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Abstract

This paper analyzes a model of decision under ambiguity, deemed vector expected utility or VEU.
According to the proposed model, an act f: Q2 — X is evaluated via the functional

V(f)=f uofdp+A (J uOfdm),
Q Q

where u : X — R is a von Neumann-Morgenstern utility function, p is a baseline probability measure,
f q U o fdmisa adjustment vector of finite or countably infinite dimension, whose i-th component is
the Lebesgue integral f u o f dm; of the real function u o f with respect to a signed measure m; on 2,
and the function A is symmetric about zero: A(p) = A(—y). The signed measures (m,)o<i<, encode
the possibility that ambiguity about certain events may (partially) “cancel out.” The adjustment term
A( f u o f dm) reflects the variability of the act f around its baseline expected utilityf uo fdp.

A behavioral characterization of the VEU model is provided. Furthermore, an updating rule for
VEU preferences is proposed and characterized. The suggested updating rule facilitates the analysis
of sophisticated dynamic choice with VEU preferences.

1 Introduction

The issue of ambiguity in decision-making has received considerable attention in recent years, both
from a theoretical perspective and in applications to contract theory, information economics, finance,
and macroeconomics. As Daniel Ellsberg [13] first observed, individuals may find it difficult to assign
probabilities to certain events when available information is deemed scarce or unreliable. In these cir-
cumstances, agents may avoid taking actions whose ultimate outcomes depend crucially upon the re-

alization of such ambiguous events, and instead opt for “safer” alternatives. Several decision models
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have been developed to accommodate these patterns of behavior: these models represent ambiguity via
multiple priors (Gilboa and Schmeidler [25]; Ghirardato, Maccheroni and Marinacci [22]), non-additive
beliefs (Schmeidler [48]), second-order probabilities (Klibanoff, Mukerjee and Marinacci [34]; Nau [41];
Ergin and Gul [17]), relative entropy (Hansen and Sargent [29]; Hansen, Sargent and Tallarini [30]), or
variational methods (Maccheroni, Marinacci and Rustichini [37]).

This paper proposes a decision model that incorporates key insights from Ellsberg’s original analysis,
as well as from cognitive psychology and recent theoretical contributions on the behavioral implications
of ambiguity. According to the proposed model, the individual evaluates uncertain prospects, or acts,
by a process suggestive of anchoring and adjustment (Tversky and Kahneman [56]). The “anchor” is the
expected utility of the prospect under consideration, computed with respect to a baseline probability,
the “adjustment” depends upon its variation away from the anchor at states that the individual deems

ambiguous. Formally, an act f, mapping each state w € Q2 to a consequence x € X, is evaluated via the

V(f)=fu0fdp+A(Juofdm). 1
Q Q

In Eq. (1), u : X — R is a von Neumann-Morgenstern utility function; p is a baseline probability on Q;

functional

fQ u o fdmis a adjustment vector of finite or countably infinite dimension, whose i-th component is
the Lebesgue integral f u o f dm; of the real function u o f with respect to a signed measure m; on £;
and A is a symmetric function: A(—¢) = A(¢) for every vector ¢. I deem the proposed model vector
expected utility, or VEU. The main result of this paper is a behavioral characterization of preferences that
conform to the VEU model; an analysis of updating and dynamic choice for this family of preferences is

also provided.

Three key features of the VEU representation are worth emphasizing. First, prospects are evalu-
ated by means of a baseline prior, adjusted to account for ambiguity. Hillel Einhorn and Robin Hogarth
[11, 12, 31] were the first to propose such an anchoring-and-adjustment strategy as a plausible approach
to decisions under ambiguity. The cited papers explore the implications of this strategy in a series of ex-
periments, dealing primarily with choice among binary lotteries. Ellsberg’s seminal paper also suggests
that, when faced with an ambiguous choice situation, “by compounding various probability judgments
of various degrees of reliability, [the individual] can eliminate certain probability distributions over states
of nature as ‘unreasonable,” assign weights to others and arrive at a composite ‘estimated’ distribution”
([13], p. 661; italics added for emphasis). Additional contributions emphasizing the role of reference
priors will be discussed in §5.1.

