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Abstract

We provide, and characterize behaviorally, a framework for constructing subjective mixtures
which requires neither the Certainty Independence nor the Monotonicity axiom, replacing
them with much weaker “local” properties. As we also show by means of examples, this frame-
work provides a purely subjective foundation to most of the recent preference models which
employ the Anscombe-Aumann setting. It also allows a subjective formulation of a preference
for ambiguity hedging, and as a consequence allows the distinction of the notions of ambigu-
ity aversion and preference for randomization.

1 Introduction

L.J. Savage’s axiomatization of the Subjective Expected Utility (SEU) model (Savage, 1954) has
justly been hailed as a “crowning achievement” of decision theory. Its conciseness and beauty,
however, came at a cost, and its extensions formulated to capture non-expected utility behav-
ior have been very few (the closest being Gilboa’s axiomatization of Choquet Expected Utility in
Gilboa (1987)). On the other hand, the SEU axiomatization of Anscombe and Aumann (1963,
henceforth AA), as reformulated by Fishburn (1970), has been extended in many different direc-
tions. The reason for this popularity is that the vector space structure induced by a randomizing
device in the AA approach makes it much easier to formulate generalizations of axioms such as
independence, which correspond directly to properties of the preference representation. How-
ever, a conceptual problem with the AA approach is that it builds a vector space structure via a

randomizing device which is “objective,” in the sense that all actors agree on its mixtures. For this

*An earlier version of this paper was titled “A new subjective spin on roulette wheels.” We thank an Editor of
this journal and three anonymous referees, as well as audiences at three conferences, for helpful and stimulating
comments.
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reason, Ghirardato, Maccheroni, Marinacci, and Siniscalchi (2001, 2003, henceforth GMMS)* pro-
posed a framework to define mixtures without the presence of such randomizing device.? Within
their frameworlk, it is possible to construct a (subjective) vector space structure that can be used
to formulate general AA-style axioms; this for instance allows the formulation of models which
accommodate both the Ellsberg and Allais paradoxes (see Dean and Ortoleva, 2017).

However, the proposal of GMMS suffers from some limitations that over time have become
increasingly apparent. Specifically, the GMMS construction assumed the traditional Monotonic-
ity axiom of Gilboa and Schmeidler (1989), and it also depends on their Certainty Independence
axiom.® Monotonicity entails a separability property of preferences, which has been recently dis-
cussed theoretically and experimentally by Schneider and Schonger (2015). Moreover, it rules
out several recent decision models, such as the Mean-Dispersion Preferences of Grant and Po-
lak (2013), the dual utility model of Bommier (2017), the generalized convex representation of
Cheridito, Delbaen, Drapeau, and Kupper (2015), and the correlation misperception model of El-
lis and Piccione (2017). As to Certainty Independence, it is by now well understood that it imposes
strong restrictions on the decision maker’s attitudes as they change over wealth levels; see Baillon
and Placido (2019) and the discussion in Cerreia-Vioglio, Ghirardato, Maccheroni, Marinacci, and
Siniscalchi (2011a, henceforth CGMMS). This rules out models such as Variational Preferences
(Maccheroni, Marinacci, and Rustichini, 2006) and the “Smooth Ambiguity” model (Klibanoff,
Marinacci, and Mukerji, 2005).

In this paper we provide a framework for constructing subjective mixtures which requires nei-
ther Monotonicity nor Certainty Independence, replacing these axioms with much weaker “local”
properties. This framework provides a purely subjective foundation to all the mentioned models,
as well as those discussed in GMMS. As we illustrate by means of several examples, the basic pref-
erence assumptions needed to apply our construction add very little structure to that required by

the model that one wants to characterize.*

'When we need to distinguish between the two papers, we will use GMMSa to refer to Ghirardato et al. (2001) and
GMMSD to refer to Ghirardato et al. (2003).

2There are, of course, many papers that characterize non-expected utility preferences in purely subjective environ-
ments, without explicitly constructing a mixture space structure. For instance, Casadesus-Masanell, Klibanoff, and
Ozdenoren (2000) and Alon and Schmeidler (2014) for the Maxmin EU model and Nakamura (1990) for the Choquet
EU model.

3Monotonicity requires that if f(s) 3= g(s) for every state s, then f = g. Certainty Independence requires that for all
acts f and g, all outcomes x € X,and all 1 € [0,1], f = gimplies A f+ (1 -AVx = Ag+ (1 —-A)x.

4In Ghirardato and Pennesi (2019) we show that in those situations in which the space of outcomes has a product-
space structure, subjective mixtures can be derived by an alternative method which makes no assumptions on the
existing uncertainty.



The starting point for our analysis is GMMS’ method for identifying a “preference average”
of two outcomes x and y. Given an event E and a bet vEw —which pays outcome v if event
E obtains and outcome w otherwise— let ¢, g,y denote its certainty equivalent. For an event E
which is neither certain nor impossible, we call the outcome z a E-preference average of x and y,

and denote z = %x ® % ¥, if z satisfies the following indifference:

XEy ~ cxgzEczEy (1)

That is, since xEy ~ cxgxEcygy, we can replace z for x and y in the bets on the right-hand side
of the indifference without affecting the DM’s evaluation of the bet xEy. To provide an intuition
for this definition, based on an idea of von Neumann (1951), suppose that the event E is a result
in a twice repeatable experiment. If the repetitions are performed independently, then regardless
of our beliefs about E, the sequences (E, E) and (E, E) are equally likely5. Thus, a bet which —
conditionally on observing either (E, E®) or (E¢, E)— pays x if (E, E€) and y if (E¢, E) islikea 1/2:1/2
bet with payoffs x and y; i.e., a bet on a “fair coin.” So a decision maker (DM) who is indifferent
between such bet and a bet which pays z conditionally on the same two sequences deems the
outcome z a 1/2:1/2 average of x and y. Expression (1) adapts this construction to the case in
which E is an event in the decision problem’s state space, thus non-repeatable, using certainty
equivalents of bets on E as a tool to reproduce the effects of the repetition of the experiment on E.

Suppose now that the DM’s preferences are represented by a cardinal functional V' which,
when evaluating bets on the event E —i.e., acts which pay outcome x if event E obtains and out-

come y otherwise (with x = y)— takes the following form:

V(XEy)=pV(x)+ 1 -p)V(y) 2)

for some p € (0,1). Then for such bets (1) implies that V(z) = V(zx® 3y) = 3V(x) + : V(). So, E-
preference averages are also utility midpoints according to the representation V. In view of this,
the mixture operator @ over outcomes defined via (1) has the same properties as the “objective"
mixture of Anscombe and Aumann, and the vector space structure it induces can be analogously

applied to leverage functional-analytic tools. However, our structure is completely subjective.

5Thus, it would be enough for the experiment sequence to be exchangeable, rather than i.i.d.



We remark that the representation in Eq. (2), for which we provide a behavioral characteriza-
tion, only holds for bets “on” E, but not for bets on other events, or for non-binary acts. This is
why we call V' a “locally biseparable” representation. We do not assume any further structure for
V; in particular, unlike GMMS, we do not require that V be monotonic or that it satisfies further
separability properties, such as Certainty Independence. The additional scope of our analysis is
illustrated by several examples of preferences which are locally biseparable but do not satisfy the
assumptions of GMMS.®

We conclude the paper with two applications of subjective mixtures to different issues in de-
cision theory. First, we show how to introduce a notion of “ex-ante” mixture in our setting. This
allows us to model DMs who may not be indifferent towards the subjective timing of random-
ization, and address Raiffa (1961)’s critique of ambiguity aversion. Second, we discuss how com-
paring subjective mixtures to those obtained via an objective randomization device allows us to
disentangle two potentially distinct behavioral traits that since the seminal work of Schmeidler
(1989) have been identified: ambiguity hedging and preference for randomization. This identi-
fication also plays a major role in the recent debate on the effectiveness of the Random Lottery
Incentive Scheme in experiments on ambiguity (see, e.g., Bade, 2015). There are however doubts
as to the validity of the identification, both from a theoretical perspective (see, e.g., Eichberger and
Kelsey, 1996) and from an experimental perspective (see, e.g., Dominiak and Schnedler, 2011). By
severing the ties between ambiguity aversion and preference for randomization, our framework
provides the necessary flexibility to discuss all these questions.

The structure of the paper is as follows. After some preliminary material in Section 2, in Sec-
tion 3 we introduce and characterize behaviorally locally biseparable preferences, showing that
Expression (1) identifies utility midpoints. Section 4 contains examples of preferences which have
alocally biseparable representation. Sections 5.1 and 5.2 contain the discussions on ex-ante mix-
tures and on objective randomization. The Appendices contain some additional material and all
the proofs of the results in the paper. The Supplementary Appendices contain more additional
material, in particular the consequences of further restrictions on the global properties of prefer-
ences, as well as an application to models with menus of outcomes such as Dekel, Lipman, and

Rustichini (2009) and Gul and Pesendorfer (2001).

6In general, the construction of & can depend on the event E. But even if we additionally require that @ be invariant
across events for which Eq. (2) holds, our approach imposes looser constraints than GMMS (see Appendix B).



2 Preliminaries

We consider an arbitrary state space S, an algebra X of subsets of S which represents events, and a
set of outcomes X. & denotes the set of all simple acts; i.e., finite-valued X-measurable functions
f: S — X. As customary, we notationally identify an outcome x € X with the constant act f such

that f(s) = x for all s € S. Throughout the paper, X is assumed to satisfy the following:
Structural assumption: X is a connected and separable topological space with topology 7.’

Given a functional V : & — R, we say that: V represents a binary relation > on & if f = g iff
V(f) = V(g), that V is nontrivial if there are f,g € & such that V(f) > V(g), that V is constant-
bounded if for any f € &, V(x) = V(f) = V(y) for some x,y € X, and that V is subcontinuous if
limg V(fy) = V(f) whenever {f,}q4cp S & is a net that pointwise converges to f € %, and such that
all f,’s and f are measurable with respect to the same finite partition. (Notice that this implies that
u = V|x is T-continuous.) Given representations V and V', we write V = V', if there are a,b € R
such that @ > 0 and V' = aV + b. In this case, we say that V and V' are cardinally equivalent.

Finally, we use x 3= {z,2'} (resp. {z,z'} = y) as a short-hand for x = z and x = 2z’ (respectively

z=yandZz = y).

3 A foundation for subjective mixtures

3.1 Utility midpoints and locally biseparable preferences

As previewed in the Introduction, our approach to the identification of utility midpoints is based
on the assumption that the preferences over bets on a specific event have a suitably separable rep-
resentation. In this section, we first define midpoints and then introduce the required preference
model, while the behavioral foundation for such model is deferred to the following section.

