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Abstract

We provide two extensions of Gilboa and Schmeidler (J Math Econ 18:141-153,
1989)’s maxmin expected utility decision rule to accommodate a decision maker’s
changing ambiguity attitudes. The two rules are, respectively, a weighted maxmin rule
and a variant constraint rule. The former evaluates an act by a weighted average of its
worst and best possible expected utilities over a set of priors, with the weights depend-
ing on the act. The latter evaluates an act by its worst expected utility over a neighbor-
hood of a set of approximating priors, with the size of the neighborhood depending on
the act. Canonical representations of the two rules are provided for classes of preference
relations that exhibit, respectively, ambiguity aversion a la Schmeidler (Econometrica
57:571-587, 1989) and ambiguity aversion a la Ghirardato and Marinacci (J Econ
Theory 102:251-289, 2002). In the second part of this paper, we study wealth effect
under ambiguity. We propose axioms on absolute and relative ambiguity aversion and
derive three representations for the ambiguity averse preference relations exhibiting
decreasing (increasing) absolute ambiguity aversion. In particular, decreasing absolute
ambiguity aversion implies that as the baseline utility of an act increases, a weighted
maxmin decision maker puts less weight on the worst case, and a variant constraint
decision maker considers a smaller neighborhood of approximating priors.

Keywords Ambiguity - Ambiguity averse preferences - Weighted maxmin
representation - Variant constraint representation - Decreasing absolute ambiguity
aversion - Increasing relative ambiguity aversion - Wealth effect

This paper subsumes the previous version “Three representations of preferences with decreasing absolute
uncertainty aversion (Xue 2012)”, which is Chapter 2 of my PhD thesis. I appreciate Simon Grant,
Atsushi Kajii, Siyang Xiong, and Hervé Moulin for invaluable discussion and suggestions. I thank the
referee for constructive suggestions which have greatly improved the paper. I also thank Shurojit
Chatterji, Chiaki Hara, Ehud Lehrer, Jin Li, Xin Li, Thomas Sargent, Marciano Siniscalchi, William
Thomson, Stephen Wolff, and Minyan Zhu for their helpful comments. Parts of this research were carried
out when I was visiting Kyoto University. I am grateful to Kyoto Institute of Economic Research for their
hospitality and support.

X Jingyi Xue
jyxue@smu.edu.sg

1 Singapore Management University, Singapore, Singapore


http://crossmark.crossref.org/dialog/?doi=10.1007/s00199-018-1156-2&domain=pdf

JEL Classification D81

1 Introduction

A decision maker makes choices facing unknown states of the world as well as
unknown probability distributions of the states. Such a situation is called Knightian
uncertainty (Knight 1921) or ambiguity. It is different from a situation of risk in which
the states are unknown, but the probability distribution is known. The decision maker
has a preference relation over acts that yield state-contingent outcomes. A well-known
decision rule axiomatized by Gilboa and Schmeidler (1989) is the maxmin expected
utility (MEU) rule (see also Wald 1950a,b). A MEU decision maker evaluates an act

J by
in E
;r‘lglg pu(f),

where D is a set of priors over the states, u is a utility function over outcomes, and
Epu(f) denotes the expected utility of the act f with respect to a prior p. The decision
maker behaves as if he regards all priors in D as possible and pessimistically evaluates
an act by its worst possible expected utility.

The MEU decision rule is a prominent rule that captures a decision maker’s aversion
to ambiguity. However, by considering always the worst case, it does not accommodate
the possibility that a decision maker has changing ambiguity attitudes. For an example,
imagine that a decision maker chooses, in the face of two unknown states, one from
the following two acts that are parameterized by ¢+ > 0. The first act is ambiguous,
yielding 100+¢ dollars in state 1 and 7 dollars in state 2. The second act is unambiguous,
yielding 454t dollars in both states. Assume that the decision maker is risk neutral and
believes that the probability of state 1 is between 0.4 and 0.6. Thus, the worst expected
payoff of the unambiguous act is 45 + ¢ and that of the ambiguous act is 40 + ¢.
According to the MEU decision rule, regardless of the value of ¢, the unambiguous
act is better than the ambiguous one. However, as analogous to the wealth effect under
risk, people may tend to be less averse to ambiguity when the baseline payoff of an
act increases. In particular, the decision maker may choose the unambiguous act when
t = 0 and choose the ambiguous act when + = 1000. Similar behavioral patterns that
reveal a decision maker’s changing degrees of ambiguity aversion are well evidenced
in the systematically designed experiments studied by Baillon and Placido (2015).
The MEU decision rule does not accommodate such behavior patterns. Therefore, we
consider in this paper two extensions of the MEU decision rule.

The first extension is a generalized Hurwicz rule, or a weighted maxmin (WM)
decision rule. A WM decision maker evaluates an act f by

Au(f)) min Epu(f) + (1 — Au(f))) max Epu(f),
peD peD

where D and u are the same as in the MEU rule, and A is a function that depends on
utility profiles induced by acts and takes its values in [0, 1]. We call D an admissible



set of priors, or simply an admissible set, and A a weight function. A WM decision
maker behaves as if he considers not only the worst possible expected utility but also
the best, and evaluates an act by a weighted average of the worst and best expected
utilities. Different from the MEU rule, the weight on the worst case is not a constant
equal to 1. Instead, it depends on acts. Smaller weights correspond to less ambiguity
aversion. When the weight goes to 1, the decision maker becomes optimistic and thus
exhibits ambiguity loving.

A WM decision rule typically has more than one representations given by different
admissible sets. Indeed, for each superset of D, we can use the same u and an adjusted
weight function to generate the same value for each act, so that they constitute an
alternative representation of the same preference relation. Each admissible set gives
rise to an upper bound and a lower bound of the value of each act. We are interested in
finding the smallest admissible set since it provides the tight bounds and gives a natural
normalization in view of the nesting property of the admissible sets. We call a WM
representation that has the smallest admissible set a canonical WM representation.

Ghirardato et al. (2004) also introduce a WM decision rule with a representation
that has a particular admissible set. The two representations are different in general.
A preference relation that admits their WM representation may not admit a canonical
WM representation. Moreover, when a preference relation admits both representations,
their admissible set may not be the smallest. See Sect. 3.1.1 for examples. However,
when restricted to the class of so-called ambiguity averse preference relations in the
literature, the two representations coincide.

More precisely, an ambiguity averse preference relation is one that satisfies some
basic axioms and exhibits ambiguity aversion a la Schmeidler (1989), which we call
S-ambiguity aversion. Our first main result shows that a preference relation is an
ambiguity averse preference relation if and only if it admits a canonical WM repre-
sentation in which the weight function satisfies some properties. Moreover, in this case,
the smallest admissible set agrees with the admissible set in the WM representation
studied by Ghirardato et al. (2004).

The second extension of the MEU rule is a variant of the constraint decision rule
that is introduced by Hansen and Sargent (2001) as one of their two robust decision
rules. A variant constraint (VC) decision maker evaluates an act f by

Ep“(f),

min
peAd(p,K)<o(u(f))

where u and A are the same as before, K is a set of priors, d(p, K) is the Euclidean
distance between the prior p and the set K, and o is a function that depends on utility
profiles induced by acts and takes non-negative real values. We call K an essential set
of priors, or simply an essential set, and o a constraint function. A VC decision maker
behaves as if he considers the priors in the essential set K as best approximations of the
true prior, while he is also concerned with potential misspecification of approximating
priors. Thus, the decision maker considers a neighborhood of the essential set and
evaluates an act by its worst expected utility with respect to the priors in the neighbor-
hood. Importantly, the size of the neighborhood, specified by o, depends on the act in
consideration. Larger values of o correspond to less concern about misspecification of



approximating priors. When o goes to 0, the decision maker only considers approx-
imating priors and is not at all concerned about potential misspecification. When the
constraint function o is constant, the VC decision rule reduces to a MEU decision
rule.

Similar to a WM decision rule, a VC decision rule typically has more than one
representations. Indeed, for each subset of K, we can use the same « and an adjusted
constraint function to generate the same value for each act, so that they constitute
an alternative representation of the same preference relation. In light of the nesting
property of the essential sets, we are interested in finding the largest one as a normal-
ization. We call a VC representation that has the largest essential set a canonical VC
representation.

While our first main result provides canonical WM representations for preference
relations exhibiting S-ambiguity aversion, our second main result provides canonical
VC representations for those exhibiting a different type of ambiguity aversion a la
Ghirardato and Marinacci (2002), which we call GM-ambiguity aversion. Based on a
notion of comparative ambiguity aversion, Ghirardato and Marinacci (2002) say that a
preference relation is ambiguity averse if it is more ambiguity averse than a subjective
expected utility (SEU) preference relation. We show that a preference relation satisfies
some basic axioms and exhibits GM-ambiguity aversion if and only if it admits a
canonical VC representation in which the constraint function satisfies a monotonicity
property. Moreover, we show that the largest essential set for a preference relation is
the set of all subjective priors of the SEU preference relations that are less ambiguity
averse than the one in consideration.

Neither the class of preference relations admitting canonical WM representations
includes the class of preference relations admitting canonical VC representations, nor
the reverse. Since S-ambiguity aversion does not imply GM-ambiguity aversion, by
our two representation results, there are preferences admitting canonical WM repre-
sentations but not canonical VC representations. Conversely, we provide an example
of a preference relation that admits a canonical VC representation but not a canonical
WM representation. When a preference relation admits both types of representations,
we show that the largest essential set is always a subset of the smallest admissible set.
Moreover, the MEU preference relations are characterized by the coincidence of the
largest essential set with the smallest admissible set.

After studying two extensions of the MEU decision rule that accommodate chang-
ing ambiguity attitudes, we focus in the second part of the paper on ambiguity averse
preference relations that exhibit a particular pattern of changing ambiguity aversion.
More precisely, we study the wealth effect on the class of preference relations exhibit-
ing S-ambiguity aversion. As discussed in the motivating example and as evidenced
by Baillon and Placido (2015), people tend to be less averse to ambiguity when they
become better off overall. To capture this behavioral pattern, we propose an axiom of
decreasing absolute ambiguity aversion. It says that if an (ambiguous) act is preferred
to a constant (unambiguous) act, then this is still the case after acommon improvement
on both acts. With the assumption that there is an outcome that both acts yield with the
same probability in all states, the common improvement on acts is formulated as the
improvement on that common outcome. Under some basic axioms, such an improve-
ment on an act amounts to a uniform increase in the utilities that it generates in all



states. Thus, equivalently the axiom says that if the ambiguity of an act is previously
tolerable, it is even more tolerable after the ensured utility of the act increases.

Our third main result provides three representations for the subclass of ambiguity
averse preference relations exhibiting decreasing absolute ambiguity aversion. The
first two representations are, respectively, a WM representation and a VC represen-
tation, on which the wealth effect has straightforward implications. That is, as the
ensured utility of an act increases, a WM decision maker behaves as if he becomes
less pessimistic and puts a smaller weight on the worst case, and a VC decision maker
behaves as if he is less concerned with prior misspecification and considers a smaller
neighborhood of approximating priors. The third representation is an ambiguity averse
representation introduced by Cerreia-Vioglio et al. (2011b). The wealth effect, when
reflected in this representation, amounts to a monotonicity property related to the
ambiguity aversion index in the representation.

Note that the part of our third main result on the WM and VC representations
is not a corollary of our first two main results. Instead of searching for canonical
representations, here we impose a limit condition on each representation. First, we
require that a WM decision maker tends to put the whole weight on the worst case in
an extremely bad situation in which the baseline utility of an act is sufficiently low
and the scale of its ambiguous part is sufficiently large. Second, we require that a
VC decision maker tends to consider only approximating priors in an extremely good
situation in which the baseline utility of an act is sufficiently high and the scale of its
ambiguous part is sufficiently small. It turns out that under the first limit condition,
the admissible set in the WM representation is actually the smallest admissible set.
Similarly, under the second limit condition, the essential set in the VC representation
is the largest essential set. As a result, the two representations that we derive are
canonical representations, although we do not require them to be canonical.

Analogous representations are obtained for the subclass of ambiguity averse pref-
erence relations exhibiting increasing and constant absolute ambiguity aversion. As
a corollary, we get two alternative representations for variational preference relations
studied by Maccheroni et al. (2006), since variational preference relations constitute
the subclass of ambiguity averse preference relations exhibiting constant absolute
ambiguity aversion. Moreover, variational preference relations also exhibit increasing
relative ambiguity aversion that we define in a similar way as decreasing absolute
ambiguity aversion. Increasing relative ambiguity aversion has intuitive implications
on the WM and VC representations of variational preference relations. As the scale of
the ambiguity of an act increases, a WM decision maker behaves as if he is more pes-
simistic and puts more weight on the worst case, and a VC decision maker behaves as if
he is more concerned about prior misspecification and considers a larger neighborhood
of approximating priors.

After discussing the related literature, the rest of the paper is organized as follows:
Section 2 introduces the model and axioms. Section 3 introduces two extensions of
the MEU decision rule—the WM rule and the VC rule. Characterizations of classes of
preference relations that admit respective canonical representations are provided. As
an application, we present the two canonical representations of multiplier preference
relations introduced by Hansen and Sargent (2001). Section 4 studies wealth effect
under ambiguity and proposes an axiom of decreasing absolute ambiguity aversion.



Representations are provided for the subclass of ambiguity averse preference relations
exhibiting decreasing absolute ambiguity aversion. Analogous results are provided for
preference relations exhibiting increasing and constant absolute ambiguity aversion.
Section 5 concludes. All the proofs are given in “Appendix”.

1.1 Related literature

There have been quite a few studies of different versions of the two generalized MEU
decision rules in different settings, e.g., Ghirardato et al. (2004), Cerreia-Vioglio et al.
(2011a), Olszewski (2007), Gajdos et al. (2008), Kopylov (2009), Chateauneuf and
Faro (2009) and Hill (2013). Among them, the most closely related works are Ghi-
rardato et al. (2004) and Hill (2013). Ghirardato et al. (2004) introduce a WM decision
rule and derive a representation with the certainty independence axiom of Gilboa and
Schmeidler (1989) being imposed. The same type of representation is also obtained,
after dropping certainty independence, by Cerreia-Vioglio et al. (201 1a). The relation-
ship between their WM representation and ours is elaborated in detail in Sect. 3.

Hill (2013) also axiomatizes a class of preference relations that exhibit changing
ambiguity aversion across acts. In his model, each act is evaluated by the worst expected
utility over a set of priors that depends on the “stakes” involved in choosing the act. This
class of preference relations satisfies the axioms of our Theorem 2, so it constitutes
a subclass of preference relations that admits a canonical VC representation. This
subclass satisfies a stronger independence axiom, a stronger monotonicity axiom and
a stronger ambiguity aversion axiom. These axioms together imply that as the stakes
get bigger, the decision maker evaluates an act by its worst expected utility over a
larger set of priors, as if he becomes less confident.

Regarding the wealth effect under ambiguity, Cherbonniera and Gollier (2015) pro-
pose a definition of decreasing aversion under ambiguity within the smooth ambiguity
model and the «-MEU model. They consider changes in monetary wealth, but their def-
inition does not distinguish the effect on risk aversion and that on ambiguity aversion.
Cerreia-Vioglio et al. (2017) propose a definition of decreasing absolute ambiguity
aversion in a general setting. They also consider changes in monetary wealth, and
their definition implies that a decision maker who exhibits decreasing absolute ambi-
guity aversion must exhibit constant absolute risk aversion. In contrast to these two
works, we investigate the effect of changes in baseline utilities on ambiguity aversion,
and thus impose no restrictions on a decision maker’s risk attitude. Chambers et al.
(2014) provide a similar definition as ours but theirs is stronger. Our axiom is closer in
spirit to Klibanoff et al. (2005)’s definition, although the authors only define constant
absolute ambiguity aversion. We show that in their model, our axiom is equivalent
to decreasing concavity of a second-order utility index. This is consistent with the
claim of Klibanoff et al. (2005) that a second-order utility index summarizes one’s
ambiguity attitude in the same way as a von Neumann—Morgenstern utility function
summarizes one’s risk attitude. Chateauneuf and Faro (2009) assume the existence of
a worst outcome and propose the “worst independence” axiom. This axiom amounts
to our constant relative ambiguity aversion axiom under the assumption of constant
absolute ambiguity aversion, but in general it is weaker.



2 The model

Let S be a finite set of states of the world that contains at least two states, and A the
probability space over S. Let X be a set of outcomes. Following Maccheroni et al.
(2006), we assume that X is a convex subset of some vector space. For example, X is
an interval of monetary payoffs, or the set of all lotteries over a set of prizes as studied
by Anscombe and Aumann (1963). An act is a function f : § — X that yields in
each state an outcome. Let F be the set of all acts. With a slight abuse of notation,
for each x € X, we denote by x the constant act in F that yields x in all states,
and we identify X with the set of all constant acts. For each pair f, g € F and each

€ [0, 1], let o f + (1 — «)g be the mixed act that yields in each s € S the mixed
outcome « f (s) + (1 — ) g(s). Note that mixed outcomes are well defined due to the
convexity of X. A decision maker’s preference relation is a binary relation - on
JF. As usual, let > and ~ denote, respectively, the asymmetric and symmetric parts
of 2. Given a decision maker’s preference relation 77 , for each f € F, a certainty
equivalent of f is a constant act, denoted by x ¢, between which and the act f the
decision maker is indifferent.

We consider the following basic axioms on a preference relation 77 .

~

A.1. Weak order The preference relation 2- is complete and transitive.

~

A.2. Risk independence For all x, y,z € X and all « € (0, 1),
x~y=oax+(1—-—a)z~ay+(1—oao)z.

A.3. Continuity For all f, g,h € F,thesets {o € [0, 1] : o f + (1 —a)g = h}
and {o € [0,1]: h Z af + (1 — «)g} are closed.
A.4. Monotonicity For all f, g € F,ifforalls € S, f(s) 2= g(s), then f 7 g.

Axiom A.l says that the preference relation 7~ should be rational. Axiom A.2
imposes von Neumann and Morgenstern’s independence requirement on constant
acts—the acts involving no state ambiguity. Axiom A.3 requires 77 to be continuous
with respect to mixture coefficients. Axiom A.4 says that an act should be preferred
to another act if it yields a better outcome in each state, where the ranking of out-
comes is assumed to be state independent and induced by the preference relation over
constant acts.

Besides the basic axioms, we are interested in studying preference relations that
exhibit ambiguity aversion. There are two prominent definitions of ambiguity aversion
in the literature. The first is due to Schmeidler (1989), which formulates ambiguity
aversion as convexity of a preference relation. This is based on the understanding that
a mixture of two acts that a decision maker feels indifferent about makes the outcome
in each state less extreme and thus could be viewed as a hedge against ambiguity. So
for an ambiguity averse decision maker, the mixed act, should be preferred to either
of the two indifferent acts. We call this definition S-ambiguity aversion.

A.5.1. S-ambiguity aversion For all f,g € Fand all¢ € (0, 1), if f ~ g, then
af +(1—a)gz f.

An alternative definition of ambiguity aversion is provided by Ghirardato and

Marinacci (2002). The definition is based on a notion of comparative ambiguity aver-



averse than another preference relation 27, if for each f € F and each x € X,
x 7 ,f = x = f." Intuitively, = | is more ambiguity averse than - , if when-
ever the ambiguity is intolerable according to 7 ,, it is also intolerable according to
—

~ 1

Based on the above notion, if a preference relation - is more ambiguity averse
than a SEU preference relation, then it is said to be ambiguity averse by Ghirardato
and Marinacci (2002). We call this definition GM-ambiguity aversion. Precisely, a
SEU preference relation is a preference relation - such that there is a prior p € A

satisfying that for each pair f, g € F, f 75 g <= > psf(s) 7 > psg(s), and in

sion that they propose: A preference relation - is said to be more ambiguity

ses seS
this case, p is called the subjective prior. Following Ghirardato and Marinacci (2002),
given 7, we call the priors in the set

{p € A : =" is aSEU preference relation with the subjective prior p

and > is more ambiguity averse than '}

the benchmark priors, and we call the set the benchmark set. Then GM-ambiguity
aversion amounts to the non-emptiness of the benchmark set.

A.5.2. GM-ambiguity aversion The benchmark set is non-empty.

The two definitions of ambiguity aversion are not logically related in general. But
under the other axioms and a strengthening of A.2, S-ambiguity aversion implies
GM-ambiguity aversion (see Sect. 4).

Lastly, we require that there exist arbitrarily good and arbitrarily bad outcomes.

A.6. Unboundedness There are x, y € X suchthatx > y,andforeacha € (0, 1),
there are z, 7/ € X satisfying thataz+ (1 —a)y 7o x and y 77 oz’ + (1 —a)x.

