto optimal, hereby extending the results of Section 9.4. The second
welfare theorem thus implies that all jackpot allocations are competitive equilibrium for
some initial endowments. The analysis of competitive equilibria is highly technical and is
thus relegated in Section 9.9. We emphasize that we do not know if a similar analysis can be
performed for agents with other types of risk-seeking decision criteria, as the construction of

the equilibrium pricing measure is quite delicate and tailored to the specific setting we study.

Next, we review the literature. Section 9.2 contains all preliminaries, including a formal
statement of the classic result of comonotonic improvement. Section 9.3 states and proves
our main result, the counter-monotonic improvement theorem. This is also where we re-
view the stochastic representation of counter-monotonicity and define jackpot and scapegoat
allocations. Sections 9.4, 9.5 and 9.6 consider respectively the risk sharing problem with
risk-seeking agents, agents with a discontinuous Bernoulli utility function and RDU agents.
Section 9.7 analyzes the choice of joining a crypto-currency mining pool, and the conclu-
sion discusses avenues for further research. Section 9.9 analyzes competitive equilibria with

risk-seeking agents, and Section 9.10 contains the proofs.

9.1.1 Literature review

The technique of comonotonic improvement was initially introduced in Landsberger and
Meilijson (1994), and subsequently extended in Dana and Meilijson (2003), Ludkovski and
Riischendorf (2008) and Carlier et al. (2012). We refer to Riischendorf (2013) for an up-to-
date formal treatment and Section 9.2 for more details. For the formal treatment of counter-
monotonicity, we refer to Puccetti and Wang (2015) for a general overview and to Chapter 7
for the stochastic representation of counter-monotonicity. In the actuarial literature, counter-
monotonicity in dimension greater than two is also called mutual exclusivity; see Dhaene et

al. (1999) and Cheung and Lo (2014). See also our discussion in Section 9.3.

While the economics and finance literature does not always employ the terms comono-
tonicity and comonotonic allocations, these concepts have long been a subject of interest in
these fields. Of direct relevance is the case of economies with a constant aggregate endow-

ment, where all allocations that are constant across states are comonotonic. In this context,
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comonotonic allocations are sometimes called “no-betting” or “risk-free allocations.” See,
for instance, in the literature on risk sharing under heterogeneous beliefs and ambiguity:
Billot et al. (2000), Rigotti et al. (2008), and Strzalecki and Werner (2011). More recently,
Beissner et al. (2023) analyzes no-betting allocations on probability spaces with two RDU
agents. Chateauneuf et al. (2000) analyzes comonotonic allocations with aggregate risk when

all agents are ambiguity-averse Choquet expected utility maximizers.

In contrast to comonotonicity, the concept of counter-monotonicity received much less
attention in the economics and finance literature related to risk sharing. A notable excep-
tion is quantile-based risk sharing. A key property of counter-monotonic allocations and,
more generally, of negatively dependent allocations is their optimality in this setting. See
Embrechts et al. (2018) and Weber (2018) for quantile-based risk sharing problems on proba-
bility spaces with Pareto-optimal counter-monotonic allocations and Embrechts et al. (2020)
for the case of heterogeneous beliefs. Chapter 8 contains a risk sharing problem where the
optimal allocations entail both positive and negative dependence. Specifically, the authors
show that when sharing risk with agents that consider the inter-quantile difference as their
measure of variability, any Pareto-optimal allocation entails counter-monotonicity on the

tails of the distribution of the aggregate risk.

We refer to Quiggin (1993) for RDU agents, although we are mostly interested in the
inverted S-shaped probability distortion functions considered in the cumulative prospect
theory of Tversky and Kahneman (1992) (and Kahneman and Tversky (1979)). We show
that RDU agents using the Kahnmenan-Tversky inverted S-shaped distortion function can
behave as risk-seeking agents provided the risk is to be shared among a large number of

individuals.

Our crypto-currency example is inspired by the axiomatic characterization of Leshno
and Strack (2020), which obtains an impossibility result for risk-averse miners. In a nutshell,
mining pools can provide a reward scheme that is a mean-preserving contraction of the payoff
of individual mining. Risk-averse agents always prefer to mine in a pool. On the opposite,
we find conditions for which RDU agents behave as risk-seeking agents and prefer to mine

alone despite having a concave Bernoulli utility function.
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9.2 Preliminaries: risk sharing and comonotonic im-

provements

Fix a probability space (2, F,P), and denote by X a corresponding L? space, where
almost surely equal objects are treated as equal. While Sections 9.2 and 9.3 consider X = L!
for generality, Sections 9.4, 9.5 and 9.6 consider the more standard setting X = L°°, the set
of all bounded random variables. Let n be a positive integer and write [n] := {1,...,n}. We

are mainly interested in the situation where n > 3 agents share a random outcome X € X.

Definition 9.1. An allocation of X € X is an element of the set
An(X) = {(Xl,...,Xn) eX": ) X = X} .
i=1

A foundational idea of risk sharing is that if all agents are strictly risk averse and
know the probability measure P, then all Pareto-optimal allocations are comonotonic (see
e.g., Riischendorf (2013)). At a formal level, this is typically proved using the technique of
comonotonic improvements, as introduced in Landsberger and Meilijson (1994) for a finite
state space. The result was subsequently extended to L> (Dana and Meilijson, 2003) and L*
(Ludkovski and Riischendorf, 2008). We provide some background to understand the scope

of the comonotonic improvement technique.

The two random variables X,Y are said to be comonotonic if
(X(w) — X(W))(Y(w) =Y (w')) =0 for (P x P)-almost every (w,w’) € 2,

and the collection of random variables X7, ..., X, is comonotonic if all its component are
pairwise comonotonic. Alternatively, the random variables X7, ..., X,, are comonotonic if
there exists a collection of increasing functions f; : R — R, i € [n], and a random variable
Z such that X; = fi(Z) for all i € [n] (recall that equalities are in the P-almost sure sense).
The latter definition comes from the stochastic representation of comonotonicity given by
Denneberg’s Lemma (see Denneberg, 1994, Proposition 4.5), and if (X3,...,X,) € A,(X),

then one can set Z = X in the preceding definition.

A random variable X is said to be smaller than a random variable Y in the convez order,

denoted by X <. Y, if E[¢p(X)] < E[¢(Y)] for every convex function ¢ : R — R provided
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that both expectations exist (see Riischendorf (2013) and Shaked and Shanthikumar (2007)).
The order X <. Y means that X is less risky than Y in the sense of Rothschild and Stiglitz
(1970). Notice that if X < Y, then E[X] = E[Y], meaning that the convex order compares
random variable with the same mean. Similarly, X is smaller than Y in the increasing
convex order, denoted by X <x Y, if E[¢p(X)] < E[p(Y)] for every increasing convex

function ¢ : R — R provided the expectations exist. The proof of the next proposition is in

Riischendorf (2013, Theorem 10.50).

Proposition 9.1 (Comonotonic improvements). Let Xi,..., X, € L' and X = Y7 | X;.
Then there exists a (Y1,...,Y,) € A, (X) such that (1) (Y1,...,Y,) is comonotonic and (ii)

for every i € [n] it is Y; <cx X

Now, assume that X represents a monetary payoff so that greater values are preferred,
and let p; : X — R denote the decision criterion used by agent i € [n]. An allocation
(X1,...,X,) € Ay (X) is Pareto-optimal in A, (X) if for any (Y1,...,Y,) € A,(X) satisfy-
ing p;(Y:) = pi(Xy), all i € [n], we have p;(V;) = pi(X;), all @ € [n]. Let (A,...,\,) be
a vector of positive numbers, usually called a Negishi weight vector. We say that an allo-
cation (Xi,...,X,) € A,(X) is sum-optimal in A, (X) with respect to A = (Ay,..., \,) if
(X1,...,X,) maximizes Y, \ip;(X;) subject to the constraint (Xi,...,X,) € A,(X). We

use the term sum optimality for the case \; =1, all i € [n].

Let (Q, F,IP) be a probability space and let all agents have homogeneous beliefs, i.e.,
everyone agrees on the probability measure IP. The concept of strict risk aversion translates
to a strict preference for random variables that are lower in the convex order. That is,
if X; <« Vi (meaning X; <. Y; but Y; € X;) then p;(X;) > pi(Y;). We can derive
from Proposition 9.1 that the set of Pareto-optimal allocations contains only comonotonic

allocations when all agents are strictly risk averse.
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9.3 Counter-monotonicity and counter-monotonic im-

provement

Comonotonicity is an extreme type of positive dependence. This article contends with
the opposite situation: negatively dependent optimal allocations, which are much less studied
in the literature. We first define this dependence concept. In all statements, X represents a

random wealth, so greater values are preferred; negative values of X are allowed.

Throughout this section, we consider a fixed probability space (2, F,P). Two random
variables X, Y are counter-monotonic if the two random variables X, —Y are comonotonic.
An allocation (X7, ..., X,,) € A,(X) is pairwise counter-monotonic if for every i # j the ran-
dom variables X;, X; are counter-monotonic. Pairwise counter-monotonicity is the general-
ization of counter-monotonicity for the case n > 3, but the concept is not always well-defined

for dimensions n > 3. We use the simpler term counter-monotonicity throughout.

The next lemma, due to Dall’Aglio (1972), gives necessary conditions for a random

vector (X1,...,X,) to be counter-monotonic.

Lemma 9.1 (Dall’Aglio (1972)). If at least three of X1, ..., X, are non-degenerate, counter-

monotonicity of (Xy,...,X,) means that one of the following two cases holds true:
P(X; > ess-infX;, X; > ess-infX;) =0 for all i # j; (9.1)
P(X; < ess-supX;, X; < ess-supX;) =0 for all i # j. (9.2)

A necessary condition for (9.1) is Y . P(X; > ess-infX;) < 1, and a necessary condition

for (9.2) is > 1 P(X; < ess-supX;) < 1.
Let II,, be the set of all n-compositions of €2, that is,
I, =< (A,...,A,) € F": U A; =Qand Ay,..., A, are disjoint
i€[n]

In other words, a composition of €2 is a partition of €2 with order. The next proposition sim-

plifies the stochastic representation of counter-monotonicity given in Theorem 7.1 of Chapter

7.
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Proposition 9.2. For X € X, suppose that at least three of (X1,...,X,) € Ap(X) are
non-degenerate. Then, (X1, ..., X,) is counter-monotonic if and only if there exist constants

mi,...,my and (A, ..., A,) € I, such that

Xi= (X —m)la +m; foralli€ [n] withm=> m; < ess-infX, (9.3)
=1
or
X;= (X —m)la, +m; foralli€[n] withm =" m; > ess-supX. (9-4)
=1

Remark 9.1. As in Denneberg’s Lemma, the underlying probability measure P is not used
in the stochastic representation of counter-monotonicity of Chapter 7, and so the allocations
characterized in Proposition 9.2 are also well defined on measurable spaces without specified

probability, as long as the null sets are specified.

The allocation (X,0,...,0) is counter-monotonic by taking A = Q and m = m; =
ess-inf X, and it is trivial to verify that it is also comonotonic. Notice now that the allocations
defined in equation (9.3) and (9.4) echo the allocations in Lemma 9.1. In (9.3), for every
w € 2, at most one agent receives more than their essential infimum. Conversely, in (9.4),
at most one agent receives less than their essential supremum. This is the “winner-takes-all”

and “loser-loses-all” structure of counter-monotonic allocations.

The most curious case of both (9.3) and (9.4) when m; = --- =m,, = 0, given by
X; = X1y4, for all i € [n], where (A4,...,A,) €11, (9.5)

will draw our special attention. Note that m = 0 implies that either X > 0 or X < 0 holds,

resulting in two different cases.

Definition 9.2. An allocation (Xj,...,X,) is a jackpot allocation if (9.5) holds for some

X >0, and it is a scapegoat allocation if (9.5) holds for some X < 0.

A comparison of a jackpot allocation and a comonotonic allocation is illustrated in Fig-
ure 9.1. Although sharing the formula (9.5), a jackpot allocation and a scapegoat allocation

have very different meanings. In a jackpot allocation, the total wealth X is nonnegative (e.g.,
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Figure 9.1: An illustration of positively and negatively dependent allocations, where a
comonotonic allocation is X; = X/n for ¢ € [n] (the area between two dotted curves) and
a jackpot allocation is X; = X 14, for i € [n] with Q = [0, 1] (the area between two dashed

lines).

a prize), and for each realization of the world w, only one agent “wins”, i.e., receives all pos-
itive payoff, and all other agents receive nothing. In a scapegoat allocation, the total wealth
is nonpositive (e.g., a loss), and only one agent “loses”, i.e., suffers the loss. Both types of
allocations are often observed in daily life. For instance, the simple lottery ticket (only one

winner) is a jackpot allocation, and the “designated driving” is a scapegoat allocation.

The next result shows a special role of the jackpot and the scapegoat allocations among
all counter-monotonic allocations. Using Lemma 9.1, an allocation (X7, ..., X)) is a jackpot

allocation if and only if
X; > 0and P(X; AX; >0) =0 for all ¢ # j, (9.6)

where a A b means min{a, b}. Therefore, being a jackpot allocation is a property of the joint
distribution of (X3,...,X,). The probabilistic mixture of two random vectors with joint
distributions F' and G is another random vector with joint distribution AF' + (1 — X\)G for
some A € [0, 1]. The next result yields that jackpot allocations are closed under probabilistic

mixtures. The same holds for scapegoat allocations by symmetry.
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Proposition 9.3. A probabilistic mizture of two jackpot allocations is again a jackpot allo-

cation.

For two general counter-monotonic allocations other than jackpot and scapegoat allo-
cations, their mixture is not necessarily counter-monotononic, even if they both belong to

the same type (9.3) or (9.4).

Next is our main result.

Theorem 9.1. Let Xi,..., X, € L' be nonnegative and X =" | X;. Assume that there
exists a uniform random variable U independent of X. Then, there exists (Yi,...,Y,) €
AL (X) such that (i) (Y1,...,Y,) is counter-monotonic; (i) Y; Zex X; for i € [n]; (iii)

Yi,...,Y, are nonnegative. Moreover, (Y1,...,Y,) can be chosen as a jackpot allocation.

Remark 9.2. The boundedness from below of X7, ..., X, is necessary to obtain the existence
of jackpot allocations. A similar statement can be made for scapegoat allocations, which
then requires the boundedness of Xy, ..., X,, from above instead (e.g., X; < 0 for all i € [n]).
The proof follows from observing that in this case, — X, ..., —X,, satisfies the assumptions

of Theorem 9.1 and is thus omitted.

Theorem 9.1 gives a converse to the comonotonic improvements for bounded random

variables. We obtain that jackpot allocations will always be preferred by risk-seeking agents.

Before moving on, we emphasize that the technical assumption that there exists a
uniform random variable U independent of X is not completely innocuous. Intuitively, we
can interpret it as assuming that any allocation (X7, ..., X,) € A,(X) can be “implemented”
with randomization devices like flipping coins or spinning roulette wheels. At a technical
level, this assumption guarantees that the inf-(sup-)convolution of law-invariant functionals

is law-invariant Liu et al. (see 2020).

9.4 Risk-seeking agents in expected utility theory

From now on, let us focus on X = L*°. Counter-monotonic allocations on probability

spaces are not necessarily interesting when we restrict our attention to the most popular
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preferences, which are modelled by concave Bernoulli utility functions. To see why, let
u; : R — R be a twice-differentiable Bernoulli utility function, assume that every individual
i € [n] shares the same risk attitude and consider the expected utility criterion p;(X;) =
E [u (X;)]. We can always trivially find counter-monotonic Pareto-optimal allocations when
all individuals are risk neutral. The reader can convince themselves by simply setting wu;
as the identity and observing that any allocation (Xj,...,X,) € A, (X) is Pareto optimal.?
Thus, anything goes with risk-neutrality, and there is little to say about counter-monotonicity

in this context.

As mentioned, a foundational result in risk-sharing is the comonotonicity of Pareto opti-
mal allocations when individuals are strictly risk averse. This result implies that there cannot
be counter-monotonic Pareto-optimal allocations (besides the trivial counter-monotonic al-
locations) when the utility functions are strictly concave. It thus seems natural to consider
strictly risk-seeking individuals. However, the next informal argument shows that Pareto-

optimal allocations do not exist in the general case.

Suppose that (Xi,...,X,) € A,(X) is Pareto optimal and consider two strictly risk-
seeking individuals i # j. We can construct another feasible allocation (X7,..., X/) € A, (X)
by finding a non-trivial partition AUB of 2 on which we create an arbitrary transfer of wealth
between ¢ and j. Say, if w € A, then 7 gives one billion dollars to j and vice-versa if w € B.
The strict convexity of u; and u; implies, by Jensen’s inequality, that both individuals are

strictly better off, contradicting the Pareto optimality of (X,..., X,,).

We know of two ways to make the problem sensible. The first is to impose lower
bounds on the allocation, so X; > a for a € R and i € [n]. The case a = 0 is of particular
interest because it can be interpreted as a no-short selling/borrowing constraint. The second
approach is to restrict the set of allocations by restricting the effective domain of u; we
emphasize that this is a common strategy in the empirical literature, where concave power
utilities u(x) = 2%, 0 < a < 1, are used extensively. In what follows, all utility functions are

mappings from R to R U {—oo0} and not constantly —oo.

Theorem 9.2. Let X > 0 in L™ and such that there is a uniform independent of it and let

2We implicitly consider a.s. bounded allocations.
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w; be increasing and strictly convex on [0,00) and taking value —oo for all x < 0 for each i.

Then all Pareto-optimal allocations are jackpot allocations.

It is straightforward to see that we obtain a similar result for risk-seeking agents if we

restrict the set of feasible allocations to allocations satisfying X; > 0, all i € [n].

Theorem 9.2 obtains that all Pareto-optimal allocations must be counter-monotonic
allocations with m; = 0 for all i € [n], i.e., jackpot allocation. It is natural to wonder whether
the converse is true, that is, whether all counter-monotonic allocations of X satisfying m; = 0,
all i € [n], are Pareto optimal. Proposition 9.12 in Section 9.9 shows that the answer is “Yes”
in the general case. However, the construction is technical, and the next proposition shows

the simplified case X =z > 0.
Proposition 9.4. Let x > 0 be given.
(i) If uy, ..., u, are strictly increasing and concave functions, then all comonotonic alloca-
tions of x are Pareto optimal.

(i) If uy,...,u, are increasing functions with u;(x) > u;(0), all i € [n] that are convex
on [0,00) and taking value —oo for all x < 0, then all jackpot allocations are Pareto

optimal.

While all the allocations found above are Pareto optimal, not all are equal from a welfare
point of view. When all agents use the same decision criterion and have the same Bernoulli

utility, we say that an allocation is fair if all agents achieve the same (Ex-ante) welfare.

Definition 9.3. Let all agents have the same decision criterion p and the same Bernoulli

utility function u. Then an allocation (Xi,...,X,,) is fair if p;(X;) = p;(X;) for all i # j.

We emphasize that this notion of fairness is cardinal, and so we only define it for the
case where every agent is identical in order to avoid general interpersonal comparisons of

welfare.

Definition 9.4. An allocation (X7, ..., X,) is distributionally fair if X; 4 X, for all @ # j.
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For a counter-monotonic allocation to be distributionally fair, one must thus require
that the underlying (A, ..., A4,) € II, be such that P(4;) = P(A;) = 1/n, all i # j. Clearly,
a counter-monotonic allocation is fair if it is distributionally fair, and all distributionally fair
allocations are fair when all agents share the same decision criterion and Bernoulli utility.
Equipped with this distinction, we close this section with an example that highlights the role

of counter-monotonic allocations as a different way to take convex combinations.

Example 9.1. Set x = 1 and consider the problem

to maximize ZE[U(XZ)] subject to (X1,...,X,) € A,(1) and Xy,..., X, > 0.

i=1
Set a; € R™ as a; = (1,0,...,0), as = (0,1,0,...,0), ... , a, = (0,...,1), and denote by

¢ the Dirac delta function. The collection (a;, da, )|, denotes all the allocations giving the

i€n
whole z = 1 to one agent with certainty and corresponds to all the extreme points of the
utility possibility set. With risk-averse agents, one must have comonotonic allocation, and
we are taking “convex combinations along the a;s”. In this case, the only fair comonotonic

allocation is the pair ((1/n, o 1/n), 5(1/,1’“,,1/”)) that gives everyone x; = 1/n with certainty.

Counter-monotonic allocations are like “taking convex combination along the d,,s”.

i.e. they must

In this case, all fair allocations must be like the allocation (a;,da,/n),cp, 1-

give z; = 1 to one agent with probability 1/n. With strictly risk-seeking agents, only this
type of “convex combination” preserves Pareto optimality. In the general case, the non-
atomicity of the probability space combined with the assumption that there exists a uniform
independent of X precisely guarantees that we can find these “convex combinations along

the probabilities”.

9.5 Discontinuous Bernoulli utilities

The previous section obtained the optimality of jackpot allocations when all agents
are risk-seeking (provided that Pareto-optimal allocations exist). These allocations have a
direct interpretation as a “winner-takes-all” lottery where a (random) prize is (potentially

non-randomly) given to only one winner. We now turn our attention to scapegoat allocations
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and present situations where they are optimal. In order to simplify the treatment, consider

the following:

Assumption 9.1. The probability space (Q, F,P) is atomless, the set of random variables
1s X = L, and X € X is such that there exists a uniform U independent of X.

The sequel always assumes Assumption 9.1.

9.5.1 Pareto optimal allocations with Dirac utility

For every i € [n] set the decision criterion p; : X — R as p;(X;) = E [ad{x,513]; we
will refer to these agents as Dirac agents. In Chapter 7, we considered the special case of
the risk-sharing problem with Dirac agents where X = 1 and X; > 0. We interpreted the
variable X = 1 as an indivisible good that was auctioned and the utility function as the
net utility of n agents with the quasi-linear utilities v(X,¢) = X — t having bid the same

amount 6 —t = «.

It is straightforward to see that the set
{(Tay,...,14,) € Ap(X): (A1,...,A,) €11,,}

consists of Pareto-optimal jackpot allocations. We thus interpreted the allocations satisfying
P(A;) = P(A;) for every i # j as the random tie-breaking rule. Those are distributionally
fair, and thus, they also are fair allocations because all agents have the same expected utility.
We observed that a fair lottery (which is counter-monotonic) is the only fair way to distribute

the indivisible good among people who value it equally.

This section analyzes further the problem of sharing risk among Dirac agents. We
assume « = 1 for simplicity and without loss of generality. We first establish that for every
X € X there exists a counter-monotonic allocation which is Pareto optimal. Let us first set
the Negishi weights to one so that we search for the allocations (X7, ..., X,,) that solve

to maximize Zpi(Xi) subject to (X1,...,X,) € A, (X).

i=1
Proposition 9.5. The allocation X1 = Xo = -+ = X, 1 =1 and X,, = X —(n—1) is

Pareto optimal.
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The trivial counter-monotonic allocation in Proposition 9.5 has the characteristic that

agent n above potentially gives everything to its peers. Notice now that
TX) ={(1a(X = (n=1) 4+ Dae,.... 14, (X = (n—=1)) + Lac) € Ap(X) : (Ayr,..., Ay) €11,,}

consist exclusively of sum-optimal allocations. We can interpret this set as the set of all
allocations that “randomizes who gets or loses everything”, much like drawing straws but

with potentially unfair probabilities. When P(X < n) = 1, the set T(X) boils down to
T(X) = {(ﬂA1(X - n) + 17 e '7]1An(X - n) + 1) € ATL(X) : (Ab B aAn) € Hn}a

the set of scapegoats allocations of X that are shifted so that it satisfies m; = 1, all i € [n].

Let A= (A1,...,\n), Ai > 0, be a vector of Negishi weights and f : X" x R, — R be

Z )\i]l{Xi>1}]
=1

for X = (X3,...,X,) € A,(X). By convention, we consider Ay, ..., A, in decreasing order.

fA(X):E

Proposition 9.6. If X* mazimizes fx(X) then X* also maximizes f1(X).

Proposition 9.6 informs us that with Dirac agents, it suffices to characterize the set of
sum-optimal allocations in order to understand the whole set of allocations that are sum-
optimal for some Negishi weights A. This, of course, means that T(X) contains all allocations

of interest.

While all the allocations in YT (X) maximize the sum of expected utilities, not all are
equal from a welfare point of view. Recall that a Rawlsian social welfare function considers
only the utility of the worst-off agent and that maximizing a Rawlsian social welfare function
involves focusing on allocations where p; = p;, all i # j.* This motivates our focus on fair

allocations, where in our case we have that an allocation (X7,...,X,) € A,(X) is fair if for

every i # j, i,j € [n], it is pi(X;) = pi(X;).

3In our context, a social welfare function W is a mapping (pi)ien) = P+ W(p) € R that ranks allocation,
so higher value are better. The Rawlsian social welfare function is W(p) = min;cp,{p;}. Thus if two
allocations X,Y are such that > i, p;(X;) = >0, pi(Y;), but X is fair and Y is not, then a Rawlsian

social welfare function ranks X strictly higher than Y.
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Since we assumed that there exists a uniform U independent of X, we can always find
a partition (Ai, ..., A,) € II,, independent of X such that P(A4;) = 1/n for all i € [n]. Thus,
the set T(X) always contains distributionally fair allocations that give the same expected

utility to all agents, and YT (X) always contains a fair allocation.

Proposition 9.7. If P(X < n) > 0 then there exists no allocation which is simultaneously

comonotonic, fair and sum-optimal.

To summarize, we obtained that the Pareto optimality of an allocation (Xi,...,X,)
requires that for every w € (2, there is at most one agent i € [n] for which X;(w) < 1. If
P(X < n) =0, one can always find comonotonic allocations (satisfying X; > 1, all i € [n])
that are Pareto optimal. In particular, fair ones exist. But when P(X < n) > 0, it is

no longer possible for a fair comonotonic allocation to have at most one agent ¢ for which

Xi(w) < 1.