For now, we assume that the preference relation = is a non-trivial weak order (complete and
transitive) and that any f € & has a certain equivalent; i.e., a ¢y € X such that f ~ cy. Given such
=, an event A € X is said to be null (resp. universal) if y ~ x Ay (resp. x ~ xAy) for every x > y. We
denote by X’ the family of neither null nor universal events E € X.

We can now recall the notion of preference average discussed in the Introduction:

"As it is well-known, 7 induces the product topology on the set X° of all functions from S into X. In this topology,
anet {fylaep < XS converges to f € XS if and only if f,(s) — f(s) for all s € S (remember that S is arbitrary).



Definition 1. Given x = y and an event E € X', we call z € X an E-preference average of x and y if
z satisfies x = z = y and

XEy ~ cxgzEczEy

While Definition 1 is applicable to any preference > which satisfies the conditions above, our

results apply to the subset of such preferences which satisfy the following definition:

Definition 2. Given E € X, a binary relation = on & is said to be E-biseparable if = has a represen-
tation V that is nontrivial, constant-bounded and subcontinuous and there exists a pg € (0,1) such

that for any x,y € X satisfying x = y, ifwe let u = Vix,
V(xEy) = ppu(x)+ (1 - pp)u(y) 3)

The binary relation = is said to belocally biseparable if it is E-biseparable for some E € X.

The features of a locally biseparable preference which follow from Eq. (3) and are important
for our purposes are the following: 1) Since the DM’s willingness to bet on E satisfies pg € (0,1),
the event E satisfies x > xEy > y for all x > y;8 in particular, E € X/, and it can be used to define
preference averages. 2) For the same reason, the representation V is cardinal; thus, u is also car-
dinal and the 1/2:1/2 mixtures it produces are well-defined. 3) In contrast, pg is invariant to the
positive affine transformations of V, and hence unique.

GMMSD differs from our approach in assuming that = has a fully biseparable representation.
That s, Eq. (3) holds for all events and not just for the event E. In contrast, GMMSa also character-
ize (in their Lemma 1) a “local" form of biseparability. However, they assume that V' is monotonic
and also that = is E°-biseparable (i.e. Eq. (3) holds for bets on E€ with a weight pgc € (0, 1)).

The following straightforward result explains our usage of “preference average” in Definition 1.

Proposition 1. Suppose that = is E-biseparable then, for any x,y € X satisfying x = y, there is an
E-preference average of x and y. The payoff z € X is an E-preference average of x and y if and only

if z is a midpoint according to u. That is,

()—l ()+1 )
u(z) = Julx)+ uly

8That is, E is an “essential” event in the sense of Ghirardato and Marinacci (2001).



In light of Proposition 1, we henceforth refer to a z satisfying the conditions of Definition 1 as

the utility midpoint of x and y, and denote

Given such notion, we can then iterate it to find, say, %x ® % [%x ® % y] , which corresponds to a % : i
utility average of x and y, and which we denote by %x ® % y. Exploiting the continuity of V over
X, we can then apply standard arguments (see Appendix C in Ghirardato, Maccheroni, Marinacci,
and Siniscalchi, 2002) to identify Ax & (1 —A)y for any A € [0,1] and all x, y € X. The subjective

mixture of acts f and g is now defined in the usual, state-by-state, fashion:

Definition 3. Given f,ge % and A € [0,1], the subjective mixture A f & (1—-1)g isan act h € & such

that h(s) =Af(s)® (1 —-A)g(s) foreveryseS.

It follows from the definition of @ that for every f,g € % and s€ Sand forall 1 € [0,1],

ulAfe1-0g ) =Au(f(s)+1A-Vu(gs) (4)

Hence, subjective mixtures behave as the AA “objective” mixtures in the traditional AA model: they
allow us to obtain the convex combination of any two utility profiles. Even in the presence of “ob-
jective” mixtures, the vector space structure induced by subjective mixtures is robust to violations
of expected utility (see the discussion in Section 5.2).

The identification of subjective mixtures is thus achieved without imposing global separation
properties such as Certainty Independence or Monotonicity. This allows to build subjective mix-
tures for a large class of preference models; see the examples in Section 4 and Remark 1.

The flip side of this generality is that the mixture structure thus identified may depend on the
event E with respect to which = has a biseparable representation. Given two events E,F € ¥/,
suppose that the preference = is at the same time E- and F-biseparable. It is possible that the
respective representations Vg and Vg, when restricted to the constant acts in X, are ordinally but
not cardinally equivalent. That is, some utility midpoints according to Vg may not be indifferent to
those induced by Vr. Intuitively, this might be ruled out by requiring that E and F induce, modulo

indifference, the same preference averages:’

9We observe that the following definition (as Definition 1) is well-posed for any 3= that is a non-trivial weak order



Definition 4. Given E, F € ¥’ and a binary relation =, we say that E and F are average-equivalent

if, forallx = {z,z'} =y,

XEy ~ cxpzEczpy and xFy ~ cypyFeypy = z2~2

The following result shows that the intuition is correct: If E and F are average-equivalent, then
the utility midpoints according to Vg and Vr are the same, and thus Vg and Vr (and hence up and

ur) are cardinally equivalent.

Lemma 1. Given E,F € ¥/, suppose that = is E- and F-biseparable. Then E and F are average-

equivalent if and only if Vg = V.

So average-equivalent events are indifferent for the purposes of our method. Indeed, if all
events with respect to which = has a biseparable representation are average-equivalent (see Ax-
iom CB in Appendix B), then our method will yield the same mixtures independently of the event
chosen to identify them. This condition is weaker than those adopted by GMMS,? which imply
that all events F € X' are average-equivalent and induce F-biseparable representations. For this

reason, GMMS do not present a result analogous to Lemma 1.

3.2 Behavioral characterization

In this section, we show which preference conditions correspond to local biseparability. We start
with an axiom which bundles some standard requirements on preferences, including nontriviality

and boundedness.!!

Axiom (Preference Order - P). = is a complete and transitive relation on & which also satisfies: 1)

thereare f,g € & such that f > g, 2) for each f € &, thereexist x,y € X such thatx = f = y.

The second axiom is a continuity property, taken from Ghirardato and Marinacci (2001). No-
tice that all acts involved are measurable with respect to the same finite partition of S, making the

condition rather weak.

with certainty equivalents.

10GMMSa assumes local biseparability plus a variant of Certainty Independence (replacing = with ~) with respect
to subjective mixtures. GMMSDb assumes full biseparability, as discussed above.

Boundedness is usually omitted as (for simple acts) it is implied by Monotonicity.



Axiom (Continuity - C). Let{fy}qecp be a netin F that pointwise converges to f € & and such that
all fo, and f are measurable w.r.t. the same finite partition of (S,Z). Given g € &, if f, = g (resp.

g = fa) foralla € D, then f = g (resp. g = f).

Alongside the Structural Assumption, these two axioms imply the existence of certainty equiv-
alents (see Lemma 3 in the Appendix). Indeed, standard arguments then imply the existence of a
representation V of = which is non-constant, constant-bounded and sub-continuous. However,
such V is only unique up to monotonic increasing transformations, and cardinality is necessary
in order to meaningfully define a utility midpoint of two outcomes.

Moreover, we now show by example that the identification of utility midpoints via E-preference

averages is only possible if the DM’s willingness to bet on E is independent of the bet’s stakes.

Example 1. Let S = {s1, 52}, X = [0, 10]. Suppose that = is represented by a V which satisfies V (x) =

u(x) = x, and for E = {5} it satisfies, with p,(E) =0.2+0.02(10 — x) for x € X,

V(XEy) = 14<5[0.3x+0.7y] + 1ys5[px(E)x + (1 — px(E)) y] (5)

Clearly, the willingness to bet on E is not stake-independent, so that the preference is not E-
biseparable. And, indeed, E-preference averages are not utility midpoints. For example, if we
consider x = 6 and y = 2, whose utility midpoint is clearly 4, we can show (see Supplementary

Appendix ?? for all details on this example)

6E2 ~ cop3.84EC3.84E2

That is, the E-preference average of x and y is 3.84. Therefore, for x = 6, y = 2 the “weight" assigned
to x by the E-preference average is slightly smaller than 0.5. On the other hand, it can also be seen
that if we take x = 4,y = 2 the E-preference average yields z’ = 3 and the “weight" assigned to x
equals 0.5 (it can be seen in Eq. (5) that when both payoffs are lower than 5, the willingness to bet

on E is fixed at 0.3 and thus independent of the payoffs). A

Our objective is therefore to identify properties on preferences which guarantee the stake-
independence of the willingness to bet and at the same time imply a cardinal representation. One

obvious component of independence is given by the following property:



Definition 5. An eventE € X isbetwise-monotonic, forall x,y,z€ X: x = y ifand only ifxEz = yEz

forany z <{x,y}; x =y ifand only if zEx = zEy for any z = {x, y}.

As its name suggests, this is a form of restricted (local) monotonicity, as it stipulates that the
DM’s preferences respect monotonicity only over the set of the bets “on” the event E (i.e., acts
xEy such that x = y).!? It is also an independence/separation property, as it implies that when
comparing bets on E, the evaluation of a payoff on one side of the bet does not depend on the
alternative payoff on the other side (as long as we are comparing only bets on E).

It can be seen that, under nontriviality of =, if E is betwise-monotonic, then E € ¥’ 13 More-
over, in the presence of Axioms P and C, E-preference averages exist (for every x = y) for ev-
ery betwise-monotonic E. However, the existence of a betwise-monotonic event, while clearly
necessary, is still not sufficient to obtain E-biseparability and to identify utility midpoints via E-
preference averages. Refer again to Example 1: It can be seen (again, see Supplementary Ap-
pendix ?2) that the event E does satisfy betwise monotonicity.

We thus introduce an additional separation property.

Definition 6. An event E € ¥ is ordered-bisymmetric if; for all x, y, z,z’ € X such that x = {z, z' } =

y € X, we have:

CxEzECzEpy ~ CxEz ECzEY (6)

Itisimmediate to see that ordered bisymmetry of E is necessary for >= to have an E-biseparable
representation. It is also easy to verify (see Supp. App. ??) that E in Example 1 is not ordered-
bisymmetric (indeed, the preference represented by V has no ordered-bisymmetric events).