Second, decomposing the adjustment term in Eq. (1) into a suitable function A(-) and a collection
(m;)o<i<n of signed measures provides a direct, explicit representation of eventwise complementarity—
a key behavioral feature of ambiguous events highlighted in the analysis of Larry Epstein and Jiankang

Zhang [15]. To illustrate this notion and provide a simple application of the decision model of Eq. (1),



consider Ellsberg’s three-color urn experiment. A ball is to be drawn from an urn containing 30 red balls,
and 60 blue and green balls; the proportion of blue vs. green balls is unknown. Denote by f&r, f5, fre, fBc
the acts that yield $10 if a red (resp. blue, red or green, blue or green) ball is drawn, and $0 otherwise. As

reported by Ellsberg, the modal preferences are

fr=fp and frc = fBG- )

Epstein and Zhang suggest that “[t]he intuition for this reversal is the complementarity between G and
B—there is imprecision regarding the likelihood of B, whereas { B, G} has precise probability 5" ([15], p.
271). The proposed model enables a representation of the preferences in Eq. (2) that closely matches
this interpretation: let p be uniform on the state space Q = {R, G, B}, assume w.l.o.g. that u is linear, and

let mg be the signed measure given by

MR =0, mo{BY)=2, moiG)=~.

Finally, let A(¢) = —|¢| for every ¢ € R. Thus, in this example, n = 1: one-dimensional adjustment
vectors suffice. The interpretation of the adjustment measure m is as follows: since A(my({G})) =
A(mo({B}), G and B are “equally ambiguous”; however, my({G}) + mo({B}) = 0, so their ambiguities
“cancel out.” This algebraic cancellation corresponds to Epstein and Zhang’s notion of complementar-
ity. It is then easily verified that V(fr) = %, V(fB)=0, V(frc)= 13—0 and V(fpg) = 23—0, consistently with the
preferences in Eq. (2).!

Third, the symmetry property of the functional A (that is, the requirement that A(y) = A(—¢) for
all vectors @) supports the intuition that the adjustment applied to the baseline expected-utility (EU)
evaluation of an act f is related to the variability, or dispersion, of the outcomes delivered by f at dif-
ferent states. In economic applications of decision models reflecting a concern of ambiguity, interesting
patterns of behavior often arise out of the agents’ desire to reduce outcome or utility variability (usually
referred to as “hedging” or “utility smoothing”); for instance, see Bose, Ozdenoren and Pape [5], Epstein
and Schneider [14], Ghirardato and Katz [21], or Mukerji [40]. Indeed, Schmeidler [48] suggests that “am-
biguity aversion” can be defined as a preference for “smoothing or averaging utility distributions” [48,
p. 582]; other authors have further investigated this and related hedging-based characterizations of am-
biguity attitudes (for instance, Chateauneuf and Tallon [7]; Gilboa and Schmeidler [25]; Klibanoff [33];
Kopylov [36]; Maccheroni, Marinacci and Rustichini [37]). Thus, outcome or utility variability plays a key
role in the evaluation of acts under ambiguity; the VEU representation makes this role explicit.

To elaborate, recall that virtually all classical measures of variability or dispersion for random vari-

ables, such as the variance and mean absolute deviation, the range?, Gini’s mean difference (cf. e.g.

1 For instance, V(fRG):10-§—|10~0+0-§+10- (—§)|:§—|—%|:13—0.

2As well as the interquantile range for continuous random variables.



Yitzhaki [58]), or the peakedness ordering (Bickel and Lehmann [4]), are invariant to translation and sign
changes: for any constant ¢, the random variables Y and ¢ —Y are considered to be equally dispersed. In-
tuitively, these measures reflect the extent of deviations from a reference point, or across different states,
rather than the direction of these deviations, or the location of the reference point itself.

In a decision setting a la Anscombe-Aumann [1], this invariance property may be translated as fol-
lows. Say that two acts f and f are complementary if their 50%:50% mixture is a constant act; it is easy
to see that, for a suitable constant c, the utility profiles of f and f satisfy u o f = ¢ — u o f. Thus, com-
plementary acts exhibit the same utility or outcome variability according to classical measures. Hence,
if adjustments to the baseline evaluation of acts reflect their variability, then complementary acts should
receive the same adjustment. The symmetry property of the functional A ensures that this is the case.?
The main novel axiom in this paper, Complementary Independence, is chiefly responsible for this sym-
metry property.