The idea of a scapegoat allocation and of drawing straws to randomize the scapegoat
is quite alien to standard welfare analysis, and one might be interested in imposing a lower
bound on the allocation. Once again, the constraint X; > 0, all ¢ € [n], is particularly inter-
esting because it can be interpreted as a borrowing constraint. Clearly, imposing constraints
on the allocation can impact the aggregate welfare when P(X < n) > 0. While we do not
fully characterize the impacts of such constraints, we observe that they sometimes imply that

jackpot allocations are Pareto optimal, as in the auction example above.

Corollary 9.1. Let X > 0 and consider the constraints X; > 0, all i € [n]. If P(X <
2) = 1 then all Pareto-optimal allocations are payoff equivalent to a jackpot allocation: if

(X1,...,X,) is constrained Pareto optimal then there exists a feasible counter-monotonic

allocation (Y1, ...,Yy) such that p;(X;) = p(Y;) for alli € [n].

Next, we extend our analysis to piecewise linear Bernoulli utility with one jump.

9.5.2 Piecewise linear Bernoulli utility with one jump

Assume now that piecewise linear Bernoulli utility functions u;(X;) = a; X; 4+ bilx,>13,

so that p;(X;) = E[u;(X;)] = a;E[X;] + b,P(X; > 1). For simplicity, we assume that a; = a
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and b; = 1, for all i € [n]. These agents are a combination of risk-neutral agents and Dirac

agents, and it is easy to verify that p; is monotone.

Consider once again the set
TX)={(1a, (X —=(n—=1) +Tae,..., 14, (X —(n—1)) + Lac) € Ap(X) : (Ar,..., A,) €11, } .
As before, when P(X < n) = 1, the set T(X) boils down to

TX)={(14(X—n)+1,...,04 (X —n)+1) € A,(X):(A,...,A,) €1l,,},

the set of Pareto-optimal scapegoat allocations satisfying m; = 1, all i € [n]. Once again
by Assumption 9.1 we can find a partition (Ay,...,A4,) € II, independent of X such that
P(A;) = 1/n for all i € [n], so T(X) contains a fair allocation.

Suppose first that P(X < n) = 0. It is easy to verify that the comonotonic allocation
X; = X/n, i € [n], is Pareto optimal and fair. In other words, when P(X < n) = 0, the
problem goes in a similar fashion to the problem of sharing risk among Dirac agents. Our
interest thus lies again in the case where P(X < n) > 0. Let (Xy,...,X,) € T(X) be fair,
and for simplicity chose it so that (Ay,...,A,) € II, is independent of X. Computing the

expected utility for all i € [n] we have

E[u;(X;)] = aB[X;] + P(X; > 1)
= aB[l 40 + 14,(X — (n — 1))] + P(A7) + P(A)P(X > n)

= a (P(AY) + P(A)E[X] — P(A;)(n — 1)) + P(A7) + P(A)P(X > n)
_aE[X]+(n—-1)+P(X >n)

n

since P(A{) = (n — 1)/n = P(4;)(n — 1). Summing over i € [n] we obtain

> Eui(X)] = aB[X] + (n— 1) + P(X > n).

i=1
Proposition 9.8. Let P(X < n) > 0. Then a comonotonic and fair allocation (X1, ..., X,)

cannot be Pareto optimal.

To summarize, the key property of the jump in the Bernoulli utility function is that it

creates an incentive to concentrate losses on at most one agent. This property is not driven
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by the satiation of preferences, as was implicitly suggested by the risk-sharing problem with
Dirac agents, but rather by the sharp gains in utility at the discontinuity threshold. Thus,
when there is a positive probability of not having enough to share, the corresponding optimal
allocation cannot be simultaneously comonotonic and fair if it is to be Pareto optimal, as

the latter requires concentrating the losses.

9.6 Rank-dependent utility agent

We now analyze the problem of sharing risk among RDU agents. A function A : [0, 1] —
[0,1] is called a probability distortion if it is non-decreasing and satisfies h(0) = 0 and
h(1) = 1. An agent is RDU if its decision criterion is p,(X) = [w(X)dhoP, whereu : R — R
is a Bernoulli utility function, A is a probability distortion and where the integral is in the
sense of Choquet. When the Bernoulli utility function is linear, we obtain Yaari (1987)’s
dual utility with decision criterion p,(X) = [ X dh o P. Yaari agents are risk seeking (risk

averse) if the probability distortion function h is concave (convex). We remind the reader

Y

that when 0 < v < 1 the Kahneman-Tversky (KT) distortion function hxr(t) = (GEN RG]

is inverted S-shaped, i.e. concave-convex.

Assumption 9.2. The utility Bernoulli function u : R — R s increasing and differentiable
on [0,00), weakly concave, satisfies u(0) = 0 and such that u(z) = —oo for all x < 0. The

probability distortion function h : [0,1] — [0, 1] is concave-convex.

Notice that the exponential Bernoulli utility u(z) = 2 for 0 < a < 1 satisfies Assump-
tion 9.2. We emphasize that RDU agents satisfying Assumption 9.2 with u linear on [0, c0)

are not Yaari agents. This distinction will come back in our later discussion.

Denoting by Fi'(1—t) the quantile function of X, the quantile representation of pj,(X)

ph(X):/u(X)dhoP:/oooh(IP’(u(X)>t)) dt:/o w (F5'(1— ) dh(o).

We denote by h : [0,1] — [0,1] the concave envelope of h, which we define as the
smallest concave function such that h(t) < h(t) for all ¢t € [0,1]. We have that h = h** for
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h** the biconjugate of h; clearly h is a probability distortion. Since h dominates h pointwise

for any X € X we have

) = [P =0) R0 > [ u(FR = 0) dhio) = ()

and p; gives an upper-bound to the value attained by p;. By construction, if the Bernoulli
utility is linear, then the decision criterion p; behaves as a risk-seeking agent, similarly to
Section 9.4. Recalling the KT distortion hkr is always concave-convex when 0 < v < 1, with
strict concavity on a subset, we obtain that its concave envelope hxr is strictly concave on

a subset.

Our goal now is to find conditions guaranteeing the Pareto-optimality of fair jackpot
allocations. To do so we introduce a strengthening of the notion of distributional fairness:

Definition 9.5. A random vector (Xi,...,X,) € X" is exchangeable if (Xi,...,X,) <

(Xn(1), . ,X,r(n)) for all permutation = € &,, where &,, is the set of all permutations on [n].

Clearly if (X7, ..., X,,) € X" is exchangeable then X; 4 X;foralli# j,so(Xy,...,X,)
is distributionally fair. Suppose that X; > 0 for all i € [n| and that there is a uniform
distribution independent of (Xj,...,X,,). Then (Xj,...,X,) has an exchangeable counter-
monotonic improvement (Y7,...,Y;,) such that for all i € [n], ¥; > 0 and P(Y; > 0) = 1/n.
That is:

Corollary 9.2. In the setting of Theorem 9.1, we further assume that (Xi,...,X,) is ex-
changeable. Then, there exists an exchangeable jackpot allocation (Yi,...,Y,) € A, (X) such
that Y; 2 X; and P(Y; > 0) < 1/n fori € [n].

Having established that the counter-monotonic improvement of an exchangeable allo-
cation can be exchangeable, we now consider the risk-sharing problem with agents that have

a linear Bernoulli utility function on [0, 0o).

Theorem 9.3. Assume Assumptions 9.1 and 9.2. Let all agents be RDU agents with the
same wutility function u(zx) = ax for some a > 0 and probability distortion h such that h = h
fort €10,1/n]. Let (X1,...,X,) € A,(X) be a non-negative exchangeable allocation. Then
there exists an exchangeable jackpot allocation (Yi,...,Y,) € A,(X) that Pareto improves
upon (X1,...,X,).
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Theorem 9.4. Assume Assumptions 9.1 and 9.2. Let all agents be RDU agents with the
same utility function u(z) = ax for some a > 0 and probability distortion h such that h = h

fort €[0,1/n]. For X >0, there exists an exchangeable jackpot Pareto-optimal allocation.

Proof. We say an allocation (X, ..., X,) € A,(X) satisfying the following equation is a sum
optimal allocation for py:

h Xz = h Xz .
;ph( )= I;ggAn(X);ph( )

,,,,,

We first show that there exists a sum optimal allocation (X7,...,X,) € A,(X) for pj.
Asu(x) = —oo for z < 0, it is clear that p;(X;) < pp(X) foralli € [n]. Hence, > | pp(X;) <
npp(X) < oo for all (Xi,...,X,) € Ay (X). Let ux = sup{d> ., pp(X;); (Xy,...,X,) €
A, (X)}. For any € > 0, we can find X¢ = (X{,..., X¢) such that > " pp(Xf) > u* —
e. Now, take e = 1/m for m € N, we can get a sequence of random vectors {X™ =
(X7, ..., X™) bmen such that > " | pp(X[") > u* — 1/m for all m € N. By Helly’s Selection
Theorem, we can find a subsequence {X""* } ey such that {X"* },cn converges in distribution
to X = (Xy,...,X,). For any i € [n], we have {X"* }ren converges in distribution to X
and ess-sup(X;") < ess-sup(X) for all £ € N. Hence, {X, X[™, X["? ...} is h-uniformly
integrable and pj(X;™*) — p5(X;) as k — oo for all i € [n] by Wang et al. (2020b, Theorem
6). Furthermore, as > X" = X for all k > 1, we have > " | X; < X. Hence, we can
always find (X7,..., X}) with the same distribution as (Xi,...,X,) and >, X = X such
that

n n 1
3 3 ) = i 3 ) 3 i (= ) <
i=1 i=1

k—o00

Therefore, (X7,...,X}) is a sum optimal allocation for pj.

Let X = (XZys - Xo(ny) where (m(1),...,7(n)) is a random vector uniformly dis-
tributed in &,. Hence, it is clear that X' is an exchangeable allocation in A, (X) and the

marginals of X are

1 n
Fxn(z) = " ZE(QJ) for all i € [n] and z € R.

=1

That is, the distribution of X! is a mixture of the distributions of X7,..., X*. Since h

n*

is concave, we have p; concave on mixtures by Wang et al. (2020b, Theorem 3). Hence,
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pr (X)) = (1/n) 20 pia(X7) for all i € [n]. As a result, we have

ZPE(XZ-H) = npp(X7) = ZPE(X;) T > r(Xa).

X100 Xn) €A (X) =
Hence, X! is also a sum optimal allocation for pj.

Let Y = (Y1,...,Y,) be an exchangeable jackpot Pareto improvement allocation of X!

in Theorem 9.3. By the proof of Theorem 9.3, we have

Y;) = (Y > *XZ-H: max (X)) = max X;).
Zzlph( ) ;ph( ) izlph( ) (X1,...,Xn)€An(X)izlph( )/(XIPI.’XH)GMX)Z‘ZIPh( )

where the last inequality comes from h > h. As a result, we have Y satisfies

Yi) = X,).
izlph( ) (Xh._.’g?g?é%(m;ﬂh( )

That is, Y is a sum optimal allocation for p,. Hence, it is clear that Y is a Pareto optimal

allocation. n

A direct implication of Theorem 9.3 is that if an agent with a linear Bernoulli utility
uses a distortion function h that is strictly concave on the segment [0,1/n], then the same
agent precisely behaves as the risk-seeking agent of Section 9.4 when comparing the two

allocations.

When is n large and all agents have a linear Bernoulli utility, all fair Pareto-optimal
allocations are counter-comonotonic, and the exchangeable jackpot allocation strictly Pareto
dominates the exchangeable comonotonic allocation. Fair Pareto-optimal allocations thus
cannot be comonotonic. However, we can have non-trivial unfair comonotonic allocations

that are Pareto optimal:

Example 9.2. Assume all RDU agents have a linear Bernoulli utility function and the same
distortion function h. Let X > 0 and consider the following allocation: X; = X, = X/2
and for all 7 # 1,2, X; = 0. This allocation is non-trivially comonotonic, and one can build
a jackpot allocation where Y; = X1,4, and Yy = X1 ,4, with P(4;) = P(A4y) = 1/2. Yet,
the jackpot allocation need not improve upon the original allocation. This happens when

the condition h = h for t € [0,1/2] is not satisfied. The economic intuition is that the
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Pareto optimality of comonotonic allocations can happen when some agents have a large
enough share of the aggregate endowment so that gambling with others does not create a

high enough reward.

The symmetry of behaviour between RDU agents and the risk-seeking agents of Section
9.4 goes beyond the cases considered above. Yaari agents are strictly risk seeking when the
distortion function A is strictly concave, and we can reproduce the argument of Section 9.4
to show that Pareto-optimal allocations do not exist with strictly risk-seeking Yaari agents.
Pareto-optimal allocations also do not exist for Yaari agents with concave-convex distortions
when the number of agents n is large. This is seen by concavifying the distortion function
h and observing that if h is concave and n, our Yaari agents behave as risk-seeking agents.
Once again, the assumption that u(x) = —oo for x < 0 in Assumption 9.2 is instrumental in
guaranteeing that Pareto-optimal allocations exist; it might be replaced by constraining the

set of feasible allocations to non-negative allocations.

The observation that the exchangeable jackpot allocation sometimes leads to strict
Pareto improvements hints at the possibility that Theorem 9.3 might be extended to some
cases where the Bernoulli utility is strictly concave on [0, 00). While the general case is still
an open question, the next section’s cryptocurrency example shows that counter-monotonic
payoff can indeed be preferred by RDU agents with concave Bernoulli utility when we restrict

their choice set.

9.7 Cryptocurrency mining: to pool or not to pool

Let us consider n miners who need to decide whether they mine by themselves or join a
mining pool. For all i € [n], the actions set is A; = A = {H, P}, where H denotes mining by
themselves (from “Home”), and P denotes joining the pool. We consider two types of miners.
The first type of miner is behavioural, which we define as an RDU agent with concave-convex
probability distortion functions. Let y € R and let ¢, : [0,1] — R be ¢,(x) = h(z)u(y/x).

Behavioural miners satisfy the following assumption:
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Assumption 9.3. The utility Bernoulli function u : R — R is increasing and differentiable
on [0,00), weakly concave, satisfies u(0) = 0 and such that u(x) = —oo for all x < 0. The
probability distortion function h : [0,1] — [0,1] is concave-convex. Further, there exists a
unique a py € (0,1) such that for everyy >0, ¢,(x) decreases on (0,p) and ¢y(po) = ¢y(2)

for all z > pyg.

The second type of miner is the strictly risk-averse miner. We still denote by p(X) =
J u(X)dh o P their decision criterion to unify notation, but do not specify the shape of u or

h and simply assume that p is strictly risk-averse.*

Let k € N, denote the number of behavioural miners so that there are n — k miners
risk-averse miners. Each miner i € [n] has a computational power ¢;, and the probability of
mining the next coin is proportional to the total computing power as in Leshno and Strack
(2020). Normalizing > "  ¢; = 1 we can take an atomless probability space (2, F,P) and

define the event
A; :={w € Q: agent i mines the coin}

so that P(A;) = ¢;, all i € [n], and (Aq,..., A,) € II,. Let v > 0 denote the given value of
the coin. For all i € [n] we normalize the monetary payoff of mining from home as v1 4, and

set u;(0) = 0 so that the expected payoff of a home miner i is
pi(H) = hi(ci)ui(v) + (1 = h(c;))ui(0) = hy(ci)ui(v).

Let Po denote the set of agents that join the pool, i.e. Po = {i € [n] : a; = P}. We

assume that the pool uses the conditional mean risk-sharing rule so that the monetary payoff

of agent ¢+ € Po conditional on the pool mining the coin is E]_Ziio o Note that Ujepo A; is the
event that the pool mines the coin, and the unconditional monetary payoff of agent i € Po is
ve;
=1y, . 4,
ZjEPo Cj Jepe s

When Po is given the expected utility of miner ¢ € Po is thus

pi(P)=nh <Z c]-) U (ZU—?CJ> )

“The criterion p(X) = [u(X)dh o P can be risk-averse in the following three cases: (1) u concave and h

the identity; (2) u linear and h convex and (3) w concave can h convex.
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Since we focus on pure-strategy Nash equilibria, we slightly abuse notation and denote
by a; the strategy profile of agent i € [n] playing action a; with probability one.® Let
a—; = (a;)jz € A" 1 and let p; (a;,a—;) be the expected utility of action a; given the action
profile a_;. We let o; : A"' = A be the best-reply correspondence of agent i so that
o;(a_;) = argmax, c 4 pi(a;,a—;). A pure-strategy Nash equilibrium of the crypto mining

game is a profile of actions (af,...,a}) € A" such that for every i € [n], a} € 0; (a*;).

Notice now that

ve;

=1y . al|= Aj | =ve; =E[vly,]
D jeroCi ]] Z]EPO j <]go )

and vl ,, is a mean-preserving spread of Z ]lujeP 4; since both are Bernoulli random
jEPo o

E

variables.

Clearly if a_; = (H, ..., H) we have

ve;
Z Ca ]lUjGPo Aj
j€Po I

and p; (H,a_;) = p(P,a_;). The following lemma is thus trivial:

:U]IA.

1

Lemma 9.2. The action profile a* = (H, ..., H) € A" constitutes a Nash equilibrium.

The lemma means that it can happen that the pool never forms in equilibrium.

Proposition 9.9. Let agent i be strictly risk averse. Then

{H,P} ifa;=H forallj#i

g; (CL_Z‘ =
P otherwise

and P is a weakly dominant strategy for agent 1.

Of course, this implies that H is a weakly dominated strategy for risk-averse agents and
the Nash equilibrium (H,...,H) € A" does not survive the iterated elimination of weakly
dominated strategies. Further, if at least one agent chooses P, then all strictly risk-averse
agents choose P. The equilibria where all risk-averse agents choose P are thus of greater

interest.

SThat is, we denote by a; the strategy profile 6,,, where § is again the Dirac delta function.
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Proposition 9.10. Let agent i be a RDU agent with decision criterion py(X) satisfying
Assumption 9.3. Then

(1) If ¢; < po and ¢y(x) strictly decreases on (0,py) we have

{H,P} ifa;=H forallj#i

O'i(a_i =
H otherwise.

(i) If there is a p* € [0,1] for which h(t)/t is strictly increasing for t > p* and if ¢; > p*,
then
{H,P} ifa;=H forallj#i

O'i(CL,i) =
P otherwise.

We immediately obtain the following corollary:

Corollary 9.3. Let all behavioural agents j € [k] be such that ¢,(z) strictly decreases on
(0,p0) and such that c; € (0,pg). Then the action profile (a})icpn s a pure-strategy Nash

Equilibrium, where
H ifjek
P otherwise.

Moreover, (af)icn is the unique pure-strategy Nash Equilibrium left after performing the

iterated deletion of weakly dominated strategies.

The takeaway of Proposition 9.10 and its corollary is that behavioural agents can have
somewhat “bang-bang” strategies. On the one hand, they can behave as risk-seeking agents
and mine from home. This happens when they have proportionally small computing power
so that ¢; is in (0, pg) a subset of the concave part of h. This result both complements and
contrasts the results of the previous section, as RDU agents with strictly concave Bernoulli

utility functions can behave as risk-seeking agents when their choice set is restricted.

On the other hand, behavioural agents can strictly prefer to join the pool when their

computing power is large in proportion to the total computer power and their probability
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of winning is high. This happens for two reasons. First, when h(t)/t strictly increases for
t € [p*, 1], we have that ¢; € [p*, 1] corresponds to a set of probability where the agent is
risk-averse. While the effect of risk aversion is clear, a second, less obvious reason comes from
our assumption that the pool uses the conditional mean risk-sharing rule. This assumption
implies that the high contribution of player ¢ to the pool’s computing power translates into
a large share of the value of the coin. In other words, joining the pool lets player ¢ “hedge”
some of its risk. This property would not be obvious if the pool had a different risk-sharing
rule. For instance, imposing an upper bound on the share that each individual miner can

impact the equilibria.

The optimal strategy of behavioural agents is unclear when ¢; € (pg, p*). This is because
the best-reply of agent i can now vary as a function of the other agents” action. A complete
equilibrium analysis is out of the scope of this article, but we believe it would be interesting
to analyze the optimal pool formation as a function of both the computing power of the
agents, the risk-sharing rule and the ability to divide its computing power among different

pools.

9.8 Conclusion

Our main result, the counter-monotonic improvement theorem, lays the foundation
for analyzing risk sharing with counter-monotonic allocations, the most extreme forms of
negatively dependent allocation. This theorem allowed us to shed light on Pareto-optimal
allocations when the risk is to be shared among risk-seeking agents, agents with a discontinu-
ous Bernoulli utility function and RDU agents with inverted S-shaped probability distortion

functions.

However, these characterizations of counter-monotonic Pareto-optimal allocations beg
for more questions than it answers. Can competitive equilibria be counter-monotonic? If
yes, under which conditions? What happens if we lift the assumption of the underlying risk

and probability space that is well-understood by everyone?

The first two questions are natural extensions of our analysis of counter-monotonic risk

sharing. While we analyze the competitive equilibria with risk-seeking agents in Section
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9.9, it is unclear to us if and how these questions can be answered in the general case.
The key issue is finding a price vector, as this is usually done using fixed-point theorems
relying on some continuity property of the excess demand correspondence. Unfortunately,
we do not currently know how the excess demand correspondences behave in general, as the
Pareto optimality of counter-monotonic allocations requires “bang-bang” behaviour of the

underlying preferences of agents.

We have many reasons to believe that the counter-monotonicity of Pareto-optimal allo-
cations is possible when sharing risk under heterogeneous beliefs or ambiguity. Our stochastic
representation of counter-monotonicity holds on general measurable spaces, and a superficial
look at the no-betting allocations literature suggests that imposing strong assumptions on
the beliefs held by agents might do the trick. In the case of ambiguity-averse agents, Billot
et al. (2000) suggests that the emptiness of the intersection of the core of the agents’ ca-
pacity is likely to be a necessary condition for the Pareto optimality of counter-monotonic
allocations. This condition is unlikely to be sufficient, as this assumption does not rule out
the comonotonicity of some agents’ allocation. We hope that further investigations will shed
light on this issue, as a characterization of extreme betting behaviour with ambiguity-averse

agents would be highly counter-intuitive.

9.9 Competitive equilibria with risk-seeking agents

Fix an atomless probability space (€2, F,P). Let LY be the set of nonnegative random

variables in L* which are not constantly 0.

Assumption 9.4. All agents are expected utility agents with a common utility function u,
which is convex on [0,00). The total wealth in the economy is X € LY, and the vector of

initial endowment, denoted by (&1,...,&,) € Ay (X), has nonnegative components.

We always make the above assumption.
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9.9.1 Explicit construction of the equilibria

A pricing measure is a probability measure ¢ with Q(X > 0) = 1. Consider the

individual optimization problem for agent i € [n]:
maximize E[u(X;)] subject to E[X,;] < E[¢]; 0 < X; < X. (9.7)

The tuple (X, ..., X,, Q) is a competitive equilibrium if (a) individual optimality: X solves
(9.7) for each i € [n]; and (b) market clearance: Y ; X; = X. In this case, (Xi,...,X,) is

an equilibrium allocation, and Q) is an equilibrium pricing measure.

Proposition 9.11. Let Q be given by

dQ  u(X) 1
dP X Eu(X)/X]

with the convention 0/0 =0, (9.8)

and let

(X1, ., X)) = (X1a,,..., X14,)
(9.9)
for some (Ay, ..., A,) €11, such that E¢[X14,] = E®[&] fori € [n].

Then (X1,...,Xn, Q) is a competitive equilibrium.

Proof. Denote by z; = E?[§] and 2z = E[u(X)/X] > 0. It follows that
E°[X)] = E°[X14] = =,

and hence the budget constraint is satisfied for each i € [n]. Moreover,

E[u(X;)] = Efu(X)1,] = E {X“g)

11411 = ZEQ[X]IAZ.] = ZX;.

For any Y; satisfying 0 < Y; < X and the budget constraint E? [Y;] < x;, using the fact that

x +— u(x)/x is increasing, we have

E[u(Y;)] = E {X@} <E {Y%} = 2E9[Y;] < za; = E[u(X;)].

Therefore, (Xi, ..., X,, Q) satisfies individual optimality. Market clearance also holds, be-

cause » - Ty, =1. O

Remark 9.3. The proof of Proposition 9.11 only requires x +— u(x)/x to be an increasing

function. Under our assumption u(0) = 0, this is a weaker condition than convexity of w.
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9.9.2 Uniqueness of the equilibrium

Let £ be the set of random variables Y in LS such that there exists a standard uniform

random variable independent of Y.

Theorem 9.5. Suppose that u is strictly conver on [0,00) and X € L.

(1) All equilibrium allocations (X1, ..., X,) have the form (9.9).

(i) If at least two of &, ..., &, are not 0, then the equilibrium pricing measures is uniquely

given by (9.8).

Proof. (i) Let (X1,...,X,,Q) be a competitive equilibrium. By the counter-monotonic im-
provement theorem, there exists an allocation (Y3,...,Y,) € A, (X) such that Y; > X; and
Y; > 0 for each i € [n]. If EQ[Y;] < E9[¢] for some i € [n], then there exists b > 0 such that
EC[Y; + b(X —Y;)] < E9[&]. Hence, Y; + b(X —Y;) satisfies the budget constraint for agent

i. Moreover, by strict convexity of u (implying strict increasing monotonicity), we have
Elu(Y; + (X —Y5))] > Elu(Y;)] = E[u(X;)],

and hence X is not optimal for agent i, a contradiction. Therefore, we conclude that E?[Y;] >
EQ[¢] for all ¢ € [n]. Since > ;' | E9[Y;] = E¢[X] = >"" | E?[X;], we further obtain E¢[Y;] =
EQ[&] for all i € [n]. Hence, (Yi,...,Y,,) satisfies the budget constraint. For each i € [n],
individual optimality gives E[u(X;)] > E[u(Y;)] and convex order gives E[u(X;)] < E[u(Y;)],
together leading to E[u(X;)] = E[u(Y;)], and thus Y; 4 X,. The rest of the proof follows from
the same argument as Theorem 9.2, justifying that (Xi,..., X,) is a jackpot allocation, thus

with the form (X14,,...,X14,) in (9.9).