Axiom A.6 is stronger than the usual non-degeneracy axiom which requires only
that the decision maker is not indifferent about all outcomes. Axiom A.6 implies that
the utility function representing the preference relation restricted to X is onto (see, e.g.,
Kopylov 2009; Maccheroni et al. 2006). In the literature, A.6 is assumed sometimes to
simplify the analysis and sometimes to guarantee the uniqueness of a representation.”
Throughout this paper, A.6 is imposed to simplify our presentation, and it is also
indispensable for some of our results.?

3 Two generalized MEU decision rules

Let R be the set of real numbers and R the set of nonnegative real numbers.

! For preference relations satisfying A.1-A.4, the definition adopted here is equivalent to the original
definition in Ghirardato and Marinacci (2002).

2 See,e. ¢g., Kopylov (2001), Maccheroni et al. (2006), Strzalecki (2011b), and Cerreia-Vioglioetal. (2011b).

3 Our Theorem 3 relies on how a preference relation ranks the “limiting” acts that yield arbitrarily good or
bad outcomes in all states.



3.1 Weighted maxmin rule

Foreachu : X — Randeach f € F,letu(f) : S — R be the function obtained by
composing u with f. For each ¢ € RS and each p € A, let E p@ denote the expected
value of ¢ with respect to p.

Definition 1 A preference relation ~~ admits a weighted maxmin (WM) representa-

tion if there exist an affine onto function # : X — R, a non-empty, closed, and convex

set D C A, and a function A : RS — [0, 1] continuous on {¢ € RS : mig Ep,p #
pe

maz)( E , ¢} such that for each pair f, g € F,
pE

fzZg <= ru(f)min Epu(f) + (1 — Au(f))) max E,u(f)
peD peD

> Au(g)) ;“;B Epu(g) + (1 —Au(g))) r;leag Epu(g). (1

We denote the representation by (u, D, 1). We call D an admissible set of priors, or
simply an admissible set, and A a weight function. We call 7 a WM preference
relation.

For example, Hurwicz’s a-pessimism decision rule (Hurwicz 1951), also known
as the «-MEU rule, admits a WM representation with the weight function being a
constant equal to . When o = 1, it reduces to Gilboa and Schmeidler (1989)’s MEU
decision rule. MEU preference relations exhibit S-ambiguity aversion (A.5.1). But in
general, «-MEU preference relations do not exhibit S-ambiguity aversion, and thus,
neither do WM preference relations.

One important issue is that the WM representation of a preference relation is
typically not unique, due to the non-uniqueness of admissible sets. In fact, given
a WM representation {(u, D, 1) of =, each closed and convex superset D’ of
D with D’ C A is also an admissible set, since there is a weight function A’
such that (u, D', 1) is also a WM representation of . This is because for each

f e F, [min Epu(f), max E,u(f)] € [min E,u(f), max u(f)], and thus, there is
peD peD peD’ peD’

A’ : RS — [0, 1] such that for each f € F,
Au(f))min Epu(f) + (1 — A(u(f))) max Epu(f)
peD peD

= A (u(f)) min Epu(f) + (1 —A'u(f))) max E,u(f).
peD’ peD’

Example 1 shows that a SEU preference relation admits for each € € [0, 1],a WM rep-
resentation in which the admissible set is the set of e-contaminations of the subjective
prior.

Example 1 *Assume X := R for simplicity. Let p* € A. Consider the following SEU
preference relation - over RS with the subjective prior p*: For each pair f, g € RS,
fZg & Epf=Epg.

4 1 thank the referee for suggesting this example.



For each € € [0, 1], let D€ := {(1 — €)p* + €p : p € A} denote the set of e-
contaminations of the subjective prior p*. Note that D® = {p*}, D' = A, and for
each pair €, €/ € [0, 1] with € < €/, D€ € D¢ . Fix € € [0, 1]. Define A : RS - R
by setting for each f € RS,

ma — E
nas )~ Epef
€ e _ 1
AC(f) i= | max f(s) — min f(s)

1 if Igleiglf(s) = max S (s).

if min f(s) # max f(s),
seS seS

Observe that foreach f € R”, A€ iscontinuous at f whenever ;1611D11€ E,f # ,r,';%xe Eyf.

Moreover, for each f € RS,
Epf =25(f) min E, f + (1 —A°(f)) max E, f,
peDe peD¢

since min E,f = (1 —€)Ep«f +emin f(s) and max E,f = (1 — €)Ep« f +
peDs seS peDs
€ ma; f(s). Let u be the identity mapping on R. Then (u, D€, 1€) is a WM represen-
se

tation of =~ .

In light of the nesting property of admissible sets, we are interested in finding the
smallest one if it exists. It provides a natural normalization of WM representations. In
particular, given a WM representation (u, D, A) of 7~ , the maximum and minimum
expected utilities of each act over D provide, respectively, an upper and lower bounds
of the value of the act, and the bounds are tight if D is the smallest admissible set.

Definition2 A canonical WM representation of - is a WM representation
(u, D, 1) of 7 such that D is the smallest admissible set, i.e., for each WM rep-

resentation (u’, D', ') of =, D C D'.

Ghirardato et al. (2004) introduce a WM representation different from a canonical
WM representation. Instead of seeking for the smallest admissible set, they require the
admissible set in their representation to satisfy some property related to an “unambigu-
ous” preference relation induced from the initial preference relation. More precisely,
their admissible set is required to be one component of another representation a la
Bewley (2002) of the unambiguous preference relation. We therefore call their repre-
sentation of the initial preference relation a Bewley WM representation. To define
it formally, we recall Ghirardato et al. (2004)’s notion of unambiguous preference
relation (see also Nehring (2007)). Given -, for each pair f, g € F, f is said to be
unambiguously preferred to g, denoted by f = *g, if for each @ € (0, 1] and each
heF,

af + (1 —a)h 7 ag+ (1 —a)h.

Intuitively, if the consideration of either hedging against or speculating on ambiguity
does not affect the ranking of acts f and g, then it is as if that the decision maker



unambiguously prefers f to g (see Ghirardato et al. 2004 for a discussion).> Moreover,
recall that =~ * admits a Bewley representation if there exist an affine onto function
u : X — R and a non-empty, closed, and convex set D C A such that for each pair
f.ger,

fn*g < foreach p € D, E,u(f) > Epu(g). )

We denote the Bewley representation by (u, D). It can be shown that u is unique up
to a positive affine transformation and D is unique.®

Definition 3 A Bewley WM representation of - is a WM representation (u, D, )
of 7 such that (u, D) is a Bewley representation of the unambiguous preference
relation =~ * induced from - . We call D the Bewley set of priors, or simply the
Bewley set.

It is known that a preference relation admits a Bewley WM representation as long
as it satisfies some basic axioms.

Proposition 1 A preference relation 77, satisfies A.1-A.4 and A.6 if and only if it
admits a Bewley weighted maxmin representation (u, D, A). Moreover, u is unique
up to a positive affine transformation, D is unique, and given u, A is unique on

{p e RS : ;neig E o # max E,p).]

A version of the “only if” direction of Proposition 1 is shown by Cerreia-Vioglio
etal. (2011a). Ghirardato et al. (2004) also show a version of the “only if”” direction but
with the additional certainty independence axiom of Gilboa and Schmeidler (1989),
so that their weight function has more structure.® Given the existing results, it is not
hard to check the “if”” direction.

In general, when a Bewley WM representation exists, a canonical WM representa-
tion may not, and even when both WM representations exist, they could be different
(see Sect. 3.1.1). Our first main result says that if = satisfies S-ambiguity aversion
in addition to A.1-A.4 and A.6, then besides admitting a Bewley WM representa-
tion, it also admits a canonical WM representation. Moreover, the two types of WM
representations coincide.

The converse holds if some additional conditions on the representation are imposed.
For each non-empty, closed, and convex set D C A, let, for each ¢ € RS, 1 (p; D) :=

maz)( Epp— miB E @, and let A (D) be the set of functions A : RS — [0, 1] satisfying
pe pE

that
(i) (monotonicity) for each pair ¢, ¢’ € RS with ¢’ > ¢,

max E,¢" — max Ep,¢ > A(¢)l(¢'; D) — ()l (¢; D); (3)
peD peD

5 Equivalently, the unambiguous preference relation 27 * is the maximal restriction of 7 that satisfies the
independence axiom (Nehring 2007).
6 For example, see Proposition 5 of Ghirardato et al. (2004).

7 When min E p® = max Epg, the choice of A(¢) does not matter.
peD peD

8 Their weight function is constant additive and positively homogeneous of degree 1.
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.. . . . S . . o =+
(ii) (quasi-concavity) for each pair ¢, ¢’ € R satisfying (3) and for ¢” := %,
max Epe” —max Epp > M(@")I(@"; D) — 1(e)l(¢; D). ©)
peD peD

Theorem 1 A preference relation -, satisfies A.1-A.4, A.5.1, and A.6 if and only
if it admits a canonical weighted maxmin representation (u, D, A) with . € A(D).
Moreover, u is unique up to a positive affine transformation, D is unique and coincides

with the Bewley set, and given u, X is unique on {¢ € RS : mig Epp # mag Epp).
pe pe

A well-known representation of the class of preference relations satisfying A.1—
A.4,A5.1, and A.6, different from ours, is provided by Cerreia-Vioglio et al. (2011b).
To define it formally, let G be the set of functions G : R x A — (—o0, co] such that (i)
G is quasi-convex and lower semicontinuous on R x A, (ii) for each p € A, G(-, p)
is non-decreasing on R, and (iii) for each 7 € R, mElR G(t, p) =t. Afunction G € G

p

is said to be linearly continuous if the functional / : RS — R, defined by setting for
each ¢ € RS, I(p) := mig G(E,@, p), is continuous.
pe

Definition 4 A preference relation 77 admits an ambiguity averse representation

if there exist an affine onto function # : X — R and a linearly continuous function
G € G such that for each pair f, g € F,

f 7z g < minG(Epu(f), p) = min G(E,u(g), p)
peA peA

We denote the representation by (u, G).

It is shown by Cerreia-Vioglio et al. (2011b) that a preference relation satisfies A.1—
A4, A5.1,and A.6 if and only if it admits an ambiguity averse representation (u, G),
where u is unique up to a positive affine transformation, and given u, G is unique.’
Given a preference relation 7~ that admits an ambiguity averse representation (1, G),
they define the set'?

D* :=cl({p € A : forsomet € R, G(t, p) < o0}), 5)

and show that (u, D*) is a Bewley representation of the unambiguous preference
relation - * induced from > .!!

Our result above, in view of theirs, not only provides an alternative representa-
tion of such a preference relation, but also shows that the set D* derived from their
representation is the smallest admissible set.

9 See Theorems 3 and 5 and Proposition 4 of Cerreia-Vioglio et al. (2011b).

10 The set D* is independent of the choice of ambiguity averse representations. Indeed, by Proposition 4
of Cerreia-Vioglio et al. (2011b), if («’, G’) is another ambiguity averse representation of - , then for each
p € A, G(t, p) < oo for some t € R if and only if G'(¢/, p) < oo for some t' € R.

1T gee Proposition 9 and Theorem 10 of Cerreia-Vioglio et al. (2011b).



Corollary 1 Ifa preference relation admits an ambiguity averse representation (u, G),
then it also admits a canonical weighted maxmin representation (u, D*, \) with A €
A(D*).

3.1.1 Relation between a canonical WM representation and a Bewley WM
representation

Restricted to preference relations satisfying S-ambiguity aversion, we have shown that
acanonical WM representation is the same as a Bewley WM representation. But this is
not the case for preference relations that do not satisfy S-ambiguity aversion. We now
provide two examples, respectively, showing that (1) a preference relation admitting
a Bewley WM representation may not admit a canonical WM representation, and (2)
even if a preference relation admits both types of representations, the Bewley set may
not be the smallest admissible set. The proofs of our claims in the two examples are
given in “Appendix.”

Example 2 (The Bewley set exists, but the smallest admissible set does not) Let
. . BT . 2 1 1 . 121
S :={1,2,3} and X := R for simplicity. Let p’ := 313> 2)- q" = (15 3 1)
and p* = (%, %, %) be probabilities over S, where the sth coordinate denotes the
probability of state s, s € S.Let Dy := {p’,q’}and D> := {p € A : d(p, p*) < \/LE}’

Define V : RS — R by setting for each f € RS,
min £, f if max{f (1), f(2)} < f(3),
peED]

min £,/ if max(f (1), f2)} = f(3).

pPED>

V()=

Define - over RS by setting for each pair f,g € RS, f = g <= V(f) = V(g).
The preference relation - satisfies A.1-A.4 and A.6. By Proposition 1, 7- admits a
Bewley WM representation.!? But = does not admit a canonical WM representation.

Example 3 (The Bewley set is not the smallest admissible set) Let S, X, p/, ¢/, p*,
and D; be defined as in Example 2. Let p” := (%, é, %) and ¢” = (%, %, %) be
probabilities over S. For each f € RS with max{f (1), f(2)} < f(3), let

med{O L =Epf 1} if f() < £2) < £(3)
71—Ep//f+Ep/f’ = s
alf) = U
q .
med{o’l—Equf—i—Eq/f’l} if f(2) < f(1) < f(3),

and

Di(f) = {a(Hp' + A —a(fNp" a(fHg" + 1 —a(fNg"}.

12 1t can be shown that the Bewley set is cl(co(D1 U{p € D3|p3 > é})).



where med is the median operator.'® Define V : RS — R by setting for each f € RS,

min E, f if max{f(1), f(2)} < f(3),

peDi(f)

min E,f  ifmax{f(1), f2)} = f(3).

peDy

V(f):=

Define - over R® by setting for each pair f, g € RS, f = g <= V(f) > V(g).
Like Example 2, = satisfies A.1-A.4 and A.6 and thus admits a Bewley WM

representation.'4 Moreover, >~ admits a canonical WM representation in which the

smallest admissible setis {p € Dy : p3 > %}. But this set is not the Bewley set.

3.2 Variant constraint rule

For each pair p,q € A, let d(p, g) denote the Euclidean distance between p and g.

For each p € D and each closed subset of A of A, define the distance between p and

A, denoted by d(p, A), to be miﬂd(p, q). Given 7, foreach f € F,letx,r € X
q€

denote the worst outcome yielded by f,i.e., x4y = f(s) for some s € § such that for
eachs’ € S, f(s') T x«f.

Definition 5 A preference relation - admits a variant constraint (VC) represen-
tation if there exist an affine onto function u : X — R, a non-empty, closed, and
convex set K C A, and a function o : RS — R continuous on {u(f) e RS : f €
F, f ~ x4y} and lower semicontinuous on {u(f) € RS: feF, f~ X4 r} such that

for each pair f, g € F,

g = min E,u(f) > min E,u(g).
Fze peAd(p,K)<o(u(f)) P f pel:d(p,K)<o(u(g)) P8

We denote the representation by (u, K, o). We call K an essential set of priors, or
simply an essential set, and o a constraint function. We call = a VC preference
relation.

A MEU preference relation admits a VC representation in which o is a constant
equal to 0. While MEU preference relations exhibit S-ambiguity aversion, this is not
true for VC preference relations in general. Instead, VC preference relations satisfy
GM-ambiguity aversion. Moreover, we will show that VC preference relations are
characterized by GM-ambiguity aversion together with some basic axioms.

Like a WM representation, a VC representation of a preference relation is typically
not unique, due to the non-uniqueness of essential sets. In fact, given a VC repre-
sentation (u, K, o) of -, each non-empty, closed, and convex subset K’ of K is an
essential set, since there is a constraint function ¢’ such that (1, K’, ¢’ is also a VC
representation of 2~ . Example 4 illustrates this fact using a MEU preference relation.

I3 Foreacht e R, med{0, ¢, 1} is the median of 0, ¢, 1.
14 It can be shown that the Bewley set is the same as in Example 2.



Example 4 Let S, X, p*, D, be defined as in Example 2. Consider the MEU preference

relation >~ over RS defined by setting for each pair f,g € RS, f = g
in E,f> min E,g.

IEIGHDnz /= ;renDnz r8

For each € € [0, %@], let K¢ :={p € A :d(p, p*) < €}. Note that K9 = {p*},

1 ’
K v6 = Dy, and for each pair ¢, €’ € [0, %g]withe <€',K¢ C K¢ .Fixe € [0, «/LE]'
Define o€ : RS — R, by setting for each f € RS, 0¢(f) := = — €. Observe that

NG
o€ is continuous, and that for each f € RS,
min E,f = min E,f,
peDs 2 pedd(p.K)<o<(f) 2

since D = {p € A:d(p, K) <0°(f)}. Let u be the identity mapping on R. Then
(u, K€, 0¢) is a VC representation of - .

In light of the nesting property of essential sets, we can define a canonical VC
representation in a similar way as defining a canonical WM representation.

Definition 6 A canonical VC representation of - isa VC representation (u, K, o)
of - suchthat K is the largestessential set, i.e., foreach VC representation (u’, K’, o)
of = ,K'CK.

Our second main result says that if 77 satisfies GM-ambiguity aversion in addition
to A.1-A.4 and A.6, then it admits a canonical VC representation. Moreover, the
largest essential set is the set of benchmark priors.

The converse holds with an additional condition imposed on the VC representation.
For each non-empty, closed, and convex set K C A, let £(K) denote the set of
functions o : RS — R such that for each pair ¢, ¢’ € RS with ¢’ > ¢,

min E,¢' > min E,o. (6)
peAd(p,K)<o(g') ¢ peAd(p,K)=o(p) ¥

Theorem 2 A preference relation satisfies A.1-A.4, A.5.2, and A.6 if and only if it
admits a canonical variant constraint representation (u, K, o) witho € X (K). More-
over, u is unique up to a positive affine transformation, K is unique and coincides with
the benchmark set, and given u, o is unique on {u(f) e RS : f € F, f » )c*f}.15

While Cerreia-Vioglio et al. (2011b) provide the characterization of preference
relations exhibiting S-ambiguity aversion, Theorem 2 provides the characterization of
preference relations exhibiting GM-ambiguity aversion.

The class of preference relations admitting canonical VC representations is different
from the class admitting canonical WM representations. In view of Theorems 1 and 2,
there are preference relations admitting canonical WM representations but not canon-
ical VC representations, since S-ambiguity aversion does not imply GM-ambiguity

15 1f Xef ~ f, then r‘rleiglu(f(s)) = u(xy). Thus as long as o(u(f)) is sufficiently large,

min Epu(f) =u(xys).
peDd(p,K)<ou(f) | !



aversion. On the other hand, there are preference relations admitting canonical VC
representations but not canonical WM representations, as shown in Example 5.

Example 5 Let -, be defined as in Example 2. As discussed in Example 2, - satisfies
A.1-A4 and A.6, and 7~ does not admit a canonical WM representation. Since for
each f e RS, E p+ f = V(f),itcan be readily seen that p* is a benchmark prior. Then

>~ satisfies A.5.2, and thus, by Theorem 2, - admits a canonical VC representation. 16

When >~ admits both a canonical WM representation and a canonical VC repre-

sentation, the largest essential set is always a subset of the smallest admissible set, and
the two sets coincide if and only if - is a MEU preference relation.

Proposition 2 [f a preference relation admits both a canonical weighted maxmin rep-
resentation (u, D, \) and a canonical variant constraint representation (u’, K, o),
then K C D.

Proposition 3 A preference relation is a MEU preference relation if and only if it
admits both a canonical weighted maxmin representation (u, D, )) and a canonical
variant constraint representation (u’, K, o) with K = D, A being a constant function
equal to 1, and o being a constant function equal to 0.

Assume that - satisfies A.1-A.4, A.5.1, and A.6. Recall that by Cerreia-Vioglio
et al. (2011b), =~ admits an ambiguity averse representation (u#, G). We have shown
in Sect. 3.1 that - also admits a canonical WM representation in which D* defined
by (5) is the smallest admissible set. A similar result can be obtained here. Formally,
let

K*:={pe A: foreacht € R, G(t, p) =t}. (N

Like D*, the set K* is independent of the choice of ambiguity averse representations
of 2~ . It can be readily shown that K* is the benchmark set. Thus, - satisfies
GM-ambiguity aversion if and only if K* is non-empty. When K™* is non-empty,
by Theorem 2, 7~ admits a canonical VC representation in which K™ is the largest
essential set.

Corollary 2 If a preference relation admits an ambiguity averse representation (u, G)
and K* # @, then it also admits a canonical variant constraint representation
(u, K*, o) witho € L(K™).

3.3 Different representations of the multiplier decision rule

There is a large class of preference relations exhibiting both S-ambiguity aversion and
GM-ambiguity aversion as well as satisfying A.1-A.4 and A.6. Thus, besides admitting
an ambiguity aversion representation studied by Cerreia-Vioglio et al. (2011b), this
class of preference relations also admits a canonical WM representation and a canon-
ical VC representation. Although the three representations have different behavioral
interpretations, they are observationally equivalent.

16 1t can be shown that the largest essential setis {p € Dy : p3 > %}.



On the other hand, different representations of a decision rule facilitate our under-
standing of the rule. As an example, we consider two important robust decision rules
introduced by Hansen and Sargent (2001): the constraint rule and the multiplier rule.!’
While the multiplier rule is originally defined in terms of an ambiguity averse rep-
resentation, we will provide two alternative representations. We will argue that each
of them provides a different way of understanding the connection between the two
decision rules.