One additional consequence of this property, and indeed of the Complementary Independence ax-
iom, deserves special emphasis. Symmetry implies that adjustment terms cancel out when comparing
two complementary acts using the VEU representation in Eq. (1); thus, the ranking of complementary
acts is effectively determined by their baseline EU evaluation. Conversely, preferences over complemen-
tary acts uniquely identify the baseline prior: there is a unique probability p and a cardinally unique
utility function u such that, for all complementary acts f and f, f = f iff f uofdp> f u o fdp. Thus,
baseline priors have a simple behavioral interpretation in the present setting: they provide a represen-
tation of the individual’s preferences over complementary acts. This implies that, under Complementary
Independence, the baseline prior is behaviorally identified independently of other elements of the VEU

representation; Sec. 4.4 elaborates on this point.

It is worth emphasizing that the functional representation in Eq. (1) is flexible enough to accommo-
date a broad range of attitudes towards ambiguity, while at the same time allowing for numerical and
analytical tractability. The preferences in the preceding example display ambiguity aversion as defined
by Schmeidler [48]; correspondingly, the adjustment function A is non-positive and concave. As will be
shown in Sec. 4.1, a non-positive, but not necessarily concave adjustment function instead characterizes
ambiguity aversion in the more general sense of Ghirardato and Marinacci [24]. Indeed, the VEU model
can accommodate even more complex attitudes towards ambiguity; for instance, Sec. 4.5 provides a
simple, tractable (in particular, differentiable) representation of VEU preferences that exhibit ambiguity
appeal for small stakes and ambiguity aversion for large stakes—a pattern that has been documented in

experiments (e.g. Hogarth and Einhorn [31], Koch and Schunk [35]).

This paper also proposes a possible updating rule for VEU preferences, and provides a behavioral

3To further elaborate, recall that the signed measures (m;)o<i<, in the VEU representation are assumed to satisfy m,(Q) = 0;
thus, if f and f are complementary, [ u o f dm=— [ u o f dm. Since A is symmetric, A (f uo fdm) =A U uo fdm)
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characterization. Consider an individual with VEU preference, represented by a baseline prior p, a col-
lection of signed measures (m;)o<i<n, and a functional A as in Eq. (1). Then, under suitable assumptions,
upon learning that an event E has occurred, the individual again holds VEU preferences; her baseline
probability is the standard Bayesian update p(:|E) of p, she employs the same adjustment functional A,
and the i-th updated signed measure mg ; is obtained from the corresponding measure m; by letting

mg,i(F)=mi(FNE)+ p(F|E)- m;(Q\ E)

for all events F. This characterization makes it possible to analyze sophisticated choice in dynamic de-

cision problems using a recursive formulation: this observation is developed in Sec. 4.2.

The paper is organized as follows. Section 2 provides preliminary definitions and results. Section 3
presents the main characterization result. Section 4 contains additional results and examples. Finally,
Section 5 discusses the related literature (§5.1), as well as additional features and extensions of the VEU

representation (§5.2). All proofs, as well as additional technical results, are in the Appendix.

2 Preliminaries

2.1 Adjustment Tuples and Vectors

Consider a set 2 (the state space) and a sigma-algebra ¥ of subsets of Q2 (events). Adopt the following
conventional notation: for any interval I' C R, By(3,I') is the set of bounded, >-measurable simple func-
tions on 2 taking values in I', and B(%,I') is its sup-norm closure; if I' = R, these sets will be denoted
simply as By(2) and B(X). The collection of bounded, countably additive measures on ¥, is denoted by
ca(X), whereas ca;(¥) indicates the set of countably additive probability measures on (12, X).

As noted in the Introduction, the VEU representation employs collections of signed measures to en-
code adjustments to the baseline EU evaluation of acts. Such “adjustment measures” are normalized so
as to reflect the fact that the empty event ) and the certain event Q2 are not subject to ambiguity. These
collections can be finite or countably infinite; in the latter case, adjustment measures are also required
to be uniformly bounded and uniformly continuous. The following definition provides the details, and
introduces additional, useful notation. Observe that, by Theorem 3.1, if the state space (2 is finite, then

VEU preferences can always be represented using finitely many adjustment measures.
Definition 1 An adjustment tuple of size n € 7. U {oo} is a collection m = (m;)o<i<n C ca(X) such that
1. mi(Q)=m;0@)=0rfor0<i<n;

2. for every E € ¥ there exists N(E) € R such that|m;(E)| < N(E) for0<i < n; and



3. for all sequences (Ey)ix>o C X with Ex D Ey4; forallk >0 andﬂk Ex =0, supg<;,, |mi(Ex)| — 0.