(i) Suppose that (X7,..., X, Q) is a competitive equilibrium. Using (i), we can write
(X1,..., Xn) = (X1y4,,...,X1,,) for some (Ay,...,A,) €11, in (9.9). Let P be the condi-
tional probability measure of P on {X > 0}, and let p = P(X > 0). Let n = dQ/dP and
define a probability measure R by

drR X
—_— p— Q
0" where ¢ = E¥[X],
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and Note that for any A € F, we have

Elu(X14)] = %EP[U(XM)] = %ER {j—g%uo{)m} = %ER {C“n(—)f)h} .

Denote by Z = cu(X)/(nX). Individual optimality of (Xi,...,X,) implies that for any
i € [n] and any A € F satisfying EQ[X14] < E¢[X1,,], we have

ER[Z14] = pE[u(X14)] < pE[u(X14,)] = ER[Z14,].

Note that E®[X1,4] < E¢[X1,,] is equivalent to R(A) < R(1,4,). Take A € F such that
R(A) = R(1,4,) and Z and 1,4 are comonotonic. Suppose that Z is not a constant. The
Fréchet-Hoeftding inequality gives

cov(Z,14,) = cov(Z,14) =0,

and cov(Z,14) > 0 if R(A) € (0,1). Since at least two of &, ...,&, are not 0, by (9.9), at
least two of Aj,..., A, have positive probability under R. Therefore, cov(Z,14,) > 0 for
at least one i. However, "  cov(Z,14,) = cov(Z,1) = 0, a contradiction. Hence, Z is a
constant. Therefore, 1 is equal to a constant times u(X)/X, showing that () has the form
(9.8). O

In case only one of &1,...,&, is not 0, say &;, the equilibrium allocation is X; = X and

X; =0for j € [n] \ {i}, and the equilibrium pricing measure is arbitrary.

The equilibrium pricing density d@)/dP is increasing in X, and which is more expensive
for states with larger X. This is in sharp contrast to the case of risk-averse expected utility

agents, where the pricing density is cheaper for states with larger X.

9.9.3 Existence of the equilibrium

The next lemma shows that the competitive equilibrium in Proposition 9.11 always

exists even without assuming the existence of a uniform random variable independent of X.

Lemma 9.3. For any probability Q, there exists (Ay, ..., A,) € I, satisfying (9.9).
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Proof. Let U be a uniform transform of X (i.e., Fx'(U) = X as. and U is uniformly
distributed on [0, 1]), and let A; = {0 < U < a;} where a; satisfies

/X]l{ogUgal} dQ = E°[4].

Since a — [ X1 {p<y<q) dQ is continuous on [0, 1] and takes value in [0, E?[X]], such a; exists.

Next, let Ay = {a; < U < ag} where ay satisfies

/X]l{alsUgaQ} dQ = E®[&).

Since a — [ X1{4,<v<qy dQ is continuous on [aq, 1] and takes value in [0, E9[X] — E9[¢,]]
(note that E¢[X] — EQ[¢,] > ERQ[&)]), such ay exists. Repeating this procedure yields the
desirable (Ay, ..., Ay,). O

Let @ be given in (9.8). Suppose X € L. In this case, the composition in Lemma 9.3 is
much simpler: we can take A; as an event independent of X with probability E?[¢;]/E@[X]
for each ¢ € [n]. Then, (X14,,...,X14,,Q) is a competitive equilibrium. It has a simple
interpretation: the probability of winning the jackpot reward for agent i is E?[¢;], which is
proportional to E[{u(X)/X]. In particular, if § = X/n for each i € [n], then we obtain a

fair (exchangeable) jackpot allocation.

9.9.4 Welfare theorems

We now establish the first welfare theorem.

Proposition 9.12. Fvery equilibrium allocation of X € L is Pareto optimal.

Proof. By Theorem 9.5, any equilibrium allocation (X, ..., X,) has the form (X;,..., X,,) =
(X14,,...,X1,,) for some (Ay,...,A,) € Il,. Note that

S Eu(X)] = 3" Elu(X)La] = Eu(X)].

Convexity of w implies u(x+y) > u(x)+u(y) for all z,y > 0. For any allocation (Yi,...,Y,) €

A, (X)),
S Eu(r)] —E | Y uv)| <E fu (z n) ~ (X)L
i=1 i=1 i=1
Therefore, (X7, ..., X,) is sum-optimal, and hence Pareto optimal. O

287



Proposition 9.12 also shows that all jackpot allocations are Pareto optimal in this setting.

Next we establish the second welfare theorem.

Proposition 9.13. Suppose that u is strictly convex on [0,00). Every Pareto-optimal allo-

cation of X € L is an equilibrium allocation for some initial endowments.

Proof. Suppose that (Xi,...,X,) is a Pareto-optimal allocation of X. By Theorem 9.2,
every Pareto-optimal allocation is a jackpot allocation; that is, it admits a representation
(X1,...,Xn) = (X14,,...,X1,,) for some (A4;,...,A4,) € II,,. Let @ be given by (9.8).

Further, let
Y EQ[X14,]
L ECX]
and & = ;X for each i € [n]. It follows that

EVLX;] = E°[X14] = a;E?[X] = E?[&,].

Therefore, (9.9) is satisfied. Using Proposition 9.11, we get that (Xi,...,X,, Q) is a com-

petitive equilibrium. O

To summarize all results, we obtain the following theorem.

Theorem 9.6. Suppose that u is strictly convex on [0,00). For an allocation of X € L, the

following are equivalent.

(i) It is Pareto optimal;
(i1) it is an equilibrium allocation for some initial endowments;

(iii) it is a jackpot allocation.

9.10 Omitted proofs

9.10.1 Proofs of Section 9.3

Proof of Proposition 9.2. The “if” part follows from the fact that > | X; = X and Theorem
7.1 of Chapter 7. We will show the “only if” part.
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Assume (X7,...,X,) € A,(X) is counter-monotonic. By Theorem 7.1 of Chapter 7.1,
there exists (A41,...,A4,) € 1I,, such that

X; = (X —=m)ly, +m; foralli€ [n],

where either m; = ess-infX; for i € [n] or m; = ess-supX; for i € [n], and m = >, m;. If
m; = ess-infX; for all ¢ € [n], we have m = > | ess-inf(X;) < ess-inf(} ) | X;) < ess-infX.
If m; = ess-supX; for all i € [n], we have m = ). ess-sup(X;) > ess-sup(d> ., X;) >

ess-supX. O

Proof of Proposition 9.3. Let (Z1,...,Z,) be a probabilistic mixture of (Xi,...,X,) and
(Y1,...,Y,), which are two jackpot allocations. It follows that Z; > 0 for all i € [n] and
P(Z;NZ; >0) = AP(X; AX; >0)+ (1= NP(Y; AY; > 0) =0 for i # j. Therefore, using
(9.6) we know that (Zy,...,Z,) is a jackpot allocation. O

Proof of Theorem 9.1. The case X = 0 is trivial and will be excluded below. Let U be a

standard uniform random variable independent of X . First we argue that we can assume that

U is independent of Xi,...,X,. Otherwise, we can find two iid standard uniform random

variables U and V independent of X, and (Xl, o ,Xn) measurable to o(X, V) such that

(Xl, . ,Xn,X) is identically distributed to (Xj,...,X,, X). Clearly, U is independent of

(Xl, X, X), and all desired statements follow if we could prove them for (Xl, o ,Xn)
Write

22:1 X
X

Define the event A; = {Z,_1 < U < Z;} for i € [n]. Clearly, A,..., A, are disjoint and

Z; = T{xs0y for i € [n] and Z, = 0.

P(Uie[n] A;) =1. Let Y; = X1 4, for i € [n]. It is clear that (Y;,...,Y},) is counter-monotonic.

For i € [n],

EY;| X1,.... X, =E [X1{z ,<v<zy | X1, .., X0

Xi
=EX(Z —-Zi1) | Xa,...,.X,] = XY]I{X>0} — X,

where in the last equality we used the fact that X; = 0if X = 0. Therefore, X is a conditional

expectation of Y;, yielding the desired order X; <. Y; via Jensen’s inequality. ]

289



9.10.2 Proofs of Section 9.4

Proof of Theorem 9.2. Suppose (X1,...,X,) € A,(X) is a Pareto-optimal allocation. By
Theorem 9.1, there is a jackpot allocation (Y3,...,Y,) € A,(X) such that for all i € [n]
and Y; 2 X;. As wu; is strictly convex, we have E[u(Y;)] = E[u(X;)] by Pareto optimality
of (Xi,...,X,). By Shaked and Shanthikumar (2007, Theorem 3.A.43), we obtain that
Y; =« X, in the usual stochastic order, and thus Y; 4 X;.

We now want to show that (X1,...,X,) is counter-monotonic. Let var and cov denote
respectively the variance and covariance. For any given 1 < 7 < j < n, we have that Y;
and Y; are counter-monotonic, X; = LY, and X; = Y Therefore, cov(X;, X;) > cov(Y;,Y;).
Furthermore, by the fact that Y"1 X; =>"" | Y; = X, we have

VM(X)ZVM(ZY;) ZZCOV Y \ZZCOVXZ,X —VM(ZX)—VM X).

=1 j=1 =1 =1

Hence, cov(X;, X;) = cov(Y;,Y;) for i, j € [n].

By the Hoeffding’s identity, we have for all 7 # j and
//(]P(X,. <LX; <) —P(Y <t)P(Y, <s)) dtds
_ //(P(m <4LY; <) —P(X; <OP(X, < s)) dtds.

Given that (Y;,Y;) and (X;, X;) have the same marginals and (Y;,Y;) is counter-monotonic,
we have P (X; <t,X; <s) > P(Y; <t,Y; <s). Therefore, we have P(X; <, X; <s) =
P(Y; <t,Y; <s) for almost every t,s € R. Thus, for every i # j, it is P(X; > 0,X; > 0) =
P(Y;>0,Y; >0) = 0 and (Xy,...,X,) is counter-monotonic, and further it is a jackpot

allocation by (9.6), as desired. O

Proof of Proposition 9.4. (i) It is clear that any comonotonic allocation of z is the set of

(z1,...,2,) € R" such that )7 | X; = x. We first assume that the allocation (z1,...,z,) €

R™ is not Pareto optimal; that is, there exists (Y3,...,Y,) € A,(z) such that E[u;(Y;)] >

E[u(z;)] = u(z;) for all i € [n], with strict inequality for some i € [n]. Let y; = E[Y;] for
€ [n]. We have that (y1,...,yn) € A,(X) because

> u=Y BW=E |3
=1 i=1 =1
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Since w; is concave we obtain that u(y;) > Elu(Y;)] = u(x;) for all i € [n], with u(y;) > u(x;)
for some ¢ € [n]. Furthermore, as wu; is strictly increasing, we have y; > x; for all i € [n]
and y; > x; for some i € [n]. Therefore, > "  y; > > " | x; = x, a contradiction. Hence, the

allocation (z1,...,x,) € R™ is Pareto optimal.

(ii) Let (Xy,...,X,) € A, (z) be a counter-monotonic allocation of x satisfying m; = 0

for all i € [n]. By Proposition 9.2 we have
(X1,...,Xn) = (2la,,...,21,,) for some (Ai,..., A,) €l1l,.

Let p; = P(X;) for i € [n]. We have Y p; = 1.

Assume that (Xi,...,X,) € A,(x) is not Pareto optimal. There is a (Y3,...,Y},) €
A, (x) such that E[u;(Y;)] = Elu;(X;)] = piwi(z) + (1 — p;)u(0) for all i € [n], with strict
inequalities for some i € [n]. It is clear that Y; > 0 for all ¢ € [n]. By Theorem 9.1, we
can always find a nonnegative counter-monotonic allocation (Y7,...,Y,) € A, (x) such that

Y/ 2 Yio As > Y =z, we have

)

(2

Y/ = (x — m)1p, + m; for some my,...m, >O,m22m<x, and (By,...,B,) € 11,.
i=1

Furthermore, it is clear that the allocation (Yl, . ,Yn> = (zlp,,...,zlp,) € A,(x) satisfies
E [u (y)] > E[u; ()] > Efu;(X;)] for all i € [n] and E [u (y)} > E[u;(X;)] for some
i € [n]. Let ¢; =P(B;) for i € [n] so we have > " ¢ = 1. On the other hand, we also have

~

ats(2) + (1= ¢)us(0) = E |u; (V)] > Elu(X0)] = pias(2) + (1 = p)us(0)

for all ¢ € [n] and strictly inequalities hold for some i € [n]. That is, we have ¢; > p; for all
i € [n] and ¢; > p; for some i € [n]. As aresult, > .© ¢ > Y. p; = 1, a contradiction.

Hence, (X7,...,X,) is Pareto optimal. ]

9.10.3 Proofs of Section 9.5

Proof of Proposition 9.5. The allocation (X7, ..., X,) is feasible because > | X; =n—1+
(X —(n—1)) = X. Notice that since for all i € [n — 1] it is P(X; = 1) = 1 and since
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P(X, > 1) =P(X > n) it holds that

D p(X) =) P(X;21)=n—1+P(X >n).
=1 =1

Consider an alternative allocation (Y1, Y3, ..., Y,,) that satisfies the feasibility condition ) ;. | Y; =
X. Itis

sz’(Yz‘) = ZP(Y =1

and (Y7,...,Y,) cannot strictly improve upon (Xi,..., X,). O

Z 1%21}] n—1+PX >n)

Proof of Proposition 9.6. Suppose by contraposition that X* does not maximize f;(X). Re-
calling that maxx f1(X) = n — P(X < n) we have that

Z 1{X;>1}] = Zpi
=1

i=1

n—PX <n)>E

for p; = P(X; > 1) € [0, 1]. Rearranging the previous inequality yields > "  (1—p;) > P(X <
n). Let Aj,..., A, be in decreasing order and notice that

SN =p) =D Al —pi) > MPX <n).

i=1 i=1
Rearranging the previous inequality we have

max f (X ZA—APX<n Z)\sz—

=1

Z Aiﬂ{Xj>1}] = [r(X7),
=1

and hence X* does not maximize fx(X). O

Proof of Proposition 9.7. Suppose by contradiction that (X, ..., X,) is a comonotonic, fair

and optimal allocation.

Fairness implies that P(X; > 1) = --- = P(X,, > 1). We claim that comonotonicity of
Xi,...,X, implies that {X; > 1} = {X; > 1} for any ¢,j = 1,...,n; otherwise, there exist
we{X; > 1\ {X; > 1} and ' € {X; > 1} \ {X; > 1} such that (X;(w) — X;(w))(X;(w') —
X;(w")) < 0. Therefore, P(X; > 1) =P(X >n) for all i = 1,...,n. This implies

E zn:]l{xi>1}] = n(l — ]P’(X < n)) <n-— P(X < n)

i=1

which shows that (X7,...,X,) is not optimal. O
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Proof of Corollary 9.1. Assume that (Xi,...,X,) € A, (X) is a constrained Pareto-optimal
allocation. Let A; = {X; > 1}. As X; > 0 and P(X < 2) =1, we have P(4,NA;) = 0 for all
i,j € [n] such that i # j; otherwise, we will have P(X > 2) > 0. Let B; = (ﬂ#z AC) N A;.

It is clear that By, ..., B, are disjoint. Furthermore,
P(A;) = P(B;) + P (Ai N (U Aj>> —P(B;) +P <U AN Aj> = P(B;).
ji j#i

Let X =>"" | X;. Take the allocation
Yi=Xlp, forien—1]and ¥, = X1g\ jn-1 5.

It is clear that (Yi,...,Y,) € A,(X). Note that B; C A; C {X > 1} for i € [n]. For

i €[n—1],
PY;,21)=P(X1lp, >21)=P{X >1}nNB;) =P(B;) =P(X; > 1).

For i =n, as B, C Q\ U;:ll B;, we have

P(Y,>1)=P ({X >1}n <Q\UBZ->> > P(B,) =P(X, > 1).

Hence, p;(V;) = pi(X;) for all i € [n]. As (Xi,...,X,,) is Pareto optimal, we have p;(Y;) =
pi(X;) for all i € [n] O

Proof of Proposition 9.8. Fairness implies that aE[X ]| +P(X; > 1) = --- = aE[X,,|+P(X,, >
1). We claim that comonotonicity of X, ..., X, implies that {X; > 1} = {X; > 1} for any
i,j =1,...,n; otherwise, there exist w € {X; > 1}\{X; > 1} and v’ € {X; > 1} \ {X, > 1}
such that (X;(w) — X;(w))(X;(w") — X;(w')) < 0. Therefore, P(X; > 1) = P(X > n) for all
1 =1,...,n. Summing we have

n

> (aE[X] +P(X; > 1)) = aB[X] + ip(xi > 1) = aE[X] + nP(X > n).

i=1
Since P(X > n) < 1, the allocation (Y1,...,Y,) = (Iyc 4+ 14,(X — (n — 1)))icp Pareto
dominates (X1, ..., X,), where (Ay, ..., A,) € II,, issuch that P(4;) = 1/nforalli € [n]. O
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9.10.4 Proofs of Section 9.6

Proof of Corollary 9.2. Following the proof of Theorem 9.1, we have

X

- w[E]

]P)(Al) = E[E[]lziﬂ X

X

Since (X7, ..., X,,) is exchangeable, we have P(A4;) = P(A;) for alli # j. Hence, (Y1,....,Y,) =
(X1g4,,...,X1,,) is an exchangeable jackpot allocation with Y; > X; for all i € [n]. As

Ay, ..., A, are disjoint and (Y7, ...,Y,) is exchangeable, we have
P(Y; > 0) Z P(Y; > 0) (U A; )
for all i € [n]. Hence, we have (iv). O

Proof of Theorem 9.3. By Corollary 9.2, there exists an exchangeable jackpot allocation
(Y1,...,Y,) € A, (X) such that Y; > X; and P(Y; > 0) < 1/n for all i € [n].

As h > h, we have p,(X) < pp(X). Since P(Y; > 0) < 1/n, we have P(u(Y;) > 0) =
P(Y; > 0) < 1/n. Given that h = h for t € [0,1/n], we have

pv) = [T > 0) b= [TRE@) > 0) de= 0,

AsY; >, X;, we have u(Y;) = aY; >« aX; = u(X;). By the fact that h is concave, we
get pi(Y:) = pp(X;). In conclusion, we have p,(X;) < pip(Xi) < pp(Y:) = pn(Y;) for all
i € [n]. O

9.10.5 Proofs of Section 9.7

Proof of Proposition 9.9. Suppose there is a j # i such that a; = P. Then, it is clear

that vla, >, and by strict risk-aversion we have p; (P,a_;) > p; (H,a_;), as

1. )
jePo ¢ UjePo 4

desired. []

Proof of Proposition 9.10. (i) If ¢; < po then by Assumption 9.3 we have

pi(H,a_;) = u;(v)hi(c;) = u; <Uc—fl) hi(c;) = w; (Z ) ) (Z cj> = pi(P,a_;).

j€Po

294



If there is at least one coplayer j # i such that a; = P then the strict inequality obtains

whenever ¢, strictly decreases on (0, pp).

(i) By concavity of u we have au(z/a) > bu(z/b) for a > b. Suppose there is a p* € [0, 1]
for which h(t)/t is strictly increasing for ¢ > p*. If ¢; > p* and there is at least one agent in

the pool, we obtain

Pi(H7 G—i) = Cily <UC_C:> hZSJ < (Z Cj> Uy (ZvCi > " (zjzijo;j) = pi(Pa Cl—z’)-

j€Po Cj

Hence, o;(a_;) = P. O
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Chapter 10

Invariant correlation under marginal

transforms

10.1 Introduction

The (Pearson) correlation coefficient is one of the most popular measures of quantifying
the strength of statistical dependence. It is also called the linear correlation coefficient,
reflecting on the fact that it measures linear dependence among random variables. As such,
the correlation coefficient is preserved under common linear transforms. When non-linear
transforms are applied, the correlation coefficient typically changes except some specific
dependence structures such as independence. In fact, this invariance is a useful and notable
property of independent samples, and plays a fundamental role in statistics and probability

theory.

To define this invariance property more formally, a d-dimensional random vector X =
(X1,...,X4) with Var(X;) € (0,00), ¢ € [d] = {1,...,d}, is said to have an invariant

correlation matrix R = (7;;)axaq if
Corr(X;, X;) = Corr(g(X;), 9(X;)) = 1ij (10.1)

for all measurable functions ¢ : R — R such that Corr(g(X;), g(X;)) is well defined for all

i,7 € [d]. Although this property appears strong, it is satisfied by some specific models
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existing in the literature. One example is the dataset with duplicate records, where some
individuals appear multiple times. Such a dataset may arise when the data are collected
from multiple sources and curated by multiple groups. This phenomenon of sample duplica-
tion also occurs in bootstrap samples where observations are resampled with replacement.
Another example is the conformal p-value, a useful statistical tool in machine learning and
non-parametric inference (Vovk et al., 2005). The recent work Bates et al. (2023) showed
that (10.1) holds for a set of null conformal p-values to discuss a broad class of combination

tests.

Motivated by these specific models, this chapter addresses the following questions. (i)
How large is the class of models with this invariance property? (ii) Whether and how is this
property connected to other dependence concepts? (iii) How can we leverage this property
in statistical applications? (iv) What if the invariance property is confined to a smaller class

of transforms relevant for applications, such as the class of monotone transforms?

Since (10.1) is essentially a bivariate property, we first focus on the case when d = 2. It
is straightforward to check that a pair of random variables (X, Y’) has an invariant correlation
r € [—1,1] if X and Y have an identical marginal F' and their joint distribution H is given
by

H(z,y) =rmin(F(z), F(y)) + (1 —7)F(z)F(y), z,ye€R (10.2)

We say that this model or its distribution is r-Fréchet due to its connection to the Fréchet
copulas; see Denuit et al. (2005); Yang et al. (2006) for applications in risk modeling. If
r € [0, 1], this model is a probabilistic mixture of comonotonic and independent cases, where
two random variables X and Y are said to be comonotonic if X = f(Z) and Y = h(Z)
for some random variable Z and two increasing functions f,h : R — R. All terms like

“increasing” and “decreasing” are in the non-strict sense in this chapter.

Since invariant correlation is a strong property, one may wonder whether models of
the form (10.2) are exhaustive. It turns out that this is not the case, but not far away
from the truth. As one of our main contributions, we give a complete characterization of all
bivariate random vectors having an invariant correlation (10.1) using the asymmetric analogs

of independence and the r-Fréchet model, which we call quasi-independence (Definition 10.2)
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Table 10.1: Summary of characterization results for bivariate distributions with invariant
correlation, where QI stands for quasi-independence, QF stands for the quasi-Fréchet model,
IN stands for independence, IS stands for models with identical marginal supports, and @

means no such model.

marginals F, G r=20 r#0
F=¢G QI (Theorem 10.1/10.3)  QF (Theorem 10.3)
both are bi-atomic IS (Proposition 10.5)

IN (Proposition 10.4)
F # G | precisely one is bi-atomic

@ (Theorem 10.2)

both are not bi-atomic QI (Theorem 10.1)

and the quasi-r-Fréchet model (Definition 10.3), respectively. Our characterization results
are summarized in Table 10.1. We prove that zero invariant correlation is equivalent to quasi-
independence if neither of the marginals is bi-atomic (i.e., supported on two-points), and to
independence otherwise. We also find that, for non-identical marginals, non-zero invariant
correlation is not possible except when both marginals are bi-atomic. For the case of identical
marginals, it turns out that a model has a non-zero invariant correlation r if and only if it
is quasi-r-Fréchet. In particular, when X and Y are exchangeable (i.e., (X,Y) 4 (Y, X),
where < stands for equality in distribution), then the r-Fréchet model (10.2) characterizes

the model (X,Y) with invariant correlation r.

Such a complete characterization cannot be expected for a general multivariate case
since (10.1) is a requirement on bivariate margins. For a general d > 2, we prove that the set
of all invariant correlation matrices attained by random vectors with continuous marginals
coincides with the clique partition polytope (Grotschel and Wakabayashi, 1990). Based on
this characterization, we provide a numerical procedure to check whether a given matrix is

admissible as an invariant correlation matrix. For k£ € N and iid observations Y7, ..., Y, from
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a continuous and strictly increasing distribution F', we then consider the model:
X=TIY=(ZY,...,Z)Y), wherel' = (Z,...,Zy)" and Y = (Y1,...,Y;)", (10.3)

with Z;, i € [d], being {0, 1}*-valued Bernoulli random vector such that Z/Z; = 1 and
I’ being independent of Y. We show that the model (10.3) has an identical marginal F
and an invariant correlation matrix; moreover, for £ > d, this model accommodates any
admissible invariant correlation matrix. In addition, we show that this model has positive
regression dependence (Lehmann, 1966), an important dependence concept for controlling
p-values in the context of multiple testing (Benjamini and Yekutieli, 2001). By associating
the model (10.3) with a dataset containing duplicate records, we then apply our results to the
problem of sample duplication, which is known to have adverse effects in statistical inference
and machine learning (Allamanis, 2019; Zhao et al., 2021). We exemplify how to leverage

the invariant correlation property of such a dataset for more efficient statistical inference.

In many applications, only increasing transforms of the random variables are relevant
since non-increasing transforms do not preserve the joint distribution of the ranks of the vari-
ables. In view of this, we also study a variant of invariant correlation where we require (10.1)
to hold only for increasing transforms instead of all transforms. By definition, this require-
ment is weaker than the original invariant correlation property (10.1). A natural question is
whether this formulation allows for more models than those characterized by (10.1). It turns
out that invariant correlation confined to increasing transforms does not accommodate more

models except for the case when both random variables are bi-atomic.