To understand the behavioral content of this property, recall the discussion of preference av-
erages in the Introduction. Suppose that the DM thinks of any “two-stage” bet like cxgEc gy
as follows: the “real experiment” {E, E} is performed first; its payoffs are bets (xEz and z'Ey)
whose payoffs depend on the outcome of a ficticious repetition of the experiment {E, E}. Re-
quiring ordered bisymmetry of E amounts to assuming that the DM considers the sequence (real

experiment, ficticious experiment) exchangeable: Since the two “two-stage” bets cxg.Ec, /gy and

12 1t should be pointed out that there is an aspect in which this property is slightly stronger than the standard
Monotonicity axiom; the latter would only imply that if x >= y, then xEz = yEz and zEx = zE}y.

13As we show in Fact 22 in Supplementary Appendix 22, the condition that E be neither null nor universal is neces-
sary for the cardinal identification of V.

10



cxgz Ec;gy only differ as to the payoff conditional on the pairs (E, E€) and (E¢, E),'* indifference
reveals that she deems the pairs equally likely. So, when E is ordered-bisymmetric, E-preference
averages are isomorphic to the 1/2:1/2 mixtures in von Neumann (1951)’s “fair coin” construction.

Summing up, we have introduced and discussed two conditions on (preferences over bets on)

E which are necessary for E-biseparability. The following definition unifies them:

Definition 7 (Ordered Niceness - ON). An event E € X is ordered-nice if:
(a) E is betwise-monotonic

(b) E is ordered-bisymmetric

Our basic representation result, leveraging on results of Nakamura (1990), shows that (along-

side Axioms P and C) condition ON is also sufficient.

Proposition 2. Given E € Z, the binary relation = has an E-biseparable representation if and only

if = satisfies Axioms P and C, and the event E satisfies ON.
The characterization of local biseparability follows immediately:

Corollary 1. The binary relation = is locally biseparable if and only if = satisfies Axioms P and C,

and there exists an event E € X satisfying ON.

This result is more general than Lemma 1 of GMMSa. We do not assume Monotonicity and
require only the Ordered Niceness of one event E (and not of its complement E€); an assump-
tion which —besides being necessary to the proper interpretation of (E-)preference averages— is
quite weak. Our Axiom C is slightly stronger than theirs, but the two axioms are equivalent un-
der the other assumptions in their result (see Lemma 31 in Ghirardato and Marinacci (2001)). The
next section substantiates these claims by providing several examples of preferences which do not
satisfy GMMS’ conditions, but they are locally biseparable.!®

On the other hand, one could be interested in understanding the consequences of imposing
additional global restrictions on preferences. This exercise is performed in Supplementary Ap-

pendix ?2; the following two remarks only briefly review two interesting cases.

1Eor both “two-stage” bets x (resp. y) obtains if the sequence (E, E) (resp. (E¢, E°)) is observed. As to z and z": In
cxezEcy gy, z obtains if (E, E) while z' obtains if (E¢, E). In cg. Ec.gy, z obtains if (E¢, E) while z’ obtains if (E, E€).

15In contrast, we show in Appendix A that the second-order subjective expected utility (SOSEU) preferences of
Grant, Polak, and Strzalecki (2009) have an ON event if and only if they are SEU.

11



Remark 1. When we add Monotonicity to the axioms of Corollary 1, we obtain a fully subjective
characterization of the Monotone, Bernoullian and Archimedean (MBA) model of CGMMS. MBA
includes as special cases most of the recent models of ambiguity sensitive preferences, such as
the Smooth Ambiguity model (Klibanoff et al., 2005), Variational Preferences (Maccheroni et al.,
2006), Vector EU (Siniscalchi, 2009), and the Confidence Preferences model (Chateauneuf and
Faro, 2009).

In MBA, subjective mixtures can be used to identify a la Bewley (2002) a set of beliefs C <
A(S) which may be interpreted as perceived ambiguity (Ghirardato, Maccheroni, and Marinacci
(2004).16 CGMMS propose a definition of unambiguous event and show (Prop. 14) that an event
E is unambiguous if p(E) = g(E) for all p,q € C; that is, if all the perceived priors agree on the
likelihood of E. It follows from their result and our Proposition 2 that MBA preferences are E-
biseparable for all nontrivial (not null or universal) unambiguous events E; that is, all nontrivial

unambiguous E satisfy ON.

Remark 2. Subjective mixtures allow us to formulate the following axiom, which adapts Schmei-

dler (1989)’s Uncertainty Aversion axiom to our setting:
Axiom (Ambiguity Hedging - AH). Forall f,ge &, f~g = %f@ %g = g.

As our terminology suggests, this axiom has a natural interpretation: if f and g are indifferent,
an act whose utility profile is the arithmetic average of the utility profiles of f and g provides a
hedge to the ambiguity connected to each act and it will be weakly preferred to either act. On
the other hand, Schmeidler’s original formulation is interpreted more correctly as a preference for
(objective) randomization, see the discussion in Section 5.2.

When we add Axiom AH to the axioms of Corollary 1, the functional V is also quasiconcave.'”
Thus, Axiom AH and those characterizing MBA preferences (see Remark 1 above) provide a fully

subjective characterization of the Uncertainty Averse Preferences of Cerreia-Vioglio, Maccheroni,

Marinacci, and Montrucchio (2011b).

16Eor some applications see, e.g., Danan, Gajdos, Hill, and Tallon (2016) and Klibanoff, Mukerji, and Seo (2014).
7In the sense that, for all f,g,he %, if V(f) = V(h) and V(g) = V(h), then V(af® (1-a)g) = V(h) forall a € [0, 1].

12



4 Some examples

In this section, we present some examples which help assessing the scope of our foundation of
subjective mixtures. They also shed some light on the empirical content of the behavioral char-
acterization of Section 3.2, in particular the existence of events satisfying ON. The examples also
provide a comparison with the earlier work of GMMS, as they involve preferences which are lo-
cally biseparable and violate (global) Monotonicity or Certainty Independence. Appendix A shows

an example of a well-known model which is not locally biseparable.

Example 2. Given a finite S, let > be represented by a mean-standard deviation functional V
with respect to some prior p € A(S), a Bernoulli utility «, and 7 = 0 (i.e., a particular case of the

dispersion aversion model of Grant and Polak (2013)):

V() =Epluof] ‘T\/Z p(s) (ulf(s) ~Epluo f1)°
N

Assume that for some event E in X, p(E) = %, then for all x 3= y,'8

1 1
V(xEy) = E(l—r)u(x)+§(1+r) u(y) (7)

Thus, if 0 < 7 < 1, the preference = is locally biseparable with pr = %(1 — 7). More importantly,

2
1+72

= satisfies Monotonicity only if p(s) > for all s € S (see Grant and Kajii, 2007). For example,

with [S| = 10, p(s) = 1—10 forallse S, and 7 = %, the preference is locally biseparable but it is not

72 19
monotone, as p(s) < 1 forall se S. A

Example 3. Consider a preference = represented by a non-monotonic Choquet integral as in

Gilboa (1989) and De Waegenaere and Wakker (2001, Eq. 4). Assuming |S| = n and denoting by

18This is shown as follows:

2
V(xEy)

( )—1 ()C)—l ¥
u(y)—Su S Uy

! (x)+1 - 1( (x)—l ()—1 ())2+1
S U U =T\ |u 5 ulx) = Suly 5

! ()+1 - (1 ()—1 ())Z_E(l—) ()+1(1+) »
Fu@) +suly) —T\[| Fu) - Jul)| =3 T ux) + 7 T)u(y

195 is also E¢-biseparable, but unless 7 = 0 the corresponding pge is such that pg + pge # 1.
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fi the payoff of act f in state s;, the preferences = is represented by

V(f)=pGs)ulfi) + Z (PG u(fi) = 7i(u(fi-) — u(fi)"]

i=2

for some p € A(S), with (@)™ = max(a,0) and 7; € R. The function V could be interpreted as repre-
senting the value of a stream of consumption when the DM has a weak form of reference depen-
dence. If the payoff of period i is smaller than the payoff of period i — 1, there is a utility penalty
(resp. premium) if 7; > 0 (resp. 7; < 0). Hence, the value of a sequence of payoffs is sensitive to
intertemporal variations in consumption.

As shown in De Waegenaere and Wakker (2001), the representation V can be written as a non-
monotonic Choquet integral; i.e., a Choquet integral with respect to a signed capacity.?’ Given
an event E = {sg,..., s} with k € {1,...,n}, = is E-biseparable. Given x > y, we have V(xEy) =

pEYu(y) + p(si)u(x) = Tr(u(y) — u(x)" + X j=g+1 p(sj)u(x), which implies
V(xEy) = p(E)u(x) + (1 - p(E))u(y)

Being represented by a Choquet integral, = satisfies Certainty Independence. However, it does

not satisfy (global) Monotonicity (see De Waegenaere and Wakker, 2001, p. 52). A

Example 4. Consider a preference > represented by the Smooth Ambiguity model of Klibanoff

et al. (2005) and Seo (2009):

ViH=¢ (fA(S)(P([Ep[MOf]) dn(p)

where 7 is a probability measure over A(S). As it is well-known, Smooth Ambiguity preferences
satisfy Monotonicity, while in general they violate Certainty Independence. Assume now that E €

X satisfies p(E) = q(E) = p € (0,1) for all p, g € supp n. Then, = is E-biseparable, as for all x >~ y,
V(xEy) = pu(x)+ 1 —p)u(y)

The existence of an event E over which all the first-order beliefs agree is not a very strong con-

20A signed capacity is a set function v : = — R such that v(@) = 0 and v(S) = 1. The non-monotonic Choquet integral
is a Choquet integral (Choquet, 1954) with respect to a signed capacity v.
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dition. It may for instance be satisfied in the classical Ellsberg’s 3-color urn experiment when E
denotes the event of a draw of a red ball from the urn. Thus, it is possible to provide a subjective
mixture structure which may work with Smooth Ambiguity preferences. It is an open question

whether it can be used to provide the model with a fully subjective axiomatic foundation. A

Example 5. Consider a preference = satisfying the Vector Expected Utility model of Siniscalchi
(2009). There is a Bernoulli utility u, a baseline prior p, an adjustment factor (a random variable)
{ with E,,(¢) = 0,%! and a function A: R — R, with A(0) = 0 and A(r) = A(-r) for all r € R such that
= is represented by

V(f)=Epluo fl+A(Epl{ - uo f)

As it is well-known, VEU preferences satisfy Monotonicity, while in general they violate Certainty
Independence.
Assume that for an event E € X, p(E) = %, ((s) = % forall se E, —((s) = % for all s € E¢, and

A(r) = —|r|. Then, = is E-biseparable. Indeed, for all x >~ y it can be shown that??