Denote the set of adjustment tuples of size n by M™(X). For every a € B(X) and m = (m;)o<i<n € M™(X),
define the adjustment vector f adm byf adm=0ifn=0, and

J adm= (J adm,-)
0<i<n

otherwise. For any interval ' C R, the range of m andT is the set Ry(m,T") = {f adm:a € By(%, 1")},

Observation: adjustments as vector measures. Every adjustment tuple m = (m;)o<i<, defines a count-
ably additive set function rz on X taking values in the Banach space £, of supnorm-bounded rn-vectors;
that is, iz is an {2, —valued vector measure (cf. e.g. Dunford and Schwartz [10], §IV.10). Furthermore, for
every function a € B(Y), the (real-valued) vector f a dm defined above coincides with the vector integral
of a with respect to riz (cf. [10], pp. 322-323). In other words, f a dmmay equivalently viewed as a collec-
tion of scalar integrals, or as the integral of a with respect to a vector-valued measure. This connection is
made precise in Sec. A.1 of the Appendix; however, it is worth emphasizing that the results in this paper

do not depend upon the mathematics of vector measures.

2.2 Decision Setting and VEU representation

Consider a convex set X of consequences (outcomes, prizes). As in Anscombe-Aumann [1], X could
be the set of finite-support lotteries over some underlying collection of (deterministic) prizes, endowed
with the usual mixture operation. Alternatively, the set X might be endowed with a subjective mixture
operation, as in [6] or [23].

Next, let Ly be the set of simple acts on the state space (€2, ), i.e. the family of >-measurable functions
from 2 to X with finite range. With the usual abuse of notation, denote by x the constant act assigning
the consequence x € X to each w €. The main object of interest is a preference relation = on L.

A precise definition of the VEU representation can now be provided. The following notation is useful:

for a function u : X - R, u(X)={u(x): x € X}; also, 0,, denotes the zero vector in R” (0 < n <00).

Definition 2 A tuple(u, p,n, m,A) is a VEU representation of a preference relation = on L if
1. u:X— R isnon-constant and affine, p € ca,(X), n € Z4 U {oo} and m € M"(X);
2. A:Ro(m, u(X))— R satisfies

(a) for all sequences (*)r>o C Ro(m, u(X)) such that supy<;, |¢*| =0, A(p*)—0;
(b) forall p € Ro(m, u(X)), A(p)=A(—p);



3. foralla,b € Bo(%, u(X)), a(w) > b(w) for all w € Q implies [ adp+A([ adm)> [ bdp+A([ bdm);

and, for every pair of acts f, g € Ly,

frg © Juofdp+A(fuofdm)2Juogdp—l—A(fuogdm). (3)
Q Q Q Q

Condition 2(a) implies the normalization A(0,) =0 (take c,ok =0y, for all k): if all ambiguity about an
act cancels out, then there is no adjustment to the baseline evaluation. Therefore, for general sequences
converging to 0,, this condition imposes supnorm-continuity at the origin. Condition 2(b) is the central
symmetry assumption discussed in the Introduction (cf. in particular Footnote 3).

Condition 3 ensures monotonicity of the VEU representation. Simple examples show that mono-
tonicity necessarily involves a joint restriction on p, m and A.* In many cases of interest, easy-to-check
necessary and sufficient conditions can be provided: see Appendix A.2 for details.

It is useful to point out that the functional A, and hence the entire VEU representation, is not re-
quired to be positively homogeneous. This makes it possible to accommodate, for instance, members
of the “variational preferences” family studied by Maccheroni, Marinacci and Rustichini [37] that satisfy
the key symmetry requirement of this paper; furthermore, it enables differentiable specifications of the
adjustment functional A, which would otherwise be precluded.