This chapter is organized as follows. In Section 10.2, we begin with introducing nota-
tion, definitions and basic properties of invariant correlation. Section 10.3 is then devoted to
a full characterization of invariant correlation in the bivariate setting. Invariant correlation
matrix is studied in Section 10.4, where a model admitting any prescribed invariant corre-
lation matrix is proposed. This section also explores positive regression dependence of this
model and an application to the problem of sample duplication. Section 10.5 provides the
characterization of invariant correlation under increasing transforms. Discussion and direc-
tions for future research are given in Section 10.6. Proofs and auxiliary results are deferred

to Sections 10.7 and 10.8.
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10.2 Definitions and basic properties

In this section, we provide definitions and basic properties of invariant correlation and
related models. We fix an atomless probability space (£2,.4,P) throughout this chapter.
Denote by £2 the set of all non-degenerate real-valued random variables with finite variance.
For d € N, denote by B(R?) the Borel o-algebra on R?. We also write 04 = (0,...,0)" and
1= (1,...,1)7 for the d-dimensional vector of zeros and ones, respectively. For a random

vector X, denote by F¥x its distribution function.

For X,Y € L2, the Pearson correlation coefficient of (X,Y) is

cov(X,Y)

Corr(X,¥) = var(X)var(Y)

We are interested in the following invariance of correlation under certain transforms of (X, Y).
In this context, we call a function g : R — R admissible (for (X,Y), omitted if clear) if it is
measurable and Corr(g(X), g(Y)) is well defined, i.e., g(X),g(Y) € £2. Strictly monotone

functions with bounded derivatives are always admissible.

Definition 10.1. Let r € [—1,1]. A bivariate random vector (X,Y’) is said to have an

mwvariant correlation r if

Corr(X,Y) = Corr(g(X),g(Y)) =r for all admissible functions g. (10.4)

The set of all bivariate random vectors with invariant correlation r is denoted by IC,.
Moreover, let 1C = UTG[_M] IC,., which is the set of all bivariate random vectors having any

invariant correlation.

The concept of invariance correlation can be naturally formulated dimension larger than
2. For d > 2, a d-dimensional random vector X is said to have an invariant correlation matriz
R = (rij)axa if (X;,X;) € IC
is denoted by ICg. For a distribution function H on R?, we write X ~ H if X is distributed

r,,; for every pair (i, j) € [d]*. The set of all such random vectors
according to H, and H ~ ICg means X € ICp for some X ~ H. Denote by 104 = URePd 1Cpr
the collection of all d-dimensional random vectors with invariant correlation matrix, where
P, is the set of all d x d correlation matrices. A measurable function ¢ is admissible for X

if g(X;) € L£? for each i € [d]. Note that IC* = IC is a special case. Although the problem
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of invariance correlation is more general in dimension d > 2, its theoretical challenge lies

mostly in the case d = 2, because the correlation coefficient is naturally a bivariate concept.

Let us first look at a few basic examples of invariant correlation.

Example 10.1. If a d-dimensional random vector X = (X7, ..., X) is independent, then so
is (9(X1),...,9(Xy)) for every measurable g. Hence, we have X € ICy,, where [; = diag(1q).
In dimension d = 2, we have (X, X») € 1Cy.

Example 10.2. Suppose that A is a random event with P(A) = r € Z, and let X =
(X,...,X) and X+ = (X1,..., X,), where X, X;,..., X, are iid random variables indepen-
dent of A. Let

Y =(Y1,...,Y) = X1 4 + X 1 4. (10.5)

It is easy to verify that, for 4, j € [d], i # j, and for every admissible g,

cov(g(Y;),g(Y;))  var(g(X))P(A)

arg(X) . vargx)) =T

Corr(g(Y;),9(Y;)) =

Hence, we have Y € IC? where all off-diagonal elements in the invariant correlation matrix

equal r.

The following simple properties follow directly from the definition of invariant correla-

tion, and will be used repeatedly in the subsequent analyses.

Proposition 10.1. If X = (Xy,..., Xy) € ICg for R € Py and h is an admissible function
for X, then (h(Xy),...,h(X4)) € ICk.

For a d-dimensional random vector X, its copula C is a distribution function on [0, 1]¢
with standard uniform marginals such that Fx(zi,...,z,) = C(Fi(x1),...,F,(x,)) for
(x1,...,2,) € R" where Fi,..., F, are the marginals of X; see Joe (2014) for background
on copulas. A copula of X is unique on Ran(F}) X - - - x Ran(Fy), where Ran(F') is the range
of a distribution funtion F. In particular, if X has continuous marginals, then its copula
is unique. It is known that every d-dimensional copula C satisfies Wy(u) < C(u) < My(u)
for all u = (uy...,ug) € Z% where Wy(u) = max(u; + -+ +ug + 1 — d,0) and My(u) =

min(uy, ..., uq) are called Fréchet bounds. Note that My is a d-dimensional copula for every
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d > 2, and W, is a copula only when d = 2. These bounds, together with the independence

copula Tz(u) = H?Zl u;, u € Z% play fundamental roles in dependence analysis.

For d = 2, we write M = M, II = II, and W = W, in short. A (bivariate) Fréchet

copula is a 2-dimensional copula defined as
CES<U, v) = rM(u,v) + sW(u,v) + (1 —r — 8)I(u,v), (u,v) € I? (10.6)

which is parametrized by r,s € Z such that r +s < 1. If s = 0 in (10.6), a Fréchet copula
is called positive and we denote it by C¥. In fact, when d = 2 and the identical distribution
of X, X, X, in Example 10.2 is continuous, then X and X* has the copula M and II,
respectively. Moreover, the copula of Y is the positive Fréchet copula CY. Tt is easy to see
that a bivariate random vector (Y}, Y3) has a positive Fréchet copula CF if and only if the
stochastic representation (10.5) with d = 2 holds almost surely for some event A such that

P(A) =r.

Let X be a random vector with continuous and identical marginals. A useful conse-
quence of Proposition 10.1 is that it suffices to consider the copula of X to analyze invariant

correlation of X.

Corollary 10.1. Suppose that X ~ H has identical continuous and strictly increasing
marginals, a correlation matric R € Py and a copula C'. Then H ~ ICg if and only if

C ~ ICp.

We next introduce some special structures on bivariate distributions, which turn out to
be equivalent to invariant correlation in Sections 10.3 and 10.5. We first present a concept

of dependence which is close to independence.

Definition 10.2. We say that a random vector (X,Y) ~ H with marginals F' and G is

quasi-independent if

H(z,y)+ H(y,x) = F(x)G(y) + F(y)G(z) for all z,y € R. (10.7)

By a standard probabilistic argument, (10.7) is equivalent to
PXeAYeB)+P(XeBYecA)=PXecAPY e€B)+P(XeBPY A (10.8)
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for all A, B € B(R); see Lemma 10.1 in Section 10.8.1. Clearly, independence implies quasi-
independence, but the opposite implication is not true. Quasi-independence plays an impor-

tant role in characterizing the dependence structure for (X,Y") € IC,.

We then consider an extension of the positive Fréchet copula so that the marginals are
not standard uniform and the dependence structure is not exchangeable. Note, however,

that the marginal distributions are assumed to be identical in the following concept.

Definition 10.3. Let (X, Y) be a random vector with identical marginal F' and joint distri-
bution H. We say that (X,Y) is quasi-r-Fréchet for some r € [—1,1] if

H(z,y) + H(y, x)
9

=rmin(F(z), F(y)) + (1 = r)F(z)F(y), forall z,y €R. (10.9)

The need to introduce quasi-independence and quasi-Fréchet model stems from the
permutation invariance of the correlation coefficient Corr(X,Y’) = Corr(Y, X), that is, corre-
lation coefficient does not capture directional (non-exchangeable) dependence. Note that we
require identical marginals of (X,Y") in the quasi-Fréchet model, but no such requirement is
imposed on quasi-independence. When (X,Y’) has an identical marginal, the quasi-Fréchet

model with » = 0 reduces to quasi-independence.

Denote by i, g4 and ) the probability measures induced by the cumulative distribution
functions H, H, and H,, respectively, where H(x,y) = min(F(z), F(y)) and H, (z,y) =
F(z)F(y), (z,y) € R. By the standard measure-theoretic argument (see Lemma 10.2 in
Section 10.8.1), we have that the condition (10.9) is equivalent to

(A x B)+ p(B x A)
2

=ru(AxXB)+(1—r)u (Ax B), foral A B e B(R). (10.10)

The term “quasi-Fréchet” reflects its connection to the Fréchet copula in (10.6), although
here r may be negative. When (X,Y") is exchangeable, the quasi-r-Fréchet model reduces
to (10.2), which again yields the positive Fréchet copula C¥ when the identical marginal is

the standard uniform.
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10.3 Bivariate invariant correlation

In this section we focus on the bivariate case d = 2. We will characterize dependence
structures of bivariate random vectors (X,Y) with invariant correlation. The main results
of this section are summarized in Table 10.1. For a random variable X, the support of the

distribution of X is given by Supp(X) ={z e R:P(x —e < X <x +¢) >0 for all ¢ > 0}.

10.3.1 Zero invariant correlation

We first characterize the joint distribution in the case (X, Y') has an invariant correlation

0. As we will see later, this case is fundamentally different from the case r # 0.

In Example 10.1, we have seen that (X,Y) € ICy if (X,Y) is independent. A natural
first question is whether independence is the only possibility for ICy. In the next result, we

show that zero invariant correlation is equivalent to quasi-independence.

Theorem 10.1. For X|Y € L2, (X,Y) € ICy if and only if (X,Y) is quasi-independent.

For a random vector (X3, X3), we call (X, X,,) the random rearrangement of (X, Xs),
where (71, 79) is a random vector uniformly distributed on {(1,2),(2,1)} independent of
(X1, X5). Although quasi-independence does not imply independence, the following propo-
sition shows that quasi-independence of (X7, X5) implies independence of its random rear-

rangement if X; and X, have the same distribution.

Proposition 10.2. Suppose that X1, Xy € L? have the same distribution. Then (X1, Xs) €

ICq if and only if its random rearrangement is independent.

In particular, if (X7, X3) is exchangeable, that is, (X, X7) 4 (X1, X3), then zero invari-

ant correlation is equivalent to independence.

Let |A] be the cardinality of a set A C R; |A| = oo if A is infinite. A random variable
X is n-atomic if |Supp(X)| = n; that is, its distribution is supported on n distinct points.
We use the term “bi-atomic” in case n = 2 and “tri-atomic” in case n = 3. These terms are
applied to both random variables and their distributions. Theorem 10.1 identifies the joint

distribution of (X,Y’) € ICy when X and Y are atomic random variables.
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Proposition 10.3. Suppose X is m-atomic and Y is n-atomic with 2 < m < n. Let
P = (pij)nxn with p;j = P(X = x;,Y =y;) fori € [m], j € [n] and p;j =0 form < i < n,
j€ln]l, p=P1, and q= P'1,. Then the followings are equivalent.

(1) (X,Y) € ICy.
(ii) P+PT =pq' +qp’.
(iii) P =pq' + S, where S = (8ij)nxn satisfies: (a) piqj + sij = 0 for each (i,j); (b) each

of its row sums and column sums is 0; and (c) s;j; = —sj; for each (i,7), i.e., S is

anti-symmetric.

For the special case m = n = 3 and x; = y; for i € [3], we have an explicit representation

for the probability matrix P in Example 10.3.

Example 10.3. Assume that X and Y are tri-atomic random variables with identical sup-
ports. Then, (X,Y) € ICy if and only if the probability matrix is given by P = pq' + S,
where S = (s;;)3x3 is an anti-symmetric matrix such that s; = 0 for i € [3] and s13 = 593 =

S31 = € € [—min(p1qa, P2gs, P3q1), Min(p1gs, P21, P3g2)]-

By taking p; | 0, we have ¢ — 0 in Example 10.3. Hence, it is expected that zero
invariant correlation is characterized by independence if one of the marginals is bi-atomic.

This is formally stated in the next proposition.
Proposition 10.4. Let X, Y € L? where X is bi-atomic. If (X,Y) is quasi-independent,

then (X,Y) is independent. In particular, (X,Y) € ICy if and only if (X,Y) is independent.

At this point, we have fully characterized zero invariant correlation and its relation to

independence. Next, we consider general invariant correlation r for r € [—1,1].

10.3.2 Invariant correlation with non-identical marginals

The main message of this section is that, for X and Y with different marginals, having
a non-zero invariant correlation is impossible, except for the very special case of bi-atomic

distributions.
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First, suppose that X and Y are bi-atomic random variables. The following result shows
that (X,Y) € ICif X and Y have the same support. In this case, the invariant correlation can
be any number in [—1, 1]. In particular, we have that Corr(X,Y) = 1 implies comonotonicity,
Corr(X,Y) = 0 implies independence, and Corr(X,Y) = —1 implies counter-monotonicity
(i.e., X and —Y are comonotonic). However, if X and Y have different supports, then

independence is the only possible case of invariant correlation.

Proposition 10.5. Let X and Y be bi-atomic random variables. Then (X,Y") € 1C if and

only if either (i) X and'Y have the same support, or (i) (X,Y) is independent.

Note that case (ii) in Proposition 10.5 is equivalent to zero invariant correlation. There-
fore, for a pair of bi-atomic random variables, 1C, for r # 0 is characterized as the set of all

models with identical marginal supports.

Next, we obtain the following observations by carefully investigating tri-atomic models;

see Lemma 10.4 in Section 10.8.3 for details.

(i) For bi-atomic X and tri-atomic Y such that Supp(X) € Supp(Y’), we have (X,Y) € IC
if and only if (X,Y) € IC,.

(ii) Let X and Y be tri-atomic random variables with the same support. If (X,Y) € IC,
then Fx = Fy or Corr(X,Y) = 0.

If X and Y are general random variables with different distributions, then we can take h
in Proposition 10.1 to transform X and Y into bi-atomic or tri-atomic random variables, so
that we can apply Proposition 10.5 and the above observations (i) and (ii). This argument

leads to the main result of this section.

Theorem 10.2. Suppose that X,Y € L? have different distributions and |Supp(Y)| > 2.
Then (X,Y) € IC if and only (X,Y) € ICy (which is characterized in Theorem 10.1).

Together with Proposition 10.5, Theorem 10.2 characterizes all (X,Y) € IC with
different marginals. In particular, the only possibility for having different marginals in

(X,Y) €IC,, r #0, is that X and Y are both bi-atomic.
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10.3.3 Invariant correlation with identical marginals

In this section we explore the remaining case of (X,Y) € IC where Fxy = Fy. We
start with n-atomic random variables X and Y. Assume that X and Y take values in X =
{z1,...,2,},n € N, with x; < --- < x,,. Define the n x n probability matrix P = (p;;)nxn of
(X,Y)asp;; =P(X =ux;,Y = ;). Let p= P1,, be the marginal probability of X and Y. Let
D = diag(p). For x = (z1,...,7,)", we have E[X] = E[Y] = x"p, E[X?] = E[Y?] = x" Dx,
E[XY] = x" Px, and thus the Pearson correlation coefficient of (X,Y’) is given by

x'Px —x'pp'x B x"(P—pp')x
VX'Dx —x'pp'xy/x Dy —x'pp'x x'(D-— pp’)x

Corr(X,Y) =

Proposition 10.6. Let X and Y be identically distributed n-atomic random variables. Then
(X,Y) € IC, for some r € [—1,1] if and only if (X,Y) is quasi-r-Fréchet, that is, the
probability matrixz P satisfies

P+ PT
+2 =rD+ (1 —7r)pp'. (10.11)

Furthermore, the invariant correlation r satisfies

; 1
rp, <7 <1, where 1, =max (max (— by ) max (1 — )) . (10.12)

jeln) 1 —pj ) "ijeln)izi Pib;

If (X,Y) in Proposition 10.6 is exchangeable, then PT = P in (10.11), which yields
P=7rD+ (1—r)pp'. That is, P is r-Fréchet as defined in (10.2).

Remark 10.1. We show that —1/(n — 1) < r, < 0 for any p. The upper bound for r, is

trivial since all terms in r, are negative. Since

. 1 -1
max (— by ) S ( , - 1) : (10.13)
el \ 1 —p; min(py, . .., pn)

we have r, 1 0 if min(pi,...,p,) | 0. To show the lower bound for r,, notice that the

minimum of (10.13) is —1/(n — 1) when min(py,...,p,) = 1/n, and this is attained if and
only if p;, = 1/n, i € [n]. Consequently, we have the lower bound —1/(n — 1). Note that, for
p # (1/n)1,, (10.13) is strictly greater than —1/(n — 1) and thus r, > —1/(n —1).

We next present the main result of this section, which covers the case when X and Y

have identical marginals.
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Theorem 10.3. Let X,Y € L£? be identically distributed. Then (X,Y) € IC, if and only if
(X,Y) is quasi-r-Fréchet.

As seen in Proposition 10.6 and Remark 10.1, the invariant correlation r can be negative
when the support of F'is finite. On the other hand, we will see that » > 0 if X ~ Fis

continuous or the support of X is countable but infinite.

Next, we consider the case when the support of X and Y is discrete, that is, X = {z; :
i €I, ZCN Write P(X =x;,Y =2) =p;; >0,4,j€Z, and P(X =2;) =p; > 0,7 € L.
In this special case, Theorem 10.3 can be stated in the following form, which is more general
than Proposition 10.6 since |X| = oo is allowed. For identically distributed discrete random
variables X and Y, we have (X,Y) € IC, for some r € [—1, 1] if and only if

Dij + Dji

5 =rpily—jy + (1 —7)pip; foralli,jeT, (10.14)

with r, <7<, where

= (-2 ) e (1 700) )
rp =maxqsup | — , sup 1— .
jeT 1—pj) ijetit DiDj

In particular, if |X| = oo, we have inf;cz p; = 0, and hence r, =0 and 0 <7 < 1.

Next, we consider the case when F'xy = Fy = F' for a continuous and strictly increasing
distribution F. Let (U,V) = (F(X), F(Y)) ~ C be the unique copula of (X,Y). By using
Corollary 10.1, Theorem 10.3 can be stated as follows.

Corollary 10.2. Suppose that X and Y have identical continuous and strictly increasing

marginals. Then the following are equivalent:

(i) (X,Y) elC,;

(i) the copula C of (X,Y) satisfies

C(u,v) + C(v,u)
2

=rM(u,v)+ (1 — r)(u,v) for all (u,v) € Z; (10.15)

(iii) v € [0,1] and the positive Fréchet copula C¥ is the copula of the random rearrangement

of (X,Y).

308



Unlike the case of atomic random variables, negative invariant correlation is not possible
when the support of X and Y is uncountable. By Corollary 10.2, the positive Fréchet copula
CY is characterized as an exchangeable copula with invariant correlation r. Non-exchangeable

copulas satisfying (10.15) are constructed in the next example.

Example 10.4. For r € Z, let P be a 3 x 3 stochastic matrix such that (P + PT)/2 =
(1/9)131;. Let Cp be the checkerboard copula (see Section 4.1.1 of Durante and Sempi
(2016)) associated with P with the interior of each grid filled by the independence copula. Let
C =rM+(1—r)Cp. Then it is straightforward to check that the copula C satisfies (10.15).
On the other hand, C' may not be a Fréchet copula since Cp is not exchangeable when P is

not symmetric.

10.4 Invariant correlation matrices

In this section, we study invariant correlation matrices as the multivariate extension of

invariant correlation in dimension 2.

10.4.1 Characterization of invariant correlation matrices

Recall that a d-dimensional random vector X has an invariant correlation matrix R =
(7ij)axa if every pair (i, j) of its components has an invariant correlation r;; for i, j € [d]. We
confine ourselves to the case when X is continuous and its marginals are identical. Denote
by ©4 the set of all possible d x d invariant correlation matrices of continuous random
vectors with identical marginals. Our goal in this section is to understand the set ©, and its

corresponding models.

For continuous marginals, Corollary 10.2 immediately leads to the following result. For

a d-copula C' and i, j € [d], i # j, its (¢, 7)th marginal is denoted by Cj;.

Proposition 10.7. For a continuous d-dimensional random vector X with identical marginals,

X € IC? holds if and only if for every i, j € [d] with i # j, there exists ;; € [0,1] such that
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the copula C;; of (X;, X;) satisfies

9 = TijM + (1 — Tij)H.

Let k € N. Fori € [d], let Z; = (Z1,...,Zy)" be a {0,1}*-valued Bernoulli random
vector with ZiT Z; = 1. In other words, Z; has a categorical distribution with Zle Zi; = 1.
Write the matrix I' = (Z;;)axk, and call it a d x k categorical random matriz. Let U be
an independent uniform random vector on [0, 1]* independent of I'. Consider the following

model
X =IU=(Z/U,...,Z;U). (10.16)
We first show that X has an invariant correlation matrix.

Proposition 10.8. For X in (10.16), the following statements hold:

(i) X has standard uniform marginals;
(i1) X has an invariant correlation matriz;
(iii) The correlation matriz of X (equal to its tail-dependence matrix) is given by E[TTT].

Example 10.5. Take k = d+1 and let Z;; = 0 for all j € [d]\ {¢}. This implies Z;, = 1—Z;;
for i € [d]. For this model, we have X; = Z;;U; + ZyUg1 = (1 — Ziy)Us + ZyUgia, i@ € [d],

and the correlation coefficient between X; and X is given by E[Z;,Zj;].

Remark 10.2. Let Y = (Y1,...,Y;)" be iid observations from a continuous and strictly
increasing distribution F', and let I' be as in (10.16) independent of Y. As an immediate

consequence from Proposition 10.8, the model
'Y =(ZY,...,Z,Y) (10.17)
has an identical marginal distribution F' and an invariant correlation matrix E[T'T'].

Denote by Z;; the set of all matrices of the form E[['T"] for some d x k categorical
random matrix I'. Proposition 10.8 indicates that Z;; is a subset of ©4. Lemma 10.6 in

Section 10.8.5 shows that Z;; is the convex hull of the collection of all clique partition
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points (Grotschel and Wakabayashi, 1990; Fiebig et al., 2017), which we will explain below.
Let A = (Ay,..., Ay) be a partition of [d], where some of Ay, s € [k], may be empty. The
clique partition point X = (3£ )axa for the partition A = (Ay,. .., Ay) of [d] is defined as

k
25 =) lujeay i€ ld). (10.18)
s=1

In other words, ¥4 can be decomposed into disjoint submatrices of all entries 1 and the other
entries are 0. We can verify that X4 € Z;;, as it is the correlation matrix of the following

model of the form (10.16):

k
XA = "TgeagUs, i€ld) (10.19)
s=1

Denote by Sy the collection of all possible clique partition points (10.18) for all possible

k partitions of [d]. In what follows we characterize O, in terms of Z;; and Sy.

Theorem 10.4. Ford > 2, ©O4 = 244 = Uyey Zar = Conv(Syq).

The set Conv(S,q) is called the clique partition polytope in dimension d, which is known
to be relevant to matrix compatibility of other dependence measures; see Section 10.7.1 for
details. Theorem 10.4 implies that all invariant correlation matrices are realized by the model
(10.16). Nevertheless, not all exchangeable random vectors with an invariant correlation
matrix can be represented by (10.16). For instance, any d-dimensional random vector with
pairwise independent components has an invariant correlation matrix I; but is not necessarily
modelled by (10.16). Generally, it is not possible to completely identify a multivariate model
from bivariate properties. A class of copulas whose bivariate marginals are Fréchet copulas

is studied by Yang et al. (2009).

We next consider the membership testing problem of ©4, which aims at determining
whether a given correlation matrix R = (r;;)4xq belongs to Oy4; that is, R is realized as an
invariant correlation matrix of some d-dimensional random vector. Note that the number of
vertices of the clique partition polytope equals the number of different partitions of [d], and
this number is known as the Bell number N,, which can be computed explicitly (Grotschel

and Wakabayashi, 1990). The number Ny grows rapidly in d. For example, N3 = 5, N; = 15,
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Ns; = 52 and Nyp > 10°. By Theorem 10.4, we have R = (r)ixa € ©4 if and only if
there exists ag,...,ay, = 0 such that fojl ap = 1 and Zgil aX®) = R, where S;4 =
{=®: ke [N}, =0 = (Ug) )axd, is a collection of all vertices of the clique correlation
polytope. These linear constraints on e can be summarized into Vya = ¥, where t € [0, 1]‘Z

and V; € {0,1}%Ne are defined in (10.21) and (10.22) below with d = 1 + d(d — 1)/2. By

introducing an auxiliary variable z € RY, a given correlation matrix R = (1) axa € [0, 1]4x4
is in O, if and only if the following linear program attains zero:
Vda +z = f‘,
min 1}z subject to (10.20)
N,
2€R?,a€R"d a >0y, and z > 0y,
where
f’ = (7‘12,7"13,7"237...,T‘d_ld,]_) (1021)
and
1 2 N,
‘7§2) ng) T 052 2
1 2 N,
‘7§3) ‘7§3) T 053 Y
(1) (2) (Na)
o o e
Vi=| % = TE (10.22)
(1) (2) (Na)
9d-1)d %@d-1d " O-(d—dl)d
1 1 e 1

Note that any correlation matrix with at least one negative entry is immediately excluded
from ©4. For R = (r;)axa € [0, 1]%%, the set of constraints in (10.20) is always nonempty
since it contains the pair (e,z) = (Oy,, T). The above linear program is solved, for example,
with the R package IpSolve although it can be computationally demanding for large d.

Remark 10.3. Suppose that the linear program (10.20) attains 0 at a = a* for a given
correlation matrix R = (r;;)dxq. Then one can simulate a d-dimensional random vector with
invariant correlation R as a mixture of the models of the form (10.19) with a* being the

vector of mixture weights to {S® : k € [N,]}.

10.4.2 Relationship to positive regression dependence

Positive regression dependence (Lehmann, 1966) is a concept of dependence known to
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be useful to control the false discovery rate (FDR) through the procedure of Benjamini
and Hochberg (1995) in the context of multiple testing (Benjamini and Yekutieli, 2001). In
this section, we explore the relationship between this dependence property and invariant

correlation.

We start with the definition. A set A C R? is said to be increasing if x € A implies

y € Aforally > x.

Definition 10.4. A d-dimensional random vector X = (X7, ..., X) is said to have positive
regression dependence on the subset N C [d] (PRDS) if for any index i € N and increasing
set A C RY, the function x — P(X € A | X; = x) is increasing. The case of N' = [d] is

simply called positive regression dependence (PRD).