For each pair p, g € A, we write p < g if p is absolutely continuous with respect
to ¢, and we denote the relative entropy of p with respect to g by R(p||q), i.e.,

E psIOg& if p Kyq,
R(pllg) = { ses as
o0 otherwise.

The relative entropy, known as Kullback—Leibler divergence, is a measure of “dis-
tance” between two probabilities.

Definition 7 A preference relation 7~ admits a constraint representation if there
exist an affine onto function u : X — R, a prior ¢ € A, and a constant € R such
that for each pair f, g € F,

g Epu(f) = min  Epu(g). ®)

min
PEAR(pllg)<n PEAR(pllg)<n

We denote the representation by (i, ¢, ). We call 77 a constraint preference rela-
tion.

A constraint representation (u, g, n) is a special WM representation (u, D, 1) in
which D = {p € A : R(p||lq) < n} and A is a constant function equal to 1. In spirit,
it can also be viewed as a special VC representation with a singleton essential set, an
alternative measure of “distance” between two probabilities, and a constant constraint
function.

Definition 8 A preference relation - admits a multiplier representation if there
exist an affine onto function # : X — R, a prior ¢ € A, and a constant 8 € (0, 00]
such that for each pair f, g € F,

freg &= IrpeirAl[Epu(f) +0R(pllg)] = r’peirAl[Epu(g) +O0R(pl). (9

We denote the representation by (u, ¢, 8). We call = a multiplier preference rela-
tion.'8

17 Strzalecki (2011a) axiomatizes the multiplier rule.

18 The preference relation in Definition 8 is called a multiplier preference relation since the parameter 6 in
the unconstrained minimization problem in (9) can be viewed as a Lagrange multiplier in the Lagrangian
of the constrained minimization problem in (8).



A multiplier representation (u, ¢, 0) is an ambiguity averse representation (i, G)
in which G : R x A — (—o00, 00] is given by, for each (¢, p) € R x A, G(¢, p) =
t+60R(pllg). A multiplier preference relation exhibits both S-ambiguity aversion and
GM-ambiguity aversion and satisfies A.1-A.4 and A.6. By Theorems 1 and 2, it admits
both a canonical WM representation and a canonical VC representation. Moreover,
we can explicitly pin down the components of each representation.

Proposition 4 Assume that a preference relation admits a multiplier representation
(u, q, 0). Then it admits a canonical weighted maxmin representation (u, D, A). When
0 <oo,D={peA:p<q), andforeach ¢ € R,

¢
[

max <p(s)+910gE e

SES:qs> .
®) ® if I min O(p(s) < r;lax 0(p(s)
— max S)— min N s qs
)L((p) ] ses: q;>0(p seS:qx>0(p SEds= = (10)
1 min §) = max s),
lfreS qr>0(p( ) eS:qS>0¢( )

and when 6 = oo, D = {q}, and X\ is a constant function equal to 1. It also admits a
canonical variant constraint representation (u, K, o). When 6 < oo, K = {q}, and
for each ¢ € RS,

o(p) = min d(p,q), (11)

14

PEANE,p=—0log Ege 0

and when 0 = oo, K = {q}, and o is a constant function equal to 0.

A connection between the multiplier rule and the constraint rule is established by
Hansen and Sargent (2001, 2008) in a dynamic resource allocation problem. Fixing
u: X — Rand g € A, they show, under some conditions, that for each 5, there
is 6 such that the constraint rule (u, g, n) and the multiplier rule (u, g, 0) generate
the same optimal allocation, and vise versa. But in general, as they point out, the two
decision rules induce totally different preference relations.

A further understanding of their connection can be obtained in view of each of our
alternative representations. First, both constraint and multiplier preference relations
are WM preference relations, and the smallest admissible sets and weight functions
are different. The smallest admissible set of a constraint preference relation is a neigh-
borhood of a central prior with the “distance” measure being the relative entropy and
the radius a constant. In contrast, the smallest admissible set of a multiplier preference
relation is either the set of all priors absolutely continuous with respect to a central
prior or the set containing only the central prior. More importantly, a constraint prefer-
ence relation always evaluates an act by its worst possible expected utility. In contrast,
a multiplier preference relation evaluates an act by a weighted average of its best and
worst possible expected utilities, and the weights vary across acts.

Second, both constraint and multiplier preference relations are VC preference rela-
tions, and the largest essential sets and constraint functions are different. While the
largest essential set of a constraint preference relation is a neighborhood of a cen-
tral prior, that of a multiplier preference relation is the set containing only a central



prior. More importantly, although both preference relations evaluate an act by its worst
possible expected utility, the set of possible priors stays constant for a constraint pref-
erence relation while it changes across acts for a multiplier preference relation. This
can be seen more transparently when we replace the Euclidean distance measure with
relative entropy in the VC representation of the multiplier rule. Indeed, if 7~ admits
a multiplier representation (u, g, ) with & < oo, then for each pair f, g € F,

frg Epu(f) = min Epu(g) (12

min
PEAIR(plIg)<a’(u(f)) PEAIR(pllg) <o’ (u(g))
where o’ : RS — Ris given by, for each ¢ € RS,

o'(p) = min , Rpllg).
PEAE,p=—0log Ege 0

Comparing (8) and (12), we can see that a constraint preference relation always regards
the priors in a fixed neighborhood of g possible, whereas a multiplier preference
relation considers neighborhoods of different sizes for different acts.

Note that the key implication of using relative entropy instead of the Euclidean
distance in a VC representation is that it excludes the priors that are not absolutely
continuous with respect to a central prior. Indeed, only when p < ¢, R(p||g) < oo.
But this is not an issue for a multiplier preference relation, since by definition (9), it
disregards all the priors that are not absolutely continuous with respect to the central
prior g. Thus, relative entropy can be used instead of the Euclidean distance in the VC
representation of a multiplier preference, as long as the constraint function is adjusted
correspondingly.

4 Changing ambiguity aversion

Within the class of preference relations exhibiting S-ambiguity aversion and GM-
ambiguity aversion and satisfying A.1-A.4 and A.6, our goal, in this section, is to study
those exhibiting particular patterns of changing ambiguity aversion with respect to
changes in wealth. We provide a definition of decreasing/increasing absolute ambiguity
aversion and investigate its implication on the representations studied in Sect. 3.

4.1 Wealth effect and decreasing absolute ambiguity aversion

To motivate the study of the wealth effect, consider the following variation of Ellsberg
(1961)’s thought experiment.

Example 6 An urn contains 100 balls, of which 33 are red, and 67 are either black or
white. A ball is drawn from the urn. For each ¢ € R4, r; denotes the act “betting on
red.” It pays 100 4 ¢ dollars if the ball is red and ¢ dollars otherwise. Let b; denote
the act “betting on black,” and its payoff is similarly given. See the payoff Tables 1, 2
and 3.



Table 1 Payoffs of r; and b,

teRy Red Black White
T 100 + ¢ t t
by t 100 + ¢ t
Table 2 Payoffs of rg and bg =0 Red Black White
ro 100 0
bg 0 100
Table 3 Payoffs of o4 and = 104 Red Black White
byos
ot 10,100 10,000 10,000
by 10,000 10,100 10,000

Assume that a decision maker’s preference relation - satisfies Axioms A.1-A.4,
A.5.1, and A.6, and assume for simplicity that he is risk neutral. Foreachr € R, r; is
an unambiguous act which yields 100 + 7 with probability 0.33 and ¢ with probability
0.67, whereas b, is an ambiguous act which yields 100 + ¢ and ¢ with unknown
probabilities. The decision maker may prefer ro to by if he is averse to ambiguity,
while the degree of his ambiguity aversion may decrease with the increase in the
baseline prize z. It can be expected that when ¢ is sufficiently large, he is willing to

take the ambiguity bearing act, and prefers say b4 to rygs.

Such a behavioral pattern is evidenced by the laboratory experiments of Baillon and
Placido (2015) with subjects that may or may not be risk neutral. In the following, we
propose a set of behavioral axioms to capture this and other analogous phenomena. The
experiments designed by Baillon and Placido (2015) basically test the implications of
our axioms.

A.2.1. Decreasing absolute ambiguity aversion.'” Forall f € F,x, y,z € X and
a € (0, 1), if either f is a constant act or y = x, then

af +(1—a)x Zaz+ (1 —a)x
saf+(l—-—a)y-az+ (1 —a)y. (13)

When f is constant, (13) is essentially von Neumann—Morgenstern’s independence
requirement on constant acts. When f is not constant, then (13) says that if an (ambigu-
ous) acta f + (1 — «)x is preferred to a constant act «z + (1 — «)x, then it is still the
case after improving the certainty part from x to y for both acts. In other words, if the

19" After completing this paper, I learned that Ghirardato and Siniscalchi independently propose a very
similar axiom of decreasing absolute ambiguity aversion in their work “Symmetric preferences,” presented
in RUD 2015 and D-TEA 2015.



ambiguity is previously tolerable, it is even more tolerable after a common improve-
ment on the certainty part. Axiom A.2.1 implies that if an act induces a larger utility
than another act by an ensured amount ¢ in each state, then the value of the former act
is larger than the later by at least .

Similarly, if we replace y - x in A.2.1 by x = y, then =, exhibits increasing
absolute ambiguity aversion.

A.2.2. Increasing absolute ambiguity aversion For all f € F, x,y,z € X and
a € (0, 1), if either f is a constant act or x 2~ y, then

af +(1—a)x Zaz+ (1 —a)x
saf+(-a)yZaz+ (1 —-a)y.

If we require both A.2.1 and A.2.2 to hold, then -, exhibits constant absolute ambi-

~

guity aversion defined by Grant and Polak (2013).

A.2.3. Constant absolute ambiguity aversion (Grant and Polak 2013) For all f €
F,x,y,z€ Xanda € (0, 1),

af+(1—a)x Zaz+ (1 —a)x
saf+(l—a)yZaz+ (1 —a)y. (14)

While the above axioms deal with the effect of an absolute change in the certainty
part of an act, one can imagine a similar effect of a relative change in the proportion of
the certainty part of an act. We refer the readers to Maccheroni et al. (2006) for such a
thought experiment. To capture the increase in ambiguity aversion in the relative size
of ambiguity, we propose the following axiom as analogous to A.2.2.

A.2.4. Increasing relative ambiguity aversion For all f € F, x,z € X and
o, B€(0,1),ifa > g, then

af +(1—a)x Zaz+ (1 —a)x
= Bf+U0—=PB)xZ Bz+ (- Px. (15)

Axiom A.2.4 says thatif o f + (1 —«)x is preferred to a constant act oz + (1 — ) x,
then this is still the case after the proportion of the certainty part increases in both
acts. In other words, the degree of ambiguity aversion increases as the proportion
of the ambiguous part of an act increases. Similarly, a preference relation exhibits
decreasing relative ambiguity aversion if (15) holds for each pair «, 8 € (0, 1) such
that « < B, and constant relative ambiguity aversion if (15) holds for each pair
o, B € (0, 1). Chateauneuf and Faro (2009) propose a so-called worst independence
axiom under the assumption that there is a worst outcome in X . Their axiom amounts to
our constant relative ambiguity aversion for the class of preference relations satisfying
A.1, A3, A4, A.5.1, and exhibiting constant absolute ambiguity aversion. In general,
for preference relations satisfying A.1-A.4, their axiom is implied by ours.

It is known that under A.1 and A.3-A.6, preference relations exhibiting constant
absolute ambiguity aversion also exhibit increasing relative ambiguity aversion. We



will show that decreasing absolute ambiguity aversion also implies increasing relative
ambiguity aversion in some limit form.

4.2 Characterizations

For each € R, we denote by 71 a constant element in RS with each coordinate being
t, and when_t = 1, we simply write 1. For each non-empty, closed, and convex set
K C A, let ©(K) be the set of functions o € X (K) such that for each pair ¢, ¢’ € RS

isfVi ot
satisfying (6) and for ¢ := ¥

min "> mi

E,o" > n E,p.
pedd(p.K)soly”) | T perd(p.K)so@) |
That s, the constraint functions in X (K ) satisfy not only the monotonicity requirement
imposed on the functions in X (K), but also a quasi-concavity requirement.

Theorem 3 Let a preference relation 7=, be given. The following statements are equiv-
alent.

1. The preference relation - satisfies A.1, A.2.1, A.3, A4, A.5.1, and A.6.

2. The preference relation = admits a weighted maxmin representation (u, D, 1)
such that . € A(D), and for each ¢ € RS, A(¢ + t1) is non-increasing in t and
limy s o0 limy— 00 Ak — t1) = 1.

3. The preference relation = admits a variant constraint representation (u, K , o)
such that o € $(K), and for each ¢ € RS, o (¢ + t1) is non-increasing in t and
limy~ o lim; oo 0 (kg + t1) = 0.

4. The preference relation -, admits an ambiguity averse representation (u, G) such
that for each p € A, G(t, p) —t is non-decreasing in t.

Moreover, (u, D, \) is a canonical weighted maxmin representation, (u, K, o) is a
canonical variant constraint representation, and for each ¢ € RS, lim;_, oo A(kg —t1)
and lim; . 0 (kg + t1) is non-decreasing in k on (0, 00).

Decreasing absolute ambiguity aversion has straightforward behavioral implica-
tions on the WM representation and the VC representation of a preference relation. As
the baseline utility of an act increases, it is as if that a WM decision maker puts less
weight on the worst case, and a VC decision maker considers a smaller neighborhood
of approximating priors.

Note thatunder A.1, A.2.1, A.3, and A .4, S-ambiguity aversion (A.5.1) implies GM-
ambiguity aversion (A.5.2). Thus, by Theorems 1 and 2, the preference relation admits
both a canonical WM representation and a canonical VC representation. However, the
equivalence of statements 1, 2, and 3 is not a corollary of Theorems 1 and 2. In
Theorem 3, we do not require the admissible set in the WM representation to be the
smallest. Neither do we require the essential set in the VC representation to be the
largest. Instead, we impose a limit condition on each of the representations, which
turns out to determine the representation uniquely. In fact, the two limit conditions are
characterizing conditions of the smallest admissible set and the largest essential set,
respectively. Hence, both representations are canonical.



The two limit conditions have natural interpretations. The condition
limg— 00 lim; s 50 Ak — 1) = 1 says that a WM decision maker tends to consider
only the worst case in an extremely bad situation where the baseline utility of an act is
sufficiently low and the scale of its ambiguous part is sufficiently large. The condition
limy~ 0 lim;— o0 0 (k@ 4-11) = 0 says that a VC decision maker tends to consider only
approximating priors in the essential set K in an extremely good situation where the
baseline utility of an act is sufficiently high and the scale of its ambiguous part is
sufficiently small.

Theorem 3 also shows that decreasing absolute ambiguity aversion implies increas-
ing relative ambiguity aversion in some limit form under the other axioms. The fact
that lim;_, oo A (k¢ — £1) is non-decreasing in k on (0, oo) implies that when the base-
line utility of an act is sufficiently low, if the scale of its ambiguous part increases, then
a WM decision maker behaves as if he is more pessimistic and puts a larger weight on
the worst case. Similarly, lim;_. o, o (k¢ + t1) being non-decreasing in k on (0, c0)
implies that when the baseline utility of an act is sufficiently high, if the scale of its
ambiguous part increases, then a VC decision maker behaves as if he is more cautious
and considers a larger neighborhood of approximating priors.

Analogous representations can be obtained for preference relations exhibiting
increasing absolute ambiguity aversion: Theorem 3 holds if A.2.1 is replaced by A.2.2
and t by —¢. Since A.2.3 is equivalent to the combination of A.2.1 and A.2.2, we
further obtain the representations for preference relations exhibiting constant absolute
ambiguity aversion.

Corollary 3 Let a preference relation - be given. The following statements are equiv-
alent.

1. The preference relation =, satisfies A.1, A.2.3, A.3, A4, A.5.1, and A.6.

2. The preference relation ¥, admits a weighted maxmin representation (u, D, \.)
such that » € A(D), and for each ¢ € RS, A(¢ + tl) is constant in t and
limg o0 Akgp) = 1.

3. The preference relation - admits a variant constraint representation (u, K , o)
such that o € £(K), and for each ¢ € RS, o (¢ + tl) is constant in t and
limy\ o o (k) = 0.

4. The preference relation = admits an ambiguity averse representation (u, G) such

~

that for each p € A, G(t, p) — t is constant in t.

Moreover, (u, D, \) is a canonical weighted maxmin representation; (u, K, o) is a
canonical variant constraint representation, and for each ¢ € RS, A(kg) and o (kg)
is non-decreasing in k on (0, 00).

As shown in Corollary 3, constant absolute ambiguity aversion implies that no
matter how the baseline utility of an act changes, a WM decision maker puts the same
weight on the worst case, and a VC decision maker considers the same neighborhood
of approximating priors.

It is known that constant absolute ambiguity aversion implies increasing relative
ambiguity aversion under the other axioms in Corollary 3. We show that when the scale
of an (ambiguous) act increases, it is as if that a WM decision maker puts a larger



weight on the worst case, or that a VC decision maker considers a larger neighborhood
of approximating priors.

The equivalence of statements 1 and 4 in Corollary 3 reproduces some existing
results in the literature. Maccheroni et al. (2006) propose a weak certainty indepen-
dence axiom and call a preference relation a variational preference relation if it
satisfies A.1, A.3—-A.6, and weak certainty independence. They show that a preference
relation is a variational preference relation if and only if there exist an affine onto
function u : X — R and a lower semicontinuous convex function ¢ : A — [0, o0]
with min ¢(p) = 0 such that

PEA

fre <= gleig[Epu(f) +c(p)] = gleig[Epu(g) +c(p)l. (16)

Cerreia-Vioglio et al. (2011b) show that this representation amounts to an ambiguity
averse representation (1, G) in which G is additively separable.?’ Since weak certainty
independence is known to be equivalent to constant absolute ambiguity aversion under
the other axioms,?! our result can be expected since G is additively separable if for
each p € A, G(t, p) — t is constant in 7.

We close this subsection by providing a differential characterization of the smallest
admissible set for preference relations exhibiting decreasing absolute ambiguity aver-
sion. Let a preference relation ~ be given. Following Rigotti and Strazalecki (2008),
define the correspondence 7 : F = A by setting for each f € F,

m(f)={peA:) pf)Z Y psgls) = f gy (17)
ses ses

The interpretation is that the set (/) consists of all the prior beliefs that rationalize
the choice of f over other acts (see Cerreia-Vioglio et al. 2011b). These beliefs are
useful in the study of ambiguity averse preference relations and their applications (see,
e.g., Rigotti and Strazalecki 2008; Lang 2017). Mathematically, they correspond to

the supporting hyperplanes of the upper contour set of f.
For a general preference relation satisfying A.1-A.4, A.5.1, and A.6, Cerreia-

Vioglio et al. (2011b) show that D* = cl(co( | J 7 (f))). Thus, by our Corollary 1,
feF
cl(co( |J m(f))) is the smallest admissible set. Proposition 5 strengthens this result
feF
for preference relations exhibiting decreasing absolute ambiguity aversion.
Proposition 5 Assume that a preference relation - satisfies A.1, A.2.1, A.3, A4,
A.5.1, and A.6. Let (u, D, 1) be a canonical weighted maxmin representation of - .
Then for each x € X, D = cl(co( U 7 (f))).
fr~x

Proposition 5 implies that to identify the smallest admissible set, it suffices to find
the set of beliefs that rationalize the decision maker’s choices of the acts that lie on
one indifference curve.

20 The function G : Rx A — (—00, co] is additively separableifthereare y : R — Randc : A — [0, 00]
such that for each (7, p) € R x A, G(t, p) = y(t) + c(p). See their Proposition 12.

21" Grant and Polak (2013) show the equivalence under A.1, A.3, and weaker versions of A.4 and A.6.



Note that a differential characterization of the largest essential set can be obtained
by restricting 7 to constant acts. For each x € X, the set w(x) is interpreted as the
set of beliefs that rationalize the choice of the constant act x over ambiguous acts. It

is known that the benchmark set coincides with [ 7(x) (see, e.g., Cerreia-Vioglio
xeX
etal. 2011a). Thus, by Theorem 2, for each preference relation that admits a canonical

VC representation, the largest essential setis (] 7 (x).
xeX
Lang (2017) assumes that X is a set of simple lotteries over R and proposes defini-

tions, for an ambiguity averse preference relation, to distinguish between first-order
and second-order ambiguity aversion at a wealth level w € R. Lang (2017) character-
izes second-order ambiguity aversion at w by 7 (w) being a singleton. In view of Lang
(2017)’s result, for an ambiguity averse preference relation that exhibits second-order
ambiguity aversion at each w € R, it admits a canonical VC representation only if
thereis p € A suchthatforeachw € R, m(w) = {p}. In this case, the largest essential
set is exactly the singleton {p}.