Finally, it is convenient to define a notion of “parsimonious” VEU representation. This is motivated
by the decision-theoretic notion of “crisp acts” due to Ghirardato, Maccheroni and Marinacci [22]. Say
that an act f € L is crisp if, for every x € X that satisfies f ~ x, and for every g € Ly and A €(0, 1],

Ag+H(1-A)x~Ag+(1-A)f. 4)

That is, a crisp act “behaves like its certainty equivalent”: in particular, as discussed in Ghirardato et
al. [22], it does not provide a “hedge” against the ambiguity that influences any other act g.> Constant
acts are obviously crisp; correspondingly, any VEU representation of the preference = assigns them the
zero adjustment vector. Since crisp acts behave like constant acts, it seems desirable to ensure that their

associated adjustment vector also be zero. This is the key requirement of the following definition.

Definition 3 A VEU representation (u, p, n, m,A) of a preference relation = on Ly is sharp if

1. foranycrisp act f € Lo,qufdm=0n; and

“Refer to the three-color-urn example in the Introduction, and let f} be a bet that yields 20 dollars if B obtains; since A(¢)=
—|el, A(f frdm) < A(f fsdm), even though ffl’3 am= % > 13—0 = ffg dm. Taking A(y) = |¢| instead shows that no general
assumption may be made regarding the direction of monotonicity for A alone.

5The present definition is weaker than the one provided by [22]: in particular, it allows for preferences that do not have a

positively homogeneous representation. The two definitions are equivalent if positive homogeneity holds.



2. if(u’,p’,n’,m’,A’) is another VEU representation of = that satisfies Condition 1, then n’ > n.

As an immediate and intuitively appealing implication of Condition 1, note that, for an EU preference,
all acts are crisp; thus, the unique sharp VEU representation of an EU preference features n =0, i.e. an
empty adjustment tuple.

It is sometimes convenient to employ VEU representations that are not sharp: see, for instance, the
analysis of updating in Sec. 4.2. However, a notion of sharp representation provides a way to assess the
complexity of the complementarity patterns that the individual perceives among ambiguous events. Ex-

ample 1 in the following section provides a simple application of these ideas, and a geometric intuition.

3 Axiomatic Characterization of VEU preferences

It will be useful to assume that (€2, %) is a standard Borel space (Kechris [32]): that is, X is the Borel sigma-
algebra generated by a Polish topology 7 on €. This is best viewed as a structural assumption on the
sigma-algebra >_: the generating topology 7 plays no role in the analysis. All finite and countably infinite
sets, as well as all Borel subsets of Euclidean n-space, are standard Borel spaces, as are many spaces of
functions that arise in the theory of continuous-time stochastic processes.

Mixtures, or convex combinations of acts are taken pointwise: for every pair of acts f, g € Ly and for

any a €[0,1], af +(1—a)g is the act assigning the consequence a f(w)+(1 — a)g(w) to each state w € Q.

Axioms 3.1-3.4 are standard:
Axiom 3.1 (Weak Order) = is transitive and complete.
Axiom 3.2 (Moneotonicity) Forall acts f, g € Ly, f(w) = g(w) for all w €2 implies f = g.

Axiom 3.3 (Continuity) Forall acts f,g,h € Ly, thesets{a€[0,1]:af+(1—a)g = h} and{ae[0,1]: h =
af+(1—a)g} are closed.

Axiom 3.4 (Non-Degeneracy) Notforallf,g< Lo, f = g.

Next, a weak form of the Anscombe-Aumann [1] Independence axiom, due to Maccheroni, Marinacci

and Rustichini [37], is assumed.

Axiom 3.5 (Weak Certainty Independence) Forall acts f,g € Lo, x,y € X anda<(0,1):af +(1—a)x =
ag+(1—a)x impliessaf+(1—a)y =ag+(1—a)y.

Loosely speaking, preferences are required to be invariant to translations of utility profiles, but not to

rescaling (note that the same weight « is employed when mixing with x and with y). As discussed in [37],



this axiom weakens Gilboa and Schmeidler [25]’s Certainty Independence, which requires invariance to
both translation and rescaling. Since Certainty Independence will be referenced below, it is useful to

reproduce it here, even though it is not assumed in Theorem 3.1.

Axiom 3.5* (Constant-Act Independence) For all acts f,g € Lo, h € L, and a € (0,1): f = g implies
af+(1—a)h=ag+(1—-a)h.

To ensure that all measures in the representation are countably additive, adopt the following axiom,
which is in the spirit of Arrow [2].6 A similar representation could be obtained without it, but it would
not be possible to restrict attention to adjustment vectors of finite or countably-infinite dimension. To
state the axiom, for every pair x, y € X and E € ¥, denote by x Ey the act that yields x at every state w € E
and y elsewhere.