Let us first consider d = 2. A direct consequence from Lemma 10.2 in Section 10.8.1
is that every exchangeable random vector (X7, X3) with invariant correlation r > 0 is PRD
since (10.10) implies that, for every increasing set A and x € R, P ((X1,X5) € A| Xy =x) =
r1{(zmcay +(1—=7)P((z, X3) € A), which is increasing in z. Note, however, that without ex-

changeability PRD is not implied by invariant correlation; see Example 10.8 in Section 10.7.3.

For d > 3, there also exists an exchangeable model which has an invariant correlation
matrix with non-negative entries but does not have PRD; this is reported in Example 10.9
in Section 10.7.3. Therefore, a dependence structure admitting an invariant correlation
matrix does not imply PRD even if exchangeability is additionally assumed. This is not
surprising as invariant correlation is essentially a pairwise property, and pairwise dependence
does not determine overall dependence. Nevertheless, the next proposition shows that the
model (10.16) has PRD, and hence also PRDS for any subset N' C [d]. Together with
Theorem 10.4, this result indicates that every invariant correlation matrix admits a model

with PRD.

Proposition 10.9. The random vector X =TI'U in (10.16) has PRD.

Since both the properties of PRD and invariance correlation are preserved under in-

creasing transforms, we immediately obtain that the model

X =TV, where V= (Vi,...,Vy)" and V; = g(U;) for i € [d], (10.23)
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has PRD and an invariant correlation matrix for any increasing and admissible g with g(0) =
0. For example, by choosing g(x) = [nz]/n, we obtain the discrete version of (10.16) where

WVi,...,Vy are independent and uniformly distributed on [n]/n.

10.4.3 Application to the problem of sample duplication

Sample duplication is the phenomenon that some sample is repeated several times in
the dataset. It occurs typically when the data is collected from multiple sources and curated
by multiple groups. The presence of duplicate records has adverse effects when, for example,
training or testing machine learning algorithms (Allamanis, 2019; Zhao et al., 2021). A
simple solution to this problem is to de-duplicate the data by deleting such multiple records,
which is also referred to as record linkage, reference matching and copy detection; see Heidari
et al. (2020) and the references therein. However, de-duplication is not always feasible due
to the time complexity where it commonly requires to measure similarity of samples for each
pair of records. To solve this issue, various alternative approaches have been considered by
leveraging some structures and specific assumptions on the frequency of sample duplication.
Yet, it is a non-trivial task to verify these specific structures and assumptions Xie et al.
(2013); Heidari et al. (2020). In this section, we demonstrate the benefit of modeling the
correlation matrix of the duplication structure for stable statistical inference in the presence

of sample duplication.

We focus on the approach of using the original dataset with duplicate records, and
propose a versatile method to reduce adverse effects of sample duplication in the general
context of optimization problem. We associate the dataset X = (X3,...,X,), possibly
containing duplicate records, with the form (10.17). For a continuous and strictly increasing
function F, suppose that we are interested in estimating E[S(Y;0)] = [ S(y; 0)F(dy) based
on the observations from F', where 8 € R? is a vector of parameters and S: R x R? — R is

a loss function.

We define several random elements. For the random set of indices I = {j € [k] :
there exists i € [d] such that Z;; = 1}, the size of iid samples with no duplicate record is

given by N = |I|. In addition, let W; = Zle Z;; be the number of times the jth sample in
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Y appears in the dataset X. By its definition, it holds that Z [k =d.

The empirical average score based on the dataset X can be decomposed as follows (Al-
lamanis, 2019; Zhao et al., 2021):

N1 d—N 1
_ZSX“O ZWS ENZS(YJ‘QGWLTH (W; —1)S(Y};0),

i€[d] ]G[k] jel jel

(10.24)

where the terms (d—N)/d and (1/(d—N)) >_.;(W; —1) S5(Y}; 8) are called duplication factor

and duplication bias, respectively. Moreover, (1/N)>"._;S(Y};0) is the term estimating the

jel

score with iid observations.

Despite these terms used in the literature, any convex combination of the form:
Z i S(X;;0) where A= (\1,...,)\) € R? are such that Z Ai =1, (10.25)
i€[d] i€[d]
which includes (10.24) with A = 1,/d, is an unbiased estimator of E[S(Y"; 8)] by Remark 10.2.

However, an adverse effect of sample duplication lies in the variance of the estimator since

the variance of (10.24) is inflated as follows:

2
Zs (Xi0) | = |1+5 Z Corr(X;, X;) | Var Zs (Y;;0)
ze [d] i,j€ld] i<j ze[d]
Let ¥ = Cov(X) and P = Corr(X). It is well-known that the minimum variance

unbiased estimator among those of the form (10.25) is uniquely attained when

AF = Lt 1Pt
e, 1Py

with the minimum variance given by (1)X7'1,;)~'. This optimally weighted estimator is
available when we specify the correlation structure of the dataset, for example, by assuming or
inferring the underlying duplication structure. Since the correlation matrix of X is invariant
under any transform as in Remark 10.2, the same optimal weight A* can be used for any

scoring function S evaluated at any point 6.

Example 10.6 (A small simulation study). Suppose that X follows the model (10.17),
where d = k = 1000 and F' is the standard normal distribution. For k* € [k], let Zy,...,Z,
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independently follow Multi(1, p;) with p; = (1, 0p_g+)/k* for i € [d/2] and p; = e; for
i € [d]\[d/2]. In this model, the first group [d/2] contains duplicate records and the second
group [d]\[d/2] consists of iid observations. With this duplication structure, Corr(X;, X;)
is 1/k* if i,j € [d/2] and is 0 otherwise. Let S(x;0) = (x — 0)?, x,0 € R, be the squared
loss. We then estimate E[S(X;0)], X ~ F, evaluated at § = 0 by (10.25) with A = 1,/d
and A = A*, respectively. To check the stability of these estimators, we generate n = 1000
independent replications of these estimates. For k* = 10,50, 100, we find that the sample
variances of the estimates with the optimal weight A = A* are reduced by 92%, 71%, 51%,

respectively, compared to those with A = 14/d.

When the correlation matrix is estimated or given externally, it may be necessary to
check its eligibility, that is, the existence of a model of duplication structure admitting
the specified correlation matrix. Such a numerical procedure is provided in Section 10.4.1
although it turned out to be computationally demanding if no specific structure of correlation

matrix is assumed.

10.5 Invariant correlation under increasing transforms

In many applications, only increasing transforms of the random variables are relevant,
as non-increasing transforms do not preserve the copula among random variables. In view
of this, we study a variant of invariant correlation where we require (10.4) to hold only for
increasing transforms, instead of all transforms. By definition, this requirement is weaker
than invariant correlation defined in Section 10.2. The interesting question is then whether

this formulation allows for more models than those characterized in Section 10.3.

Definition 10.5. Let r € [—1,1]. A bivariate random vector (X,Y’) is said to have an in-
variant correlation r under increasing transforms if (10.4) holds for all admissible increasing

functions g. The set of all such random vectors is denoted by IC].

Denote by ICT = Urer-1; IC!. Note that IC, C IC! for every r € [~1,1], and IC C IC"
by their definitions.
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Table 10.2: Relationship between IC and ICT, where IC C IC" always holds. The abbrevia-
tions mean sets corresponding to those in Table 10.1. Note that QI is equivalent to IN if at
least one of the marginals is bi-atomic (Proposition 10.4). We slightly abuse the notation so

that equality is understood between corresponding subsets.

Marginals F, G r=20 r#0
F=G IC, = ICT = QF (Theorem 10.5)
ICo = IC) = QI
both bi-atomic | (Theorem 10.5) IC, # IC] (Example 10.7)
F#G
not both bi-atomic IC, = IC! = @ (Theorem 10.5)

We summarize in Table 10.2 the results on the relationship between IC and ICT. Our
main message is that invariant correlation confined to increasing transforms does not ac-
commodate more models except for the case when both random variables are bi-atomic.

Therefore, in most cases, we can safely treat the two formulations as equivalent.

The results of Proposition 10.1 and Corollary 10.1 can be easily extended to ICT. We
collect these useful properties in the following corollary. The proofs are analogous to those

of Proposition 10.1 and Corollary 10.1, and thus omitted.

Corollary 10.3. The following statements hold.

(i) Let (X,Y) € IC! for some r € [—1,1], and let h be an admissible increasing function
for (X,Y). Then, (h(X),h(Y)) € IC].

(i) Suppose that (X,Y) ~ H has identical continuous and strictly increasing marginal
distributions, a correlation coefficient r € [—1,1], and a copula C. Then H ~ ICi if
and only if C ~ 1CI.

We first show in the following example that the property of invariant correlation under

increasing transforms is not always equivalent to that under all transforms.
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Example 10.7. Let X and Y be non-identically distributed bi-atomic random variables.
In contrast to the result in Proposition 10.5, (X,Y) always admits an invariant correlation
under increasing transforms. This is because the increasingness of ¢ implies that g(X) and
g(Y) are increasing linear functions of X and Y, respectively. Hence, (X,Y") € ICT regardless
of the dependence structure of (X,Y’). As a result, we have IC C ICT.

Except for the bi-atomic distributions, we show in the next theorem that IC, and IC!

are equivalent.

Theorem 10.5. Let X,Y € L? and r = Corr(X,Y). Assume that one of the following
conditions holds: (i) r = 0; (1) X and Y have identical distributions; (iii) X and Y have
different distributions and |Supp(Y)| > 2. Then (X,Y) € IC, if and only if (X,Y) € IC].
In particular, if (iii) holds, then r = 0.

Remark 10.4. By Item (ii) in Corollary 10.3, the result in Corollary 10.2 remains valid with
IC, in the statements replaced by IC].

Under the condition (iii), Theorem 10.5 further implies that, for r # 0, there is no
model (X,Y) in IC! or IC,.

10.6 Concluding remarks

Our main results on a full characterization of models with invariant correlation can be
briefly summarized below. Except for the very special case of bi-atomic distributions, in-
variant correlation is characterized by quasi-independence (Theorem 10.1) and quasi-Fréchet
models (Theorem 10.3), with non-identical marginal distributions excluded unless the cor-
relation is zero (Theorem 10.2). The same holds true when transforms are confined to be
increasing (Theorem 10.5). We also identify the set of all compatible invariant correlation

matrices (Theorem 10.4).

Several aspects and generalizations of invariant correlation require further research.
For instance, it would be interesting to understand whether a higher dimensional correlation

measure, instead of the matrix of bivariate correlations, can be used to naturally formulate
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an invariant correlation property, and whether it has interesting implications similar to our
results in the bivariate case. Since PRD and PRDS are dependence concepts that are not
determined by their bivariate marginals, a higher dimensional notion of invariant correlation
may be more naturally connected to PRD and PRDS. Although a connection of invariant
correlation to multiple testing and FDR control has been briefly discussed in Section 10.7.2,
its applications and relevance for statistics are not yet clear. A further question concerns
whether restricting the marginal transforms to a smaller but practically relevant class would

characterize different and potentially useful models. These questions require further studies.

10.7 Auxiliary results

10.7.1 Invariant correlation matrices and other dependence ma-

trices

In this section, we summarize the connection of ©4, the set of all possible d x d invariant
correlation matrices of continuous random vectors with identical marginals, to the collection
of tail-dependence matrices and other dependence matrices. Let (X, Xs) be a bivariate
random vector with continuous marginal distributions F; and Fy. The (lower) tail-dependence
coefficient of (X1, X3) is defined by A = lim,, ;o P (F1(X1) < u, F5(X3) < u) /u given that the
limit exists. For a function g : R — R, the g-transformed rank correlation of (Xi, Xs) is
defined by k4(X1, X2) = Corr(g(F1(X1)), 9(F2(X2))), provided that it is well defined. The
tail-dependence matriz of a d-dimensional random vector X = (X3,..., Xy) with continuous
marginal distributions has the tail-dependence coefficient of (X;, X;) in its (¢, j)th entry
for 7,57 € [d]. Analogously, the x,-matrix of X is a d x d matrix whose (4, j)th entry is
kg(X;, X;) for 4,5 € [d]. The set of all possible d x d tail-dependence matrices is called the
tail-dependence compatibility set and is denoted by 7g; see Embrechts et al. (2016); Fiebig et
al. (2017); Krause et al. (2018); Shyamalkumar and Tao (2020) for recent studies. Similarly,
the d-dimensional compatibility set of k4, denoted by K4(g), is the collection of all possible

kg-matrices in dimension d.

The next proposition shows that, for X with identical continuous marginals and an
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invariant correlation matrix R, the model X has the same tail-dependence matrix and r4-

matrix R.

Proposition 10.10. Let X be a d-dimensional continuous random vector with identical
marginals. If X € 1CY, then its correlation matriz and its tail-dependence matriz coincide,

as well as its kg-matrices for any g admissible for the standard uniform distribution.

Proposition 10.10 implies that ©, C T3 and that ©, C K4(g) for wide varieties of g.
For instance, ©4 is a subset of the compatibility sets of Blomqvist’s beta and Spearman’s
rho, studied by Hofert and Koike (2019) and Wang et al. (2019), respectively. Since the
compatibility set of Blomqvist’s beta is equal to that of Kendall’s tau (McNeil et al., 2022)
and is smaller than that of Gini’s gamma (Koike and Hofert, 2023), our result implies that
O4 is contained in all of these compatibility sets. The connection of the clique partition
polytope to Ty is given in Proposition 22 of Fiebig et al. (2017). This result, together with
Theorem 10.4 and Proposition 10.10, leads to the following relationship between ©4 and 7;:
Oq="Tgford <4, and ©, C 7, for d > 5.

10.7.2 Conformal p-values

Conform p-value, studied by Bates et al. (2023) in the context of outlier detection, is
an interesting example of invariant correlation. Let Si,...,S, be scores of the null training
sample (computed from some score function on the data), where n is a fixed positive integer.
Scores of the test sample are denoted by S,.;, i € [d], and the corresponding conformal

p-value is given by

1 1 <
P, = 1 . 10.26
n _|_ 1 + n _|_ 1 ; {Sk<Sn+z} ( )

Assume that {S; : i € [n + d]} is a sequence of independent random variables and Sy ~ Fy,
k € [n]. The above p-values are testing the sequence of null hypotheses Hy; : S,1; ~ Fy,
i€ [d].

Proposition 10.11. Let N C [d] be any set of null indices, that is, Hy; is true for i € N.

320



Ji. Nyl  Npyq! .
P Pz: 5 = 5 i 17
(R=ieV) = ey deme

where m = [N and N; = [{i € N : j; = j}|, j € [n+ 1]. In particular, P; is uniformly
distributed on [n+1]/(n+1) for every i € N'. Moreover, (P,);cn has the invariant correlation

matrix (7r;;)mxm such that r;; = 1/(n + 2) for every i,j € [m], i # j.

We can take N to be the set of all null indices in Proposition 10.11. The fact that
(P;)ien has an invariant correlation matrix has been shown in Lemma 2.1 of Bates et al.
(2023), which also contains the joint distribution of (P;, P;) for 4,5 € N. Proposition 10.11
further gives the joint distribution of (P;);ear. On the other hand, the full vector of p-values,
(P;)iclq does not have an invariant correlation matrix in general. Note that the marginal
distributions of (P;);c[q are generally different for null and non-null components, and there
is some positive correlation between them by design in (10.26). Hence, our results in Section
10.3 explain that invariant correlation for (Pz-)ie[d] is not possible. Nevertheless, the vector

of conformal p-values has PRDS on N as shown by Theorem 2.4 of Bates et al. (2023).

For m = 2, the vector of null conformal p-values follows the model (10.23) with k = n+2,
g(z) =[(n+1)z]/(n+1) and Z;, Z, being iid multinomials with the number of trials 1 and
uniform event probabilities on [k]. It is left open whether the vector of null conformal p-values

can be written of the form (10.23) for m > 3.

10.7.3 Invariant correlaton and concepts of dependence

In Section 10.4.2, we have explored the relationship between invariant correlation and
positive regression dependence (PRD). In this section, we show by examples that models

with invariant correlation matrix do not always have PRD.

We start from the bivariate case d = 2. Following Lehmann (1966), a random vector
(X,Y) is called positive quadrant dependent (PQD) (also called positive orthant dependent),
if P(X < 2,V <y) > PX < 2)PY < y) for every (z,y) € R%  Negative quadrant
dependence (NQD) is analogously defined by P(X < z,Y < y) < P(X < 2)P(Y < y) for
every (z,y) € R% Tt is shown in Lemma 4 of Lehmann (1966) that PRD implies PQD. In the
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next example, we construct a random vector that has zero invariant correlation but is neither

PQD nor NQD. This example particularly indicates that non-negative invariant correlation

does not lead to PRD.

Example 10.8. Let (X, Y") be the model in Example 10.3 with the identical marginal support
B, pi=qi=1/3fori € [3]and e =1/9. Then P(X <2,V <1)=1/9, P(X <1,V <2) =
1/3 and P(X < )P(Y <2) =P(X < 2)P(Y < 1) =2/9. Hence (X,Y) is neither PQD nor
NQD.

We have seen in Section 10.4.2 that, for the bivariate case, invariant correlation implies
PRD under the additional assumption of exchangeability. The next example shows that
this is not the case for d = 3, that is, there exists an exchangeable model which admits a

non-negative invariant correlation matrix but does not have PRD.

Example 10.9. Let d = 3 and consider a member of the Farlie-Gumbel-Morgenstein family
of copulas:

Cg(Ul,UQ, Ug) = UU2U3 + 9U1U2U3<1 — U1>(1 — Ug)(l — U3), 0 c [—1, 1]
Note that Cy is an exchangeable copula for any 6 € [—1, 1]. Moreover, all bivariate marginals
of Cy are II, and thus it has an invariant correlation matrix Is.

We will show that the model U ~ Cjy does not satisfy the following weaker version of

PRDS than that in Definition 10.4:

s+ P(U € A | U; < s) is increasing in s for any index i € A" and increasing set A C R%.
To this end, let i = 1, s € [0,1], t = (t1,ta,3) € [0,1]?, t; = 0, and A = (¢;,00) X (t2,00) X
(t3,00). Then A is an increasing set and

]P)(UEA’U1<S):P(U>1S|U1<S>

1 1 —
= E]P)(Ul < S,y < UQ, t3 < U3) = g {(1 — tg)(l — tg) — C(S,tg,tg)} ,

where C(u) = P(U > u) is the joint survival function of C. By calculation, we have that
PUe A|U <s)=1—ty—t3+ C(s,ta,t3)/s. Therefore, (0/0s)P(U € A | U; < s) =
{50,C(s,ta,t3) — C(s,ta,t3)}/(s*). When ty = t3 = 0.5 and ¢ = 1, this derivative is a
constant —1/16 by a simple calculation. Therefore, P(U € A | U; < s) is a decreasing

function in s € [0, 1].
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10.8 Proofs of all results

10.8.1 Proofs in Section 10.2

Proof of Proposition 10.1. Let (X,Y) € IC, and g be an admissible function for the
pair (h(X),R(Y)). The function go h is admissible for (X,Y’). Since (X,Y’) has an invariant
correlation r, we have Corr(goh(X), goh(Y)) = Corr(X,Y) = r. Since an admissible function
g is arbitrary, we have that (h(X),h(Y)) € IC,. Applying this observation to all pairs of
components of (X, ..., Xy) establishes the desired result. O

Proof of Corollary 10.1. Suppose that X € IC? with continuous and strictly increasing
marginals F. By taking h = F in Proposition 10.1, we have that (F(X}),..., F(X,)) € IC%;
hence C' ~ ICY.  Suppose next that C' ~ IC% There exists a uniform random vector
U= (U,...,U,) €IC% Let X = (F~(U),..., F~*(U,)). By taking h = F~' in Proposi-
tion 10.1, we have that X € IC%. [

The next lemma justifies that the formulations of quasi-independence via (10.7) and

(10.8) are equivalent.

Lemma 10.1. For a random vector (X,Y) ~ H with marginals F and G, (X,Y) is quasi-
independent if and only if (10.8) holds for all A, B € B(R).

Proof of Lemma 10.1. It is clear that (10.8) implies quasi-independence. We will show the
“only if” part. Assume that (X,Y) is quasi-independent. For B € B(R), define Dp(X,Y) =
{A € B(R) : (10.8) holds for A, B}. In what follows, we check that Dp(X,Y) is a A-system
for any B € B(R).

1. It is clear that R € Dp(X,Y).
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2. Let Ay, Ay € Dp(X,Y) such that A; C Ay. For Ay \ A;, we have
P(X € A\ A,Y € B)+P(X € B,Y € Ay \ Ay,)
=P(Xe€AYeB) -PXecA,YeB)+P(XeBYecA)-PXecBYecA)
=P(X € A)P(Y € B) —P(X € A)P(Y € B)
+P(X € BIP(Y € Ay) —P(X € B)P(Y € A))
=P(X € A\ A)P(Y € B)+P(X € B)P(Y € A\ Ay).
Hence, Ay \ A; € Dp(X,Y).

3. Let A; C Ay C A3 C ... be an increasing sequence of sets in Dp(X,Y). For |2, A,
we have
P (A el Ay e B> +P (A €B,Y € UAZ)
i=1 i=1

= lim P(A€ A,,Y € B)+ lim P(Ae B,Y € A,)

= lim P(A € A,)P(Y € B) + lim P(A € B)P(Y € 4,)
n—oo n—oo

:]P’<A€GAi> P(Y € B) +P(A € B)P (Ye DAZ>

i=1

Hence, ;2 4i € Dp(X,Y).

Let B = (—o0,y| for some y € R. Then quasi-independence of (X,Y) implies that
L :={(—o0,z] : x € R} C Dp(X,Y). It is straightforward to check that L is a m-system.
Therefore, Sierpinski-Dynkin’s -\ theorem yields o(L) C Dp(X,Y), where o(L) is the
smallest o-algebra containing L. As o(L) = B(R), we have Dp(X,Y) = B(R) for any
B = (—o0,y] with y € R.

Next, let D(X,Y) = {B € B(R) : Dg(X,Y) = B(R)}. It is clear that D(X,Y) is a
A-system and L C D(X,Y). Hence, we have D(X,Y) = B(R) by the same argument as
above. Therefore, we obtain (10.8) for all A, B € B(R). O

The next lemma justifies the formulations of the quasi-Fréchet model via (10.9) and

(10.10). We omit the proof since it is analogous to that of Lemma 10.1.

Lemma 10.2. For a random vector (X,Y) ~ H with the marginals F, (X,Y) is quasi-r-
Fréchet if and only if (10.10) holds.
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10.8.2 Proofs in Section 10.3.1

Proof of Theorem 10.1. We first show the “only if” part. As (X,Y) € IC,, we have
cov(g(X),g(Y)) = 0 for any admissible g. For any A € B(R), taking g(z) = 14(x), we have
cov(g(X),g(Y)) = cov(14(X),14(Y)) = 0. For any A, B € B(R), let g(x) = 14(z) + 15(x),
which leads to

cov(g(X),9(Y)) = cov (1a(X) + 15(X), 1a(Y) + 15(Y))
= cov (14(X),15(Y)) 4+ cov (1p(X), 14(Y))
=P(Xe€AYecB)+P(XeBYecA)
-P(XeAPYeB)-P(XeB)P(YecA).

As cov(g(X),g(Y)) = 0, we have that (X,Y) satisfies (10.8) for all A, B € B(R). Hence,
(X,Y) is quasi-independent by Lemma 10.1.

Next, we show that quasi-independence implies cov(g(X), g(Y)) = 0 for any admissible
g. As quasi-independence implies (10.8), by taking A = B, we have P(X € A)Y € A) =
P(X € A)P(Y € A) for any A € B(R). Hence, cov(g(X),g(Y)) = 0 for any indicator

functions g = 1 4.

First, let g(x) =Y, ¢;14,(z) be an admissible simple function where A;,..., 4, CR
are disjoint measurable sets, and cy,...c, € R are real numbers. For the simple function g,

we have

n

cov(g(X),g(¥)) = 3° 3" cieseov (14, (X), 14, (V)

i=1 j=1

= Z (cicjcov (llAi (X), 14 (Y)) + ¢jcicov (]lAj (X), ]IAZ.(Y)))

1<i<j<n

= ). cicj<IP’(X€AZ-,Y€Aj)—IP(XGA,-)IP’(YEAJ-)

1<i<j<n
+P(XeAYeA)-P(XecA)P(Y e Ai)) = 0.
Therefore, we have cov(g(X),g(Y)) = 0 for all admissible simple functions g.

Second, let g be an admissible non-negative function. Admissibility of ¢ implies that

E[g(X)] < o0, E[g(Y)] < 00 and E[g(X)g(Y)] < co. For a non-negative admissible function

325



g, there exists a sequence of non-negative simple functions {g, },,~1 such that g,, T ¢ pointwise.

Thus, we can get

cov (9(X), 9(¥)) = cov ( im ,(X), lim g,(Y))

n—o0

=B fim 0000 Jim 0u")] < iy (3| B |t (1)

= E |Jim 0.(X)0.(")] ~E [ Jim 00(X) | E| im0,

= lim E[g,(X)gn(Y)] — nlggo]E [9:(X)] E [gn(Y)]

= lim {E [9,(X)g.(Y)] ~ E[g. (X)) E [3(¥)]}
= lim cov(ga(X), ga(Y)) = 0.

Therefore, we have cov(g(X), g(Y)) = 0 for all admissible non-negative function g.