4.3 Comparison with other definitions

Based on a notion of comparative “dispersion,” Chambers et al. (2014) also propose
the definitions of decreasing, increasing, and constant absolute ambiguity aversion.
According to them, an act f is considered at least as dispersed as an act g, denoted
by f I g, if there exist x € X and A € [0, 1] such that g = A f 4 (1 — A)x. They
say that a preference relation = exhibits decreasing (increasing) absolute ambiguity
aversion if for each pair f, g € F with f > g, each pairx, y € X withy =~ x (x 72 y),
and each @ € (0, 1),

af+(1—a)x Zag+ (1 —a)x
saf+(—a)yzZag+(1—a)y. (18)

They say that - exhibits constant absolute ambiguity aversion if it exhibits both their
decreasing and increasing absolute ambiguity aversion.

Since for each f € F and each z € X, f I z, their decreasing absolute ambiguity
aversion is stronger than ours. If we apply their definition, then we get a similar result as
Theorem 3 with modified monotonicity conditions of A, o and G.22 This is also the case
for increasing absolute ambiguity aversion. As for constant absolute ambiguity aver-
sion, it turns out that their seemingly stronger definition is in fact equivalent to A.2.3.
Proposition 6 Assume that a preference relation 77, satisfies A.1-A.4 and A.6. Then
for each pair f,g € F with f > g, each pair x,y € X, and each a € (0, 1), (18)
holds if and only if ¥, satisfies A.2.3.

2 pf 7 satisfies A.1-A.4 and A.6, then there exist an affine and onto function u# : X — R, and a non-
decreasing and continuous functional I : RS — R such that frmg < Iu(f)) = I(u(g)). Their
decreasing absolute ambiguity aversion amounts to that for each pair ¢, ¢’ € RS, if o =rp+ (=101
for some A € [0, 1] and some ¢’ € R, and if I(¢) = I(¢’), then foreacht > 0, I(¢p + t1) > I(¢' + t1),
which means, in the WM representation for example, that A(¢ + t1) < A(¢" + t1).



The validity of our axioms can be seen from their implications in the smooth
ambiguity model of Klibanoff et al. (2005). A preference relation - admits a smooth
ambiguity representation if there exist an affine onto function u : X — R, an
increasing function ¢ : R — R, a countably additive Borel probability measure u
over A such that for each pair f, g € F,

frg— / ¢ (Epu(f)du(p) = /cb(Epu(g))dM(p)- (19)

PEA PEA

We denote such a representation by (u, ¢, u).

Klibanoff et al. (2005) show that in this model “attitudes toward pure risk are
characterized by the shape of u, as usual, while attitudes toward ambiguity are charac-
terized by the shape of ¢,” and “one advantage of this model is that the well-developed
machinery for dealing with risk attitudes can be applied as well to ambiguity attitudes.”
We focus on the case where ¢ is concave so that (u, ¢, 1) represents a preference rela-
tion exhibiting S-ambiguity aversion. In this case, our definitions of decreasing and
increasing absolute ambiguity aversion correspond exactly to the usual monotonicity
properties of the Arrow—Pratt coefficient of absolute risk aversion of ¢ (Arrow 1965;
Pratt 1964).

Proposition 7 Fix an affine onto function u : R — R and an increasing, concave,
and twice differentiable function ¢ : R — R. Each preference relation represented
by (u, ¢, i) for some countably additive Borel probability measure |1 on A satisfies
A.2.1 (A.2.2) if and only if ¢ exhibits decreasing (increasing) absolute risk aversion,

ie., —% is non-increasing (non-decreasing).

As a corollary of Proposition 7, we obtain Cerreia-Vioglio et al. (2011b)’s charac-
terization of constant absolute ambiguity aversion in terms of constant absolute risk
aversion of ¢ (see their Theorem 23).

Cherbonniera and Gollier (2015) propose a definition of decreasing aversion under
ambiguity in the smooth ambiguity model. They assume that the decision maker with
initial wealth z € R is facing N possible monetary lotteries (X1, ..., Xn). For each
n € {l,..., N}, X, occurs with probability ¢,. The value function of the decision
maker obeys the smooth ambiguity rule:

N
> and(Eu(z + %)),

n=1

where ¢ is increasing and concave. According to them, the decision maker exhibits
decreasing aversion if

n=1

N
¢! (Z anp (Eu(z + xn») = u(z)

= antﬁ/(Eu(z +E))Eu (2 + Fn) = &' (@)’ (2). (20)

n=1



The key difference between their definition and ours is that their definition does not
distinguish the effect of wealth on risk aversion and ambiguity aversion, while ours
captures the effect of baseline utilities on ambiguity aversion. More precisely, their
definition says that an ambiguous lottery becomes more desirable at a higher monetary
wealth level, while our axiom essentially says that it becomes more desirable at a
higher baseline utility level. When the comparison of behavior is based on changes
in baseline utilities, we are restricted to the effect of baseline utilities on ambiguity
aversion.

Indeed, they show that (20) holds if and only if both u and ¢ o u exhibit decreas-
ing concavity, where u summarizes the decision maker’s risk attitude according to
Klibanoff et al. (2005). Instead, as shown in Proposition 7, our A.2.1 corresponds
only to the decreasing concavity of ¢, the measure of the decision maker’s ambiguity
attitude.

Cherbonniera and Gollier (2015) also provide an analogous definition for decreasing
aversion in the «-maxmin expected utility model studied by Ghirardato et al. (2004).
That is,

aomin Eu(z + X,) + (1 —a)max Eu(z + x,,) < u(z)
n n

=V7 <z, amin Eu(z +%,) + (1 —a)max Eu(z +%,) <u(Z). (21)
n n

With the weight « being fixed, their definition only imposes restriction on the function
u which summarizes the decision maker’s risk attitude according to Ghirardato et al.
(2004). In contrast, our axiom captures the decision maker’s changing ambiguity
attitudes, which is reflected by assigning less weight on the worst case as the baseline
utility of an act increases (see Theorem 3).

Focusing also on the effect of changes in monetary wealth, Cerreia-Vioglio et al.
(2017) provide a definition of decreasing/increasing absolute ambiguity aversion in a
general setting in which X is assumed to be a set of monetary lotteries. Given a lottery
x and a wealth level w, the transformed lottery at w, x* is defined as a lottery that
yields a payoff of ¢ + w with the same probability as x yields c. Intuitively, x¥ is
the “real” lottery faced by a decision maker at the wealth level w. Given a preference
relation =~ and a wealth level w, they define the induced preference relation = * at
w as a preference relation that ranks acts as the initial preference relation - ranks
“real” acts that yield in each state transformed lotteries at w. Then based on the notion
of comparative ambiguity aversion introduced by Ghirardato and Marinacci (2002), a
preference relation - is said to exhibit decreasing absolute ambiguity aversion if for

each pair w, w’ with w’ > w, = ¥ is more ambiguity averse than = .

One implication of their definition is that if a preference relation exhibits decreasing
absolute ambiguity aversion, then it must exhibit constant absolute risk aversion. Their
definition does not allow, for example, a decision maker to exhibit both decreasing
absolute ambiguity aversion and decreasing absolute risk aversion. In contrast, our
definition does not impose restrictions on a decision maker’s risk attitude and captures

changing ambiguity aversion with respect to changes in baseline utilities. Thus, we can



accommodate the possibility that a decision maker exhibits both decreasing absolute
ambiguity aversion and decreasing absolute risk aversion. In case a decision maker is
risk neutral, their definition has the same implication as ours on the representations,
since changes in monetary wealth translate directly to changes in baseline utilities.

5 Conclusion

In this paper, we study two extensions of the well-known MEU decision rule to accom-
modate a decision maker’s changing ambiguity attitude: a WM rule and a VC rule. Due
to the non-uniqueness of their representations, we are interested in finding canonical
representations of the two rules in terms of the smallest admissible set and the largest
essential set, respectively. We characterize a class of preference relations that admits
a canonical WM representation as well as a class that admits a canonical VC repre-
sentation. The first class of preference relations exhibits S-ambiguity aversion, while
the second exhibits GM-ambiguity aversion. In the second part of this paper, we study
the wealth effect under ambiguity. We propose axioms of decreasing (increasing and
constant) absolute and relative ambiguity aversion. Representations are provided for
the subclass of ambiguity averse preference relations exhibiting decreasing (increas-
ing and constant) absolute ambiguity aversion. The monotonic pattern of changing
ambiguity aversion is reflected in a intuitive way in both the WM representation and
the VC representation.

Appendix: Proofs

We denote by N the set of positive integers. For each ¢ € RS, let ¢* := man @(s) and
se
Qs = mi;l ¢(s). A functional 7 : RS — R is normalized if for eachr € R, I(r1) = t.
se€

It is constant additive if for each ¢ € RS andeachr € R, I (¢ +11) = I(p) + 1. Itis
constant superadditive if for each ¢ € RS and eacht € Ry, I(¢ +t1) > I(¢) + 1.
Lastly, it is superadditive if for each pair ¢, ¢’ € RS, I (¢ + ¢) > I(¢) + I(¢)).

Proofs in Section 3

Lemma 1 A preference relation - satisfies A.1-A.4 and A.6 if and only if there exist

an affine onto functionu : X — R and a normalized, non-decreasing, and continuous
functional I : RS — R such that for each pair f, g € F,

frg < T1wu(f) = 1u)). (22)

Moreover, u is unique up to a positive affine transformation, and given u, there is a
unique normalized functional I : RS — R satisfying (22).

Proof To prove the sufficiency of the axioms, let 7~ satisfy A.1-A.4 and A.6. Note

~

that A.6 implies the usual non-degeneracy axiom: There are f, g € JF such that



f > g. Then by applying the same techniques of Lemma 57 of Cerreia-Vioglio et al.
(2011b), one can show that there exist a non-constant affine function # : X — R and
a normalized, non-decreasing, and continuous functional 7 : u(X )S — R satisfying
(22). Although A.5.1 is assumed in their Lemma 57, the axiom is only used to show that
I is quasi-concave, and dropping it does not affect the existence of u and [ satisfying
the other properties. Moreover, since - satisfies A.6, by Lemma 29 of Maccheroni
et al. (2006), u(X) = R.

The necessity of the axioms can be readily seen, and the uniqueness follows from
routine arguments. Thus, we omit the proofs. O

Proof of Proposition 1 To prove the sufficiency of the axioms, let - satisfy A.1-A.4
and A.6. By Lemma 1, there exist an affine onto functionu# : X — R and a normalized,
non-decreasing, and continuous functional / : RS — R satisfying (22). Then by
Propositions 1 and 5 of Cerreia-Vioglio et al. (2011a) and their proof of Proposition
5,23 there exista non-empty, closed, and convex set D C A and a function A : RS - R
such that (i) (u, D) is a Bewley representation of the unambiguous preference relation
>~ * induced from -, and (ii) for each ¢ € RS,

I(¢) = A(¢) min E 1—A max E . 23
(p) = Mo) min Epg + ( (9) max Epg (23)
In particular, for each ¢ € RS such that min E p@ # max Ejq,
peD peD

max E,o — I
ax Epp (9)

Me) = (24)

" maxE,p —minE,¢’
peD p peD P

. . . . . S . . .
Since [ is continuous, X is continuous on {¢ € R : Ir’rgg Epp # r;lea[))( E,@}. Thus, it

can be readily seen that (i, D, 1) is a Bewley WM representation of >~ .
To prove the necessity of the axioms, let =~ admit a Bewley WM representation
(u, D, 1). Clearly, 7, satisfies A.1. Since u is affine, it satisfies A.2. Since u is onto,

by Lemma 29 of Maccheroni et al. (2006), it satisfies A.6.
To show that - satisfies A.3, define J : RS — R by setting for each ¢ € RS,

J(@) = A in E 1—x E, o,
() (cp)glelg p@ +( (w))t;lgg P9

and it suffices to show that J is continuous. Let ¢ € RS and {¢"}72, be a sequence
of elements in RS such that lim,_ o ¢" = @. If mig Epp < mag E @, then A is
pe pe
continuous at ¢, and thus, lim,_,~ J(¢") = J(p). If mig Epp = malg)( E,@, then
pE pEe
lim,, 0o min E,¢" = lim, .o max £,¢" = J(p), and thus, lim, . J(¢") =
peD peD

J(p).

23 See also Propositions 4 and 5 of Ghirardato et al. (2004).



To show that  satisfies A.4,let f, g € F besuchthatforeachs € S, f(s) = g(s),
and we want to show that f =~ g. Since for each s € S, f(s) 77 g(s), and since
(u, D, 1) is a Bewley WM representation of -, u(f) > u(g). Then for each p € D,
Epu(f) > Epu(g). Besides, by the definition of a Bewley WM representation, (u, D)
is a Bewley representation of the unambiguous preference relation =~ * induced from
> . Hence, f = *g. Thus, by the definition of = *, f = g.

Lastly, to prove the uniqueness of the representation,?* let (1, D, A) and (u/, D', \")
be two Bewley WM representations of some 7~ . Since both u and u’ are affine func-
tions representing - restricted to X, by routine arguments, u’ is a positive affine
transformation of u. Moreover, by the definition of a Bewley WM representation, both
(u, D) and (u’, D') are Bewley representations of the unambiguous preference rela-
tion = * induced from 2= . By Proposition 5 of Ghirardato et al. (2004), D = D'.
Finally, suppose that u = 1/, let ¢ € RS be such that rréig Eyp # meag Ep@, and we

p P

want to show that A(¢) = A'(¢). Let f € F be such that u(f) = ¢. Since xp~f
and both (u, D, 1) and (u’, D', \") are WM representations of -,

u(xy) = A(u(f))min Epu(f) + (1 — Au(f))) max E,u(f), (25)
peD peD
and
w(xf) = A(u/(f)) Ir)relig/ Epu/(f) + (1 — A(u/(f))) gg(/ Epu/(f)' (26)
Since u = u’, u(f) = ¢, and D = D’, by (25) and (26),

)\. i E 1 )\. E _— A./ i E 1 A./ E .
(9) IIIEIII p9 + ( () meax p¥ (9) Illelll p® + (I =A%) IIleaX p¥
(27)

Since max E,¢ # min E,¢, by (27), A(¢) = A/ (¢). O
peD peD

Proof of Theorem 1 To show the sufficiency of the axioms, let - satisfy A.1-A.4,
A.5.1, and A.6. By the proof of Proposition 1, it admits a Bewley WM representation
(u, D, 1), with I : RS — R given by (23) being non-decreasing and continuous. We
first check that A € A(D). Let ¢, ¢’ € RS. If ¢’ > ¢, then by the monotonicity of
I, I(¢") > I(¢), which implies (3). To check (4), suppose that ¢, ¢’ satisfy (3), and
let ¢” := %‘0,. Since ¢, ¢’ satisfy (3), I(¢’) > I(p). Thus, by the monotonicity and
continuity of 7, thereist € Ry suchthat I (¢’ —r1) = I(p). Let f, g € F be such that
u(f) =¢and u(g) = ¢’ —t1. Then I (u(f)) = I(u(g)), so f ~ g. Since f ~ g, by
A5 3 f+58 7 f.Thus, (394 5(¢' —1D) = 1u(3 f+38) = 1wu(f) = 1(9).
Since I is non-decreasing, I(%(p + %(p’) > I(%gp + %((p’ —t1)). Thus, I(¢") > 1(p),
which implies (4).

24 The uniqueness property here differs slightly from that in Cerreia-Vioglio et al. (2011a). They state the
uniqueness of the representation under an additional condition that they are interested in (condition (iii) of
their Proposition 5), while the uniqueness is actually guaranteed without imposing this condition.



We then prove that (u, D, ) is also a canonical WM representation of =~ . That is,
let (u’, D', ") be another WM representation of = and we shall prove that D C D’.
Since 77 satisfies A.1-A.6, by Theorems 3 and 5 of Cerreia-Vioglio et al. (2011b), it
admits an ambiguity averse representation (v, G), where G : R x A — (—00, 00] is
given by, for each (7, p) € R x A,

G(t,p) =sup{v(xy) : f € F, Epu(f) <t} (28)

Recall the set D* defined in (5). By Proposition 9 and Theorem 10 of Cerreia-Vioglio
et al. (2011b), (v, D*) is a Bewley representation of the unambiguous preference
relation = * induced from = . On the other hand, by the definition of a Bewley WM
representation, (1, D) is also a Bewley representation of = *. Thus, by Proposition 5
of Ghirardato et al. (2004), D = D*. Hence, to show that D C D’, it is equivalent to
show that D* C D'.

Suppose to the contrary that D* ¢ D’. Since D* = cl({p € A : G(t,p) <
oo for some t € R}) and D’ is closed, there exist ¢ € A\D’ and ¢t € R such that
G(t,q) < oo.Thenby astandard separation theorem, thereis ¢ € RS such that E,o <
0< Irjréig/ Epp.Letx € X besuchthatv(x) = t.Since Ejv(x) =t,by (28),G (1, q) >
v(x) =t.Letn € Nbe such that Egng <t < G(t,q) < ;;I;i[l)l/ Epng. Let g € F be
such that v(g) = ng. Since E,jv(g) = E ne < t,by (28), v(xg) < G(t, q). Observe
that min E,u’(g) < A’ (u'(g)) min E,u’(g)+(1—2"(u'(g))) max E,u’(g) = u'(xg).

peD’ peD’ peD’
Since both v and u’ are affine functions representing = restricted to X, by routine
arguments, v is a positive affine transformation of u’. Then mi[l)l/ Epv(g) < v(xg).
pPEe

Recall that G(7,q) < min Epng = min E,v(g). Thus, G(1,q) < v(xg), which
peD’ peD’

contradicts v(xg) < G(t, q), as desired.

To show the necessity of the axioms, let >~ admit a canonical WM representation
(u, D, A) with A € A(D). Clearly, it satisfies A.1. Since A € A(D), one can readily
verify that it satisfies A.4 and A.5.1. Recall that Proposition 1 shows the necessity
of A.2, A.3, and A.6 for a preference relation to admit a Bewley WM representation.
Since the arguments there rely on the same properties of #, D, and A as we have here,
they can be used to show the necessity of the axioms for a preference relation to admit
a canonical WM representation.

Lastly, we show the uniqueness of a canonical WM representation (i, D, A) of
some preference relation =~ . By the definition of a canonical WM representation, D
is the smallest admissible set and thus unique. As argued in the proof of the sufficiency
of the axioms, D coincides with the Bewley set. Moreover, the uniqueness of u and
X follows from the same arguments as used for a Bewley WM representation in the
proof of Proposition 1. O

Proof of Corollary 1 Let -, admit an ambiguity averse representation (u, G). Define
I : RS — R by setting for each ¢ € RS, I(p) := mirAlG(Epw, p). By the proof
PE

of Theorem 3 of Cerreia-Vioglio et al. (2011b), I is normalized, non-decreasing, and
continuous. Moreover, by their Theorem 3, 77 satisfies A.5.1. Thus, by the proofs of



Proposition 1 and Theorem 1, 7~ admits a canonical WM representation (¢, D*, 1) in

which A belongs to A (D*) and is given by (24) on {¢ € RS : miDn Epp # maB( E,p).
peD* peD*
O

Proposition 8 The preference relation = in Example 2 admits a Bewley weighted
maxmin representation but not a canonical weighted maxmin representation.

Proof We first prove that 7~ admits a Bewley WM representation. By Proposition 1, it
is equivalent to prove that =~ satisfies A.1-A.4 and A.6. Clearly, it satisfies A.1. Since
foreacht € R, V(t1) = t, it satisfies A.2 and A.6.

To show that - satisfies A.3, it suffices to show the continuity of V. Let f € RS
and { f"}>° | be a sequence of elements in RS that converges to f. We shall show that
lim,, o V(f") = V(f) in each of the following two cases.

Case I: max{f(1), f(2)} # f(3). max{f(1), f(2)} < f(3). Then V(f) =
migl E, f. Moreover, for sufficiently large n, max{f"(1), f"(2)} < f"(3), so
peD]
that V(f") = min E, f". Hence, lim, .o V(f") = lim,o min E, f* =

peD peD;
miDn E,f = V(f). Similarly, one can show that when max{f (1), f(2)} > f(3),
peD)

lim,— 00 V(f™") = V(f).
Case 2: max{f (1), f(2)} = f(3). Then V(f) = mig E, f. Suppose that f(1) <
peD)

f(2). Thus, f(1) < f(2) = f(3) and for sufficiently large n, f*(1) < f"(2). Recall

p’ = (%, %, é). Then p” € D;. For each p € D5, since

L 12+ 12+ 12> 12+2 1—p1 1\?
A P2 =3 p3=3) z(p1—3 3 3
3 1\2 29)
=5\mn=3)

= p{. Since f(1) < f(2) = f(3), and since p” € D5 and for each p € D,
{,min E,f =E, f=Eyf.Then V(f) = min E, f = Ey f, and thus,
peD; PED?

lim Eyf" = lim min £, f" = V(f). (30)

n— 00 n—00 pe

For sufficiently large n, since f"(1) < f"(2), and since p| > g| and pj = g3,

min E, f" = E, ", and thus,
peD

either V(f") = min E, f" = Ep f" or V(f") = min E, f". 31
peD; pED?