Axiom 3.6 (Monotone Continuity) For all sequences (Ax)r>1 C X such that Ay D A+ and ﬂ A =0,
and allx,y,z € X such thatx =y - z, thereis k > 1 such that zAxx =y > xArz.

In order to state the novel axioms in this paper, a preliminary definition is required. Intuitively, it
identifies pairs of acts whose utility profiles are “mirror images.”

Definition 4 Two acts f, f € Ly are complementary if and only if, for any two states w, w’ €1,
1 1. 1., 1.,
S f(@)+ 5 f(@)~ 5 f()+ 5 f(o)

Iftwo acts f, f € Ly are complementary, then (f, f) is referred to as a complementary pair.

If preferences over X can be represented by a von Neumann-Morgenstern utility function u(-}—which
is the case under Axioms 3.1 through 3.5—then the utility profiles of the acts f and f, denoted u o f
and u o f respectively, satisfy u o f = k — u o f for some constant k € R. Thus, complementarity is the
preference counterpart of algebraic negation.

Notice that, if (f, f) and (g, g§) are complementary pairs of acts, then, for any weight a € [0, 1], the
mixtures af + (1 —a)g and af + (1 — a)g are themselves complementary.

The Complementary Independence axiom may now be formulated.

Axiom 3.7 (Complementary Independence) For any two complementary pairs (f, f) and (g, &) in Lo,
andalla€[0,1]: f= fandg = g implyaf+(1—-a)g =af+(1—-a)g.

6Chateauneuf et al. [8] show that a similar (simpler) axiom delivers countable additivity of priors for a-maxmin preferences.
Ghirardato et al. [22] obtain countable additivity for preferences that only satisfy the first five axioms in the text by imposing
monotone continuity on a derived preference relation. Here, due to Axiom 3.7, it is possible to provide a simple axiom on the

primitive preference =, even if the latter is not a member of the a-maxmin family.



Axiom 3.7 is motivated by the intuition that VEU preferences rank acts according to a baseline EU
evaluation, adjusted to reflect a concern for utility or outcome variability around the baseline. Observe
first that, for EU preferences, f = f and g = g imply that af +(1 — a)g = af +(1 — a)g regardless of
whether or not the acts under consideration are pairwise complementary; indeed, under Axioms 3.1—
3.4, this property is equivalent to the standard Independence axiom, and hence characterizes EU prefer-
ences. Next, recall that complementary acts are “mirror images” of each other; therefore, as noted in the
Introduction, virtually all classical measures of dispersion for random variables would attribute them the
same variability. But, if adjustments reflect a concern for variability, complementary acts should then
be subject to the same adjustment. Therefore, preferences over complementary acts cannot be driven
by differences in their adjustments: pairwise complementary acts are effectively ranked consistently with
their baseline evaluation. Axiom 3.7 then reflects an observable implication of the assumption that such

baseline evaluations conform to EU.

A final axiom is required:

Axiom 3.8 (Complementary Translation Invariance) For all complementary pairs (f, f ), and all x,x €
Xwithf~xandf~%:3f+3%~3f+3x.

Similarly to Complementary Independence, Axiom 3.8 captures a behavioral implication of the as-
sumption that the adjustment applied to the baseline EU evaluation of complementary acts is the same.
Observe first that, if the preference relation = is consistent with EU, the property in the Axiom holds
regardless of whether or not f and f are complementary. Indeed, a stronger property holds for EU pref-
erences: if the prizes x and X are “translated” in utility space by the same amount, thereby obtaining
two new prizes y,j, then it is also the case that % f+ % o~ % f+ % y. If now the individual evaluates the
complementary acts f and f by applying the same adjustment to their baseline evaluation, then the
prizes x ~ f and % ~ f will differ from the baseline evaluation of f and f by the same utility shift, intu-
itively corresponding to the extent of their common adjustment. Furthermore, the mixtures % f+ %)Z and
% f+ %x are ranked according to the individual’s baseline preference, because they are complementary.
Therefore, if baseline preferences are consistent with EU, the preceding observation implies that these
mixtures should be indifferent, as required by the Axiom.