Finally, let ¢ be an admissible function. Define g, = max(g,0) and g = — min(g,0).
It is clear that g, and g_ are non-negative admissible functions and ¢ = g, — ¢g_. Let
G = g+ + g_. We have that G is also a non-negative admissible function. Hence, we get
cov(g+(X),9+(Y)) = 0, cov(g—(X),g-(Y)) = 0 and cov(G(X),G(Y)) = 0, which imply
that cov(g.(X),g-(Y)) + cov(g-(X), g+ (Y)) = 0. As a result, we have cov (¢(X),g(Y)) =
cov(g+(X) —g-(X),9+(Y) — g-(Y)) = 0. Therefore, we can conclude (X,Y) € IC,. O

Proof of Proposition 10.2. For all A, B € B(R), we have
1 1
P(X,, € A, X, € B) = 5IP’(X1 €A X, € B)+ §IP>(X1 € B, X, € A).
Since X; and X, have the same distribution, independence of (X, , X,,) is equivalent to

P(X. € A, X, € B)=P(X,, € A)P(X,, € B)
= P(Xl S A)P(XQ € B) = ]P)(Xl c B)]P)(XQ < A)

Hence, independence of (X,,, X,,) is equivalent to
P(Xl c A,XQ € B) + ]P(Xl € B, X, € A) = ]P)(Xl S A)]P(XQ S B) + ]P)(Xl c B)]P)(XQ c A),

which is also equivalent to (X3, X») € ICy by Theorem 10.1. O
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Proof of Proposition 10.3. We can get “(i) < (ii)” from Theorem 10.1. We only show
“(if) < (iii)”
Suppose that P+ PT = pq' +qp'. Let S = PT —qp'. We first verify that S satisfies

(a), (b) and (c).
1. As s;; + pigj = pi; = 0, we have that S satisfies (a).

2. The jth row sum of S'is Y " | pij — > iy ¢;pi = ¢; — ¢; = 0. The ith column sum of S is

> i1 Dij — 25—y Pig; = pi — pi = 0. Hence, S satisfies (b).

3. Wehave S+ST =PT+P—qp' —pq' = O where O is an n x n matrix with all elements
equal to 0. Hence, S satisfies (c).

Next, let P = pq' + S with S satisfies (a), (b) and (c). We verify that P is a valid
probability matrix and satisfies (ii). First, it is clear that p;; > 0 as p;; = pig; + si; = 0.
Second, the marginals is q and p as Y37 pi; = D5 (pig; + sij) = pi and D0 py =
S (pig; + sij) = q;. Finally, since S+ ST = O, we have P+ P" =pq' +S+qp' +5" =

pa' +gp'. Therefore, we can conclude “(ii) < (iii)”. m

Proof of Proposition 10.4. It is clear that independent (X, Y") satisfies invariant correla-
tion with Corr(X,Y) = 0. By Theorem 10.1, we only need to show that quasi-independence
implies independence under the condition of Proposition 10.4. Without loss of generality,
assume that the support of X is {1,2}. To show that X and Y are independent, it is enough
to show that P(X =1,Y € A) =P(X = 1)P(Y € A) for all A € R. We show this statement

in each of the following 4 cases.

Case 1: Assume {1,2} C A. Wehave P(X € A)=1landP(X € A,Y =1)=P(Y =1).
Hence, P(X € AY =1) = P(X € A)P(Y = 1). In this case, quasi-independence means
PX=1YecA)+PXecAY=1)=PX=1)PY € A)+P(X € AP(Y =1). Thus, we
can get P(X =1,V € A) =P(X = 1)P(Y € A).

Case 2: Assume 1 ¢ Aand 2 ¢ A. We have P(X € A)=0and P(X € A,Y =1) =0.
Hence, P(X € A,Y =1) = P(X € A)P(Y = 1). Therefore, we have P(X = 1,Y € A) =
P(X = 1)P(Y € A) using the same argument as in Case 1.
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Case 3: Assume 1 € A, 2 ¢ A. First, using Case 2, we have P(X = 1,Y € A\ {1}) =
P(X = )P(Y € A\ {1}). Furthermore, quasi-independence implies P(X = 1,V = 1) =
P(X = 1)P(Y = 1). Therefore,

P(X=1YecA)=PX=1Y=1+PX=1YcA\{1})=P(X = 1)P(Y € A).

Case 4: Assume 1 ¢ A 2 € A. By the same argument as in Case 3, we have P(X =
2Y € A) =P(X =2)P(Y € A). Hence,

PX=1YeA)=PYecA)-PX=2YecA
=PY €A -PX=2PY €A =PX=1)PY € A).

In conclusion, we have P(X = 1,Y € A) = P(X = 1)P(Y € A) for all A C R. As
P(X =1)+P(X =2) =1, we can also obtain P(X =2,Y € A) =P(X =2)P(Y € A) for
all A C R. Hence, X and Y are independent. n

10.8.3 Proofs in Section 10.3.2

The proof of Proposition 10.5 is built on the following lemma.

Lemma 10.3. If X and Y are bi-atomic random variables with the same support, then

(X,Y) e IC.

Proof of Lemma 10.3. As the support of X and Y has only two points, g(X) and g(Y") are
linear transformations of X and Y. Therefore, we have Corr(g(X), g(Y)) = Corr(aX+b,aY +
b) = Corr(X,Y) for any admissible g. Hence, (X,Y) € IC regardless of the dependence
structure of (X,Y). O

Proof of Proposition 10.5. The “if” part of (ii) is clear from Example 10.1 and Lemma 10.3.
We show the “only if” part below.

Let {1,229} and {y1,y2} be the support of X and Y, respectively, with z; < x9 and
y1 < yo. Assume X and Y have different supports. We can easily find a function g such
that g(z1) < g(z2) and g(y1) > g(y2). Then Corr(g(X),g(Y)) = —Corr(X,Y’) since g(X)
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is an increasing linear transformation of X and ¢(Y') is a decreasing linear transformation
of Y. Therefore, (X,Y) € IC implies Corr(X,Y) = 0. For r # 0, (X,Y) € IC, implies
that X and Y have the same support. If (X,Y) € ICy, by Proposition 10.4, X and Y are

independent. L

Before showing Theorem 10.2 for the general case, we first analyze the case of the

tri-atomic distribution in the following lemma.

Lemma 10.4. Suppose Supp(X) C Supp(Y) = {x1, z0, 23}, If (X,Y) € IC, then Fx = Fy
or Corr(X,Y) =0.

Proof of Lemma 10.4. Since a linear transform of g does not change Corr(g(X), g(Y)),
it suffices to consider the case g(z1) = a, g(x2) = 0, and g(z3) = 1. Let p; = P(X = ),
¢ =PY =u;), pij =P(X =12, = 2;) and s;; = p;; — piq; for i,j € [3]. As Supp(X) C
Supp(Y) = {1, 2, 23}, we can assume that 0 < p; < 1 fori=1,3and 0 < ¢; < 1 for j € [3].
Write the matrices P = (p;;)3x3 and S = (s;;)3x3, and they are connected by P = pq' + S,
where p = (p1,p2,p3)" and q = (q1, ¢, q3) . Note that each of the row sums and column
sums of S is 0, that is, %, s =0=30_ s, 4,7 € [3].

Define the function f: R — R as

a’piy + a(pis + ps1) + pss — (apr + ps)(aq + gq3)
\/02]91 + ps — (apr +p3)2\/a2q1 + g3 — (aq) + ¢3)*
&2511 + a(513 + 831) + S33

\/Cl2 (p1 — p3) — 2ap1ps + (ps — p3 \/OL2 (1 — ¢1) — 2aq193 + (g3 — CI3)

fla) - = Corr(g(X),g(Y)) =

If (X,Y) € IC,, the equation f(a) = r holds for all a € R. Hence, by matching the coefficients

in front of a*, k € [4], in the equation f(a) = r, we obtain the follow equations:

st =1%(p1 — p)(q — q),

s11(s13 + s31) = =12 (qrgs(pr — p) + pivs(ar — 47)) |

( )

( )

2511533 + (513 + 831)7 = 12 (1 — P7) (g5 — @3) + (ps — P3) (@1 — @7) + 4prapsgs) ,  (10.27¢)
sas(s13 + s31) = =% (p1pa(gs — 43) + quas(ps — p3)) | ( )

( )

525 = 12(ps — p2) (g3 — ¢3).

329



Next, we will show that if » # 0, we have p = q.

As p1,p3, q1gs take values in (0,1) and r # 0, we have that s;1, s33 and s13 + s31 are

non-zero. Hence, (10.27a), (10.27b), (10.27d) and (10.27¢) yield

2
st (ags(pr — p1) + pips(qn — at)) _ — i) — )

‘9%3 (p1p3(qs — Q32,) + q1q3(ps — p%))Q (ps — pg)(qi” - q%)

Simplifying the equation, we get
{aia3 (o1 — D) (ps — p3) — Piv3(ar — @) (a5 — @) } { (01 — D) (a5 — 43) — (s — p3) (@1 — 4i) } = 0.
This equation is further simplified to

(Q1CZ3]92 - plPBQQ) (p2QS - CI2p3) =0, (10-28)

by using p; + p2 + p3 = 1 and ¢; + ¢2 + g3 = 1. We can observe that if p, = 0, then (10.28)

cannot hold. Hence, we consider the case when 0 < p, < 1 below.

In this case, we can switch the roles of indices 1, 2,3 as p; and ¢; take value in (0, 1) for

all i € [3]. Hence, we have f(a) = r for all a € R if and only if

(Q1Q3p2 - p1P3CJ2) (p2QS - CJ2P3) =0, (10-29)
(Q2Q1p3 - p2P1Q3) (psfh - (J3p1) =0, (10-30)
(q3g2p1 — p3p2q1) (P1g2 — qip2) = 0. (10.31)

Now we consider all possible cases when (10.29), (10.30) and (10.31) hold simultaneously.

First, assume that all the first terms in (10.29), (10.30) and (10.31) equal 0; that is
q193p2 = P1P3G2, ©2q1P3 = P2p1gs and gsgap1 = pspaqi- Thus, we have ¢1g2q3 = pipaps. As a
result, we get p? = ¢}, p3 = ¢35 and p2 = ¢3, which lead to p; = q1, p2 = ¢2 and p3 = g3.

Second, assume that all the second terms in (10.29), (10.30) and (10.31) equal 0; that is

P2G3 = @2p3, P3q1 = gzpr and piga = qip3. Thus, we have ¢ /p1 = qa/p2 = q3/ps, which leads
to p1 = q1, p2 = 2 and p3 = ¢3. We observe that one of the three equations psqs = @qops,
psqi = gsp1 and piga = ¢ip3 is redundant. Hence, if two of the second terms in (10.29),
(10.30) and (10.31) equal 0, the third one also equals 0.
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In the final step, we consider the case that two of the first terms in (10.29), (10.30)
and (10.31) equal 0. Without loss of generality, we assume q1¢sp2 = p1P3qe, G2q1P3 = P2P1q3
and p1g2 = qip2- By qiqsp2 = pipsgz and pigz = qupa, we get p3 = ¢3. Combining with
G@2q1p3 = p2p1qs , we have pi = ¢i and p3 = g3, which gives py = ¢ and p; = ¢,.

In conclusion, if (X,Y') € IC, with r # 0, then p = q, or equivalently, Fx = Fy. O

Proof of Theorem 10.2. The “if” part is clear. For the “only if” part, we will show that
if (X,Y) € IC, then Corr(X,Y) = 0. We first discuss the case X and Y have different
supports. Let A = Supp(X) and B = Supp(Y).

(a) Suppose ANB # A and ANB # B. In this case, we can find a function g such that g(X)
and ¢(Y) are bi-atomic random variables with different supports. By Proposition 10.1
and Proposition 10.5, we have that (¢(X), ¢g(Y)) € IC and g(X) and ¢g(Y) are indepen-
dent, which gives Corr(g(X),g(Y)) =0. As (X,Y) € IC, we have Corr(X,Y) = 0.

(b) Suppose A € B. We can find a function such that g(X) is a bi-atomic random variable
and g(Y') is a tri-atomic random variable. By Proposition 10.1 and Lemma 10.4, we have
that (g(X),g(Y)) € IC and Corr(g(X),g(Y)) = 0. Hence, Corr(X,Y) =0. If B C A,

we can also have Corr(X,Y) = 0.

Next, we discuss the case X and Y have the same support. Let S = Supp(X) = Supp(Y).
Because X and Y have different distributions, there exists a set A C S such that P(X € A) #
P(Y € A). Furthermore, we can also find B C S such that BN A=0 and AUB C S as S
contains more than two points. Thus, the sets A, B and S/(AU B) are three non-empty and
exclusive sets. Let g(x) = 14421 5+31g/aup). It is clear that g(X) and g(Y") are tri-atomic
random variables with the same support [3] but have different distributions. Therefore, by

Lemma 10.4, we have Corr(g(X),¢(Y)) =0, and thus Corr(X,Y) = 0. O

10.8.4 Proofs in Section 10.3.3

Proof of Proposition 10.6. We first show the necessity. If (X,Y’) € IC,, then

cOrr<g<x>,g<Y»—;g;:g;;;—r, 2= g(x) = (g(x1), ... g(x)T,  (10.32)




holds for all admissible function g, that is, for all real vectors z € R with R™ = R™\{c1,, :

¢ € R}. Equation (10.32) is equivalent to
z'(P—rD—(1—r)pp )z=0 forallzeR" (10.33)
This implies that (P + P —2rD —2(1 —r)pp' )z = 0, for all z € R". By taking z = e, for
i € [n], we have that P+ P" —2rD —2(1 —r)pp' = O, and thus we obtain (10.11).
Next, we show the sufficiency. Suppose that the probability matrix P satisfies (10.11).
Then we have that
P—rD—(1-r)pp' +P"' —rD—(1—7r)pp' =0.

Therefore, for every z € R", we have

z' (P—rD—(1-r)pp')z=2 (P—rD—(1~rpp')'z=2"(P' —rD—(1-7)pp')z

— 2" (P—rD—(1-r)pp )z,

and thus z" (P —rD — (1 — 7)pp ")z = 0. Therefore, we have (X,Y) € IC,.

In order for 7D + (1 — r)pp' to be a probability matrix, r € [—1,1] has to satisfy
0<rpj+(1—r)p; <1lforallje[n]and0< (1—7r)pp; <1forallije[n],i#j,
Equivalently, —p,;/(1 —p;) < r < 1+ 1/p; for all j € [n], and 1 — 1/(p;p;) < r for all
i,j € [n], i # j. Therefore, r satisfies (10.12). O]

Proof of Theorem 10.3. We first show the necessity. It suffices to show (10.9) for every

x,y € Supp(X) since the cumulative distribution functions change only at such points.

The case that X and Y are bi-atomic is verified in Proposition 10.6. In what follows,
we suppose X, Y € L2 are not bi-atomic. Let z and y be any two distinct points in Supp(X).
In view of Proposition 10.6, it suffices to consider the case when there exist three distinct
points z1, 29, 23 € Supp(X), z1 < 29 < z3, with two of them equal z and y. Let zp = —o0

and z4 = oo. Define

3
h(t)=> lgszy, tER (10.34)
=0
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Since h is admissible, Proposition 10.1 implies that (h(X),h(Y)) € IC,. Note that h(X) and
h(Y') are identical random variables taking the value i with probability p; = P(z,-1 < X < 2;)
for i € [4], respectively. Since 21, 29, z3 € Supp(X), we have pi,ps,ps > 0. We exclude the
index i = 4 in the following proof when py = 0. The joint probability matrix of (h(X), h(Y)),
denoted by P = (pi;)axa, is then given by

pij =P(MX)=4h(Y)=7)=P(2i-1 < X < 2, 2.1 <Y < 2j)
= H(zi,2j) — H(zi1,25) — H(zi,251) + H(zio1,251) = pij(H)

for i,5 € [4]. Let H'(x,y) = H(y,r) be the distribution function of (¥, X). By Proposi-
tion 10.6, we have that

pi(H) +pi(H")
2

=rpilg—p + (1 —r)pip; foralli,je [4] (10.35)

Since py1(H) = pii(H") = H(z1,21) and p; = F(z1), we have H (21, z;) = r min(F(21), F(21))+
(1 —7)F(z1)F(z1). Next, by taking (i,j) = (1,2) in (10.35), we have

pr2(H) 4+ pra(H")
2

=rmin(F(z1), F(z1))+ (1 —7r)F(z1)F(z1) + (1 = r)F(21){F(22) — F(z1)}

]’1(2!17 ZQ) + H(ZQ, Zl)

5 = H(z,2)+

=rmin(F(z), F(z2)) + (1 —7)F(21)F(22).

By repeating this calculation for all pairs of indices (i, j) € [4]?, we eventually obtain

H(z;, z;) + H(z;, 2;)
2

= rmin(F(z), F(z)) + (1 = r)F(z)F(2),

for all (i, 7) € [4]?. Since the set {z1, 29, 23} includes z and y, we have (10.9) for (z,z), (z,v),
(y,z) and (y,y). Since x and y, x # y are taken arbitrary in Supp(X), we obtain the desired
identity (10.9).

Next, we show the sufficiency. We show (X,Y") € IC, when (X,Y) ~ H satisfies (10.9).
Let g be an admissible function. Denote by H, and F), the joint and marginal distri-

butions of (¢(X), g(Y)), respectively. By taking A ={t € R:g(t) <z} and B={t € R:
g(t) <y} in (10.10), we have that

Hy(z,y) + Hy(y, x)
2

= rmin(Fy (), Fy(y)) + (1 - 1) E(0)F(y). (v.y) €. (10.36)



Note that (z,y) — Hy(y,x) is the distribution function of (¢(Y’), g(X)) and the correlation
coefficient is invariant under permutation, that is, cov(g(X), g(Y)) = cov(g(Y), g(X)). To-
gether with the Fréchet-Hoeffding identity (Lemma 2 of Lehmann, 1966), (10.36) implies

that
cov(g(X), g(Y)) + cov(g(X), g(Y))
2 / frmin(F, (2), Fy(y) + (1= 1) Ey(0) Fy(y) — Fy(@)Fy(y)} dady
—2r [ [ {min(Fy (o), Fys) ~ Fy(@)Fy o)} dody
= 2rvar(g(X)) < co.
Therefore, we have Corr(g(X),g(Y)) =7 and we conclude (X,Y) € IC]. O

Proof of Corollary 10.2. It suffices to show that the range of the admissible invariant
correlation is 0 < r < 1. Suppose (10.15) holds. Since the LHS of (10.15) is a copula, so
is the RHS. Therefore, we have that V,ar_nn([a,al x [b,b]) > 0 for all a,@,b,b € T such

that ¢ < @ and b < b, where Vi is a C-volume of a copula C. Consider the case when

a<b<b<a Then, for |l :=a— a, we have that
Vorrra-nm(la, @l x [b,8]) = (b = b) + (1 —r)(@—a)(b—b) >0,

that is, r + (1 — )l > 0. Equivalently, we have r > —[/(1 —[). By letting [ | 0, we obtain
r = 0. ]

10.8.5 Proofs in Section 10.4.1

Proof of Proposition 10.8. () For i € [d] and t € [0, 1], we have
- 3orz, - DR 0~ ) 5
Hence, X; has the standard umform distribution.

(ii) We can check that the copula of (X7, X3) is given by

k k
]P)(Xl < Ul,XQ < Ug) = ZP(ZUZQJ = 1) min(ul,u2) + (1 — ZP(leZQj = 1)) U1U9

j=1 j=1

= E[ZIZQ] min(ul, Ug) + (1 — E[ZIZQ]) UrU9,
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and this argument also applies to the other pairs. Therefore, each pair of components
of X has a positive Fréchet copula, and hence it has an invariant correlation. By

Proposition 10.7, we know that X has an invariant correlation matrix.

(iii) From (ii), we know that the correlation between X; and X, is E[Z{ Z,], and similarly

for the other pairs. Therefore, the correlation matrix of X is E[I'T'"]. O

For the proof of Theorem 10.4, we first present the following two lemmas.

Lemma 10.5. For k € N, the following statements hold:

(1) Zax is increasing in k;
(i1) Zqy is conve;
(111) 245 C O4. In particular, any matriz in Z4y, is a correlation matrix.
Proof of Lemma 10.5. (i) It suffices to note 2451 C Z44 for k > 2, which can be
checked by taking Z;, = 0 for all i € [d] in (10.16).

(ii) This can be checked by the fact that for any event A independent of two d x k categorical
random matrices I' and IV, the matrix 14"+ (1 — 14)I" is a d x k categorical random

matrix.
(iii) This follows from Proposition 10.8. O

Lemma 10.6. Z;; = Conv(Sx).

Proof of Lemma 10.6. We have that Z;; O Conv(S, ) since Z4) 2O Sy and the set 2

is convex. Therefore, it suffices to prove that Z;; C Conv(Sx).

Let T' be a d x k categorical random matrix such that E[IT'] € Zz;. Let v =
(Y1, -,7va)" € {0,1}%* be any realization of the random matrix I'. Define A(y) =
(A1(7), ..., Ak(y)), where As(vy) = {i € [d] : vis = 1}, s € [k]. Then A(v) is a partition
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of [d] into k subsets since 3% ~,, = 1 and thus every i € [d] belongs to only one of the

partitioned subsets. Moreover, we have v+ € Sy since

k k
(V' = = Z%s%s Y Lzt = ) Ligeao
s=1 s=1

Therefore, we have that E[IT']| = >, ¥y "P(T = 7) € Conv(Syx). As a result, we have
Zde = COHV(dek). ]

Proof of Theorem 10.4. The last two equalities follow directly from Part (i) of Lemma 10.5,
Lemma 10.6 and the fact that Sq, = S44 for £ > d. Moreover, Proposition 10.8 implies that

©4 2 Z44. Therefore, it suffices to prove ©4 C Conv(Syq).

Let Y = (Y1,...,Y,)" be a continuous random vector with standard uniform marginals
and invariant correlation R = (74)axa. Let L = {(u,v) € [0,1] : w < v}. Then its volume
with respect to M and IT are V(L) = 0 and V(L) = 1/2, respectively. By Proposition 10.7,

we have that
P(Y; #Y;) =P((Y;,Y;) € L) + P((Y},Y3) € L) = 2r;Var (L) + 2(1 — 75) V(L) = 1 — 1y,

and hence P(Y; =Y;) = r;; for all 4,5 € [d].

For y € [0,1]4, let A(y) = (Ai(y),...,A4(y)) be any partition of [d] with d sets such
that two indices 7 and j are in the same partitioned subset if and only if y; = y;. In addition,
define the matrix X(y) = (2i;(¥))axa by Zi(y) = 25:1 1 jea,y)y- Note that, although y
takes a value on the uncountable set [0, 1]¢, there is only a finite number of different partitions
of [d], and thus so is ¥(y). Let ¥, ... ™ N € N, be all possible such matrices. For the
given random vector Y, let a,, = P(X(Y) = X™), n € [N]. Then

Z ]l{z jEAS(Y

Since X" € 8,4 for every n € [N] and 32" a, = 1, we conclude that R = E[¥(Y)] =
S 0,20 € Conv(S,4). Therefore, we obtain the desired result. O

=P(Y; =Y;) = Ell{vi—v;y] =E[Z;(Y)].
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10.8.6 Proofs in Section 10.4.2

Proof of Proposition 10.9. Fix i € [d] and an increasing set A C R%. For every s € [k],
the joint law of (Z;,, X;) is identical to that of (Z;s, Us), where Z;5 is the (i, s)th element of
I'. Indeed, for any A C [0, 1], we have that

k
P(Z,=1, X;€ A) =P (Z =1, Y ZyU € A) =P(Z, =1, U, € A).
=1

This implies the independence between Z;; and X; since

P(Ziy=1, X; € A) =P(Zi, = 1, U, € A) = P(Zi, = 1)P(U, € A) = P(Z;, = 1)P(X; € A).

Therefore, we have that, for z € [0, 1],

k
PXeA|X;=2)=) PXE€A|X;=xZi=1)P(Z,=1| X, =x)
s=1
k
=Y PXeA|U,=x,Zis=1)P(Z =1),
s=1

and hence it suffices to prove that x — P(X € A | Us = z,Z;s = 1) is increasing for every
s € [k]. Let v_s be a d x (k — 1) matrix obtained from deleting the sth column from =, and
u_,; be a (k — 1)-dimensional vector obtained from deleting the sth element from u. Since

U, is independent of I" and U_;, we have that

PXcA|U=xZiy=1)=PO_U_y+2(Zis,..., Zas) € A|Us =2, Zis = 1)

=PT_U_y+2(Zis, ..., Zas) € A| Zis = 1).

The probability in the last expression is increasing in x since (Zs, ..., Z4s) = 04 and A is an

increasing set. O

10.8.7 Proofs in Section 10.5

We first present some lemmas for the proof of Theorem 10.5.

Lemma 10.7. Suppose that X is bi-atomic and Y is tri-atomic. If (X,Y) € IC! for some
€ [—1,1], then r = 0.
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Proof of Lemma 10.7. Assume Supp(X) = {z1, 22} for some z; < z9 and Supp(Y) =
{y1,y2,y3} for some y; < ya < y3. Let P = (p;j)ax3 be the probability matrix, p = (p1,p2) "
and q = (q1, 2, q3) " be the marginal distributions of X and Y, respectively, with p; = P(X =
z;) and ¢; = P(Y = y;) for i € [2] and j € [3] and S = (s;;)ax3 = P —p'q. We have p; > 0
for i = 1,2 and ¢; > 0 for j € [3].

Since a linear transform of g does not change Corr(g(X),g(Y)), we can fix g(z;) = 0
and g(xg) = 1. Assume g(y1) = 21, g(y2) = 20 and g(y3) = 23 with 23 < 25 < z3. As
(X,Y) € IC!, we have
B 21521 + 22522 + 23523
B — .92 /.2 2 2 3

VD2 — D3 A0 + 236 + 2345 — (2101 + 2202 + 2343)

By matching the coefficients in front of 2%, 232, 22, 2129, 2123 and zpz3 terms, we get the

Corr(g(X), g(Y))

system
s =12(p2 = p3) (@1 — &), (10.37a)
s =1 (p2 = P3) (@2 — 43), (10.37b)
s5 = (2 — 13) (45 — 63), (10.37c)
S21822 = 7"2(202 - p%)fhtha (10.37d)
so1823 = 17 (p2 — P3) 1143, (10.37e)
S22823 = 7‘2(]?2 - P%)Q2Q3- (10.37f)

As g can be any increasing function, at most one of z1, 29, z3 can be fixed as 0. If z3 = 0,
we have (10.37a), (10.37b) and (10.37d) hold simultaneously. Thus, » # 0 implies g3 = 0.
If z9 = 0, we have (10.37a), (10.37¢c) and (10.37¢) hold simultaneously. Thus, r # 0 implies
g2 = 0. If 2y = 0, we have (10.37b), (10.37¢) and (10.37f) hold simultaneously. Thus, r # 0
implies g1 = 0. If none of 21, 29, 23 is 0, then we have ¢ = g2 = ¢3 = 0. As q1,¢2,q3 > 0, we

have r = 0. O
Lemma 10.8. Suppose both X andY are tri-atomic random variables with the same support.