1 3
V(xEy) = Zu(x)+2u(y) A

Example 6. Consider a preference = belonging to the class of Variational preferences of Mac-
cheroni et al. (2006). There is a Bernoulli utility u, a cost function ¢ : A(S) — [0,00] such that = is
represented by

V(f) = prélAl(r;)[Ep[uOf] +c(p)

Suppose that there exists an event E € X such that p(E) = q(E) = p € (0,1) for all p, g € C where
C={reA(S):c*(r) =0} and ¢*(r) = sup e g (u(cy) = [guo fdr). Then, = is E-biseparable, as for
all x =y,

V(xEy)=pu(x)+ 1 -plu(y) A

21For simplicity we assume a single adjustment factor, but the model allows for any finite number of adjustment
factors (see Siniscalchi, 2009).
22Since V(xEy) = Ju(x)+3u(y)—|33ux) - 1 3u(y)

,when x = y, iu(x)—iu(y) =0, sothat V(xEy) = %u(x)+%u(y).
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5 Extensions and discussion

5.1 Modeling “ex-ante” randomization

Subjective mixtures of acts are defined state-by-state. In the traditional environment envisioned
by AA, state-by-state mixtures are interpreted as follows: it is as if the DM has decided to com-
mit to a certain randomization over the acts, which is performed after the revelation of the state
of nature s. For this reason, it is customary to call them “ex-post” mixtures. AA also considered
the possibility of “ex-ante” randomizations, which correspond to the more traditional idea of per-
forming the randomization over the acts before the revelation of s. They also imposed an axiom,
called “Reversal of Order in Compound Lotteries,” which forces indifference between “ex-ante”
and “ex-post” mixtures.

An obvious question is whether a similar distinction may be made in our subjective setting;
i.e., how to provide a subjective notion of act mixture corresponding to AA’s “ex-ante” randomiza-
tions.?3 In the traditional AA setting with objective lotteries, when the DM performs an “ex-ante”
1/2:1/2 randomization between acts f and g, she ends up choosing either f or g, and subjecting
herself to all the variability (over S) entailed by that act. It is as if she envisions receiving either c¢
or ¢g with probability 1/2, as ¢y (respectively cg) captures the DM’s global evaluation of the act f
(respectively g). That is, the (objective) mixture %c r+ %cg is indifferent to the “ex-ante” mixture.

This intuition remains valid in our subjective setting.?* Given f, g € %, we call the “ex-ante”
1/2:1/2 subjective mixture of f and g a prize z € X such that z = %cf ® %cg, with ¢y (resp. cg) a cer-
tainty equivalent of f (resp. g). Given the representation functional V obtained in Proposition 2

a 1/2:1/2 mixture of the “ex-ante” utilities of f and g. We use & 4 to denote this “ex-ante” mixture

» «

Z3While in this section we use temporal locutions like “ex-ante,” “ex-post” and “timing” for the sake of brevity, it is
important to stress that in our setting this terminology is purely suggestive. Our subjective mixtures do not actually
involve uncertainty and its resolution: % fe % g is an act which in state s pays the certain prize % fls)e % g(s); there is
no uncertainty further to the state s. Hence time does not really play a role.

240ur proposal could also be given a more formal justification, based on a product state space setting, which is
omitted for brevity.
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operation. Thatis, we set forall A € [0,1] and all f, g € &,
Afea(l-A)g=Acro(1-ANcg

The mixture % fea % g is not necessarily indifferent to the “ex-post” subjective mixture % fe % 8.
The comparison of % fea %g and % fe %g reflects a DM’s difference in attitudes with respect to “ex-
ante” or “ex-post” randomizations.?® The following axiom spells out three possible attitudes with

respect to the “timing” of mixtures:

Axiom. Forall f,ge % andall 1€ [0,1]:
(a) (Preference for Ex-ante Mixtures - PEM) Afeé,(1-1)g=Afe(1-1)g
(b) (Aversion to Ex-ante Mixtures - AEM) Afe,(1-AN)g<sAfe(1-1)g

(c) Mixture Timing Indifference - MTI) Afe,(1-A)g~Afe(1-A)g

Axiom MTI is the counterpart in our setting of AA’'s Reversal of Order axiom (but see the dis-
cussion in Supp. App. ??). It stipulates that for the DM it is equivalent to evaluate the act “ex-post”
as a state-by-state mixture of f and g, or “ex-ante” by evaluating f and g in isolation and then
taking the corresponding subjective mixture of their certainty equivalents. In turn, Axioms PEM
and AEM identify DMs whose preferences are sensitive to “timing” in a consistent fashion.

The following simple result shows that these properties translate immediately into properties

of the representation functional V.

Proposition 3. Given a binary relation = with a locally biseparable representation V, it satisfies

Axiom MTI (resp. PEM, AEM) if and only if V is also affine (resp. convex, concave) with respect to &.

Notice that this result does not require Monotonicity. It also implies that Axiom MTT is (in the
presence of the other axioms) equivalent to the straightforward adaptation to subjective mixtures
of the standard independence axiom (see Supp. App. 22 for details).

Thus, Axiom MTI precludes non-neutral attitudes toward ambiguity. More generally, imposing
restrictions to the preference for the “timing” of randomization (PEM, AEM and MTI) imposes
restrictions on “static” attitudes. For instance, Axiom AEM implies Axiom AH; i.e., a strong form

of aversion to ambiguity.?®

%58ee also Saito (2015) and Ke and Zhang (2018), which can be adapted to our subjective setting.

Z6These restrictions are clearly not embedded in our analysis. Other restrictions may be. For instance, Ke and Zhang
(2018) introduce an axiom called “Indifference to Mixture Timing of Constant Acts,” which our definition of “ex-ante”
subjective mixture automatically guarantees.
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As discussed by Saito (2015) (see also Ke and Zhang (2018)), non-indifference to the subjective
“timing” of uncertainty provides an answer to Raiffa (1961)’s normative criticism to ambiguity
aversion. Raiffa suggests that the DM could neutralize the presence of ambiguity by performing an
“ex-ante” randomization over two ambiguous acts, but he is assuming Reversal of Order (or MTI).
If MTI is not satisfied, an “ex-ante” mixture will not hedge ambiguity as an “ex-post” mixture, and
so it may not be more desirable than the ambiguous acts. For instance, if the DM satisfies Axiom
AEM she could strictly prefer the “ex-post” mixture of the two ambiguous acts to either one of

them, and instead be indifferent between the “ex-ante” mixture and the ambiguous acts.

5.2 Subjective and objective mixtures

As it is well-known, Schmeidler (1989), working in a traditional AA framework with an “objective”

mixture notion, proposed the following definition of ambiguity aversion:
Axiom (Uncertainty Aversion - UA). Forall f,ge ¥, f~g = %f + %g = g.

Here, % f+ % g denotes a 1/2:1/2 objective mixture of the acts f and g. Thus, the natural in-
terpretation of the UA axiom is a preference for objective randomization.?’” However, there is
increasing evidence that challenges the identification of preference for randomization and am-
biguity aversion; e.g., Dominiak and Schnedler (2011).28

Our subjective mixture structure can help shed more light on this issue, by providing a sep-
arate identification of ambiguity aversion and preference for randomization. Indeed, subjective
mixtures can be defined even when the set X is equipped with an objective mixture structure. (For
instance, when outcomes are monetary, or when they are objective lotteries over a set of prizes Z.)
The midpoints obtained via @ and the objective mixture + may then be different. Two observa-
tions follow from this discrepancy. First, it can be exploited to model preferences which display

both the Allais and Ellsberg modal choices, as in Dean and Ortoleva (2017).2° Second, it implies

2"Indeed, Schmeidler writes (p.582) that “[...] substituting objective mixing for subjective mixing makes the decision
maker better off,” where by “subjective mixing” he means eventwise mixing such as that accomplished by construct-
ing the act f Ag for some event A, and not our subjective mixtures.

28gee also the discussion in Ke and Zhang (2018) and the references cited therein.

29Since by construction the utility u is affine with respect to ®, we have the immediate observation that §x+ 3y =
(resp. <) %x@ %yfor all x = y ifand only if u is concave (resp. convex) with respect to +. If X = A(Z), with + represent-
ing probability mixture, strict concavity or convexity imply non-linear utility over lotteries. Our construction allows
for a wider spectrum of attitudes with respect to ambiguity than Dean and Ortoleva (2017), as we do not impose any
additional independence assumption (such as their Degenerate Independence axiom).
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that the UA axiom and the AH axiom (see Remark 2) are independent properties. For instance, a

DM could display, for given f ~ g, either
1 1 1 1
—f+-g>f~=-f&= 8
Sf+38>f~5/®38 ®)

or
Eq. (8) is compatible with a DM who is ambiguity (hedging) neutral and displays a preference for
objective randomization. For example, assume that outcomes are objective lotteries over an in-
terval Z < R (i.e.,, X = A(Z)) and consider the preference = represented by V(f) = E,[uo f], for
some p € A(S), where u is a Cautious EU in the sense of Cerreia-Vioglio, Dillenberger, and Or-
toleva (2015): for every s € S and f € &, u(f(s)) = min, ey 1 ([Ef(s) [v]). This preference is easily
seen to satisfy Eq. (8) for all f and g. In contrast, Eq. (9) is compatible with a DM who displays
ambiguity hedging while being neutral with respect to the objective randomization. Supplemen-
tary Appendix ?? provides an example of such a DM, as well as another example of a preference
satisfying Eq. (8).

The discrepancy is also relevant for experimental design. Recently, there has been some dis-
cussion about whether a preference for randomization could undermine the incentive compati-
bility of the random incentive system (RIS), a common payment scheme used in laboratory ex-
periments on ambiguity aversion (e.g., Bade, 2015; Baillon, Halevy, and Li, 2015; Azrieli, Cham-
bers, and Healy, 2018). The RIS pays randomly one of the choices made by the subject during the
experiment; it could therefore play the role of an objective randomization device, thus affecting
the truthful revelation of “ambiguity aversion.”3® However, this eventuality is based on the iden-
tification of preference for randomization and ambiguity aversion. By severing the tie between
ambiguity aversion and preference for randomization, our analysis suggests that the RIS is not
necessarily affected by subjects’ ambiguity reaction. That is, the focus of the discussion on the ap-
propriateness of RIS should be on the empirical relevance of preference for randomization, rather

than ambiguity aversion.

30The argument is identical to Raiffa’s critique. By randomizing the DM can create a lottery over payoffs that hedges
ambiguity.