By (30) and (31), lim,—,oc V(f") = V(f). Similarly, one can show that when

f) > f(@2), limysoe V(™) = V(f). Suppose that f(1) = f(2). Then f(1) =
f(2) = f(3), and thus, lim,_, o min E, f* =1lim,_,oc min E, f" = min E, f =
peD) peDs peDs



V(f). For each n € N, either V(f") = min E, " or V(f") = min E, f". Thus,
PeD; peDy

limy o0 V(") = V().

Lastly, to show that - satisfies A.4, let f, g € RS be such that f > g. We shall
show that V(f) > V(g) in each of the following three cases.

Case 1: Either max{f (1), f(2)} < f(@3) and max{g(1),g(2)} < g(@3), or
max{f(1), f(2)} > f(3) and max{g(l),g(2)} > g(3). Then either V(f) =
min E,f and V(g) = min E,g, or V(f) = min E, f and V(g) = min E,g.
peD peD peD> PeED>
In either scenario, since f > g, V(f) > V(g).

Case 2: max{f (1), f(2)} < f(3) and max{g(1), g(2)} > g(3). Then V(f) =

min E, f and V(g) = min E,g. Let f’ € RS be such that
peD) PED?

fO=fM, ff@=r2. fG=mx{f1),f2)}

Since max{f (1), f(2)} < f3), f'3) < f(@3). Thus, f/ < f. Since f > g,
f'3) = max{f(l) f(2)} > max{g(1), g(2)} > g(3). Thus, f' > g. C0n51der the
sequence{ f+o=ty }°2, of elements of RRS. For each n € N, since max{ f (1) +

=L, 1f(2)+" L@ =max{f(1), fQ)} < Lf@®+ =13, V(i f+

"n;l = ]IJIEHDHI E p(rll f+ % f7). Since V is continuous (as shown when proving that
A3holds), V(f) = limy—00 V(3 f + 2L ) = lim, oo min E,tr+=Lfy =
VA4S

min E, f’. Since f' < f, min E, f’ < m1n Ep f. Thus, V(f) < V(f). Since
peD; peDy pe

max{f'(1), f'(2)} = f'(3) and [’ > g, V(f) = min E, f > min E,g = V(g).
peD> peED>

Hence, V(f) = V(f') = V(g).

Case 3: max{f(1), f(2)} > f(3) and max{g(1), g(2)} < g(3). Then V(f) =
min £, f and V(g) = min E,g. Let f' € RS be such that
peDy peD]

3) if (1) > f(2), 2) if f(1) > f(2),
f,(l)z{f()lf()_f() f,(z)z[f()lf() Q)

~ . f'3)=f03).
F) it f() < f(2), FG) it f(1) < f(2),
Since max{f (1), f(2)} = f3), f'(1) = f(1) and f'(2) < f(2). Thus, f" < f.
Since no matter f(1) > f(2) or £(1) < f(2), max{f'(1), ')} > f'Q3), V(f) =
min E, f'. Since f' < f, min E,f’ < min E, f. Hence, V(f') < V(f). Let
pEDy peDy pEDy
g’ € RS be such that
) g3 if f()=f(?2), g2 it f()=f2), ,
W {g(l) it f < ro, £ :g@) it f(y < r, $TEY

Since max{g(1),g(2)} < g@3), ¢ > g and max{g (1,2} = g'(3). Then

Vgh = rnln Epg'. Since f > g, f' = g'. Thus, min E,f’ > min E,g".
Pe preD peDy

Hence, V(f) z V(g’). Consider the sequence {ng + =1 8’172, of elements of
IRS. Since max{g(1), g(2)} < g(3),foreachn € N, max{;g(l)—l—”n] ‘), e+



@) < [g(3)+ g (), and thus, V(g + 1TLg) = min EyGrg + ).
pe
Since V is continuous, V (g') = lim,_ o V( g+=- 1 ’)_hmn_>oo nnn Ep( g+
pe

= ] g) = ;mn E,g'. Since g’ > g, mm E,g’ > min E,g. Thus, V(g) > V(g).

peD;
Hence, V()= V(fH=V(E) = V(g)-
Now we prove that =~ does not admit a canonical WM representation. Suppose to
the contrary that it admits a canonical WM representation (u, D, A). Let D3 :={p €

) i
A:py =g}
We first show that for each f € RS, V(f) € [ min E,f,max E, f]. Let f € RS.
peDy peED>

Suppose that f(1) < f(2) < f(3). Then V(f) = miDn Ey,f = E,f. Since
peD)

f() < f(@ < f@3), and since p) < p; and py < pi, Epyf < Epf.
Recall p” = (3,1, 1). Since f(I) < f(2) < f(3), and since p| = p{ and
Py > Py Eyf = Epf. Thus, V(f) € [Epf, Epf]. Since p”, p* e D>,
[Epi [y Ep f] - l{n})n2 Epfv;IéaDXZ E, f]. Hence, V(f) € [lgreliDn2 Epf,l{réég(z E,fl.
If f(2) < f(1) < f(3), by analogous arguments, V (f) € [Ineli,n2 Epf,lr)réz})x2 E,fl
Lastly, if max{f (1), f(2)} = f(@3), then V(f) = [nenDnz Ep,f, and thus, V(f) €
[mi[r)l E,f, max Epf].

We then showthatforeachf eRS, V(f) e [rn1n Eyf, rnax E,fl.Let f € RS,
Suppose that max{f (1), f(2)} < f(3). Then V(f) = min Epf Since D € Ds,
;renDnl E,f € ;nm E,f, max E,f] Thus, V(f) € [fmn E,f, maprf] Sup-
pose that max{ f (1), f(2)} > f(3) Then V(f) = nnn Epf Slnce p* € DyN Ds,
min E,f < Ep<f < ;nax Ep f. Thus, V(f) < ;nax E,f. To show that

peDy
V(f) > mlln E, f, we further consider the following three cases. First, suppose
pe

that f(1) < f(3) < f(2). Recall that for each p € Dj, by (29), p1 < %

Since f(l) fB3) < f(2), and since (4, ,4) € D3 and for each p € Dy,

pr<3%<3, mm Epf 23f()+1r3) > mm E,f. Thus, V(f) > mm E,f.
PE

Second, if f(2) < f3) < f(Q), by analogous arguments V() = mm Eyf.
pe
Lastly, if f(3) < min{f (1), f(2)}, then min E,f > f(3) = min E, f, and thus,
peD; PeD3
\%4 > min E, f.
f) = ;210113 »f
We claim that D € D, N Ds. To see this, define A, : RS — R by setting for each
f eRS,

max E,f—=V()
pE

if min E, f # max Eyf,

.— ] max E — min E
r(f) = peDs »f veDs »f peDy
1 if min E f_maprf

pPED> J2S



Thus, for each f € RS, V(f) = A»2(f) min Epf + (1 — x(f)) max E, f, and
peDy preDy
since V(f) € [min E, f, max E, f], A2(f) € [0, 1]. Since V is continuous, A2 is
peDbDs PeD2
continuous on {f € RS : min E pf # max E, f}. Let v be the identity mapping on
PED? PED>

R. It can be readily seen that (v, D, A2) is a weighed maxmin representation of - .
Analogously, since V(f) € [migl E,f, ma})x E, f1, one can define A3 : RS — [0, 1]
peD3 peD3

so that (v, D3, A3) is also a WM representation of 77 . Since (u, D, A) is a canonical
WM representation of -, D € D, N Ds.

Finally, to derive a contradiction, fix g € RS such that g(1) < g(2) = g(3). Then
Vig) = ;Iell[r)l E,g. Recall that for each p € D3, by (29), p1 < %, and it can also be

2

readily seen that p; = % ifonlyif pp = p3 = é. Thus, V(g) = E,~g, and for each
p € Do)\{p"}, Epg > V(g).Since p” ¢ Dzand D € DN D3, D € D>\{p”}. Thus,
mig E,g > V(g) = v(xg). Since both v and u are affine functions representing -
J4S]

restricted to X, by routine arguments, u is a positive affine transformation of v. Then
min E,u(g) > u(xg), and thus, A(u(g)) min E,u(g) + (1 — A(u(g))) max E,u(g) >
peD peD peD

u(xg). Since (u, D, A) is a WM representation of 7, g > xg, which is not possible.

~

Hence, there is no canonical WM representation of - . O

Proposition 9 The preference relation =~ in Example 3 admits both a Bewley weighted
maxmin representation and a canonical weighted maxmin representation, whereas the
Bewley set of priors for = is not the smallest admissible set.

Proof We first prove that /- admits a Bewley WM representation. By Proposition 1, it
is equivalent to prove that - satisfies A.1-A.4 and A.6. Clearly, it satisfies A.1. Since
foreacht € R, V(t1) = ¢, it satisfies A.2 and A.6.

To show that = satisfies A.3, it suffices to show the continuity of V. Let
f e RS and {f "}=° , be a sequence of elements in RS that converges to f. Before
showing that lim, . V(f") = V(f), we assume first that max{f (1), f(2)} <
f(3) and for each n € N, max{f"(1), f"(2)} < f*(3), and check that
lim, 0o x(f") = a(f). Suppose that f(1) < f(2) < f(3). Then a(f) =

]7 a .
med{0, %, 1}. Moreover, for sufficiently large n, (1) < f"(2) < f*(3),
P P
1—E i f"
so that ¢ (f"*) = med{0, W’;JE//‘”’ 1}. Since the median operator is continuous,
P’ P

lim, 0 @(f") = a(f). Suppose that f(2) < f(1) < f(3). By analogous argu-

ments, lim, s a(f") = a(f). Suppose that (1) = f(2) < f(3). Since f(1) =
. 1-E nf 1-E_nf
F) < fG), and since p} = g} and p§ = gf, P = T g Then

. 1—E i f" . 1—E nf"
a(f) = llmn_>oo med{O, W, 1} = llmnTo;meii{os Ws ]}
For each n € N, either a(f") = med{O,#;;wa,l} or a(f") =
P p-

med{O,%, 1}. Thus, lim,_ o (") = a(f). We now show that

lim, V(f") = V(f) in each of the following two cases.



Case 1: max{f(1), f(2)} # f(3). Suppose that max{f (1), f(2)} < f(3). Then

V(f) = rgirzf) E, f. Moreover, for sufficiently large n, max{f"(1), f"(2)} <
peD]

f"(3), so that V(f") = min E,f". Since «a is continuous at f, Dy is con-

pEDI(fM)
tinuous (i.e., both upper and lower hemicontinuous) at f. Thus, by the maximum

theorem, lim, .o V(f") = V(f). Suppose that max{f (1), f(2)} > f(3). Then
V(f) = milgl E, f. Moreover, for sufficiently large n, max{f" (1), f*(2)} > f"(3),
pPED2

so that V(") = milgl Epf". Thus, lim,_.o V(f") = V(f).
peD
Case 2: max{f (1), f2)} = f(3). Then V(f) = mi[r)l E, f. Suppose that f(1) <
peD:
f(2). Thus, f(1) < f(2) = f(3) and for sufficiently large n, f"(1) < f"(2). Recall

that as shown in the proof of Proposition 8, for each p € D5, by (29), p; < % = p/l’ s
and thus, min E, f = E,»f = E,/ f. Then
peDy
lim E, f" = hm E, f" = lim m1n E,f"=V(f). (32)

n—00 n—)OOp

For sufﬁciently large n, since f"(1) < f"(2), and since p| > g}, p} > q{., p5 = 45,
and p3 = q3, foreach g € [0, 1], Egpry1—p)p f" < Eﬂq/+(1_ﬁ)q//f”, and thus,
either V(f") = min E,f" =a(f"Eyf"+ 1 —a(f")E, f"
PeEDI(f™)
or V(f") = min E, f". (33)
peDy

By (32) and (33), lim,— V(f") = V(f). Similarly, one can show that when
F(D) > fQ), limyooe V(") = V(f). Suppose that f(1) = f(2). Then f(1) =
f(2) = f(3), and thus, for each p € A, lim; 00 E, " = lim,, milgl E,f" =
pPED2
mm E,f = V(f). Foreach n € N, either V(") = Eq(n)pry—a(fryp f", or
V(f ) = Eq(rmyg'+(—a(fryg ["or V(") = ;Ielgl E, f". Thus, lim, o V(f") =
2

V(f).

Lastly, we show that - satisfies A.4. To facilitate our proof, we first derive an

equivalent expression of V. Let f € RS. Suppose that £(1) < f(2) < f(3). Since
f() < f(2) < f(3),and since p| = p{ and p§ > p5, E,y f > E,» f. Thus,

1 ifEyf =<0,
1—E,f

I —Eyf+Eyf

0 lep//le

a(f) = ifEyf>0and E, f <1,

Moreover, since f(1) < f(2) < f(3), and since p| > g1, p{ > q{, p; = ¢}, and
p3 = q3,fOI‘ each 8 € [0, 1], Eﬂp +(1— ﬂ)p”f < Eﬂq +(1— ﬂ)q”f Thus,

V(f) = Igllr(lf) Epf =Eupyp+i-agnpf =a(HNEyf+ A —a(fNEyf.
(34)



Similarly, if £(2) < f(1) < £(3), then

| if B, f <0,

) it £,/ f > 0and Ejr f < 1

=N B B,y el VBl <l
0 if Egif > 1,

and V(f) = a(/)Eq f+ (1 —a(f)Eg f.

Hence, for each f € RS,

Epf if f(1) < f(2) < fB)and E f <0,
E

1_E //[}J:l‘—E /f lff(l)ff(2)<f(3), Ep/f>0,andEp,,f< 1,
r p

Epf if f(1) < ) < fG)and Epr f > 1,

v(f)={Esf if f(2) < f(1) < f3)and E, f <0,

= EE‘}J;E — /@ <) < [O)Eyf > 0.and By f <1,
q q

Eg f if f2)< f() < f@and Eyrf > 1,

;IeliDnz Epf max{ f (1), f(D)} = f(3).

Now let f, g € RS be such that f > g. We shall show that V(f) > V(g) in each
of the following four cases.

Case 1: Either f(1) < f(2) < f(3)and g(1) < g(2) < g(3),0or f(2) < f(1) <
f@3) and g(2) < g(1) < g(3). Consider the former scenario first. Suppose that
Eyf<0.ThenV(f)=E,fandEyg < Eyf <0.Thus,V(g) = Eyg < V(f).

Suppose that E,/f > 0 and E,f < 1. Then V(f) = % > 0 and
p P

Eyg<Eyf<1.IfE,g<0,thenV(g) =Eyg <0< V(f).If Eyg > 0,then

E g E, f . . .
V(g) = 1= E],//]; TEg < 1 Epﬂ,}" T = V(f), where the inequality holds since

0<Epyg<Epyfand0<1—Epf <1— Epg.Suppose that E,» f > 1. Then
VIf)=Eyf>1L1fEyg <0,thenV(g) =Epg<0<1=<V(f).IfEyg>0

and E,7g < 1,then V(g) = FE,f/PT/iM <1=<V(f).fE,g>1,thenV(g) =

Epg < Epr f = V(f).Inthelatter scenario, by analogous arguments, V (f) > V(g).
Case 2: max{f (1), f(2)} = f(3) and max{g(1), g(2)} = g(3). Then V(f) =
[?elanz Epf = [?elanz Epg =V(g).
Case 3: Either f(1) < f(2) < f(3)and g(2) < g(1) < g(3),0r f(2) < f(1) <
£(3) and g(1) < g(2) < g(3). Consider the former scenario first. Let f' € RS be
such that

f=fM, ff@=rf0, fG=7rd.



Then f > f/ > g. Since f > f/, and since f(1) < f(2) < f(3) and
') = f'(2) < f'(3),bytheresultof Case 1, V(f) > V(f’). Consider the sequence
{"rl;lf’jt%g};’lo:] of elements in RS. For eachn € N, since ' > g, "n;lf’—i—%g > g
since f(2) = f'(1) < f'(3) and g(2) < g(1) < gB3), ') + ;8(2) <
=Ly + L) < =L f73) + 1g(3). Foreach n € N, since L f/ + 1o > ¢,
and since =L f'(2) + 1e2) < =Ly + 1e() < =L f/3) + 1g(3) and
g(2) < g(1) < g(3), by the result of Case 1, V("n;lf/+%g) > V(g). Since V is con-
tinuous (as shown when proving that A.3 holds), V(') = lim,_, oo V("n;1 [+ %g).
Thus, V(f) > V(g). Hence, V(f) > V(f') > V(g). In the latter scenario, by
analogous arguments, V(f) > V(g).

Case 4: Either max{f (1), f(2)} < f(@3) and max{g(l),g(2)} > ¢g(@3), or
max{ f (1), f(2)} > f(3) and max{g(1), g(2)} < g(3). Consider the former scenario
first. Let f/ € RS be such that

ff=rM, ff@=rf2. f©G=max{fd),fQ2)

Then f > f' > g and max{f’(1), f'(2)} = f'(3). Since f’ > g, and since
max{f'(1), f'(2)} = f/(3) and max{g(1), g(2)} > g(3), by the result of Case 2,
V(f") > V(g). Consider the sequence {”n;lf’ + %f};’lil of elements in RS. For each
neNsince f = f/, f = "2 f'+ 5 fisince f/(3) = max{f(D), f(2)} < f(3),
max{"=L /(D) + (D, 52 Q) 4+ @) = max(f(D, f@)) < B f/G) +
1 £(3). Foreachn € N, since f > =1 '+ 1 £ and since max{f (1), f(2)} < f(3)
and max{"=4 f'(1) + 5 f(D), /) + 5 @) < 5 f'G) + 5 f(3), by the
results of Cases 1 and 3, V(f) > V(%f’ + %f). Since V is continuous, V (f/) =
limyoo V(L £/ 4 1 £). Thus, V(f) = V(f)). Hence, V(f) = V(f) = V(g). In
the latter scenario, by similar arguments, V (f) > V (g).

Now we prove that - admits a canonical WM representation with D := DN {p €
Ac:opy > é} being the smallest admissible set. Let f € RS. We first show that
V(f) e [mig E,f, ma;)( E, f1in each of the following two cases.

pE pe

Case 1: Either f(1) < f(2) < f@3) or f(2) < f(1) < f(3). Consider
the former scenario first. Then E v f < Epf < Ep«f, and as shown in (34),
V() = a(NEyf + (A —al(fNEp f. Thus, V(f) € [E,f, Ep+f]. Since
V(f)€lEy,f,Epfland p”, p* € D, V(f) € [mig E,,f,mangf]. In the latter

pe PE

scenario, by analogous arguments, V(f) € [min E, f, max E, f].
peD peD

Case 2: Either f(1) < f(2)and f(3) < f(2),or f(1) > f(2)and f(3) < f(1).
Consider the former scenario first. Then V(f) = milgl E, f. Since p* € D, and
peDy

p* e D, V(f) < Epxf < mal))(Epf. To show that V(f) > mingf, sup-
pe pe
pose to the contrary that V(f) < mig E,f. Then f is not a constant act. Let
pEe
p € argmin E,f. Then E;f = V(f) < minE, f. Thus, p ¢ D, ie, p3 <
peDy peD

1
6.
Recall that as argued in the proof of Proposition 8, for each p € Dj, by (29), p1 < %,



and p; = % if and only if po = p3 = é. Since p € Dy and p3 < %, p1 <

Since f(1), f(3) < f(2) and f is not a constant act, and since p; < % = pf
and p3 < é = py, E;f > Epf.Since p” € Dy, Eppf > mi[gl E, f. Thus,
peD?

I

Epf > ;reliDnz E, f, which contradicts p € arg ;IeliDnz E, f. In the latter scenario, by
analogous arguments, V (f) € [min £, f, max £, f].
peD peD

Next, we show that 7~ admits a WM representation with D being an admissible

~

set. Since for each f € RS, V(f) € [mig E,f, mag E, f], there is A : RS — [0, 1]
pE pe
such that for each f ¢ RS, V() = x(f) mig Epf+ 0 —=A(f) mag E, f. Since
145 pe
V is continuous, A is continuous on {f € RS : mig E,f # mag E, f}. Let u be the
pE pE

identity mapping on R. Then (u, D, 1) is a WM representation of —.