If (X,Y) € IC! for some r € [~1,1], thenr =0 or Fx = Fy.

Proof of Lemma 10.8. As p; = P(X =2;) > 0and ¢, = P(Y = y;) > 0 for all 4,5 € [3],
we can use the similar argument in the proof of Lemma 10.4 to show that if (X,Y) € IC]
with r # 0, then Fx = Fy. O
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Lemma 10.9. Suppose X is m-atomic andY is n-atomic withm > 2, n > 2 and Supp(X) #
Supp(Y). If (X,Y) € IC! for some r € [~1,1], then r = 0.

Proof of Lemma 10.9. It suffices to show that, for such X and Y, there exists an increasing
function g such that g(X) is bi-atomic and ¢(Y") is tri-atomic, or g(X) is tri-atomic and g(Y")
is bi-atomic. Then, we can use Lemma 10.7 to get » = 0. The existence of g can be checked
directly by exhausting all possibilities of the supports of X and Y. For instance, if there
exists yo € Supp(Y) but not in Supp(X), and each of the events {X < yo}, {X > wo},
{Y <yo} and {Y > yo} has non-zero probability, then the function g : y —= Liysyoy + Liysyer

is sufficient. We omit the details of all other cases here. O]

Proof of Theorem 10.5. It is clear that IC, C IC! for all r € [~1,1], which implies the

“only if” part. We will show the “if” part below.

(i) If (X,Y) € IC], then cov(g(X),g(Y)) = 0 for all admissible decreasing functions g.
By taking g(z) = l{;<q, We have cov(l{x<a}, l{y<a}) = O for every a € R. For
every fixed a,b € R, let g(x) = Loy + Lacpy. As cov(Iix<a}s L{v<ay) = 0 and
cov(Lix<py, Liy<py) = 0, we have from cov(g(X), g(Y)) = 0 that cov (]}.{Xga}, ]l{ng}) +
cov (Lix<py, Lgy<a}) = 0. Hence (X,Y) is quasi-independent, and thus (X,Y) € ICy by
Theorem 10.1.

(ii)) Assume X and Y have identical distributions. By Theorem 10.3, it only remains to

show that (10.9) holds when (X,Y) € IC!.

Notice that the necessity part of the proof of Theorem 10.3 directly applies with a few
modifications since, for example, the function (10.34) is increasing and admissible, and
thus Item (i) in Corollary 10.3 is used instead of Proposition 10.1. By carefully checking
the proof of Theorem 10.3, we only need to show that Proposition 10.6 holds for the
case of IC]. Using IC! C IC,, we know that n-atomic identically distributed random
variables X and Y satisfy (X,Y) € IC! if 7 satisfies (10.12) and the probability matrix

P satisfies (10.11). We show the remaining “only if” part of this statement.
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(iii)

To this end, let X and Y be n-atomic identically distributed random variables taking
values in X = {xy,...,z,}, n € N, with z; < -+ < ,,. Write P = (pij)nxn, Pij =
P(X =x;,Y = z;), with p = P1,, and D = diag(p).

Suppose that (X,Y) € ICT and let A:= P+ P" —2rD —2(1 — r)pp". Since (10.32)
holds for all admissible increasing functions g, (10.33) holds for all z € R™ such that
z1 < -+ < z,. Therefore, for such z’s, we have Az = 0,,. For z € R"™ such that
21 < --- < zy, there exists a sufficiently small 6 > 0 such that z + ece; € R is still
increasing for all € < 0 and j € [n]. Since Az = A(z+ee;) = 0,,, we obtain Ae; = 0,, for
all j € [n], and thus A = O. Therefore, we have (10.11). The range condition (10.12)

of  necessarily holds for rD + (1 — r)pp" to be a probability matrix.

For X,Y € L£? with different distributions and [Supp(Y)| > 2, we will show that
(X,Y) € IC] implies r = 0.

As X and Y have different distributions, there exists (a, b] such that P(X € (a,b]) #
P(Y € (a,b]). Hence, we can find an increasing function g such that g(X) is m-atomic
and ¢(Y') is n-atomic for some m > 2 and n > 2 where g(X) and g(Y") have different
distributions. Hence, without loss of generality, we can assume X is m-atomic and Y

is n-atomic for some m > 2 and n > 2 with different distributions.

If Supp(X) # Supp(Y), we have r = 0 by Lemma 10.9. Assume Supp(X) = Supp(Y).
As XY have different distributions, we can always find a € Supp(X) such that P(X >
a) # P(Y > a). For such a, let g(z) = L{z>a) + Lizsp) + Lizsep for some b, ¢ € Supp(X)
with a < b < ¢. Thus, g(X) and ¢g(Y) are tri-atomic random variables with the same

support but different distribution. By Lemma 10.8, we have r = 0.

Therefore, we have (X,Y) € IC{. Using Item (i) above, we have (X,Y) € IC,. O

10.8.8 Proofs in Section 10.7

Proof of Proposition 10.10. Since the statement on rg-matrices is obvious, we will show

that X has the tail-dependence matrix R. Without loss of generality, we can assume that the

identical marginal of X is the standard uniform distribution. Fix 4,5 € [d]. Since \;; = Aj;,
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Proposition 10.7 leads to

Ny = Aij + Nji  lim Cij(u,u) + Cji(u, u)  lim i M (u,u) + (1 — 7)) (u, u) .
2 ul0 2u 10 U
Proof of Proposition 10.11. Since S, 11, ..., S,.q are independent conditional on the null

training sample D = {5, : i € [n]}, we have

Ji B o Ji
P(B——n+1,z€N)—ED{P(R——n+1,z€N'D>]

i
e

ieN

—Ep

—Ep

T (S0 - Sue—l))]

ieN

for j; € [n + 1], where 0 = Sy < Sy < -+ < Sy < Sm41) = 1 are the order statistics of
the null training sample (S;...,S,). Since the conformal p-values are independent of the
distribution of scores, we can assume without loss of generality that Si,...,.S, are indepen-
dently distributed of the standard uniform distribution. Let T; = Si;) — S(j—1), 7 € [n + 1].
Then (T, ..., Tny1) follows the Dirichlet distribution with the parameter vector 1, € R**1.

Therefore,
Nn 1
8o [T (Sy — S 0) | = Eo [0 25
ieN
B+ Ny,..., 14+ Np1) Nyle-- Nyyq!
B(Lnt1) (n+m)(n+m—1)--(n+1)’

where B is the (n + 1)-dimensional Beta function.

In particular, when m = 1, we have P(P, = j/(n+1)) =1/(n+ 1), j € [n +1]. When

m = 2, we have

' i 1 1 1 1 1
]P) 'Pl = j 7_PL'/ = j = . —]l{j:],}’ + ]_ —_ . . ,
n+1 n+1 n+2 n+1 n+2) n+l n+1
which is the exchangeable case of the model (10.14) and thus has the invariant correlation

1/(n+2). O
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Chapter 11

The checkerboard copula and

dependence concepts

11.1 Introduction

The copula theory has been actively studied over the past few decades with many
applications in statistics, finance, engineering, and the natural sciences; for an introduction,

see the monographs of Nelsen (2006) and Joe (2014).

It is well known through Sklar’s theorem (Nelsen (2006, Theorem 2.10.9)) that the
copula of a random vector is unique if and only if it has continuous marginal distributions.
Genest and Neslehova (2007) discussed difficulties in identifying copulas for discrete distri-
butions. The purpose of this chapter is to understand whether it is possible to identify a
canonical copula for a random vector in some sense if it does not have continuous marginal

distributions.

To answer this question, we seek inspiration from three applications. Let X = (X7, ..., X,)
be a d-dimensional random vector with d > 2, which may have non-unique copulas. Denote
by Cx the set of all copulas of X. For a random variable X, its probability integral transform
U is a uniform random variable on [0, 1] satisfying F~'(U) = X almost surely (a.s.), where
F is the distribution function of X and F~! is the quantile function of X. Let (Uy,...,Uy)

be any vector of probability integral transforms of Xi,..., X; with a joint distribution C
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certainly, C' is a copula of X. All random variables live in an atomless probability space

(Q,F,P).

1. Simulating from the copula of X. One of the most popular applications of copulas
in finance is to model default correlation, as famously done by Li (2000); see McNeil et
al. (2015) for discussions. In such applications, one needs to simulate from the copula of
X, where X may have non-continuous marginal distributions (e.g., losses from default
events). Assume that we can simulate X, and we also have knowledge of all marginal
distributions of X. How can we find a reasonable copula C' € Cx to simulate from,
that is determined only by X but not by any particular modeling choices (such as the

Gaussian copula)?

2. Stressing the distribution of X. In sensitivity analysis and risk management,
it is often necessary to stress, or distort, the distribution of X to obtain post-stress
distributions. In the stressing mechanisms studied by Millossovich et al. (2021), one
needs to find a stressed probability measure 1 by using d@Q;/dP = ¢(U;) for a non-
negative increasing function g with fol g(u)du = 1, such as g(u) = 2u. The simple
interpretation of @) is to gradually increase the weight of realizations w € €2 at which
X1 is large. Similarly, one can simultaneously stress all components of X by considering
a measure Q such that dQ/dP = (1/d) 3", ¢:(U;) or dQ/dP = c[[, g:(U;) with
a normalizing constant ¢ > 0 (¢ = 1 if Uy,...,U; are independent), where g; are
non-negative increasing functions with fol gi(u)du = 1. If we are only interested in
the post-stress distribution FlQl of X; under @, the choice of the copula C' € Cx is
irrelevant. However, the choice of the copula C' € Cx matters for the distribution F°

of X; under @), as well as for the distribution FZQI of X; under ;.

3. Computing a co-risk measure. Co-risk measures (e.g., Adrian and Brunnermeier
(2016)) are calculated for the conditional distribution of a random variable X5 given
some event related to X;. A classic example is the Marginal Expected Shortfall at level

p € (0,1), which is defined as, assuming that X; is continuously distributed,

p(Xo|X1) = E[Xo| Xy > F7H(p)] = E[Xa|Ur > p).
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Generally, p is the mean of X, given a (not necessarily unique) p-tail event of X in the
sense of Wang and Zitikis (2021). This risk measure p does not depend on the choice
of C' € Cx if X is continuously distributed (p-tail event is unique a.s.); however, it
may depend on C' € Cx if X; has some points of mass. Other co-risk measures, such

as CoVaR (Adrian and Brunnermeier, 2016), also face the same issue.

All of the above contexts point to the question of choosing a good copula C' € Cx, which
we address in this chapter. We first offer a new characterization of all copulas of a given
random vector in Section 11.2 in Theorem 11.1. In Section 11.3, we give some intuitive and
heuristic arguments for the questions above, leading to the proposal of using the checkerboard
copula, that is, the unique copula of X that is as uniform as possible in regions where the
copulas of X are not uniquely determined, formally defined in Definition 11.1. Although
the arguments in Section 11.3 are heuristic, the use of the checkerboard copula indeed has
a theoretical justification, which we present in Section 11.4. The checkerboard copula has
the maximum Shannon entropy among all possible copulas of X, as shown in Theorem 11.2.
In Section 11.5, we show in Theorem 11.3 that the checkerboard copula preserves various
dependence concepts that are satisfied by X. This result is intuitive, but the proof requires
serious technical analysis. We discuss two applications of our results in diversification penalty

and induced order statistics in Section 11.6. Section 11.7 concludes this chapter.

11.2 Copulas for a discrete random vector

Let d > 2 be an integer and [d] = {1,...,d}. All inequalities are interpreted component-
wise when applied to vectors. All random variables live in an atomless probability space
(Q,F,P). Let X = (Xj,...,Xy) be a d-dimensional random vector, Fy,...,Fy be the
marginal distributions of X, and Ran(F;) be the range of F; for i € [d]. By Sklar’s the-
orem, the copula of X is uniquely determined on Ran(F3) x - - - x Ran(F,) but undetermined
in other regions. Therefore, when the marginal distribution F; is not continuous for some
i € [d], the copula of X may not be unique. In this section, we give a concrete representation

for any copulas of X.
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We start with the observation that, if a random variable X is continuously distributed,

the random variable
U X = F X (X )
will be uniformly distributed over [0, 1], where Fx is the cumulative distribution function of

X. More generally, regardless of whether X is continuously distributed, we can define its

probability integral transform
UX = Fx(X—)+Vx(Fx(X)—Fx(X—)), (111)

where Fy(z—) = limy, Fx(z) = P(X < z) for z € R and Vx ~ UJ[0,1] is independent
of X, assumed to exist.! The probability integral transform Uy satisfies Ux ~ U[0,1] and
Fi'(Ux) = X as. (see e.g., Riischendorf (2013, Proposition 1.3)). Therefore, the probability
integral transform (11.1) converts any random variable X to a U[0, 1] distributed random

variable Ux using Vy.

We extend this idea to the case of a random vector X. Let V = (V4,..., V) be arandom
vector with U[0, 1] marginals such that V; is independent of X; for each i € [d]. Denote the

set of such V by Vx. Similar to (11.1), let us define the probability integral transform for
X =(X1,...,Xq):

Ui = Fi(Xi—) + Vi(Fi(X;) — Fi(Xi—)), i€ld]. (11.2)

It immediately follows that U; ~ U[0, 1] and F; '(U;) = X; a.s.. Therefore, U = (Uy, ..., Uy)
is a random vector with uniform marginals. This technique of constructing random vectors
with uniform marginals has been used in the literature; see e.g., Moore and Spruill (1975)

and Neslehové (2007).

Let CY be the copula of U. Because F; *(U;) = X; a.s. for each i € [d], we have
CY(Fy(z1), ..., Fy(xq) =P(U; < Fi(x1),...,Us < Fy(zg) = P(X1 < 21, ..., Xg < 24)

for any (z1,...,74) € RY Hence, CY is a copula of X.

IThis assumption is safe as we are interested in distributional properties, and we can extend the probability

space to include such independent Vy, if necessary.
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According to (11.2), the copula CY is determined by the joint distribution of (X, V).
In particular, the copula CY does not depend on the choice of V; for i such that X; is
continuously distributed because, for these ¢, U; in (11.2) is a.s. equal to F;(X;). While for ¢

such that X; is discrete, V; does have an impact on the copula CY .

In general, the choice of V € Vx for constructing the copula Cy may not be unique.
This is because Vx allows two types of dependence that might be present in the construction
of V: First, the components of V may be mutually dependent. Second, V; may depend on
X, for i # j. Naturally, a different choice of V € Vx often leads to a different copula C¥;

see the following example.

Example 11.1. Assume that d = 2, X7 is a constant, and X5 is continuously distributed.
It is well known that any copula is a copula of X in this case. For instance, by choosing V}
to be independent of X5, CY is the independence copula, and by choosing V; = Fy(X5), C¥

is the comonotonic copula.

The following result says that all copulas of X can be realized by some Cy. Hence,
(11.2) gives a stochastic representation for any copula of X. The representation is quite

intuitive, but we did not find it in the literature, so we provide a self-contained proof.

Theorem 11.1. Assume that there exists a continuously distributed random variable inde-
pendent of a random vector X. A copula C is a copula of X if and only if C = CY for some
Ve Vx.

Proof. We have seen that CY is a copula of X. Tt suffices to show the “only if” statement. Let
C be a copula of X, take U' = (Uj,...,U}) ~ C, and write X' = (F; "(U7),..., F; ' (U})).

Because C is a copula of X, for x = (z1,...,74) € R%, we have

P(X <x)=C(Fi(z1),..., Falza)) =P (U1 < Fi(z1), ..., Ug < Fa(za))
=P (F'(U}) <1,...,F; (U) < 3q) =P(X' < x).
Hence, X < X’. Take U* = (U;,...,U?) such that (X, U*) £ (X/,U’), and we then have

X = (F7'(U7),....,F7'(U})) as.. Furthermore, take V' ~ U[0,1] which is independent of
(X, U*). The existence of U* and V' is guaranteed by the assumption of the existence of a
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continuously distributed random variable independent of X. For i € [d], let V = (V4,...,V})
be given by

Us — F(X;—)
Vi= =7 Lipxn>rixiot + Ve (x)=F(xi-)}-
Fi(X)) = Fy(X—) >R T VA =F(X)}

Fix ¢ € [d] below. Let D; be the set of discontinuity points of F;. Note that for x € D;, we

have
P (U} € [Fi(z—), Fy(2)]|Xi =) =1 and P (U} € [Fi(z—), F;(2)]|X; # z) =0.

Because U is uniformly distributed over [0, 1], U} is uniform on [F;(z—), F;(x)] conditional

on X; =z € D,;. Thus,

P(U; < ulX; = 2) =

Therefore, for u € [0, 1],

Uz = F(Xi-)
F(X0) ~ Fi(X-

P(V; < ulX;) =P ( j S “’X) Lixieny +P(V' S u)lpxigny
=P (U} < u(Fi(X;) — Fi(X;-)) + Fi(X;—)|X;) Lixien, + ul{x,¢p,}

= u]l{XieDi} + u]l{XiQDi} =U.

Hence, V; follows U[0, 1] and is independent of X;. Note that, by the construction, U}, V;,
and X; satisfy U = F;(X;—) + Vi(F;(X;) — Fi(X;—)) a.s., and hence U* ~ C¥. This shows
C=CY. O

Theorem 11.1 implies Cx = {C¥ : V € Vx}. Note that Cx is a singleton if and only if

all marginal distributions of X, F7, ..., Fy, are continuous functions.

11.3 Motivating arguments for the checkerboard cop-

ula

Theorem 11.1 gives the entire class of copulas for X. We now consider which V € Vx

can answer the three motivating questions in Section 11.1, which all point to the same unique

choice of V € Vx.
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1. Simulating from the copula of X. A natural approach to simulating from the
copula of X with some atoms in the marginal distributions is by first simulating a pair
of (X, V), and then applying the probability integral transform using (11.2). Theorem
11.1 shows that all copulas of X can be simulated this way. For this purpose, the
simplest and most natural choice of Vis V ~ U ([O, 1]d) which is independent of X.
In fact, we could not think of an argument against the use of this particular V in the

context of simulation.

2. Stressing the distribution of X. To understand how the choice of V affects the
stressed distribution of Xy, we look at the simple example in Example 11.1 with g(u) =
2u. Choosing V] independent of X5 would lead to F2Ql = [y, whereas choosing V; =
F3(X5) would lead to &' = (F3)2. Because we are interested in the effect of stressing
X; on X,, and X, is a constant in this example, it is natural to choose a V) that
affects the distribution of X, minimally, which is achieved when V; is independent of
X,. Translating this argument into the general d-dimensional setting suggests choosing

V ~ U ([0,1]) independent of X.

3. Computing a co-risk measure. To understand how the choice of V affects the value
of the co-risk measure, we again look at Example 11.1. We have p(X3|X;) = E[X5] if
Vi is independent of Xy, and p(X3|X1) = ES,(Xs) if Vi = F5(Xs), where ES,(Xs) =
E[X5|Us > p] is the Expected Shortfall of X5 at level p. The interpretation of p as the
mean of X5 on a tail event of X; suggests that it is natural to choose V; independent

of X5, because X; is a constant and its tail event should not affect Xs.

In all the considerations above, V.~ U ([O, l]d) independent of X appears to be a good
choice. Let us denote this by Vx and the corresponding copula by Cx, where L reflects that
independence is used twice to construct V (within components of V and between V and X).
From the three motivating examples above, the choice of the particular copula Cx is natural

and has several unique features. This choice has been known as the checkerboard copula.

Definition 11.1. The copula Cx is called the checkerboard copula of X.

The copula Cx is also called the multilinear extension copula of X; see Genest et al.
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(2017) for its properties, its empirical process, and a history. One notable property is that

X1, ..., X, are independent if and only if Cx is the independence copula.

The rest of this chapter focuses on the properties and applications of the checkerboard

copula.

11.4 Entropy maximization

Given the natural choice of Cx in the applications in Section 11.3, it should have some
unique properties within the class Cx. The applications seem to suggest that Cx relies less
on external information compared to other choices of V. Such consideration is typically
studied via entropy. Indeed, as argued by Jaynes (1957), the maximum-entropy distribution
should be the only unbiased choice given available information. If a copula C' has a density

function ¢, then its Shannon (differential) entropy is defined as

H(C) = _/[01]d c(u) log ¢(u) du.

One problem with the above formulation is that a copula C often does not have a density.
We set H(C) = —oo if C' does not have a density, which is intuitive and can be seen as
a limiting case. However, even the checkerboard copula Cx may not have a density if the
distribution of X has some singular continuous part. This issue may be solved by considering
other measures of information, but for now, let us stick to the Shannon entropy, which is the
most popular notion in information theory. We would like to compare H(Cx) with H(C') for
C € Cx, or equivalently, H(CY) for other choices of V € Vx. The main result of this section

is to show that H(Cx) has the largest entropy among all other choices.

Theorem 11.2. For C € Cx, we have H(Cx) > H(C).

The proof of Theorem 11.2 essentially boils down to showing the following lemma,
which states that the density of the checkerboard copula can be expressed as the conditional
expectation for the density of other possible copulas in Cx. From this lemma and Jensen’s

inequality, Theorem 11.2 follows.
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Lemma 11.1. For C € Cx, if the density ¢ of C exists, then the density ¢ of Cx ex-
ists. Moreover, we have ¢-(U) = El¢(U)|X], where U = (Uy,...,Uy) ~ U ([0, 1]%), X =
(Ffl(Ul), o ,Fd_l(Ud)), and F, ..., Fy are the marginals of X.

Proof. Since E[¢(U)|X] is o(X)-measurable, there exists a function f : R? — [0, 1] such that
f(X) = E[¢(U)|X] (in the almost sure sense). Let ¢* be a function [0, 1]% — [0, 1] defined as
() = f(F ' (w), ..., Ey (ug)) for any u = (uq,...,ug) € [0,1]%. We claim that ¢* is the
density of C. This claim implies that ¢ exists and ¢ (U) = E[¢(U)|X].

To prove this claim, let U¢ ~ C, U+ ~ Cx, and R = H?Zl Ran(F;). We first show that
[yt (u)du=P(U" € A) for the following two types of the set A.

(i) Let A =[],[0,a;] witha = (ay, ..., aqs) € R. We have 1jyca) = ]l{xg(pl—l(al)

-----

Therefore,

/ ¢ (u) du = / F(F ), s o ug)) duy - - dug
A Hf_l[Oai]

[f(X)]l{Uga}]

where the last equality holds because
P(U°<a)=P (X< (F{ ' (a),....F; ' (aq))) =P(U" < a).

This further implies that [, ¢'(u)du = P(U+ € A) for any A = Hle A; such that
A; € {[0,a;] : a; € Ran(F;)} U {(Fi(z;—), Fi(z;)] : x; is a discontinuity point of F;} for
i€ [d.

(ii) Let A = [],[0,a;] x H;.l:k+1(sj,tj] with £ € {0,1,...,d} such that a; € Ran(F;)
for i € [k] and (s;,t;] N Ran(F;) = @ for j € [d] \ [k]. For j € [d] \ [k], denote by
x; = F;'(s;), and thus (s;,t;] C (Fj(z;—), Fj(x;)). By the definition of ¢+, for fixed

u; € [0,a;] and i € [k], ¢t (ug,. .., U, Vpt1, ..., vq) is a constant for all (vpyq,...,vq) €
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1541 (Fy(x;—), Fj(z;)). Therefore, let B = [[+_[0,a;] x [0, (Fj(z;—), Fj(x;)), we

j=k+1 j=k+1
have
d tj —s; B
ct(u)du = . / ¢ (u) du.
/A j:E[H Fy(x;) = Fy(z;=) | Jp

Let V.= (V4,..., V) ~ U([0,1]%) be independent of X, and for j € [d] \ [k], denote by
i = (s — Fy(z;=))/(Fj(x;) — Fj(z;—)) and t; = (t; — Fj(z;—))/(Fj(x;) — Fj(z;—)).

Hence,
tj — Sj

Fi(z;) — Fj(z;—)

=P (V; € (), t;] for all j € [d] \ [K]) .
j=k+1
In addition, by (i), we can get
/ ¢ (u)du=PB(U* € B) = P (X, < F\(a)), X; =, for all i € [&], j € [d] \ [£]) .
B

Therefore,

/ACL(u)du:IF’ N e e|el N 06<F @), X =)

J€[d\[k] i€[k],j€[d]\[k]

=P N {Xi<F ), X;j =15, Vie0,1], V; € (s}, ]}

71777
ik el
k d
i—1 =kl

By the same argument, we have [, ¢-(u)du = P(U* € A) for any A = H?Zl A; such
that A; € {[0,a;] : a; € Ran(F})} U {(s;, t;] : (s4, ;] N Ran(F;) = @} for i € [d].

For any a = (aj,...,aq) € [0,1]%, the region Hle[O, a;] can always be represented by

an at most countable disjoint union of regions studied in (i) and (ii). Hence, we can obtain
/ () du = P(U* < a).
[T, [0.ai)
This proves our claim that ¢t is the density of Cxk. n

Proof of Theorem 11.2. If H(C) = —oo, there is nothing to show. Hence, it suffices to
consider the case that C' has a density, which we denote by c. By Lemma 11.1, we have

¢ (U) = E[¢(U)|X] where ¢! is the density of Cx, U = (Uy,...,Uy) ~ U ([0,1]%), and
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X = (Fi ' (Uh),...,F;'(Uy)) with Fy, ..., Fy as the marginals of X. Define a function g(z) =
zlogx for x € (0,00). It is clear that g is convex. By the fact that E[¢(U)|X] = ¢-(U) and

Jensen’s inequality, we have
H(Cx) = ~Elg(c*(U))] = ~E[g(E[c(U)[X])] > ~E[E[g(c(U))|X]] = ~E[g(c(U))] = H(C).