19



Appendices
A Local biseparability and SOSEU

The examples in Section 4 show that local biseparability allows a wide range of preference models.
However, there is a class of preferences which are not in general locally biseparable: the second-
order subjective expected utility (SOSEU) preferences of Grant et al. (2009). In this model = is

represented by

Vi i=¢! (];¢(u0f)dp)

for some monotone function ¢ : u(X) — R and a cardinally unique u : X — R. The SEU model
corresponds to a linear ¢. It is well-known that, in Savage’s setting, SEU and SOSEU are observa-
tionally indistinguishable (see, for example, Strzalecki, 2011). This is because it is then difficult to
separately identify u and ¢.

Subjective mixtures might provide a way to circumvent this impossibility, as they allow to iden-
tify u. However, any SOSEU preference which is locally biseparable must have an affine ¢ and

hence be SEU.3!

Fact 1. Given a SOSEU preference =, E € X satisfies ordered bisymmetry if and only if it >= is SEU

(i.e. (k) = ak + b, for somea>0,beR).
This fact leverages on the following simple mathematical result:

Lemma 2. Ifa function ¢ : [a, b] — R is not affine, for all p € (0,1), there are at least two real num-

bersr # s € [a, b] such that p(pr + (1 — p)s) # pPp(r) + (1 — p)d(s).

Proof. Suppose not, then for all r,s € [a, b], ¢p(pr+ (1 —p)s) = pdp(r) + (1 — p)¢p(s), the fact that
p € (0,1) allows to apply Aczél (1966, Th. 1, p. 66) and conclude that ¢(r) = ar + § for some a # 0,

B € R, a contradiction to the assumption that ¢ is not affine. O

Proof of Fact 1. Consider a SOSEU preference with a non-affine ¢. By Lemma 2, for all p € (0,1)

there are r, s € u(X) with ¢(pr+(1—p)s) # pp(r)+(1—p)$p(s). W.lLo.g. letr > sand take x,z,z', y € X

31As Multiplier Preferences (Hansen and Sargent, 2001) lie in the intersection of the Variational Preference and
SOSEU models (see Strzalecki, 2011), it follows that our setting cannot be used to characterize them behaviorally.
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with u(x) = u(z) = r and u(y) = u(z') = s. By ordered bisymmetry:

VicxpzEcypy) =¢~ " (pp(pulx) + 1 — p)u() + (L - p)p(pu(z) + (1 - p)u(y)))
=4~ (pp(pu) + (1 - phu(z)) + (1 - P)p(pulz) + (1 - p)u(y)))

=V(cxez EczEy)
The definitions of u(x), u(y), u(z), u(z') and the second equality above imply the contradiction:

pp(r)+ A —=p)p(s) = pp(pr+ 1 —-p)s)+ (1 —-p)p(pr+ 1A —p)s) =¢(pr+(1-p)s) O

B Consistent biseparability

Here we present a preference restriction that, leveraging on Lemma 1, guarantees that the mixture
space structure does not depend on the (ON) event used to construct it. Start by defining & =
{E € X : E satisfies ON}; i.e., the events which may be used to obtain a biseparable representation.

Consider now the following preference restriction:
Axiom (Consistent Biseparability - CB). Given any E,F € &, they are average-equivalent.

As its name suggests, this axiom guarantees the equivalence of utility midpoints across differ-
ent (biseparable) representations of >, and thus that the preference’s biseparability is consistent.
It follows from the discussion at the end of Section 3.1 that Axiom CB is weaker than the assump-
tions made in GMMS.

Axiom CB allows us to add structure to the representation in Proposition 2:

Proposition 4. = is a binary relation satisfying Axioms P. C, CB, and there exists an ON event E € X
if and only if there exist a nontrivial, constant-bounded and subcontinuous functional V : & — R
which represents =, and a nonempty set & < X and a function p : & — (0,1) such that F € & if and
onlyifforallx =y

V(xFy)=pF)ux)+ 1 - pF))uly) (10)

Moreover, V is unique up to positive affine transformations and p and & are unique.

Proof. For sufficiency, let & be as defined above Axiom CB, it follows from Proposition 2 that =

is E-biseparable for every E € &. If there is a unique E € &, it is sufficient to define pr = p(E)
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and u = ug. Assume then the existence of F € & with F # E. Take x > y and consider Vg(xEy) =
peup(x)+ (1 —pp)up(y) and Vrp(xEy). By Lemma 1, Axioms P, C, and CB imply that ug and up
(resp Vg and V) are cardinally equivalent, hence we can normalize them to be equal: © = ug = ur
(resp Vg = Vi = V). Therefore, for any x = y, V(xEy) = Vr(xEy) = u(x)pg + (1 — pg)u(y). Defining
p:& — (0,1) by p(E) = pg concludes the proof. The cardinality of V follows from Def. 2. The
uniqueness of & is immediate, and it implies, alongside Def. 2, the uniqueness of p.

To see necessity, Axioms P and C follow from the properties of V. For CB, given the set & # @
specified in the statement, consider E, F € &. It follows from Eq. (10) and Proposition 2 that = is E-
and F-biseparable, and by the uniqueness properties of the biseparable representation it follows
that ur = u = ug. But then Vg and Vy are cardinally equivalent and so by Lemma 1, E and F are

average-equivalent and hence CB holds on &. O

Three comments on this representation are in order. First, it shows that the Axioms P, C and
CB make it possible to tell apart —in fully subjective environments— differences in traditional risk
attitude (as represented by the behavior of 1) and other subjective traits like ambiguity aversion
(see the discussion in Ghirardato and Marinacci (2002)). Second, without imposing Monotonicity
it may not be the case that the set-function p is itself monotonic: given E, F € &, itis not necessarily
true that E < F implies p(E) < p(F). Third, even if both E and E¢ belong to &, it may not be the
case that p(E) + p(E€) =1 (see Example 2 in Section 4). That is, the preference over bets on E or E€

is not necessarily represented by expected utility.

C Proofs

Proof of Proposition 1. We only prove the existence of E-preference averages, since the fact that
E-preference averages are equivalent to utility midpoints is straightforward; see GMMSa. Since =
is E-biseparable, u = V|x is T-continuous. Therefore, for all x, y € X with x >= y, there is z € X such
that u(z) = %u(x) + %u(y). By E-biseparability again, V(cxg.Ec;gy) = pp(ppu(x) + (1 — pp)u(z)) +
(1-pp)(ppu(2)+(1—ppu(y)) = ppu(x)+(1-pp)u(y) = V(xEy), hence z is an E-preference average

of x,ye X. O
Lemma 3. Suppose that = satisfies P and C. Then for any f € &, there exists cy € X such thatcy ~ f.

Proof. By P, for each f € &, there are x,y € X with x 3= f = y, hence B={z€ X:z}= f} and W =
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{z€ X : f = z} are both non-empty. By C both sets are closed, hence connectedness of X implies

non-emptiness of BN W. So, for all f € & there exists ¢y € X with cf ~ f. O

Proof of Proposition 2. To prove sufficiency, we show that our axioms implies axioms Al, A2, A3,
A5 and A6 of Nakamura (1990) for the set s of the bets on E. P implies Al. A2 and A5 follow from
C and the Structural Assumption. A3 is equal to betwise monotonicity. Axiom A6 is equivalent to
ordered bisymmetry. Therefore, by Lemma 3 in Nakamura (1990, it can be seen from the proof
that the result does not require his axiom A4), there exist a unique pr € (0,1) and a cardinally
unique function u : X — R such that the functional V' : & — R defined by V(f) = u(cy) (certainty
equivalents exist by Lemma 3) represents = and, forall x = y€ X, V(xEy) = ppu(x)+(1-pplu(y) =
peV(x)+ (1 - pgp)V(y). Nontriviality and constant-boundedness of V follow from Axiom P, while
subcontinuity is shown as in Lemma 31 in Ghirardato and Marinacci (2001).

To show necessity, we first show that E is ordered-bisymmetric: V(cxg-Eczgy) = pe(peV (X) +
1-pp)V(@)+1-pp)(PeV(Z)+1-pp) V() = pEVX) +pe(—pp)V(2) + (1 - pp)ppV () + (1 -
PE* V() =pe(peV () + 1 -pp) V() + Q- pp)(peV(2) + 1 - pp)V(y)) = V(cxpry EczEy). The fact
that pg € (0,1) implies immediately that E is betwise-monotonic, hence E is ordered-nice. The

necessity of Axioms P and C follows immediately from the properties of V. O

Proof of Lemma 1. Take x,y € X with x = y, and two events E, F € X' such that >= is E- and F-
biseparable. Then, there exist two cardinally unique representations of =, Vg : X — R and Vr:
X — R. Since Vg and Vr represent the same preferences over X, there exists a monotone and con-
tinuous function ¢ : Vp(X) — Vg(X) such that Vg = ¢(VE). Suppose that Vi (z) = %VE(x) + %VE(y)
and Vr(Z') = %Vp(x) + %Vp(y) imply Vg(z) = Vg(2') and Vg (z) = Ve(2'). Then, ¢p(Ve(z')) = Vi(z) =
1P(VE(x) + 3¢(Ve(p) but also ¢(Vr(2) = ¢ (2 Ve(x) + 1 Ve(p)). The continuous solution to the
standard Jensen’s functional equation %(p(r) + %(/)(s) =¢ (% r+ %s] isp(r) = ar+ p (Aczél, 1966), for
a#0, BeR. Thatis, Vg = aVr + B, with a > 0 since Vr and Vg represent the same preference. For
the opposite direction, suppose that = is E- and F-biseparable with representations Vy and Vr re-
spectively. Proposition 1 and the indifferences XEy ~ cxg;Ec.gy and XEy ~ cyg» Ec; gy are equiv-
alent to Vg(z) = %VE(x) + %VE(y) and Vr(Z)) = %Vp(x) + %Vp(y). Since Vg = Vp, there are a > 0 and
B € Rsuch that Vi = aVg+ . Therefore, Vr(z') = %aVE(xH%aVE(yHﬁ =a [%VE(x) + %VE(y)] +p=

aVg(z) + B = Vi(z) implying z ~ 2z’ so that E and F are average-equivalent. O
Proof of Proposition 3. Assume that = satisfies the assumptions of Proposition 2 and let u(x) =
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V(x) for all x € X, so that Eq. (4) holds. By Eq. (4) and Axiom PEM, AV (f) + (1 -A)V(g) = Au(cs) +
(I-MNulcg) =udcgd(1-A)cg) = V(Acgd (1 - A)cg) = V(Af & (1 - A)g) for any A € [0,1]. Hence
V is convex w.r.t. . The opposite implication follows by reversing the argument. The proofs that

AEM is equivalent to convexity and MTI to affinity of V are analogous. O
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D Supplementary appendices

D.1 Global properties

In this Appendix, we show the effects of imposing some global behavioral restrictions to locally
biseparable preferences. We start by considering a mild condition, called “decomposability,” and
then move on to consider the effects of adding full Monotonicity, a weak type of Certainty Inde-

pendence, and finally a type of ambiguity aversion.