We then show that D is actually the smallest admissible set, so that (u, D, 1) is a
canonical WM representation of 7. Let (u’, D', ") be another WM representation of
7. To show that D C D’, suppose to the contrary that thereis p € D\D’ By a standard
separation theorem, there is a non-constant act f € RS such that E; f < mllr)l Ep f.

pe

Let t € R be such that E,(f +t1) > 1 and E,o(f + t1) > 1. We claim that

V(f+t1) < Ej; (f+t1) To see this, supposeﬁrstmax{f(1)+t f(2)+t} > f(3)+t

Then V(f+t1) = mm E,(f +11).Since p € Dand D C D, m1n E,(f+11) <
pE

E;(f +11). Thus, V(f+t1) < Ep(f~|—t1).Supposenextthatf(1)+t < f@)+1 <
f@B)+t.Since f(1)+1 < f(Q)+1 < fB)+tand Epr(f+11) > 1, V(f+11) =
Epi( f + t1). Recall that as argued in the proof of Proposition 8, for each p € D»,
p1 < %.Sinceﬁ € Dy, p1 < § = p{.Since p € D, p3 > ¢ —p3 Since f(1) +1 <
f(2) +1t < f(3) +1t,and since p; < p{and p3 > p%, E /r(f—i—tl) < E,,(f—i—tl).
Thus, V(f+t1) < E; (f_—f—tl) Lastly, if f(2)+1 < f_(l)—i—t < f(3)+t by analogous
argumentsasmthecasef(l)+t < f(2)+t < f(3)+t V(f+t1) <Ej; (f+t1)

Since V(f +1t1) < E;(f+t1)and E5 f < mm E f V(f+11) < mm Ep(f—i—

t1). Recall that u is the identity mapping on R. Thus, u(xf_Hl) < min E,,(f +11).
peD’

Since both u and u” are affine functions representing 2 restricted to X, by routine argu-
ments, u’ is a positive affine transformation of u. Then u’(x7,,q) < min Epu’(f +

1) < VW' (f + 1)) mig Epu' (f +11) 4+ (1 = V(' (f +11))) max Epu'(f +11).
peD’ peD’

Since (u’, D', \') is a WM representation of >=, f +11 > X it which is not possible.
Hence, D € D’, as desired.

Finally, we show that D is not the Bewley set. Suppose to the contrary that D
is the Bewley set. That is, there is a WM representation (u”, D, 1”) of = such
that (u”, D) is a Bewley representation of the unambiguous preference relation
> * induced from . Then u” is a positive affine transformation of the iden-
tity mapping u. Observe that p’ ¢ D,. Thus, p’ ¢ D. By a standard separation
theorem, there is a non-constant act f' € RS such that E, f < meig E,f'. Let

P



x := minE,f’. Thus, E,y f' < x and min E,u”(f") = u”(x). Let g € RS be
peD peD

such that g(1) < g(2) < g(3), f'() +g(1) < f'(2) +g(2) < f'(3) + g(3), and
Ey(x1+g) <0.Since Epy f' < x, Ey(3f' + 38) < Ey(3x1+ Jg) < 0. Then
VA +ia9=EyGf+1e) < EyGxl+le) = vidx+1g). Thus, dx+1g >
%f’—i— %g. Since (u”, D) is a Bewley representation of = *, and since foreach p € D,
E,u"(f) > 11}1613 Epu”(f") = u"(x), f' 75" x. Thus, 3 f' + g %5 5x + 3¢, which

contradicts %x + % g > % '+ % g. Hence, D is not the Bewley set. m|

Lemma2 Let ¢ € RS, t € [gy, ¢*], and B :=={p € A : Epp =t}. Let K be a non-

empty closed subset of A such that for each p € K, E, > t. Let ¢ := migd(p, K).
pe
Then min E,p =t
peAd(p,K)<c r¢

Proof Let p € B be such that d(p,K) = c. Since p € B, Esp = t. Since

d(p,K)=c, Ezpo > min E,p. Thus, t > min E ,¢. Suppose that
(P, K) ¥ peAd(p,K)<c r¥ peAd(p,K)<c p#- SUpP

r > min E,p.Letp’ € Aandq’' € K besuchthatd(p’,q") =d(p’,K) <c
peA:d(p,K)<c

and £ ¢ = min E,o. Thent > E . Since ¢’ € K and for each p € K,
e pelAd(p,K)<c r¥ e a p

E,o >t,Eyp >1t.Since Egp >t > Epg, p' # q’ and thereis o € [0, 1) such that
t = Eqpy(1—ayg'@-Thus,ap’+(1—a)q" € Bandd(ap'+(1-a)q’,q") <d(p'.q").
Hence,

¢ =mind(p, K) <d(@p' + (1 —a)q'.q) <d(p'.q) =d(p’. K) <.
pPe

which is not possible. Hence, t = min E,o. O
peAd(p,K)<c

Proof of Theorem 2 To prove the sufficiency of the axioms, let =~ satisfy A.1-A.4,
A.5.2, and A.6. By Lemma 1, there exist an affine onto function # : X — R and a
normalized, non-decreasing, and continuous functional I : RS — R satisfying (22).

Let K := {p € A : foreachg € RS I(p) < E,¢}. Equivalently, K is the
benchmark set. The equivalence has been shown by Ghirardato and Marinacci (2002)
for biseparable preference relations (see their Theorem 12). It can be readily seen that
their proof applies here. Since K is the benchmark set, by A.5.2, K is non-empty.
Since [ is continuous, K is closed. By the definition of K, it is convex.

Define B : RS = A and o : RS — R, by setting for each ¢ € RS,

B(p) :={p e A:l(p) = E,p},

and

o(p) = pg?w)d(p’ K). (35)



For each ¢ € RS, it can be readily seen that B(gp) is closed, and since [ is normalized
and non-decreasing, 1(¢) € [¢x, ¢*], so that B(¢) is non-empty. Thus, o is well-
defined. Since I is non-decreasing, 0 € X(K). Moreover, by Lemma 2, for each

9 RS I(p) = pEA_d(r[r}iIrg)q(w E,@. Thus, by (22), for each pair f, g € F,

frng & Epu(f) > E,u(g),

min min
pelAd(p,K)<ou(f)) peA:d(p,K)<o(u(g))

Therefore, if we can show that o : RS — R, is continuous on {u(f) € RS : f €
F, f = x«r} and lower semicontinuous on {u(f) € RS: felF f~ X4}, then
(u, K, o) is a VC representation of >~ .

To show the continuity property of o, let ¢ € RS and f € F be such that u(f) = ¢,
and let {¢"}>° | be a sequence of elements in RS such that lim,_, o ¢" = ¢. Suppose
first that f ~ x,r. Then by (22), I (u(f)) # I(u(xsr)), and thus, I(p) # I(@s1).
Since I(¢) # I(p41), and since I is normalized and non-decreasing, ¢, < I(¢) < ¢*.
We shall show that lim,,_, o, 0 (¢"*) = o (¢) in each of the following two cases.

Case 1: I(p) = ¢*. Let ¢* € K. By the definition of K, I(¢) < Eg«¢.
Since I(¢) < Ep¢ < ¢* = I(p), Egx¢ = I(p). Thus, ¢* € B(p). Since
qg* € K and ¢* € B(p), o(p) = HEP)d(p, K*) = d(q*,q*) = 0. To show

PEB(p

that lim,,_, o, 0 (¢") = 0, suppose to the contrary that there exist € > 0 and a subse-
quence {¢""}>>  of {¢"}7°, such that for eachm € N, o(¢"") > €. Let g» € A be
such that £, ¢ = ¢,. Since 1(¢) > ¢4, I1(¢p) > E, ¢. Thus, g, ¢ K. Leta € (0, 1)
be such that d(ags + (1 — a)g*, ¢*) < €. Since ¢* € K, d(ag. + (1 —a)g*™, K) <
d(agy + (1 — a)g™,q*) < €. Then for each m € N, d(ag, + (1 — a)g*, K) <

o (¢™), and thus, I(¢"") = peA:d(prr}glq(w”m)E @"" < Eggut+(1—a)g*9™™ . Since

I is continuous, I(p) = limy_oo [(¢"). Thus, I(p) = lim, e [(¢") <
limy 0o Eagt-(1—a)g* @™ = aEq¢ + (1 —a)Egrp = apy + (1 —a)I(9) < I(9),
which contradicts I (p) = ¢*, as desired.

Case 2: ¢, < I(¢) < ¢*. To show the continuity of o at ¢, by the maximum
theorem, it suffices to show the continuity of the correspondence B at ¢. To show
the upper hemicontinuity of B at ¢, let p € A and let {p"}72, be a sequence of
elements in A such that lim,— ~ p" = p and for eachn € N, p" € B(¢"). We shall
show that p € B(g). For each n € N, since p" € B(¢"), Epng" = 1(¢"). Thus,
Epp =1lim, 00 Epng" = lim, . 1(¢"), and since [ is continuous, E;¢ = I(¢).
Hence, p € B(¢). To show the lower hemicontinuity of B at ¢, let p € B(¢). We shall
show that there exist a sequence {p™}>>_; and a subsequence {¢""}>° | of {¢"}°
such that lim,,_, o p™ = p and for each m € N, p™ € B(¢""). Since p € B(p),
Ezp = I(p). Foreach € > 0, let A(e) :={p € A : d(p, p) < €}. Foreach e > 0,
since g5 < Ejp = I(p) < ¢*, min E,p < I(p) < max E,p, and since [ is

PEA(e) PEA(€)

continuous, for sufficiently large n, min E,¢" < I(¢") < max E,¢". Thus, for
pEA(e) €A(e

each € > 0, when n is sufficiently large, there is p € A(e) such that E,¢" = I(¢"),
so that p € A(e) N B(¢"). Thus, there exist a sequence {p™}>°_; and a subsequence



{"m}o°_ of {¢"}72 | such that foreachm € N, p™ € A(n%) N B(¢"m). Since for each
meN, p" € A(L), limp—oo p" = p.
Now suppose that f ~ x,r. We want to show that liminf o (¢") > o(¢). Since
n—od
foreachn € N, o(¢") > 0, liminf o (¢") > 0. If ¢ is constant, then B(¢) = A,
n— oo
and thus, 0(p) = min d(p,K*) = 0 < liminfo(¢"). Suppose that ¢ is not
peB(p) n—00
constant. Suppose to the contrary thatlim inf o (¢") < o (¢). Then there is aconvergent
n—oo

subsequence {¢""}°° | of {¢"}>° | such that lim,,_, « 0 (¢""") < o (p). Lett € R be

such that lim,;, . oc 0 (¢") <t < o (¢). Foreach p € A suchthatd(p, K) < t, since

o(p) = rr}lgi?)d(q, K) > t, p ¢ B(p), and thus, E,¢ # I(¢). Since f ~ x.r, by
€

(22), I((pq) = (/}(u(f)) = I(u(x4y)) = I(p41), and since I is normalized, I (¢) = @x.

For each p € A such that d(p, K) < t, since E,¢ # 1(¢) and Epp > ¢, = 1(@),

Ep@ > I(p). Thus,

min E,o > I(p). 36
e, P9 (®) (36)
Since lim,,, o (¢"") < t, for sufficiently large m, min E,p"m >

peAid(p,K)<o(p"m)

min E,¢"". Since I is continuous, and since for each m € N, I(¢"") =
peAd(p,K)<t

min E, ", [ = lim I(p") = lim min
pedid(p.Kr<atprmy ¢ @) m—o0 1(9") " pend(p,K)<o (g"m)

E ,¢"m. Thus,

I(p) = lim min Epe™ > lim min  E,¢o""

m—0o0 peA:d(p,K)<o(¢"m) P m—o0 peA:d(p,K)<t

= min E,op,
peAd(p.K)<t r?

which contradicts (36), as desired.

We complete the proof of the sufficiency of the axioms by showing that K is
actually the largest essential set, so that (4, K, o) is a canonical VC representa-
tion of = . Let (u/, K’,c’) be another VC representation of > . To show that
K' C K,let p’ € K’ and ¢ € RS. By the definition of K, it is equivalent for us
to show that I(¢) < Ep¢. Let f € F such that u(f) = ¢. Since (u’, K’,0’) is
a VC representation of 7, u'(xy) = min E,u'(f). Since p’ € K,

peAd(p,K) <o’ (u'(f))
pEA:d(p’l}q/i;;U/(u/(f)) Epu'(f) < Epu'(f). Thus, u'(xy) < Eu’(f). Since both u
and u’ are affine functions representing = restricted to X, by routine arguments, u’ is
a positive affine transformation of u. Thus, u(x¢) < E,u(f). Since I is normalized,
by (22), I(p) = I (u(f)) = I(u(xf)) = u(xy). Hence, I(¢) < E ;.

To prove the necessity of the axioms, let 7~ admit a canonical VC representation
(u, K, o) with o € ¥(K). Clearly, it satisfies A.1. Since u is affine, it satisfies A.2.
Since o € X (K), one can readily verify that it satisfies A.4. Since u is onto, by Lemma
29 of Maccheroni et al. (2006), it satisfies A.6.



To show that = satisfies A.3, define C : RS = A and J : RS — R by setting for
each ¢ € RS,

Clp):={peA:d(p,K) <o(p)}
and

J(p) ;= min E,p,
¢ PeC(p) g

and it suffices to show that J is continuous. Let ¢ € RS and {¢"},2 | be a sequence

of elements in RS such that lim,_, » ¢" = . If ¢ is constant, then for each n € N,
[J(¢") — J(@)| < sup|p"(s) — @(s)], and thus, 0 < lim,—o [J(¢") — J(p)| <

ses
limy,— o sup @ (s) — @(s)| = 0, so that lim,—, J(¢") = J(¢). Suppose that ¢ is
seS
not constant. Let f € F be such that u(f) = ¢. We shall show that lim,,_, o, J (¢") =

J (¢) in each of the following two cases.

Case 1: f = x,y. Then o is continuous at ¢. To show the continuity of J at ¢, by
the maximum theorem, it suffices to show the continuity of the correspondence C at
®.

To show the upper hemicontinuity of C atg,let p € A andlet {p"}7° | be asequence
of elements in A such thatlim,,_, o, p" = p andforeachn € N, p"* € C(¢"). We shall
show that p € C(¢). For each n € N, since p" € C(¢"), d(p", K) < o(¢"). Since
d(-, K) is continuous on A and o is continuous at ¢, d(p, K) = lim, d(p", K)
and o (¢) = lim, . o (¢™). Thus, d(p, K) < o(¢). Hence, p € C(¢p).

To show the lower hemicontinuity of C at ¢, let p € C(¢). We shall show that there
is a sequence {p"}>° | such that lim, . p" = p and for eachn € N, p" € C(¢").
Since p € C(¢),d(p, K) < o(p). Letg € K be such that d(p, q) = d(p, K). Then
d(p,q) < o(¢).Foreachn € N, let

.5 itd(p, q) < o (o™,

P g+ —enp itd(pg) > o,
where €” € (0, 1] is such that d(¢"q + (1 — €")p,q) = o(¢"). Then for each
neNdp" K) <dp', q) < o(¢"), and thus, p* € C(¢"). Moreover, for each
n € N, if p" = p, then d(p, p*) = 0;if p" = €"q + (1 — €")p, then d(p”, q) =
d(e"qg+(1—€"p, q) = o (¢") < d(p.q).andthusd(p, p") = d(p. ¢)—d(p", q) =
d(p,q)—o(¢") < o(p)—o(¢"). Then by the continuity of o at ¢, lim,,_, , p"* = p.

Case 2: f ~ x4 . Then o is lower semicontinuous at ¢. To show the continuity of
J at @, suppose to the contrary that there exist € > 0 and a subsequence {¢""}> |
of {¢"}>2 | such that for each m € N, |J(¢"") — J(p)| > €. Since f ~ x,z, and
since (u, K, o) is a VC representation of =, J(u(f)) = J(u(xsr)) = ¢4 Thus,
J(¢) = ¢, and for each m € N, |J(¢"") — ¢«| > €. Then for sufficiently large m,
|J(¢"m) — ™| > 5, and since J is non-decreasing, J(¢"") — @™ = |J(¢"") —
@i"| > 5. Leta € (0, 1) be such that a(¢* — ¢,) < §. Then for sufficiently large m,

€

a(p"* — ") < 5 < J(g"m) — @y, and thus, (1 — @)™ +ag™* < J(¢""). Let



B*® :={peA:E,p=(—a)ps+ap*},andforeachm e N, B" :={p € A:
Epp"m = (1 — a)py™ + ag™*}. Observe that B> is non-empty and closed, and so
is B™ for each m € N. Moreover, for sufficiently large m, if p € B™, then E ,¢"" =
(1—a)@p™ +ag"* < J(¢™),so by the definition of J, p ¢ C(¢"), and thus, by the

definition of C, d(p, K) > o (¢""). Hence, for sufficiently large m, m}gn d(p,K) >
pEB™
o (¢"m). Thus, liminf min d(p, K) > liminf o (¢"") > liminf o (¢"). Since ¢ is
m—00 peB™ m—00 n—o00
not constant, mlign d(p, K) =lim,,_, miBn d(p, K), using similar arguments as in
PEB> PEB™

showing the continuity of o defined by (35) in the case of ¢, < I(¢) < ¢*.2> Since
o is lower semicontinuous at ¢, liminf o (¢") > o (¢). Thus, m}ign d(p,K) > o(p).
n— 00 peB>®

Letc := mlign d(p, K). Then ¢ > o(¢). Hence,
pEB>®

min E,p < min Epp =J(@) =@, < (1 — ag*, 37
peAd(p,K)<c pw_peC(g;) r? (@) = @s < ( Vs + ag (37)

where the last inequality holds since ¢ is not constant and & € (0, 1). Observe that for
each p € K and eachm € N, p € C(¢""), so that J(¢"™) < E,¢"". Thus, for each
p € K, when m is sufficiently large, (1 — a)@y™ + ag™* < J(¢"™) < Epe"n, and
hence E,¢ = limy 00 Ep@"™™ > limy 00 (1 —@)@i” +a@™* = (1 — ) gy + ag*.
Bylemma 2, min E,p = (1 —a)p,.+ae*, which contradicts (37), as desired.
peA:d(p,K)<c

To show that - satisfies A.5.2,letq € K.Let 4 be the SEU preference relation

defined by setting for each pair f,g € F, f 2,8 <= > qsf(s) 2 2. qs8(s).
seS seS

We shall show that - is more ambiguity averse than the SEU preference relation

~

Zg Let f € Fand x € X be such that x Z , f. Then x T 3 g f(s). Since

seS

(u, K, o) is a varaint constraint representation of 27 and since u is affine, u(x) >
u( sf(s)) = Equ(f).Sinceq € K, Equ(f) > min E,u(f). Then
gs” au(f 7 D2 i oy Y
u(x) > min E,u(f),and thus, x 77 f.
peadtr Byzoairy P !

Lastly, to prove the uniqueness of the representation, let (u, K, o) and (u’, K', 0”)
be two canonical VC representations of some preference relation 7. By routine argu-
ments, u’ is a positive affine transformation of u. By the definition of a canonical
VC representation, K is the largest essential set, and so is K’. Thus, K = K'.
As argued in the proof of the sufficiency of the axioms, K coincides with the
benchmark set. Finally, suppose that u = u/, let f € F be such that f ~ Xy fs
and we want to show that o (u(f)) = o'(W'(f)). Let ¢ := u(f). Suppose that

o(p) < o'(p). Let py, g € A be such that E =@y, E 0 = min E,op,
(p) (p) P> q @ = x> Lg@ perdp K)<o (@) p®

and d(gq, K) < o(p). Since (u, K, o) is a VC representation of =, and since
icad ) = m. E = . Th S, E =
Jo xap, ulxy) pend B ) pu(f) # ulxsf) = @i Thus, Ezp

u(xys) # @« Since d(gq, K) < o(p) < o’(p) and d(-, K) is continuous on A, there

25 Inthe proof of the sufficiency of the axioms, the arguments used in showing the continuity of o at ¢ in the
case g5 < I(g) < ¢* (Case 2) can be applied here by taking for each ¢’ € RS, I(¢/) = agl + (1 —a)p'*.



ise € (0, 1) such that d(e ps + (1 — €)gq, K) < o’ (¢). Thus, min Eyp <
peld(p,K)=o'(p)

Ecp,+(1-e)q9 = €9+ (1 —€)Egp # u(xy). Since (u’, K’, o’) is a VC representa-

tion of >~ ,andsinceu = u’, K = K’, and min E ulxs), f =~ xr,
~ perd(p Ko@) ¥ #ulxs), f oo xy

which is a contradiction. By analogous arguments, o(¢) > o’(¢) is not possible.