Thus, H(Cx) = H(C) for all C € Cx. O

11.5 Checkerboard copula and dependence concepts

In this section, we study how the checkerboard copula preserves dependence concepts.
This question is motivated by a problem raised in the context of diversification in Chen et

al. (2024b), which we describe in Section 11.6.1.

11.5.1 Dependence concepts

We first define several notions of positive dependence, introduced and studied by Lehmann
(1966), Esary et al. (1967), and Benjamini and Yekutieli (2001), and the corresponding no-
tions of negative dependence, introduced and studied by Lehmann (1966), Alam and Saxena

(1981), Block et al. (1982, 1985), Joag-Dev and Proschan (1983), and Chen et al. (2024a).

In what follows, for ¢ € [d] and an d-dimensional random vector X = (Xi,...,X,),
write X_; = (X1,..., X; 1, Xiv1, ..., Xy), and for A, B C [d], write X4 = (Xj)kea and

Xp = (Xp)ren- A set S CR?is decreasing if x € S implies y € S for all y < x.

Definition 11.2. A random vector X is

(i) (a) positively associated (PA) if for every pair of subsets A, B of [d] and any functions f
and g both increasing or decreasing coordinatewise, provided the covariance below

exists,

cov(f(Xa),9(Xp)) = 0;
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(b) negatively associated (NA) if for every pair of disjoint subsets A, B of [d] and any
functions f and g both increasing or decreasing coordinatewise, provided the co-

variance below exists,

cov(f(Xa),9(Xp)) <0;

(ii) (a) positively regression dependent (PRD) if for every i € [d], the random variable
E[g(X_;)|X;] is an increasing function of X; for any coordinatewise increasing func-

tion ¢ such that the conditional expectation exists;

(b) negatively regression dependent (NRD) if for every ¢ € [d], the random variable
E[g(X_;)|X;] is a decreasing function of X; for any coordinatewise increasing func-

tion g such that the conditional expectation exists;

(iii) (a) weakly positively associated (WPA) if for any i € [d], decreasing set S C R4, and
r € R with P(X; < x) >0,

P(X_; eS| X;<z)>P(X_; €9);

(b) weakly negatively associated (WNA) if for any i € [d], decreasing set S C R4~ and
r € R with P(X; <z) >0,

P(X_; €S| X, <z)<P(X€9);

(iv) (a) positively orthant dependent (POD) if for all x = (z1,...,24) € R4, P(X < x) >
[T, P(X; < 2) and P(X > x) > [, P(X; > z);
(b) negatively orthant dependent (NOD) if for all x = (z1,...,74) € RY P(X < x) <

[T, P(X; < 2) and P(X > x) < [, P(X; > ).

i=1

Moreover, we say that a distribution or a copula is PA, PRD, WPA, POD, NA, NRD, WNA,

or NOD if the corresponding random vector is.

Note that the definition of PA does not require A and B to be disjoint, whereas the

definition of NA requires this.
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The relationship between the above notions is summarized below (see e.g., Chen et al.
(2024a)).
PA = WPA; PRD = WPA; WPA = POD;

NA = WNA; NRD =—> WNA; WNA — NOD.

Within the class of multivariate normal distributions, the four concepts of positive depen-
dence are equivalent, and each is equivalent to having nonnegative bivariate correlation
coefficients; similarly, the four concepts of negative dependence are equivalent, and each is

equivalent to having nonpositive bivariate correlation coefficients.

In the sequel, we use ® to represent one of the following: PA, PRD, WPA, POD, NA,
NRD, WNA, or NOD. Our question is whether these properties are properties purely based

on copulas. It turns out that the checkerboard copula can help answer this question.

11.5.2 The checkerboard copula preserves dependence

We first present a self-consistency property of those negative dependence concepts in

the spirit of Joag-Dev and Proschan (1983, Property Pg) for NA.

Lemma 11.2. If fi,..., fq are increasing functions and X satisfies ©, (f1(X1), ..., fa(Xa))

also satisfies ®.

Proof. We only show the result for the concepts of negative dependence, as the case of

positive dependence is similar.

The self-consistency properties of NA and NOD are shown in Joag-Dev and Proschan
(1983, Property Pg) and Lehmann (1966, Lemma 1), respectively. We will show the properties
for NRD and WNA. Let Y = (f1(X1), ..., fa(Xa)).

1. Assume X is NRD. Fix i € [d]. Let g be a coordinatewise increasing function and
g =go(fi,-.-, fi—1, fix1,---, fa). As aresult, we have ¢’ is a coordinatewise increasing
function and ¢(Y_;) = ¢'(X_;). For any y € R, let A, = {z : fi(z) = y}. We have
{V; = y} = {Xi € A,}. Therefore, E[g(Y_;)|Y; = y] = E[¢'(X_;)|X; € 4,]. Assume
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Y1 < yo. For any z; € Ay, and x5 € A,,, we have z1 < x9; hence, E[¢(X_;)|X; = 1] >
E[g'(X-i)[X; = z2]. Thus,

Elg' (X)X, € Ay,] = B[E[g"(X )| Xi]| X € Ay,]
> E[E[g"(X_)|Xi]|X; € Ay,] = E[g'(X3)[X; € Ay,),

which implies that E[g(Y_,)|Y; = 1] = E[g(Y _;)|Y; = v2); hence Y is NRD.

2. Assume X is WNA. For i € [d], let S C R! be a decreasing set, and

SE={(a1, .. w1, wis1, - wa) (@), fioa(@icn), fonr(@isn),- - fa(za)) € S}

It is clear that {Y_; € S} = {X_; € S/}. For any x; < x, and x, € S/, we have
fr(z1k) < fu(aay) for all k € [d] \ {i}. Furthermore, because S is decreasing, we have
X € Sz-f, which implies Sif is a decreasing set. For any y € R with P(Y; < y) > 0,

let x = sup{t € R: f;(t) < y}. If fi(z) < y, we have {V; < y} = {X; < z} and
P(X; < z) > 0. Therefore,

P(Y_; €S|V, <y)=P (X_Z- e ST|X; < :v) <P <X_Z- e S{) —P(Y_; €8),

which implies that Y is WNA. If f;(z) > y, we have {Y¥; < y} = {X,; < 2} and
P(X; < z) > 0. Therefore,

P(Y_; € S,Y; <y):IP’<X_i e s/ X, <x)

= lmP (X_i e s/ X < t)

<limP (X,i es! ) P(X; < t)
tTx

—P (X_i € S{) lim P(X, < 1)

—P (x_i c 5{) P(X; <z)=P(Y_; € S)P(Y; < y),

which implies that P(Y_; € S|Y; <y) < P(Y_; € S) and Y is WNA. O

The following theorem demonstrates that the checkerboard copula of X preserves the

dependence information of X.
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Theorem 11.3. A random vector X satisfies © if and only if it has a copula that satisfies

D. Moreover, the copula can be chosen as the checkerboard copula Cx.

Proof. The “if” part follows from Lemma 11.2 because, for U = (Uy, ..., U,) following the
copula of X that satisfies D, we have (Xi,...,Xq) = (F; (U),...,F;'(Uy)) and F; ' is
increasing for all i € [d].

Now we show the “only if” part. Let U = (Uj,...,Uy) be the random vector given by
(11.2) with V = (Vi,...,Vy) ~ U ([0,1]?) independent of X. Hence, we have U ~ Cx and
Cx is a copula of X. Note that, for any i € [d], given V;, we have that U; is an increasing

function of X;. Hence, by Lemma 11.2, X satisfies © implies that U|V also satisfies ©.

Assume X is NA. For any given pair of disjoint subsets A, B of [d] and any given

functions f and g both increasing or decreasing coordinatewise, we have
cov(f(Ua),9(Up)) = E[cov(f(Ua),g(Up)|V)] + cov (E[f(U)|V], E[g(Up)|V])
< 0+ cov (E[f(Ua)[Va],E[g(Up)[VE]) =0,
where the inequality follows from U|V is NA, and the last equality follows from the inde-
pendence between V 4 and V. Hence, U is NA.

Assume X is NRD. For any fixed i and k, by (11.2), there exist z and v such that
{U; = k} = {X; = z,V; = v}. Then, for any coordinatewise increasing function g, by the

independence between V; and (X;, U_;), we have
Elg(U-)|Us = k] = Elg(U-)|X; = 2,Vi = v] = E[g(U-)|X; = z].

Because U_; is a function of X_; and V_;, we can let h be the function such that g(U_;) =

h(X_;,V_;). Then, due to the independence between V_; and X,
Elg(U_)|X; = 2] = E[A(X_;, V)| X; = 2] = / E[R(X—i, v_)|Xi = z]dv_;,
[071]:171
where v_; = (v1,...,0;_1,%i11,...,0q). Therefore, for any k; < ks, there exist x; and xo

such that

Elg(U_)|U; = k1] = / ER(X_;,v_i)|X; = z1]dv_y,

E[Q(U_Z”UZ = ]{?2] = E[h(X_Z, V—i)lXi == xg]dv_i.



In addition, by (11.2), we must have x; < x3. Note that given v_;, h(X_;,v_;) is a
v_i)

coordinatewise increasing function of X_ ;. Hence, we have E[h(X_;,v_))|X; = 1] >

E[h(X_;,v_;)|X; = 5] for any v_;. Therefore, Elg(U_)|U; = k1] = E[g(U_;)|U; = ko]
and U is NRD.

Assume X is WNA. For any i € [d], decreasing set S C R and z € R with P(U; <
x) >0,
P(U_; €S U; <z)=E[P(U_; € S,U; <x| V)]
<E[P(U_; € SIV_)P(U; < 2| V0]
= E[P(U_; € SIV)EPU; <z | Vi)]
=P(U_; € S)P(U; < x).
Hence, U is WNA.
Assume X is NOD. For any tq,...,t; € R, we have
P(U, < th,...,Us < ty) = EP(U, < th, ... Us < taVi, ..., V)]
SEPUr < ta|W) - P(Ua < talVa)l
(

=E[P(U, < t,|V)] -+ E[P(Us < ta|Va)]

Similarly, we can show

P(Ul >t,..., U3 > td) < ]P)(Ul > tl) . ]P(Ud > td).
Hence, U is NOD.

In conclusion, if X satisfies ®, then U satisfies ®, where © is one of the four concepts

of negative dependence.

To show the case of positive dependence, we follow a similar route. We take the same
U as above. Assume X is PA. Because U;|V; is an increasing function of X;, by Lemma 11.2,

U|V is also PA. Thus, for any given pair of subsets A, B of [d] and any given functions f

and g both coordinatewise increasing or decreasing, we have

cov(f(Ua),9(Up)) = E[cov(f(Ua),g(Up)|V)] + cov (E[f(U4)|V], E[g(Up)|V])
> cov (E[f(U)[Val, E[g(Up)|Vg]).
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Moreover, given X, U is an increasing function of V;. Hence, E[f(U )|V 4] and E[f(Up)|V 5]
are coordinatewise increasing (or decreasing) with respect to V4 and Vg, respectively, if f

and g are both coordinatewise increasing (or decreasing). Because V is PA, we have
cov (E[f(UA)[Va],E[g(Ug)[Vg]) >0,

implying that U is PA. The proofs for other positive dependence concepts are similar. [

11.6 Two applications

We provide two applications in this section to highlight the usefulness of Theorem 11.3.

11.6.1 An application on diversification penalty

For random variables X and Y, let X >4 Y represent P(X > z) > P(Y > x) for
all x € R; this is called the stochastic order. Chen et al. (2024a,b) studied the problem of

diversification penalty; that is, whether

d
X <q Z 0, X; for all (6y,...,04) € Ay, where X, X7, ..., X, are identically distributed,

i=1

(11.3)

holds under certain marginal distributions and dependence structures. Here, Ay is the stan-
dard simplex defined by Ay = {(61,...,04) € [0,1]? : 1+ --+0; = 1}. When X is interpreted
as a loss, (11.3) intuitively means that the non-diversified portfolio X is less dangerous than
the diversified portfolio Zle 0;X;. This seems counter-intuitive at first glance, but it indeed

happens in the model of Chen et al. (2024a), where X has infinite mean.

Define the set, for some dependence concept ® in Section 11.5.1,
Fo = {distribution of X : (11.3) holds for all (X, ..., X,) that satisfy D}.

Chen et al. (2024a) showed that the Pareto(1) distribution belongs to Fwna, and hence
also to Fna, Fnrp, and Fin, where IN stands for independence. Moreover, Chen et al.

(2024b, Proposition 1) showed that Fg for © being WNA, NA, or IN is closed under strictly
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increasing convex transforms on the random variables. Our next result, which relies on our
Theorem 11.3, addresses non-strictly increasing f and other notions of dependence, thus

generalizing the above result.

Proposition 11.1. Each of Fp is closed under increasing convex transforms on the random

variable.

Proof. Below we first show that each of Fp is closed under strictly increasing convex trans-
forms on the random variable, that is, if the distribution of X is in Fg, so is the distribution
of f(X) for a strictly increasing convex f. Assume that F' € Fgp, X follows F', and Y = f(X),
where f is strictly increasing and convex. Because f is strictly increasing, if (Y7,...,Y}) sat-
isfies , so does (X1, ..., Xy), where X; = f~1(Y;) for i € [d], by Lemma 11.2. Because each
of X, Xy,..., X, has a distribution F' € Fg, we have X <y Zle 0;X;, and this gives, using
the convexity of f,

d d d
Y = f(X) < f (Z eiX@-) <Y 0:f(X:) =) 6 (11.4)
=1 =1 =1

To address the case that f is not strictly increasing, Theorem 11.3 allows us to find
the above (X7,..., X ) that satisfies © and such that Y; = f(X;) for i € [d]. In particular,
using Theorem 11.3, we can construct (Uy,...,Uy) that follows the checkerboard copula of

(Y1,...,Yy) and satisfies ©, such that

(Y1,...,Yg) = (fog(U),..., fog(Uy)),

where ¢ is the quantile function of X and f o ¢ is the quantile function of Y. Setting
(X1,...,Xa) = (g(Ur),...,9(Ug)), we get that (Xi,...,X,) satisfies ©, and this leads to
(11.4). O

11.6.2 An application on induced order statistics

Here we demonstrate another application of Theorem 11.3 in characterizing the dis-
tribution of induced order statistics. Consider N independent and identically distributed

bivariate random vectors

&1 3 En
Uit T2 NN



Note that, for ¢ # j, (§,n;) and (&;,7;) are independent and identically distributed, but &;
and n; may be correlated and have different marginal distributions. We rank these bivariate

vectors according to their first components, &;:

glsN 7 52:N . SN:N ’ (115)
M[1:N) M[2:N) NN:N]
where {1,y < oy < -+ < v are the order statistics of £, &, ..., {n. The notation 7.y

represents the i-th induced order statistic (Bhattacharya, 1974), where the order is induced
by another variable §. The induced order statistics 7.y, ..., 7N are also referred to as

concomitants of the order statistics &1.n, ..., &y (David, 1973).

In the context of constructing impact portfolios, Lo et al. (2024) investigated the joint
distribution of (np.n7, - .., mv:ny). In particular, they proved a representation theorem for the
joint distribution of (np.ny, ..., nv:ny) using the copula of (&;,7;). Furthermore, they demon-
strated that if & is not continuously distributed, the representation theorem holds if and
only if the copula of (§;,7;) is chosen as the (bivariate) checkerboard copula in this chapter.

This reveals a potential application of the checkerboard copula in portfolio construction.

Lo et al. (2024) also showed that the rank of the odd-order moments of induced order
statistics relies on the copula of (&;,7;). Assume that C'is a copula of (§;,7;). Lo et al. (2024,
Theorem EC.5) proved that, for any £ =0, 1,..., if C'is PRD, we have

E () <E () < <E () (11.6)
and if C'is NRD, we have
E (i) > E (i) > > = (). (1L7)

In particular, the copula C' can be chosen as the checkerboard copula. Therefore, using

Theorem 11.3, we directly obtain the following result.
Proposition 11.2. For any k =0,1,..., (11.6) holds if (§,n;) is PRD, and (11.7) holds if

The difference between Proposition 11.2 and Lo et al. (2024, Theorem EC.5) is that the

latter imposes the dependence assumption (PRD or NRD) on the copula of (&;,7;), while the
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former imposes a more natural assumption on the random vector (&;,n;) directly, which is

only possible due to our Theorem 11.3.

11.7 Conclusion

We discussed the choice of copula when the marginal distributions are not necessarily
continuous. Among all the choices of copulas for a given random vector, the checkerboard
copula is the most convenient and natural selection in applications such as simulating from
the copula, stressing the distribution, and computing a co-risk measure. It is shown that
the checkerboard copula is the most unbiased choice in the sense that it has the largest
Shannon entropy among all possible copulas for a given random vector. Moreover, the
checkerboard copula can preserve the dependence information of the underlying random
vector. This preservation property is applied to identify suitable distributions in the context
of diversification penalty studied by Chen et al. (2024a,b) and to determine the ranks of the
moments of induced order statistics in the context of impact portfolios studied by Lo et al.

(2024).
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Chapter 12

Summary and potential future work

12.1 Summary

My thesis explores various topics in quantitative risk management, including risk mea-
sures, dependence modelling, diversification measures, and risk sharing. In this section, we

conclude with the key results for all chapters of this thesis.

Chapter 2 primarily addresses the calibration problem and properties of the PELVE.
We developed the calibration distribution model for a one-point constraint (Proposition 2.1),
a two-point constraint (Theorem 2.1), and the curve constraint (Section 2.4.3). Additional
theoretical results of PELVE include studies on the monotonicity (Theorem 2.3) and conver-

gence (Corollary 2.2) properties.

Chapter 3 focuses on the relationship between JM and classic notions of negative depen-
dence. Theorem 3.1 gives the condition for a joint mix to be negative association. Theorem
3.2 provides the necessary conditions for the existence of negatively dependent joint mixes.
Theorem 3.4 solves a multi-marginal optimal transport problem for quadratic costs under

uncertainty on the participation of agents by using the negatively dependent joint mix.

Chapter 4 has formulated two axiomatic characterizations for diversification quotient
through Theorem 4.1 and Theorem 4.2. Propositions 4.1-4.4 examine the fundamental prop-
erties of DQ for common risk measures, some of which are not shared by DR. DQ is intuitive

and interpretable with respect to dependence and common perceptions of diversification
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(Theorem 4.3). The alternative formulas for DQ"*® and DQ™ are provided in Theorem 4.4,
which is convenient in the portfolio optimization of DQs (Proposition 4.6). The proof of main
results and additional results supporting the discussion in Chapter 4 are included in Chapter
5. More properties of DQV*® and DQ are studies in Chapter 6. Theorem 6.1 shows the
range of DQs based on VaR and ES and the corresponding dependence structures for special
values. Using the law of large numbers, we show that the value of DQs based on VaR and
ES for large portfolios converges to 0 (Theorem 6.2), which aligns with the intuition that
the diversification degree increases with the number of assets. More asymptotic behaviors
of DQs based on VaR and ES for elliptical distributions and MRV models are presented
in Proposition 6.3 and Theorem 6.3. Theorem 6.4 and Proposition 6.5 solved the portfolio

optimization for elliptical models and MRV models.

Chapter 7 provides a series of technical results on pairwise counter-monotonicity, in-
cluding the representation (Theorem 7.1), invariance property (Theorem 7.2), connection
to negative association (Theorem 7.3), joint mix dependence (Theorem 7.4), and optimal
allocations for quantile agents (Theorem 7.5). Chapter 8 further studies the risk-sharing
problem for agents using distortion riskmetrics. We obtained several results on the neces-
sary or sufficient conditions for Pareto and sum optimality (Theorem 8.1 and Propositions
8.2-8.5) in comonotonic and general allocation sets. For IQD agents, we fully characterize all
Pareto-optimal allocations via the inf-convolution (Theorem 8.2 and Proposition 8.9). The
Pareto-optimal allocations for IQD agents exhibit pairwise comonotonicity structures. For
general distortion riskmetrics, we obtained explicit allocations that are Pareto optimal or sum
optimal in comonotonic allocation sets (Theorem 8.3). Chapter 9 further investigates the
appearance of pairwise counter-monotonicity in the risk-sharing problem. The main result,
the counter-monotonic improvement theorem (Theorem 9.1), lays the foundation for analyz-
ing risk sharing with counter-monotonic allocations. This theorem has allowed us to shed
light on Pareto-optimal allocations when the risk is to be shared among risk-seeking agents
(Theorem 9.2), agents with a discontinuous Bernoulli utility function (Proposition 9.5), and

RDU agents with inverted S-shaped probability distortion functions (Theorem 9.3).

Chapter 10 and Chapter 11 explore dependence modelling through correlation and cop-

ulas. Characterization results for invariant correlation with general and increasing transfor-
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mations are summarized in Table 10.1 and Table 10.2, respectively. Quasi-independence and
quasi-Fréchet models play important roles in these studies. We also identify the set of all
compatible invariant correlation matrices in Theorem 10.4. Theorem 11.1 provides a repre-
sentation for all copulas of a given random vector, with checkerboard copulas as a special
case. We further show that the checkerboard copula has the largest Shannon Entropy (Theo-
rem 11.2) and captures the dependence information from original random vectors (Theorem

11.3).

12.2 Potential future work

In this section, I briefly discuss some open questions related to PELVE, diversification
indices, negative dependence modeling and risk-sharing problems, that will be explored in

the future. .

12.2.1 On PELVE

A.1 We have discussed the valid input of PELVE in the one-point and two-point constrain
problems in Section 2.3, but the valid input of PELVE functions in the curve constrain
problem is still unknown. Determining whether a given function 7 on [0, 1] can be a

PELVE function for some X € X remains a challenging task.

A.2 We have provided only one solution for the calibrated distribution model for the three
cases we studied in Chapter 2. A natural extension is to characterize all the distribution

functions that satisfy a given PELVE.

A.3 Since the PELVE value is related to the tail heaviness of a distribution, an interesting
question is whether the tail behavior, e.g., the maximal finite moment index, of a

non-regularly varying distribution is completely determined by its PELVE.
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12.2.2 On negative dependence modelling and risk sharing

B.1

B.2

B.3

B.4

B.5

We already know from Chapters 3 and 7 that joint mixability and pairwise counter-
monotonicity provide the safest aggregation of risks. It remains to explore what kind
of dependence structure yields the safest aggregation risk when a Fréchet class does
not support joint mix dependence or pairwise counter-monotonicity. Several research
directions are worth further investigation, such as d-countermonotonicity in Lee and
Ahn (2014) and X-countermonotonicity in Puccetti and Wang (2015). I will further

explore the relationship between these forms of negative dependence.

The optimal transport problem under uncertainty is not fully solved in Chapter 3. The
solution for the general setting of cost functions, uncertainty sets, and heterogeneous

marginal distributions remains unknown.

It remains unclear to us whether our analysis in Chapter 8 can be generalized to dis-
tortion risk metrics other than IQD, which are not convex (i.e., those with non-concave
distortion functions). As far as we are aware, the unconstrained risk-sharing prob-
lems for non-convex risk measures and variability measures have very limited explicit
results (e.g., Embrechts et al. (2018), Weber (2018), and Liu et al. (2022)), further

investigation is needed for a better understanding of the challenges and their solutions.

Chapter 9 discusses some decision models that exhibit pairwise counter-monotonicity
in Pareto-optimal allocations. A more ambitious goal is to characterize all decision
models that utilize extremely negatively dependent allocations under some reasonable

conditions.

Inspired by the treatment effect, the upper and lower bounds on VaR,(X +Y) under
the order constraint X < Y have been studied by Chen et al. (2022). If we use X
and Y to represent the outcomes before and after a treatment or intervention, such
as in drug and policy experiments, the value of ¥ — X represents the effect of the
treatment. Hence, bounds on VaR,(Y — X) under the order constraint X < Y are
also of interest A useful dependence structure is the maximal coupling mentioned in

Thorisson (2000), which can solve the lower bound on VaR,(Y — X) in the most trivial
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case where VaR,(Y — X) = 0.

12.2.3 On diversification indices

C.1

C.2

C.3

Although we have shown that VaR-based DQ and ES-based DQ have simple formula-
tions, as discussed in Chapter 4, the formulation of DQs based on other risk measures,
such as expectiles and entropic risk measures, remains unclear. Our current results in
an on-going project show that DQ based on expectiles is closely related to the Q2-ratio.

For a given « € [0,1/2], the DQ based on expectiles has the alternative formula:

(i (Xi—exa(Xi))> /]E ” X € A"

i=1
With this alternative formula, we can further explore other theoretical properties and

DQS(X) = - {E

«

Z (X; — exq(X3))

practical applications of expectiles-based DQ, including but not limited to portfolio

optimization and asymptotic behavior under MRV and elliptical models.

Currently, we use the estimators of DQs based on VaR and ES, as shown in Chapter 4,
for the experiments in Section 4.7. However, their unbiasedness, efficiency, and consis-
tency have not yet been shown. It is important to explore these statistical properties

of the VaR-based and ES-based D(Q estimators for their future usage.
We can extend the axiomatic framework of diversification indices in the following ways.

(i) We established the axiomatic framework for DQ based on monotone, constant
additive, and positive homogeneous risk measures in Theorem 4.1, as well as
for coherent risk measures in Theorem 4.2. It remains to extend the axiomatic

framework to D@ based on other risk measures, such as convex risk measures.

(ii) Since DQs based on VaR and ES offer substantial theoretical and practical bene-
fits, an interesting question is whether we can further character DQY*® and DQ"®

with more reasonable axioms.

(iii) The existing studies on the axiomatic framework for diversification indices are

limited. It remains to fill this gap in the literature with characterization results
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for other diversification indices, such as the diversification ratio and diversification

benefit.
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