D.1.1 Further preliminaries

We denote by By(Z,T') the set of simple X-measurable functions on § taking value in I' € R. A
functional I : By(Z,T') — R is said to be: monotonic if I1(a) = 1(b) when a = b, continuous if it is
sup-norm continuous, normalized if I1(yls) =7y for all y € I'. I is said to be convex (resp. concave)
if, foralla,be By(Z,T) and all A € [0,1], I(Aa+(1-A)b) < Al(a)+(1—-A)I(b) (resp. [(Aa+(1-A)b) =
Al(a)+ (1 — A)I(b)), affine if it is both convex and concave. A set function p: £ — [0,1] is called a
capacity if it is normalized (p(®) = 0 and p(S) = 1), and monotone (p(A) = p(B) whenever B € A).

Finally, given u: X — R, we define X2, = {(x,y) € X : u(x) = u(y)}.

D.1.2 Decomposable preferences

Consider the following property, which stipulates that two acts be indifferent whenever they are

indifferent state-by-state.

SDESOMAS and Collegio Carlo Alberto, University of Torino, email: paolo.ghirardato@unito.it
TDESOMAS, University of Torino, email: daniele.pennesi@unito.it
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Axiom (Decomposability - D). Forall f,ge %, f(s) ~ g(s) forall s€ S implies f ~ g.

This is a weak form of separability across states, implied by standard Monotonicity. It is called
“indifference substitution” in Grant and Polak (2013). Decomposable but non-monotone prefer-
ences are the Mean-standard deviation preferences of example 2 and the Signed Choquet prefer-
ences of example 3.

Adding Decomposability to the axioms that characterize local biseparability allows us to rewrite
the representation V of > defined on & as the composition V = I o u of the Bernoulli utility z and
a functional I : By(Z, u(X)) — R which describes the DM’s handling of uncertainty. An act f is then
identified with its utility profile u o f and a subjective mixture of acts % fe % g with the mixture of

utility profiles % uof+ %u og.

Proposition 5. = satisfies Axioms P C, D, and there exists an ON event E € X if and only if there
is a representation V of = that can be written as V = I o u, where u : X — R is a t-continuous,
nonconstant function, and I : By(Z, u(X)) — R is a normalized, continuous functional such that for

all binary acts xAy with x = y and A€ ,
I(uo(xAy)) = px,y(Au(x) + (1 - px,y(A))u(y) (11)

for some p: X%, x £ — R such that p,y(E) = pg € (0,1) for all (x,y) € X,, and for some E€X.!

Proof of Proposition 5. For sufficiency, by Corollary 1, B, C, and the existence of an event E that
satisfies ON imply the existence of a cardinally unique non-constant u = V|x representing =
on X. Itis wl.o.g. to choose u s.t. [-1,1] € u(X) < R. Denote by By(Z, u(X)) the subset of
By(X) consisting of simple measurable functions with range in u(X). It is simple to show that
By, u(X)) ={uof: feF}. LetI(uo f) = u(cs) forall f e F. Clearly, uo f = uog, if and only if,
f(s) ~ g(s) for all s € S, by Decomposability, f ~ g and I(uo f) = u(cy) = u(cg) = I(uo g). Hence
I:By(Z, u(X)) — Ris well defined. It is also normalized, pick k € u(X). By assumption, there exists
X € X such that u(x) = k, letting a = k1s, then a = uo f with f = x, I(a) = u(cs) = u(x) = k. To prove
continuity, consider the set L = {a € By(Z, u(X)) : I(a) < k}, and assume it is open. Then there exists
a sequence a, — a, such that I(a,) < k but I(a) > k. It follows that there exists a net f, € &, with

aq = uo fo — uo f =awith I(uo fa) = u(cy,) < u(z) where I(uo z) = u(z) = kand I(uo f) = u(cy) >

! As to uniqueness: p(-) is unique, while if Jo v also represents 3=, with v: X — R and J : By(Z, v(X)) — R, there exist
weR,A>0,such that, v(x) = Au(x) + g, and J(b) = AI(A~' [b—u)) + pfor all b € By(Z, v(X)).
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u(z). Since u represents preferences on X, u(cs,) — u(cy) and u(cy,) < u(z) < u(cy) for all @, con-
tradicts T-continuity of u. Hence, I is lower-semicontinuous. Upper-semicontinuity follows from
a symmetric argument. So I is continuous. Hence, the first part is proved.

For the statements on binary acts, notice first of all that for the ON event E, then by Proposi-

tion 2, V(xEy) = I(uo(xEy)) = ppu(x)+(1—pg)u(y), for some pg € (0,1). So, for any (x, y) € X2, let

ul’

I(uo(xAy))—uly)

L) when u(x) > u(y)

Pxy(E) = pg. Nextforany Ae Z\ E and (x,y) € XLZH, let py,,(A) =
and py,,(A) = % when u(x) = u(y). Therefore, for all A € X, Eq. (11) holds. The uniqueness part
follows from the definition of locally biseparable representation.

The necessity of Axioms P, C and D is straightforward from the properties of u and I. Since

there is an event E € Z such that p ,(E) = pg € (0,1) forall (x, y) € anand Eq. (11) holds, it follows

that >= is E-biseparable. By Prop. 2, E satisfies ON. O

This representation generalizes the one given by CGMMS, as it shows that a Bernoullian and
Archimedean representation of preferences can be obtained by (Decomposability and) a form of
separability on a single event E. It can be seen that the examples provided in Section 4 are all
special cases of the representation in Proposition 5. Notice however that, as I does not satisfy
Monotonicity, the weight p, ,(A) is not necessarily in [0,1] (although it is necessarily in (0,1) for
the event E).

We conclude the dicussion of this case by showing that, when Axiom CB is added to the axioms

in Proposition 5, biseparability holds for all the events in &.

Corollary 2. = satisfies the assumptions of Proposition 5 and CB if and only if there exists a nonempty
set & < X such that the function p : XiT x £ — R obtained in Proposition 5 satisfies: F € & iff

pxy(F)=pre(0,1) forall (x,y) € X, 2

Proof of Corollary 2. 1f = satisfies CB, then for all F € &, = is F-biseparable and by Lemma 1, all
the representations Vy are cardinally equivalent: Vy = Vg = V for all E,F € &. Therefore, if we
consider xFy for F € &, then by Prop. 4, V(xFy) = pru(x) + (1 — pp)u(y), for some pr € (0,1). So,

for any F € & and for any (x, y) € XLZW let py,y(F) = pp. Nextforany A€ Z\& and (x,y) € XLZW let

I(uo(xAy))—uly)
u(x)—u(y)

holds forall Ae >.

Pxy(A) = when u(x) > u(y) and py,,(A) = % when u(x) = u(y). Therefore, Eq. (11)

2The uniqueness properties are those stated in footnote 1, plus uniqueness of &.



To see the necessity of CB, consider E, F € &. Eq. (11), the properties of p ,(-) and Prop. 2 imply
that »= is E- and F-biseparable, and by the uniqueness properties of the biseparable representa-
tion we have ur = u = ug. But then Vg and Vr are cardinally equivalent, so by Lemma 1, E and F

are average-equivalent and hence CB holds. O

D.1.3 Monotone preferences

In this section, we impose the (global) Monotonicity axiom and we derive a fully subjective version

of the Monotone, Bernoullian and Archimedean (MBA) preferences of CGMMS.
Axiom (Monotonicity - M). Forall f,ge &, f(s) = g(s) forallse€ S implies f = g.

This axiom immediately implies monotonicity of the representation V (i.e. f(s) = g(s) for all
s € Simplies V(f) = V(g)), and hence also the fact that p, ,(-) is (non-negative and) a capacity on

2. It is straightforward to adapt to proof of Proposition 5 to obtain the following stronger result:

Proposition 6. = satisfies Axioms B C, M, and there exists an ON event E € X if and only if there is a
representation V of = that can be written as V = I o u, where u: X — R is a T-continuous, noncon-
stant function, and I : By(Z, u(X)) — R is a normalized, continuous and monotone functional such

that for all binary acts xAy withx =y and A€ Z,
I(uo (xAy)) = px,y(Au(x) + (1 — px,y (A) u(y) (12)

for somep: Xzzu x 2 — R such that: 1) py,y() is a capacity on X for all (x, y) € XiT; 2) pxy(E) =pg€

(0,1) forall (x,y) € X7, and for some E € £.°

Proposition 6 also shows that an MBA representation can be obtained without imposing the
Risk Independence axiom with respect to an objective mixture structure. On the other hand,
adding a standard independence property (see Axiom SI in Supp. App. D.4) allows us to prove that
the functional I obtained in Proposition 6 is linear. By standard arguments, we can then prove that
I is an expectation. We thus obtain an alternative axiomatization of subjective expected utility.

As observed in Remark 1, CGMMS show that events A which are unambiguous according

to their definition are such that p(A) = q(A) = py,y(A) = p for all p,q in the set C which rep-

3The uniqueness properties are identical to those stated in footnote 1.
4Thatis, if x, y,z € X and A € [0, 1], then (with + denoting the objective mixture operation)x = y <= Ax+(1-1)z =
Ay+1-2N=z.



resents perceived ambiguity. It is then clear that if A is unambiguous and nontrivial, then = is

A-biseparable (with p(A) = p), so that it follows by Proposition 2 that A satisfies ON.

D.1.4 Stake-independent willingness-to-bet

We now ask when, as in the biseparable preferences of Ghirardato and Marinacci (2001), the ca-
pacity py,y is independent of the payoffs. Since we dropped Certainty Independence, we do not
have constant linearity of the functional I. From a behavioral viewpoint, constant linearity means
that the DM’s valuation of an act is independent of the scale and position of its outcomes. With-
out this property, the DM’s willingness to bet on an event depends on the magnitude of the prizes,
which is often considered a behavioral bias (Bénabou, 2015), but arises naturally in our world.
Adapting the arguments in Section 4.1 of CGMMS, outcome independence is restored by assum-
ing a version of the Certainty Independence axiom that only applies to binary acts.

Let &, be the the set of all binary acts. We require Certainty Independence only on %,:

Axiom (Binary Certainty Independence - BCI). Forall f,g€ %, x€ X, andy € (0,1),
fg=vyfe(l-y)x>yge(l-y)x

A simple adaptation of the argument in Ghirardato and Marinacci (2001, Thm. 9) then yields:

Proposition 7. = satisfies the assumptions of Proposition 6 and BCI if and only if in the represen-

tation obtained in Proposition 6 we have p,,(A) = I(14) forall (x,y) € XiT and forall A€ X.