Hence, o (¢) = o/(p), or equivalently, o (u(f)) = o (u'(f)). O

Proof of Proposition 2 Suppose that - admits both a canonical WM representation

{(u, D, A) and a canonical VC representation (u’, K, o). To show that K C D, sup-

pose to the contrary that there is ¢ € K\D. Since g ¢ D, by a standard separation

theorem, there is ¢ € RS such that E,p < melg Epp. Let f € Fand x € X be
P

such that u(f) = ¢ and u(x) = mig E . Since both u and u’ are affine functions
pe

representing -, restricted to X, by routine arguments, u’ is a positive affine trans-
formation of u. Thus, u'(x) = meiB Epu'(f) > Equ'(f). Since g € K, Equ'(f) >
P
. , , . , .
petid(p K)o () Epu (). Hence, u'(x) > pead(p K)Zo W' (f)) Epu’ (/). and since
(', K, o)isaVCrepresentationof = ,x > f.Since (u, D, 1) isa WM representation
of 7, and since

u(x) =min E,¢ = min Epu(f) < Au(f)) min E,u(f)
peD peD peD

+ (1 = A(u(f))) max Epu(f),
peD

f 7= x, which contradicts x > f, as desired. O

Proof of Proposition 3 To prove the “only if” direction, let =~ be a MEU preference
relation. Thus, there exist an affine onto function u : RS — R and a non-empty,
closed, and convex set D C A such that for each pair f, g € F, fg <

mig Epu(f) > mig Epu(g). It is known that a MEU preference relation satisfies
pe pe

A.1-A.4,A.5.1,A.5.2, and A.6. By Ghirardato et al. (2004), = admits a Bewley WM
representation with D being the Bewley set.”?® By Theorem 1, it admits a canonical
WM representation with the smallest admissible set being the Bewley set. Thus, D is
the smallest admissible set, and when A : RS — [0, 1] is a constant function equal
to 1, (u, D, A) is a canonical WM representation of 2~ . Moreover, by Ghirardato and
Marinacci (2002), D is the benchmark set.2’ By Theorem 2, - admits a canonical
VC representation with the largest essential set being the benchmark set. Thus, D is
the largest essential set, and when o : RS — R_ is a constant function equal to 0,
(u, D, o) is a canonical VC representation of >~ .

To prove the “if” direction, let 7~ admit both a canonical WM representation
(u, D, A) and a canonical VC representation (u’, K, o) with K = D. To show

26 See their Theorem 11 and the first paragraph of their Section 5.1. The same result was reported by Klaus
Nehring in his talk “Preference and Belief without the Independence Axiom” at the LOFT?2 conference in
Torino (Italy), December 1996.

27 See their Corollary 14.



that - is a MEU preference relation, it suffices to show that for each f € F,

Au(f)) = 1.Let f € F. Since (u’, K, o) is a VC representation of 27, u'(xy) =

min E,u'(f). Since both u and u’ are affine functions representing
peAd(p,K)<o (' (f))

7~ restricted to X, by routine arguments, u is a positive affine transformation of

u'. Thus, u(xys) = min E,u(f) < min Epu(f). Since (u, D, A) is a
peA:d(p,K)<oW'(f)) PEK
WM representation of 27, and since K = D, u(xy) = A(u(f)) min Epu(f)+ (01—

A(u(f)))maxE u(f) > mlnE pu(f). Thus, u(xr) = mlnE u(f) or equivalently,
Au(f)) = 1 |

Proof of Corollary 2 Let -, admit an ambiguity averse representation (u, G). Define
I : RS — R by setting for each ¢ € RS, I(p) = mirAlG(Epgo, p). By the proof
pe

of Theorem 3 of Cerreia-Vioglio et al. (2011b), I is normalized, non-decreasing,

and continuous. Moreover, by their Proposition 11, K* = [ 7 (x) where 7 (-) is
xeX
defined in (17). Thus, p € K™ if and only if for each x € X and each f € F,

u(x) > E,u(f) = x 7 f. Then by definition, K* is the benchmark set. Since K*
is the benchmark set and K* # ¢, 7 satisfies A.5.2. Thus, by the proof of Theorem 2,
7~ admits a canonical VC representation (1, K*, o) in which o belongs to ¥ (K *) and
is given by (35). O

Proof of Proposition 4 Let 7~ admit a multiplier representation (u, g, 6). Equivalently,
2~ admits an ambiguity averse representation (u, G) such that for each (7, p) € Rx A,
G(t, p) =t +OR(pl|lg).?® It can be readily seen that K* = {g}, and

D* — {peA:pkKgq} if6 < o0,
e if6 = 0o

Define I : RS — R by setting for each ¢ € RS, I(p) := miIAl[Epgo + 60R(pllg)]-
pPE

When 6 < oo, by the variational formula (see, e.g., Proposition 1.4.2 of Dupuis and

Ellis (1997)), for each ¢ € RS,

(4

I(p) = —0log Eje™ 7. (38)

By the proof of Corollary 1, =~ admits a canonical WM representation (u, D*, A) in
which A is given by (24) on {p € RS : migl Epp # mall)x E,¢}. Suppose that§ < oo.
peD* peD*

Then D* = {p € A : p < ¢} and for each ¢ € RS,

min £, = min andma E,p = ma 39
min Epp = min, KA X Epp = max @(s). (39

For each ¢ € RS, if mgl* Epp # max E @, then by substituting (38) and (39)

into (24), we know that the value of X(gp) is given by (10), and 1f mm go(s)

:qs>0

28 See Theorem 24 of Cerreia-Vioglio et al. (2011b).



glax 0 @(s), it can be readily seen that AL(¢) can take any value including that given
S€S:qs>

by (10). Suppose that & = oo. Then D* = {g} and for each ¢ € RS, mig E,p =
peD*

mall)x Epp = E ;¢ = I(p). It can be readily seen that A can take any value and we

peD*

simply let A be a constant function equal to 1.

Since K* = {gq} # 0, by the proof of Corollary 2, - admits a canonical VC
representation (i, K*, o) in which o is given by (35). For each ¢ € RS, if § < oo,
then by substituting (38) into (35), we know that the value of o (¢) is given by (11),
and if & = oo, then by substituting /(¢) = E,¢ into (35), o (¢) = 0. O

Proofs in Section 4

Lemma 3 A preference relation 7, satisfies A.1, A.2.1, A.3, A4, A.5.1, and A.6 if
and only if there exist an affine onto function u : X — R and a normalized, non-
decreasing, quasi-concave, continuous, and constant superadditive functional I :
RS — R satisfying (22). Moreover, u is unique up to a positive affine transformation,

and given u, there is a unique normalized functional I : RS — R satisfying (22).

Proof To prove the sufficiency of the axioms, let =~ satisfy A.1, A.2.1, A.3, A4, A5.1,
and A.6. Note that A.2.1 implies A.2. Then by applying the same techniques of Lemma
57 of Cerreia-Vioglio et al. (2011b), one can show that there exist a non-constant
affine function # : X — R and a normalized, non-decreasing, quasi-concave, and
continuous functional 7 : u(X)% — R satisfying (22). Moreover, since >~ satisfies
A.6, by Lemma 29 of Maccheroni et al. (2006), u(X) = R. Thus, we only need to
check that / is constant superadditive.

Letg € RSandr € R,. Since u(X) = R, there are x, y € X and f € F such that
u(x) =0,u(y) =2t,and u(f) = 2¢. Then u(%f—i— %y) =@+l andu(%f—i— %x) =
@. Since u is affine and onto, there is z € X satisfying u(%f + %x) = u(%z + %x), SO
that 5 f + Ix ~ 1z + Jx.Sincer > 0,y 75 x. Thenby A2.1, S f + 1y = 1z 4+ 1y,

Thus,
1 D=1 ! ! > ] ! !
(@t = (“(z”zy))— (“(z”?))

_1 LN 1 S B
= Fu@ + July) = Ju@) + Ju@x) + July) = u <—Z + —x) +1t

2 2
_ g 1 1 _

Hence, I is constant superadditive.
The necessity of the axioms can be readily seen, and the uniqueness follows from
routine arguments. Thus, we omit the proofs. O

Proof of Theorem 3 Assume first that — satisfies A.1, A.2.1, A.3, A4, A.5.1, and

~

A.6, i.e., statement 1 holds. We will prove three representation results, respectively,



in statements 2, 3, and 4. When proving each representation result, we will also prove
the additional properties of the representation stated in the end of Theorem 3.

Since - satisfies A.1, A.2.1, A.3, A4, A5.1, and A.6, by Lemma 3, there exist
an affine onto function u# : X — R and a normalized, non-decreasing, quasi-concave,
continuous, and constant superadditive functional 7 : RS — R satisfying (22).

We first prove that statement 2 holds. The following observations will be useful.
Letg € RS. First, for each k > 0 and each 7 € R, %[I(I«p —t1) +¢t] € [¢«, ¢*]. This
can be readily shown by the fact that / is normalized and non-decreasing. Second,
for each k > 0, %[I(kq) — t1) + t] is non-increasing in ¢ on R since [ is constant
superadditive. Third, lim;_, o, %[I (kg — t1) 4 t] is non-increasing in k on (0, o0). To
see this, suppose to the contrary that there are k, k" € (0, co) such that k < &’ and
lim;— o0 %[1 (ko —t1) +1] < lim;_, %[1 (k'¢ — t1) +t]. Hence, there is 7 € R such
that for each pair ¢, ' € [7, 00), 1[I (kg — t1) + 1] < F[I(K'¢p — t'1) + t']. That is,

k k
Ik —t1) < Pl(k’q) —'D —t+ Pt/. (40)

Pick 7,1 > 7 such that & (—t") + (1 — £)I(K'¢p — t'1) = —t. Thus, k¢ — 11 =
%(k’go -+ 10— %)I(k’w — t'1)1. Since I is normalized and quasi-concave, and
by the choice of 7, t', we have

k k
Itk —t1) > I(K'¢ —1'1) = Pl(k/(p —'D) —t+ Pt’,

which contradicts (40), as desired.
Define J : RS — R by setting for each ¢ € RS,

1
J(@) := lim lim —[I(kg —t1) +¢]. 41)
k—oot—00 k

Because of the three observations above, J is well-defined, and for each ¢ € RS,
I(¢) = J(¢). Since I is normalized, so is J. Since / is non-decreasing, so is J.
By definition, J is constant additive and positive homogeneous of degree 1. We now
check that J is superadditive. Suppose to the contrary that there are ¢, ¢’ € RS
such that J(¢ + ¢') < J(p) + J(¢'). Since J is positive homogeneous of degree 1,
J(%(p + %(p/) < %J((p) + %J((p/). Thus, there is k > 0 and 7 € R such that whenever
t, ', t" > 1,

1 1 1 / " " 1 1 / / /
z[l (k(z(p—l—zgo)—t 1>+t :|<E[I(kg0—t1)+t]+ﬂ[l(k<p -t +r].
(42)

Lett,t’ > rbesuchthat I (ko —t1) = I (k' —t'1). Lett” = ”5—’, Then (42) becomes

1 1 1 1
I (E(k(p —11) + E(k(p’ — t/l)) < EI(k(p —t1) + El(k(p’ —1'D.  43)



Since I (kg — t1) = I (k¢’ — t'1) and I is quasi-concave,
1 1 , , 1 1 , ,
1 E(kfﬂ—fl)—i-i(k(ﬂ =11 Zzl(kfﬂ—11)+§1(k<ﬂ —1'1),

which contradicts (43), as desired.

Since J is normalized, non-decreasing, constant additive, positive homogeneous of
degree 1, and superadditive, by Lemma 3.5 of Gilboa and Schmeidler (1989), there
is a unique non-empty, closed, and convex set D < A such that for each ¢ € RS,
J(¢) = min E .

peD

Fix ¢ € RS. We claim that I (¢) € [meig Epp, meag Epp]. Since I(¢) > J(¢) and

J(¢) = min E @, I(¢p) > min E,¢. T(f see that Ip(fp) <max E,g, lett € R be such
peD peD peD
that I(¢) = I(—¢ + t1). Since I(¢) = I(—¢ + t1) and I is quasi-concave,

1 1 1 1
1 (590 + E(—gl) + t1)> > El(go) + EI(—(p +11). (44)

Since 7 is normalized, I(%(p—}—%(—(p—i—tl)) = %t. Since I (—¢ +1t1) > mig Ep(—p+
pE
1), 11(p) + 31 (¢ +11) > J1(p) + %mig Ep(—¢) + 3t. Thus, by (44),
pe
1t>11( )+1 in E,( )+1r
— — — min — —t,
2 =W TR R T T,

which implies that /(¢) < —min E,(—¢) = max E,¢.
peD peD

Define A : RS — [0, 1] by setting for each ¢ € RS,

max E,p — 1
D §1% (v)

if min E,¢ # max E,¢,
peD

.— ] max £, —min E D
Mo) == oD 3% s pP  pe
1 if min £, = max E .
peD r¥ peD r¥

By the definition of A, foreach ¢ € RS, I(p) = A(p) mig Epo+(1—1(p)) mag Epo.
pe pe
Since 7 is continuous, A is continuous on {¢ € RY : miB Ey,p # mal))( E,¢}. Thus,
pE pe

(u, D, 1) isa WM representation of 77 . By the same arguments as in the first paragraph
of the proof of Theorem 1, A € A(D). Since I is constant superadditive, for each
¢ € RS, A(¢ + 1) is non-increasing in 7 on R. By the third observation in the second
paragraph, for each ¢ € RS, lim, s o A(ke — t1) is non-decreasing in k on (0, 00).
Moreover, since for each ¢ € RS, limg— o0 limy— oo %[I(kgo —t) +1¢] = J(p) =

mig E ¢, it can be readily shown that limy_, o lim; oo A(ke — 1) = 1.
pe



Now we show that D is the smallest admissible set. Since A.2.1 implies A.2,
satisfies A.1-A.4, A.5.1, and A.6. Thus, by Theorem 1, there is a canonical WM rep-
resentation (u’, D', A’) of ¥, where D’ coincides with the Bewley set, and moreover,
the uniqueness property of the representation implies that we can assume u’ = u. To
show that D is the smallest admissible set, it suffices to show that D € D’. Since D
and D’ are closed and convex, by Proposition A.1 of Ghirardato et al. (2004), it is
sufficient to show that for each pair ¢, ¢’ € RS, if for each p € D/, E,p > E,¢,
then foreach p € D, E,¢ > Ep¢/.

Let ¢,¢' € RS and g, g’ € F be such that ¢ = u(g), ¢’ = u(g’), and for
each p € D', E,9 > E,¢'. Leta € (0,1] and h € F. For each k > 0 and
t € R, let gk,,,g,/(’t € F be such that u(gr,) = ku(eg + (1 — @)h) — t1 and
u(g,/”) = ku(ag' + (I — a)h) — t1. For each k > 0, eacht € R, and each p €
D', since Epu(g) = Epp > Ep¢' = Epu(g’), Epu(gr:) > Epu(g,’{’t). Since
(u, D', 1) is a WM representation of 7~ with D’ being the Bewley set, (u, D’) is
a Bewley representation of the unambiguous preference relation = * induced from
7~ . Thus, for each k > 0 and each t € R, gx; = *g,/w, and hence, gi; 7 g,/w. For
each k > 0 and each t € R, since gx, - g,/w, T(u(gr.y)) > I(u(g,/w)), and thus,
I(ku(ag + (1 — a)h) —t1) > I (ku(ag’ + (1 — a)h) — t1). Hence,

Jw(ag + (1 —a)h))

= lim lim %[I(ku(otg+(1—oz)h)—t1)+t]

k—o00t—>00
1
> lim lim —[I(ku(ag + (1 —a)h) —t1) +¢]
k—oot—>00 k
= J(u(ag" + (1 — a)h)).

Define ' on F by setting for each pair f, f' € F,
fz'f = min Epu(f) Z;réiBEpu(f/)-

Let = "™ be the unambiguous preference relation induced from . Since J (u(ag +
(1 —a)h)) > Ju(ag’ + (1 — a)h)), and since for each f € F, we have shown

that J(u(f)) = miB Epu(p), ag + (1 —a)h ‘g’ + (1 — a)h. Since ag + (1 —
pE

a)h = 'ag’ + (1 — a)h, and since @ € (0,1] and h € F are arbitrarily chosen,
g 7 *g'. By Ghirardato et al. (2004),> for each p € D, E,u(g) > E,u(g), and
thus, E,¢ > E,¢’, as desired.

Next, we prove that statement 3 holds. By the similar arguments as in the second
paragraph, we obtain the following observations. Let ¢ € RS First, foreachk > 0and
eacht € R, 1[I (kg +11) —t] € [¢., ¢*]. Second, for each k > 0, 1[I (kg + 1) — 1]
is non-decreasing in # on R. Third, lim;_, %[1 (kg + t1) — ¢] is non-increasing in k
on (0, 00).

29 See the first paragraph on p.151 of Ghirardato et al. (2004).



Define J' : RS — R by setting for each ¢ € RS,

o1
T (@) = Jim lim {1 (kg + 1) — 1] (45)

Because of the three observations above, J’ is well-defined, and for each ¢ € RS,
I(p) < J'(¢). Moreover, by the similar arguments as in the third paragraph, J’ is
normalized, non-decreasing, constant additive, positive homogeneous of degree 1,
and superadditive. Thus, by Lemma 3.5 of Gilboa and Schmeidler (1989), there is
a unique non-empty, closed, and convex set K C A such that for each ¢ € RS,
, )

J(p) = min Epg.

We show that K = {p € A : for each ¢ € R5, I(p) < E,¢}. Since for each

p' € K and each ¢ € RS, I(p) < J'(¢) = ggnggp <Eyo,K C{peA:

for each ¢ € RS, I(p) < E,@}. To show that {p € A : foreach ¢ € RS, I(p) <
E,p} S K, suppose to the contrary that there is p’ € A\K such that for each
p € RS, I(p) < Ep¢. Then for each ¢ € RS, each k > 0, and each t € R,
I(kg+11) < E(kp+11) = kE,yp+t,and thus, 1[I (k¢ +11) —t] < E,y¢. Hence,
for each ¢ € RS, Ir)réilr(l Epp = J'(p) = limp\ o lim;—, o %[I(k(p +1t1) —t] < Epo.

However, since p’ ¢ K, by a standard separation theorem, there is ¢’ € RS such that
Ey¢' < 11)11612 E,¢’, which contradicts that for each ¢ € RS, Ir)réllr(l Ey,p < Epg, as

desired.
Define B : RS = A and o : RS — R, by setting for each ¢ € RS,

B(p) :={p e A:Il(p) = Epp},
and

o = min d(p, K).
(®) i (p, K)

Since K is non-empty and K = {p € A : for each ¢ € RS, I(¢) < E ¢}, the latter
set is also non-empty. Then by the same arguments as in the proof of the sufficiency of
the axioms in Theorem 2, (i, K, o) is a canonical VC representation of =~ , and for

each ¢ € RS, I(p) = min E . Moreover, by the analogous arguments
peAid(p.K)=o(p)

as in the first paragraph of the proof of Theorem 1, o € Z(K).

To complete the proof that statement 1 implies statement 3, we fix an arbitrary
¢ € RS and show the following three properties of o. First, o (¢ +11) is non-increasing
intonR.Letz, t € Rbesuchthatz < ¢’. We wantto show thato (¢+t1) > o (p+1'1).

Let p* € B(¢ +1t1) be such that d(p*, K) = min d(p, K). By the definition of
PEB(p+11)

o,d(p*, K) = o(¢p+11).Since p* € B(¢ +t1), by the definition of B, I (¢ +11) =
E (¢ + t1). Since I(¢ +11) = Ep«(p + 1) and r < ¢, and since [ is constant
superadditive, I (9 +1'1) > Ep«(¢+1'1). Assume first that I (9 +1'1) = E« (¢ +1'1).

Then p* € B(¢ + t'1), and thus, o (¢ + 1) = d(p*, K) > min d(p,K) =
PEB(p+1'1)

o (¢ +1'1), as desired. Assume now that /(¢ + t'1) > E (¢ + t'1). Suppose to the



contrary that o (¢ + 1) < o (¢ + t'1). Then d(p*, K) = o(p + 1) < o(p +1'1).

Thus, I(¢ +1'1) = min E,(0+11) < Ep(0+1'1) < I(¢ +1'1),
v . peAd(p,K)<o(p+1'1) p(¢ ) = Ep(o ) (¢ )

which is not possible. Hence, o (¢ + 1) > o (¢ +1'1).
Second, lim;_, », 0 (kg + t1) is non-decreasing in k on (0, co). For each k > 0,
define By : [0, co] = A by setting for each ¢ € [0, o],

B(k(p+t1) if t < o0,
B :=1(pen: Jim £[I (kg +11) —1] = Epp} if 1 = oo.
—00

Thus, foreach k > O andeacht € R, o (kg +t1) = n}glr} )d(p, K). Before proving
peBK(t
the second property of o, we first fix k > 0 and show that lim;_, o o (kg + 1) =

min d(p, K), or equivalently, lim;_,oc min d(p, K) = min d(p, K).
pEeBy(00) PEB(1) PEBi(c0)

By the maximum theorem, it suffices to prove that By is continuous at co. The
upper hemicontinuity can be readily seen, and thus, we omit the proof. For the lower
hemicontinuity, let {t"}°° | be a sequence of elements in R such that lim,, " =
oo. Fix p® e By (oco). We will show that there is a sequence {p"}° | of elements in A
such that for each n € N, p" € Bi(t"), and lim,,_, oo p" = p*°. Since p*™° € By (00),
lim; s o0 %[I(k<p+t1) —t] = Epo@.Foreachn € N, by the first observation in the first
paragraph of our proof for statement 1 implying statement 3, % [{(kp+1t"1)—1t"] > @,
and by the second observation, %[I(Iap +t"1) — "] < lim;_, o %[I(kga +1t1)—t] =
Epoo@. Let p, € A be such that E, ¢ = ¢,. For eachn € N, since E,, ¢ = ¢, <
%[I(kga +1t"1) — "] < Epop, if ¢ < Epeop, then there is a unique o € [0, 1]
satisfying that

1
%[I(k(p + tnl) — tn] = Ea”p*+(l—a’1)p°°§0, (46)

andif ¢, = Epe@,eacha” € [0, 1] satisfies (46), and we choose o := 0 in this case.
Let foreachn € N, p" := o" p, + (1 — &) p™. Thus, foreachn € N, p" € A and
%[I(l«p—i-t" 1) —1"] = E png, the latter of which implies that I (k¢ +1"1) = E pn (ko +
t"1),i.e., p" € Bi(ty). When ¢, < E @, since lim; o0 1[I (kg +11) —1] = Epogp,
lim, .00 p" = p™. When ¢, = E ¢, by definition, for each n € N, p" = p*, so
that lim,, . p" = p™°.

To show that second property of o, let k, K > 0 be such that k < k’. We want
to show that lim;_ oo 0 (kg + t1) < lim;_co o (k'@ + t1). By the above result, it
is equivalent to show that min )d(p, K) < min )d(p, K). Let p* € By(0),

peBy (00 PEBy (00
p* € Bp(oo) and g*, ¢*' € K be such that d(p*,g*) = min d(p, K) and
PEBy(c0)
d(p*,q*y = min d(p, K). We want to show that d(p*, g*) < d(p*',q*).
PEB;(0)

Since p* € Bi(co) and p*' € By(00), limy_o t[I (kg + 1) — 1] = E,+¢ and
lim/— oo 7[I(K'¢ + t1) — t] = E ,»¢. By the third observation, lim,_. o [/ (k'¢ +
t1)—¢t] <lim;_, %[1(k<p+t1) —t], and thus, E, o9 < Epro. By the definition of J'
in (45) and the third observation again, lim;_, o %[1 (kg +11) —t] < J'(¢), and thus,



Ep«@ < J'(p). Since J'(p) = 12 Eppandg* € K, J'(p) < Eg¢.Then E g <
pe

Ep¢ < J'(¢) < Egwp.Hence, thereisa € [0, 1]suchthat Ep«¢ = Eq e 4 (1—g)g+ @5

and thus, lim/— e 1 [k + 11) — 1] = Eg ey (1_g)g+ s i€, ap™ + (1 —a)g* €

By (00). Sincea p*’+(1—a)g*’ € By(oo)andg*’ € K, 1;1911? )d(p, K) <d(ap*'+
pEDE(0O

(1—a)g*,q*). Thus,d(p*,q*) = min d(p,K) <d(ap* +(1—a)q", q*) =
PEBy(00)

ad(p*',q*") <d(p*', q"'), as desired.
The last property of o is that limg\ o lim; o 0 (k¢ +11) = 0. Let p, € A be such
that £, ¢ = ¢,. Let g* € K be such that E,«¢ = [1}161;(1 Ep@. For each k > 0 and

each r € R, since J' (kg + 1) = mi2 E, (k¢ +11) = kEg«¢ +t and J' (kg + 1) >
pe

I(kg +t1), kEg«¢ +t > I(kg + t1); since I is normalized and non-decreasing,
I(kg +t1) > ke, + t. Hence, for each k > 0 and each t € R, kE;+@ +1 >
Itke +1t1) > kg +t =kEp @ +t.

Assume that E;«¢ = Ej, ¢. Then for each k > 0 and each t € R, kE «¢p +
t = kE, @ +t,and since kEj«@ +t > (kg +1t1) > kE, ¢ +t, [(kg +11) =
kEg@ +1t = Ep«(kgp +11),i.e., g* € B(kg + t1). Since for each k > 0 and each

teR,qg" € Blkp+tl)andgq € K,o(k¢p +t1) = min d(p, K) = 0. Thus,
peB(kp+t1)

lim 0 lim;— o0 0 (kg 4 t1) = 0.

Assume that E;«¢ > Ep_¢. For each k > 0 and each t € R, since kE +@ +1t >
Ikp+11) > kE, ¢ +1, Egrp > %[I(kgwl—tl) —t] > Ep, @. Hence, for each k > 0,
Ege@ > limy_ o0 1[I (kg + 1) — 1] > E,, ¢. Since Eg+¢ > E,,, ¢, for each k > 0,

1 1
= ————— | Eprp— lim —[I(kp +11) — ¢
o Eq*(p_Ep*(p[ g¢ — Nim LI (ke +11) ]]
is well-defined. It can be readily seen that for each k¥ > 0, o € [0, 1] and
Epit(—apgr® = lim; o0 %[I(kgo + t1) — t]. For each k > 0, recall the definition
of Bj(00) in the proof of the second property of o, and recall our previous result that
lim; 00 0 (kg + 1) = I}S}i? )d(p, K). For each k > 0, since Eq; p,+(1-a)q*¢ =
pEDE(0O

lim;_ o0 %[I(kq)—i—tl)—t],ozkp*—i—(l —ag)q™ € Bi(00), and moreover, since ¢* € K,
min d(p, K) < d(agps« + (1 — ax)g™, g*). Thus, for each k > 0,
PE By (c0)
0< limoke+1tl)= min d(p,K) <d(aips + (1 —ap)g®, ¢%) = axd(p«, q").
t—>00 pEBi(c0)

(47)

Since J'(¢) = milr(l E ¢ = Eg+¢ and by the definition of J” in (45), limg~ o lim;_ o0
pre
HI (kg + 1) — t] = Eg+¢. Thus,

1 1
li = ————— | Egr¢ — lim lim —[/ (kg +11) —1
Jim, Eq*(p_Ep*w[qso k%tinéok[(“”r) ]}
1
= ———[Ep¢ — Egp9]l =0.
E‘I*(p_EP*(p 1 1



Thus, by taking the limits with respect to k on both sides of (47),

0 < lim lim o(kp +t1) <0,
kN0 100

which implies that limy~ o lim,_, o o (k¢ + 11) = 0, as desired.

Lastly, we prove that statement 4 holds. Since A.2.1 implies A.2, - satisfies A.1-
A4, AS5.1, and A.6. Then by Theorems 3 and 5 of Cerreia-Vioglio et al. (2011b),
7~ admits an ambiguity averse representation (¢’, G), and the uniqueness property
of their representation implies that we can assume u’ = u. Moreover, they show that
G:R x A — (—o0, 00] is given by, for each (¢, p) € R x A,

G(t, p) =sup{u(xy) : f € F, Epu(f) < t}. (48)

Fix p € A.Lett,t € R be such that ¢ < ¢'. We want to show that G(¢, p) — t <
G(t', p) —t'. Let f € F be such that E,u(f) < t. Since u is onto, there is [ € F
satisfying that u(f") = u(f) + (¢’ — 1)1, so that E,u(f’) <. Since u and I satisfy
(22), and since I is normalized and constant superadditive, u(x ;) = I(u(f")) =
Tu(f)+" =) = T(u(f)+t'—t =uxy)+t'—r. Thus,u(x ) —1" > u(xy)—t.
Since for each f € F such that E,u(f) <1, thereis f' € F such that E,u(f’) <1’
andu(xp) —t' > u(xg) —t,by 48), G(t', p) —t' > G(t, p) — t, as desired.

We now prove that statements 2, 3, and 4 all imply statement 1. Assume that 77
admits a WM representation (u, D, 1) with the properties in statement 2. To show that
7~ satisfies A.1, A.3, A.4, A.5.1, and A.6, the same arguments for the necessity of the
axioms in the proof of Theorem 1 can be applied since they rely on the same properties
of u, D, and A as we have here. Using the fact that for each ¢ € RS, A(¢ + t1) is
non-increasing in ¢, it can be readily seen that =~ satisfies A.2.1.

Assume that 7~ admits a VC representation (u, K, o) with the properties in state-
ment 3. To show that - satisfies A.1, A.3, A.4, and A.6, the same arguments for the
necessity of the axioms in the proof of Theorem 2 can be applied since they rely on the
same properties of u, K, and o as we have here. Using the fact that for each ¢ € RS,
o (¢ + t1) is non-increasing in ¢, it can be readily seen that 2~ satisfies A.2.1. Using
the fact that o € X (K), one can readily show that >~ satisfies A.5.1.

Assume that -, admits an ambiguity averse representation (1, G) with the property
in statement 4. By Theorems 3 and 5 of Cerreia-Vioglio et al. (2011b), - satisfies
A.1, A3, A4, AS5.1, and A.6. Using the fact that for each p € A, G(¢, p) — ¢t is
non-decreasing in #, one can readily show that - satisfies A.2.1. O

Proof of Proposition 5 Let - satisfies A.1, A.2.1, A.3, A4, A5.1, and A.6. Let

(u, D, 1) be a canonical WM representation of 27 . It can be readily seen that A.2.1

implies A.2. Thus, by Theorem 1, D is the Bewley set, i.e., (u, D) is a Bewley rep-

resentation of the unambiguous preference relation = * induced from - . Then by

Proposition 11 of Cerreia-Vioglio et al. (2011b), D = cl(co( |J 7 (f))). To prove
feF

that for each x € X, D = cl(co( |J 7 (f))), it suffices to prove that for each pair

frx



v,z € X,cl(co( | m(f))) = cl(co( U m(f))). Fix y, z € X. Assume without loss
I~y S~z
of generality that y > z.
Define I : RS — R by setting for each ¢ € RS, I(p) = A(p) mig Epp +
pE

(1 — Ale)) ma;)( E,@. By the similar arguments as in the proof of the necessity of
pE

the axioms in Proposition 1 and in the first paragraph of the proof of Theorem 1, /
is non-decreasing, continuous, and quasi-concave. By the same arguments as in the
second paragraph of the proof of Lemma 3, I is constant superadditive.

Foreach x € X and each ¢ € RS, letz,(¢) € R be such that I (¢ — 1, (¢)1) = u(x).
Since [ is constant superadditive, ¢, (¢) is uniquely determined. Foreach x € X, define
2 . on F by setting for each pair f, g € F,

[ Z 8 = tu(f) = tc(u(g)).

Let ~, denote its indifference component.

Fix x € X. The following four observations about ~, will be useful. First, for
eachx’ € X, ty(u(x")) = u(x") — u(x), and in particular, ¢, (u(x)) = 0. This follows
immediately from the definitions of I and ¢, (u(x")). Second, for each f € F,

WOxzf<e=xz,.f.and(@i)x~f < x~ f. (49)

To see (i) of (49), note that

x 2 f = ulx) > 1u(f) = 0>1,u(f)) < t(u(x))
>6u(f) &= xzZ.f,

and by similar arguments, (ii) of (49) is true. Third, for each ¢ € F and each ¢ € R,
ty(p+cl) =t (p)+c. Thisis because I is constant superadditive and (¢ +c1—t, (p+
cD1) = u(x) = (g —t:(9)1) = I(p+cl—(t:(¢) +c)1). Fourth, 7 , satisfies A.1-
A4, A5.1, and A.6. By construction, 27 , satisfies A.1. Since u is affine and onto,
by the first observation, so is 7, when restricted to constant vectors, and thus, 27 .
satisfies A.2 and A.6. Since [ is continuous and quasi-concave, by routine arguments,
sois ty, and thus 77 , satisfies A.3 and A.5.1. Since I is constant superadditive, it can
also be readily seen that 7 . satisfies A.4.

For each x € X, define 7, : 7 = A by setting for each f € F,

e (f) = {p €AY pf(s) %, ) psgls) where g € Fimplies f 2 g

seS seS

We claim that | 7, (f) = U 7(f). We first show that | J #(f) € U 7. (f).
feF f~x f~x feF

Letx € X, f € Fwith f ~ x,and p € n(f). We want to show that p € 7, (f). Let

g € Fbesuchthat Y ps f(s) 75 . Y. psg(s). Then by the first observation in the pre-

seS seS

vious paragraph, Y psf(s) 7 Y psg(s).Since p € w(f), Y. psf(s) = D psg(s)

seS seS seS seS
implies f - g. Since f ~ x and f 7~ g, x 77 g. Since f ~ x and x Z g, by applying
the second observation in the previous paragraph twice, f 7 g, as desired.



We now show that |J 7. (f) € U 7#(f).Letx € X, f € F, and p € 7y (f).
feF fx

We need to show that there is f/ € F such that f/ ~ x and p € 7 (f’). Since u is
onto, we can pick f’ € F satisfying that

u(f) =u(f) = te(fHL (50)

Since I(u(f")) = I(w(f) — tx(u(f)1) = u(x), f’ ~ x. To show that p € w(f'), let
g € Fbesuchthat ) psf'(s) = > psg’(s), and we need to show that ' =~ g’, or

seS seS
equivalently, x = g’. Since u is onto, we can pick g € F satisfying that

u(g) = u(g") + te(u(fNH1. (51)

Since Y psf/(s) Z psg'(s) and u is affine, > psu(f'(s)) > Z psu(g’(s)).
ses ses

Thus by(50)and(51) Zpsu(f(s))> > psu(g(s)).Hence, > psf(s)>‘ > psg(s).

ses seS seS seS

Then by the first observation, Y psf(s) ZZ . Y. psg(s). Since p € m(f),

ses ses

2 psf(9) Z ¢ X psg(s)implies f 7 g ie. tx(u(f)) = 1x(u(g)). Since 1, (u(f)) =

seS seS

ty(u (g)) by the third observation and by (50) and (51), 7, (u(f")) > 1 (u(g ), i.e.,
f' 7 & Since f' ~ x, by the second observation, f" ~, x.Thus, x 7~ , ¢, and again
by the second observation, x =, g’, as desired.

Next, we claim that 2 _ is more ambiguity averse than 7 y- To show this, letx € X
and f € F be such that x 7 , f. We need to show thatx 7, f. Since x 7 , f, by the
first observation, u(x) — u(y) = ty,(u(x)) > t,(u(f)). Since I (u(f) — t,(m(f)1) =
u(y) and u(x) — u(y) > t,(u(f)), and since /I is non-decreasing, I (u(f) — (u(x) —
u(y))1) < u(y). Thus, since I is constant superadditive and y > z,

T (f) — (u(x) —u(2)1)
=1Tu(f) — (ux) —u(yN1 — (u(y) —u(2)1)
< Tu(f) = (ux) —uy)1) — (u(y) —u(z))
<u(y) — () —u(z)) = u(2).

Since I (u(f)—(u(x)—u(z))1) <u(z) = I(u(f)—1t,(u(f))1),and since [ is constant

superadditive, u(x) — u(z) > t,(u(f)). Thus, by the first observation, 7, (u(x)) =

u(x) —u(z) > t;(u(f)),ie., x . f,as desired.

Since 27, is more ambiguity averse than by Propositions 6 and 11

and Theorem 10 of Cerreia-Vioglio et al. (2011b), and by the first observation,

cl(co( |J my(f))) S cl(co( U 7.(f))).Y We have shown that for each x € X,
feF feF

U 7 (f) = U 7 (f). Thus, cl(co(|J 7 (f))) S cl(co(U m(f))).
feF fr~x f~y f~z

N *

30 Under A.1-A 4, the definition of a more ambiguity averse preference adopted in this paper is equivalent
to that adopted by Cerreia-Vioglio et al. (2011b).



Conversely, we show that cl(co( | 7 (f))) € cl(co( | 7 (f))). It is sufficient
f~z f~y
to show that | 7 (f) € cl(co( |J 7(f))). Suppose to the contrary that there exist
f~z f~y
g € Fwithg ~ zand g € n(g)\cl(co(|J 7(f))). Then by a standard separation
f~y
theorem, there is ¢ € RS such that for each p € cl(co( U 7(H), Eqe <0 <
fr~y
E,@. Pick n € N such that E;ng < E,u(g) and for each p € cl(co(|J 7 (f))),
fy
Epng > u(y). Let h € F be such that u(h) = ne. Since Equ(g) > Esng =
E4u(h), and since g € m(g), g 7 h. Since g ~ z and g 7 h, z 27 h. By the fourth
observation, 77 , satisfies A.1-A.4, A.5.1, and A.6. Thus, by the first observation
and by applying Proposition 11 of Cerreia-Vioglio et al. (2011b) for y» if for each
p €cl(co( |J my(f)), Epu(h) = u(y),thenh 5y, where 7 * is the unambiguous
feF i
preference relation induced from = y-Since cl(co( U 7y () = clco(J 7 (f))),
feF f~y
and since for each p € cl(co( |J 7 (f))), Epu(h) = Epng > u(y), h ty, which
f~y ’
in particular implies that 2 2~ y. Since 4 2~ y and y > z, h > z, which contradicts that
7 7 h, as desired. O

Proof of Proposition 6 Let -, satisfy A.1-A.4, and A.6. We first prove the sufficiency
of A.2.3. Assume that - also satisfies A.2.3. By Lemma 1, there exist an affine onto
utility function # : X — R and a normalized, monotone, and continuous functional
I : RS — R satisfying (22).

We claim that [ is constant additive. Since ~ satisfies A.2.3, by the similar argu-
ments as in the second paragraph of the proof of Lemma 3, for each ¢ € RS and each
t € R, I(p +1t1) > I(p) +1t,and hence I ((p + t1) —t1) > I(p + t1) — t. Then for
each ¢ € RS and each t € R,

Io+1tl)y>1(p)+t=1(@+t1—11)+1t>I(p+11),

which implies that /(¢ + 1) = I(p) + t, as desired.

Leta € (0,1),x,y € X,and f, g € Fbesuchthat f>ganda f+(1—a)x Z~ ag+
(1 — a)x. Thus, since u is affine and [ satisfies 22, I(cu(f) + (1 — w)u(x)) >
I(ou(g) + (I — a)u(x)). Then since I is constant additive,

Iau(f) + (1 —a)u(y))
=1(au(f) + (1 —o)u(x)) + (1 —a)(u(y) —u(x))
> I(au(g) + (1 —a)u(x)) + (1 — o) (u(y) — u(x))
= I(au(g) + (1 — a)u(y)).

Hence, o f + (1 — )y Z ag + (1 — @)y, as desired.
The necessity of A.2.3 follows from the fact that foreach f € Fandz € X, f >z,
which can be readily seen by definition. O



Proof of Proposition7 Let u : R — R be an affine onto function and ¢ : R — R
an increasing, concave, and twice differentiable function. For each countably additive
Borel probability measure 1« on A, define 7, : RS — R by setting for each ¢ € R,

Lu(p) =" / ¢ (E,9)d(p)
cA

By definition, [ is normalized.
"
To show the “if” direction, assume that —% is non-increasing. Let >~ admit a

smooth ambiguity representation (u, ¢, i) for some countably additive Borel probabil-
ity measure i on A. We want to show that = satisfies A.2.1. Since (u, ¢, i) represents
7, I satisfies (22). By the analogous version of Lemma 52 in Cerreia-Vioglio et al.
(2011b), and by the analogous arguments as in the proof of their Proposition 53, I is
constant superadditive. It can be readily seen that since I satisfies (22), and since [ is
normalized and constant superadditive, - satisfies A.2.1.

Conversely, assume that each preference relation that admits a smooth ambiguity
representation (u, ¢, ;) for some countably additive Borel probability measure u on
A satisfies A.2.1. We want to show that —¢—/,/ is non-increasing. By the analogous
version of Lemma 52 in Cerreia-Vioglio et al. (2011b), it is equivalent to show that

foreacht € R4, J; : ¢(R) — R, defined by setting for each ¢ € ¢ (R),

Ji(e) = ¢l (o) + 11,

is convex on ¢ (R). Note that since ¢ is increasing, ¢~ is well-defined. Let ¢, ¢’ €
¢(R) and @ € [0, 1]. Let x, x’ € X be such that ¢ (u(x)) = c and ¢ (u(x")) = .
Lets,s’ € Sand f € F be such that f(s) = x and f(s') = x’. Let §; and 8y be
the degenerate probability measures which assign probability one, respectively, to s
and s’. Let u be a probability measure on A which assigns probability « to 8 and
1 — o to §y. Let 7~ admit the smooth ambiguity representation (u, ¢, u). Then
satisfies A.2.1. By the similar arguments as in the proof of Lemma 3, I, is constant
superadditive. Then for each t € R4 and each « € [0, 1],

Ji(ae + (1 = a)c) = Ji(ad (f(5))) + (1 = a)p u(f(s))))

=Ji / S (Epu(f)du(p) | = ol (f) +1] < oL (u(f) +11)]

eA
= f¢(Ep(u(f) +t1))dpu(p) = apux) +1) + (1 — ) ux") +1)

=aglp ' (©) + 11+ (1 — )l (¢) + 11 = ati(c) + (1 — ) ) (c),

as desired.



Similarly, it can be shown that each preference relation that admits a smooth ambi-
guity representation (u, ¢, ;) for some countably additive Borel probability measure

@ on A satisfies A.2.2 if and only if —%/,, is non-decreasing. O
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