D.1.5 Ambiguity Hedging and Uncertainty Averse Preferences

One particularly interesting class of monotone preferences is the class of “Uncertainty Averse”
preferences (UAP) axiomatized by Cerreia-Vioglio, Maccheroni, Marinacci, and Montrucchio (2011)
in the AA setting. It generalizes most of the pre-existing models, such as MEU, Variational and
Confidence preferences. The only restriction of the DM’s ambiguity attitude is given by the UA ax-
iom of Schmeidler (1989), which, as discussed in Remark 2, in our context is naturally replaced by
the AH axiom. As discussed in Ghirardato and Marinacci (2002), Ambiguity Hedging is a property
which embodies a strong form of aversion to ambiguity. DMs may display ambiguity aversion

while violating it. (Recent experimental evidence on this is provided by Kuzmics, Rogers, and



Zhang (2019), who find subjects that strictly prefer act f (or g) to an act which in their setting
reproduces the 1/2:1/2 subjective mixture of f and g.)
We start by observing that, in the presence of the axioms of Proposition 2, Axiom AH is equiv-

alent to quasi-concavity of V.

Proposition 8. Let = be a binary relation that has an E-biseparable representation V for some
E € Z. Then, = satisfies Axiom AH if and only if the representation V is also quasi-concave with
respect to ®; that is, forany f,g,h € & such that V(f) = V(h) and V(g) = V(h), and for all A € [0,1],
VAfe1-21)g) = V(h.

Proof of Proposition 8. We start by showing that our axioms imply the following Archimedean
Continuity property: for any f,g,he %, thesets U ={a€[0,1]:afe(1—-a)g = h}and L={a €
[0,1]: h = af & (1 — a)g} are closed. Since all acts in & are simple acts, given f, h,g € & there
is a finite partition I1 that makes all three acts measurable. Moreover, the mixture A f ® (1-A1)g
is measurable w.r.t. to II, for all A € [0,1]. Now, consider a sequence {a,} € U such that a, — a.
Then (a,fe®(1-a,)g) = hforall n, and (a,fe(1-a,)g) — (af ®(1—-a)g). So by Axiom C,
(afe(1-a)g) = h,implying a € U.

Given this property, the quasi-concavity of the functional V obtained in Proposition 2 now
follows from a simple adaptation of the argument in the proof of Lemma 60 in Cerreia-Vioglio

et al. (2011). The opposite direction is standard. O

When we further add the Monotonicity axiom, so that V = I o u as shown in Proposition 6,

Axiom AH is then equivalent to quasi-concavity of I.

Proposition 9. Let = be a binary relation that has a representation (I, u) as in Proposition 6. Then,

= satisfies Axiom AH if and only if the functional I is also quasiconcave.’

Proof of Proposition 9. Given the representation of Proposition 6, Axiom AH is equivalent to I(uo
f)=1I(uog) implies I(uo (3 f ®3g)) = I(uo g). By the properties of ®, we have I(Fuo f+uog) =

I(uo g), so that by induction

k 2"k
I|—=uof+
2n 2n

uog|=I(uog

5The uniqueness properties are identical to those stated in footnote 1.



n=0,1,2,...and 0 < k < 2". The set{zﬁn,n:O,l,Z,...,OskSZ”} is dense in [0, 1], so for all A €

(0,1) it contains a sequence converging to y, namely lim;_, Zij] = y. By continuity of I, for all

A€(0,1),
. kj kj
I(Auo f+(1—-ANuog) :]1L1£10[(ﬁu0f+ (1— 27}) uog) >I(uog)
Then I is quasiconcave. The opposite direction is standard. O

It then follows from the results of Cerreia-Vioglio et al. (2011), that the functional I obtained in

the proposition can be written as follows:

I (o] = i f (o] ,
(uo f) péIAl(S)G(fu fdap P)

where G : u(X) x A(S) — (—00,00] is linearly continuous.® So Proposition 9 provides a fully subjec-

tive axiomatization of UAP.

D.2 Trivial events and the cardinality of the representation

In Section 3.2, we argue that the existence of an event which satisfies the ON property is necessary
for Definition 1 to correctly identify utility midpoints. Here we prove more generally that the exis-
tence of nontrivial uncertainty is necessary to obtain the cardinality of utility via a biseparability
property like Eq. (3) (formalizing an insight of Ellsberg (1954); see also Remark 8 in Ghirardato
and Marinacci (2001)). For, when all events are either null or universal a representation satisfying

Eq. (3) is not cardinal, even if the preference satisfies Axioms P and C.

Fact 2. Suppose that = satisfies Axioms P and C. If all events in X are either null or universal,
then any functional V : & — R representing = is such that for all x > y and all A€ Z, V(xAy) =

pAVX)+ 1 -pA)V(y), withp(A) =0 if Ais null and p(A) =1 if A is universal.

Proof of Fact 2. Given P and C, Lemma 3 implies that for each f € & there exists x € X with x ~ f
and denote it ¢y. By standard arguments, there exists a continuous u : X — R representing =
on X, unique up to a monotonic nondecreasing transformation. Define V : & — R as V(f) =
u(cr). Then, V represents >=. Consider A € X and x > y, then, either xAy ~ x or xAy ~ y. In the

former case, V(xAy) = V(x), so, letting p(A) = 1, we have V(xAy) = p(AV(x)+ (1 -p(A)V(y). A

6A function G: T x A(S) — (—o0,00] with T € R is said to be linearly continuous if the map a — infyeacs) G([ adp, p)
from By(Z, T) is extended-valued and continuous.



similar argument holds for the latter case with p(A) = 0. Clearly, V is unique up to a monotonic

nondecreasing transformation and p(A) € {0,1} forall A€ X. O

That s, any representation V of = satisfies Eq. (3) (with p € {0,1}). But then so do its monotonic

increasing transformations.

D.3 Calculations for example 1

Let S = {s1, s2}, X =1[0,10], u(x) = x hence u(X) = [0,10], and define
V(XEy) = 1yx=5[0.3x+0.7y] + Ly>5[pxu(x) + (1 — px) yl
with p, = 0.2+ 0.02(10 — x). We first show that the preference represented by V satisfies betwise

monotonicity. There are three cases to check:

e (5=1x,),2): Then V(xEz) =0.3x+0.7z, hence x = yifand only if xEz >= yEz for all x, y = z.

Ifz>x,y, V(zEx) =0.3z+0.7x and x >= y ifand only if zEx = zE}y.

* (x>5=2y): V(xEz) = pyx+(1—-py)zand V(yEz) = 0.3y + 0.7z for all x, y = z. For x = 10,

0.2-10+0.82=20.3y+0.7z,forallz< y <5. Forx=5,0.3-5+0.72=20.3y+0.7z forall z < y < 5.

* (x,y>5): V(xEz) = pxx+(1—pyx)zand V(yEz) = pyy+(1—py)zforall x,y = z. Letx ;= y
and we need to prove V(xEz) — V(yEz) = pxX— pyy + z(py — px) = 0, By definition p, = p,,
so it is sufficient to prove p,x—pyy =0, but this can be verified applying the definition of p

and p,.

The preference = violates ordered bisymmetry. For instance, take x > 5 and z,z’ < 5 such that

CxEz Cxgz > 5. Then, for z > z':

V(CszECz’Ey) = Pcyps (pxx+ 1- px)Z) +(1- pchZ)(O-?)ZI + 07)’)

AN

Pe s (PxX+1=-p)2)+1-pc, )(0.32+0.7y)

V(Csz’ECzEy)



With x =7,z=6,2' =5,y =3, V(xEz) =0.26-7+0.74-6 = 6.26, V(ZEy) =0.3-5+0.7-3 = 3.6,

V(xEZ')=0.26-7+0.74-5=5.52, V(zEy) =0.28-6 +0.72-3 = 3.84. Thus,

V(cxgzEcz Ey) =pe.26 V(XEZ) + (1 — pg.26) V(Z'Ey)
=0.2748-6.26 +0.7252-3.6
=4.3302
#4.3265
=0.2895-5.52+0.7105-3.84
=p552V (XEZ') + (1 - p5.52) V(2EY)

=V (cxez ECzEy)

a violation of bisymmetry.

D.4 MTI and Independence

Here, we show that Proposition 3 implies that Axiom MTT is (in the presence of the other axioms)

equivalent to the adaptation to subjective mixtures of the standard independence axiom:

Axiom (Subjective mixture Independence - SI). Forall f,g,he &% andall A €10,1],

frg=Afe(l-Nh=Aged-Ah (13)

Corollary 3. Given a locally biseparable preference, it satisfies Axiom MTI if and only if it also sat-

isfies Axiom SI.

Proof of Corollary 3. If MTT holds, u(cyrea-1g) = uldcy® (1—A)cg) = Aulcr) + (1 —A)ulcg). So, by
the definitionof V, V(Af & (1-1)g) = AV(f) + (1 -A)V(g). Suppose now that f > g. Then, u(cy) =
u(cg) and therefore Au(cy) + (1 — AN ulcp) = Au(cg) + (1 — D ulcy) for any A € [0,1] and any h € &.
By definition of subjective mixture, u(Acy & (1—A)cp) = u(Acg @ (1 —A)cp); by MTI, ulcarea-ayn) =
u(Acro(1-2A)cp) = u(Acg® (1-A)cy) = ulcage-an), and therefore Af @ (1-A)h = Age (1-A)h. If
SI'holds, then P and the definitions of c¢, cg imply A f&(1-1)g ~ Acp@(1-1) g ~ Acpo(1-A)cg. O

Axiom MTI is weaker than the original AA’'s Reversal of Order. Indeed, MTI does not imply



“reduction of compound lotteries" (ROCL) even when outcomes are objective lotteries, X = A(Z).
In the original AA’s setting with an objective mixture operator +, ROCLis a6, +(1-a)d, ~ ap+(1-
@)q. AA's Reversal of Order implies ROCL. However, with MTL, aé, + (1 -a)dg=ap &, (1-a)q ~
apo(l-a)g#ap+(1-a)q.

That is, = represented by V can satisfy MTI but V(f) # Y s zcz W(2) f(s)(2) p(s), where

f(s)(2) is the probability assigned to z by the lottery f(s).

D.5 Additional examples for Subsection 5.2

Another stark example of a preference which satisfies Eq. (8) globally is the following. Let X =R, .,
u(x) =Inx, and V(f) = Ep[In(f)], for some p € A(S). It is natural to interpret V as an expected
utility preference with a logarithmic Bernoulli index, hence not sensitive to ambiguity. However,
as it satisfies Axiom UA, it would traditionally be interpreted as reflecting aversion to ambiguity.
Finally, we have an example of a locally biseparable preference which satisfies Eq. (9). Suppose
= is a locally biseparable preference represented by a V with u(x) = e*, but that for some event

A€ Z, = isnot A-biseparable. Specifically, suppose that for any x = y,
V(xAY) = pix,y (A u(x) + (1 — o, 1 (A) u(y)

with pyy,y;(A) = 0.5 whenever x — y > 2 and pyy,y(A) = 0.64537 when x — y < 2. Consider now
x =4,y =1 and z = 3.35544. Then, given f = xAy and g = z, we have f ~ g, since V(xAy) =
0.5e*+0.5¢! = €33%54 = y(z). On the other hand, we have that V(3 f+1 ) = 0.64537-¢(24+33:35544) |
0.35463 - ez1+33:3554) = (33554 = yy(z) = V(f), while V(1f ® 1g) = 0.64537- (Le* + 1e33554) 4

0.35463 - (%e1 + %63'35544) = 347905 5 ¢3:3554 g4 we have
1 1 1 1
—f+-g~ and —fe-g>
Sf+38~8 Sfes8>8

D.6 A general framework for mixtures of menu-acts

We now briefly show that our approach to subjective mixtures can also be used in settings where
acts map states of the world to menus of consequences. Such settings can be used to model,

among others, preference for flexibility Dekel, Lipman, and Rustichini (2001, henceforth DLR),
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dynamic (in)consistency due to temptation and other behavioral problems (Gul and Pesendor-
fer, 2001), or costly learning about the decision framework (e.g. Ergin and Sarver, 2010). Our ap-
proach allows us to provide a more general theory, as it does not restrict subjective states to be
vNM expected utilities, even though we impose some limits on the DM’s preference for flexibility.
An advantage of this approach is the possibility of replacing the Independence axiom, which is
common in models of menu-choice (e.g. DLR, Gul and Pesendorfer, 2001; Dekel, Lipman, and
Rustichini, 2009), with a more transparent assumption concerning subjective mixtures.

Working in the setting described in Section 2, we follow Nehring (1999) and Ghirardato (2001)
and let acts be maps f: S — &', where £ is a suitably chosen family of non-empty subsets of X
(called menus). We impose first of all Axiom P, thus asking the DM to be able to rank all acts in &.
Call crisp any act f such that f(s) is a singleton for all s € S; i.e., a traditional Savage act. Denote

by &, the set of all crisp acts. The next axiom is our key assumption on preferences:
Axiom (Crisp Equivalence - CE). Forall Ae %, there exists x € X such that x ~ A.

Using intuitive notation, we denote by c4 the crisp equivalent of menu A. It should be ob-
served that we are not making specific assumptions on the relation between c4 and the elements
of A: ¢4 could belong to A, as it is the case for instance in the Desire for Commitment axiom of
Dekel et al. (2009) or in the Contingencywise Dominance axiom of Ghirardato (2001), but that is
not necessary. Yet, as mentioned above, Axiom CE limits the scope of the DM’s preference for
flexibility by ruling out preference orderings which rank some menu above all singletons.’

If we add Axiom D to Axioms P and CE, we obtain that for any f € &, there is a crisp act
fe € &, such that f. ~ f. Because of this result, if we now impose Axioms C and CB (restricted
to the set %), we can follow the steps in the previous sections to endow % with a subjective
mixture structure defined by % feo® % g, for every f, g € &. This structure allows us to recast in our
framework existing axiomatizations, providing a fully subjective representations of preferences
over menu-acts.

One issue that arises in this context is how to define subjective mixtures of menus. On one
hand, given two menus A, B € £ and our notion of subjective mixture &, we can follow DLR in
defining the mixture & of A and B as follows: A A®(1-AN)B={Axe(1-A)y:xc€ A yeB}; ie, a

menu consisting of the z € X that are subjective mixtures of elements of A and B. On the other

"This does not rule out preference for flexibility altogether. For instance, Kreps (1979)’s model of preference for
flexibility is compatible with Axiom CE.

11



hand, treating A and B as constant acts, we can also employ a mixture operation in the spirit of
Section 5.1, Acy @ (1 — A)cp. In general, these two notions of (subjective) menu mixture will be
different. However, there is a natural restriction on preferences which makes them equivalent:

Axiom MTI for constant menu-acts.

Axiom (Menu Mixture Timing Indifference - MMTI). Forall A,Be % andall A € [0,1],

ACAGB(I—/UCB ~AA®(1-A1)B (14)

The discussion of axiom MTI in the previous section applies mutatis mutandis: the evaluations
of A and B (i.e., determining their crisp equivalent) are performed separately, and they are also
performed separately from the act of evaluating their mixture.

To provide a more structured interpretation, we recall that preferences over menus are typi-
cally used to model situations where the DM may not perfectly know —say, because of “unfore-
seen contingencies"— her future tastes (see, e.g., DLR). That is, the DM faces two types of uncer-
tainty: the objective states (described by s € S) as well as “subjective states” that correspond to
her final preference orderings. There are therefore two notions of “timing” that one can envision:
timing with respect to the resolution of the objective uncertainty, and timing with respect to the
resolution of the “subjective-state” uncertainty. Axiom MTI in Subsection 5.1 stipulates that the
DM be indifferent between (subjective) mixtures that are resolved before the observation of s and
mixtures that are resolved after the observation of 5.2 Symmetrically, Axiom MMTI requires that
the DM be indifferent between mixtures that resolve before (left-hand side) and after (right-hand
side) the “realization” of the DM’s “subjective state.” The indifference in MMTI can also be inter-
preted as “neutrality to contingent planning,” in the spirit of Ergin and Sarver (2010). Indeed, the
left-hand side of the indifference does not entail the anticipation of (state-contingent) second-
period choice, since it is the mixture of two singletons. In contrast, the evaluation of the mixture
of two menus in the right-hand side forces the individual to consider second-period choice con-
tingent on each subjective state.

Reasoning along the same lines as Corollary 3, it is simple to show that imposing Axiom MMTI
is equivalent to requiring that the DM satisfies DLR’s Independence Axiom with respect to (either

notion of) menu mixtures. The advantage of MMTI lies in its more direct interpretation. DLR

80nce again, our reference to timing in discussing subjective mixtures is purely suggestive.
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observe that in their setting with a given objective mixture structure, the Independence Axiom
forces the DM to be indifferent between objective ex-ante and ex-post randomization, thus re-
stricting their “subjective states” to expected utility preferences. In contrast, in our setting one
could obtain a fully subjective DLR-style representation. In such representation, the “subjective
states” would be preferences whose representing utilities are not necessarily affine (i.e. non-EU)
with respect to an objective mixture structure, but are affine with respect to the subjective mixture
structure @. Thus, the adoption of subjective mixtures allows for a wider scope of representations,
even in the presence of strong separability conditions like Axiom MMTTI.

Our approach also allows weakening the DLR independence axiom, hence non-indifference
towards the timing of randomization. Analogously to Subsection 5.1, relaxations of MMTI which
capture preference for early or late randomization are directly mapped to global properties (i.e.
concavity and convexity) of the representation. For example, following Ergin and Sarver (2010),

consider the function:

u(A) = maxf max[E,(U|G) (W) () pldw) - c(G) (15)
Ge¥ Jq x€A

where A€ £ and w € Q is a “subjective state” a la DLR, which entails the preference representa-
tion U(w)(:) on X. Each G € ¥ represents a contemplation strategy (i.e., a o-algebra of the subjec-
tive state space Q) and, given the subjective probability y € A(Q), E,(U|G) (w)(x) is the conditional
expectation of U(w)(x) with respect to u and the o-algebra G. In a setting with objective random-
ization +, Ergin and Sarver (2010) show that a preference over menus represented by Eq. (15) with
convex u is characterized by a form of translation invariance and the following property, dubbed
“Aversion to Contingent Planning”: for all A,B€ #, A~ B implies A’> AA+(1-1)B.

In our subjective mixture setting, the convexity of u can be guaranteed by a single axiom relax-
ing MMTI which can be analogously interpreted as aversion to contingent planning: a preference
for early mixture Acy @ (1 - A)cp = AAd(1 — 1) B. Moreover, as for the extension of DLR discussed

above, in our setting subjective states are not necessarily EU preferences.

13



References

Roland Bénabou. The economics of motivated beliefs. Revue d’économie politique, 125(5):665—

685, 2015.

Simone Cerreia-Vioglio, Fabio Maccheroni, Massimo Marinacci, and Luigi Montrucchio. Uncer-

tainty averse preferences. Journal of Economic Theory, 146(4):1275-1330, 2011.

Eddie Dekel, Barton L Lipman, and Aldo Rustichini. Representing preferences with a unique sub-

jective state space. Econometrica, 69(4):891-934, 2001.

Eddie Dekel, Barton L Lipman, and Aldo Rustichini. Temptation-driven preferences. The Review

of Economic Studies, 76(3):937-971, 2009.

Daniel Ellsberg. Classic and current notions of "measurable utility". The Economic Journal, 64

(255):528-556, 1954.

Haluk Ergin and Todd Sarver. A unique costly contemplation representation. Econometrica, 78(4):

1285-1339, 2010.

Paolo Ghirardato. Coping with ignorance: unforeseen contingencies and non-additive uncer-

tainty. Economic Theory, 17(2):247-276, 2001.

Paolo Ghirardato and Massimo Marinacci. Risk, ambiguity, and the separation of utility and be-

liefs. Mathematics of Operations Research, 26(4):864-890, 2001.

Paolo Ghirardato and Massimo Marinacci. Ambiguity made precise: A comparative foundation.

Journal of Economic Theory, 102(2):251-289, 2002.

Simon Grant and Ben Polak. Mean-dispersion preferences and constant absolute uncertainty

aversion. Journal of Economic Theory, 148(4):1361 — 1398, 2013.

Faruk Gul and Wolfgang Pesendorfer. Temptation and self-control. Econometrica, 69(6):1403—

1435, 2001.

David M Kreps. A representation theorem for “preference for flexibility". Econometrica, 47(3):

565-577, 1979.

Christoph Kuzmics, Brian Rogers, and Xiannong Zhang. Is Ellsberg behavior evidence of ambigu-

ity aversion? SSRN Paper 3437331, 2019.

14



Klaus Nehring. Preference for flexibility in a Savage framework. Econometrica, 67(1):101-119,

1999.

David Schmeidler. Subjective probability and expected utility without additivity. Econometrica,

57(3):571-587, 1989.

15