Complementary Translation Invariance should be viewed as less central to the characterization of
VEU preferences than Complementary Independence (Axiom 3.7). Indeed, Axiom 3.8 is redundant in
two important cases. First, Axiom 3.8 is implied by Axioms 3.1-3.5 and 3.7 if the utility function rep-

resenting preferences over X is unbounded either above or below,” as is the case for the majority of

7A proof is available upon request. Also note that unboundedness of the utility function follows from well-known behavioral
axioms: see e.g. [37].
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monetary utility functions employed in applications. Second, regardless of the utility function, if prefer-
ences satisfy Axioms 3.1-3.4 and 3.5* (instead of Axiom 3.5), then it is trivial to verify that the indifference
required by Axiom 3.8 holds regardless of whether or not f and f are complementary; in other words, Ax-
iom 3.8 is automatically satisfied by all “invariant biseparable” preferences a la Ghirardato, Maccheroni
and Marinacci [22].% Thus, Axiom 3.8 is only required to accommodate preferences that simultaneously
violate Axiom 3.5* and are represented by a bounded utility function on X.?

The main result of this paper can now be stated.

Theorem 3.1 Consider a preference relation = on Ly. The following statements are equivalent:
(1) The preference relation = satisfies Axioms 3.1-3.8.
(2) = admits a sharp VEU representation (u, p, n, m,A).
(3) = admits a VEU representation (u, p, n, m,A).

In @), if(u’,p’,n’,m’, A’) is another VEU representation of =, thenp’ =p, u’ =au + 8 forsomea, €R
with a > 0, and there exists a linear surjection T : Ry(m’, u’(X)) — Ro(m, u(X)) such that

Va' € By(%, u'(X)), T (J a’dm’) = éf a’'dm and A (f a’dm’) =aA (T (J a/dm')) . (5

If(p,u’,n’,m’,A’) is sharp, then n = n’ and T is a bijection. Finally, ifQ) is finite, then n < |Q| — 1.

The primary message of Theorem 3.1 is the equivalence of (1) and (2): Axioms 3.1-3.8 are equivalent
to the existence of a sharp VEU representation. However, as noted in Sec. 2.2, it is sometimes convenient
to employ VEU representations that are not sharp. Theorem 3.1 ensures that the resulting preferences
will still satisfy Axioms 3.1-3.8. To put it differently, if a preference admits a VEU representation, then it
also admits a sharp VEU representations.

The second part of Theorem 3.1 indicates the uniqueness properties of the VEU representation. In
particular, the baseline probability measure p is unique, and the adjustment tuple m and function A are
unique up to transformations that preserve both the affine structure of the set Ry(m, (X)) of adjustment
vectors, as well as the actual adjustment associated with each element in that set.

To elaborate, recall that the role of the adjustment tuple m is to capture the patterns of “complemen-
tarity” among different events; for instance, if ambiguity about two events E and F cancels out, then

8This broad class includes for instance all multiple-priors, a-maximin, and Choquet-Expected Utility preferences.
9Imposing unbounded utility functions, or the full Certainty Independence axiom, seems too high a price to pay to dispense

with Axiom 3.8, especially because none of the main results in this paper require these stronger assumptions.
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m(E)+ m(F)=0.19 In order for another measure m’ to capture the same complementarities as the mea-
sure m, it must be the case that also m’(E)+ m’(F) = 0. Similarly, complementarities among adjustment
vectors associated with different acts must be preserved. The existence of a functional T with the prop-
erties listed in Theorem 3.1 ensures this. As the following example illustrates, this imposes considerable

restrictions on transformations of a given adjustment that can be deemed inessential.

Example 1 Refer to the ambiguity-averse VEU preferences described in the Introduction in the context
of the Ellsberg Paradox. In particular, recall that Q= {R, B, G} and m({R}) =0, mo({ B}) = —mo({G}) = %;
the fact that the latter two adjustments have opposite signs indicates that ambiguity about B and G
“cancels out.” Now let m =(my), so n =1; indeed, note that R(m, u(X)) is the entire real line.

Now consider a two-element tuple m’ € M?(X) and let A’(¢) = —\/m for all p € R2. Suppose
there exists a map 7T as in Theorem 3.1. The fact that A’ = Ao T implies that, in particular, A’(m’({R})) =
A(T(m’'({R}))) = A(m({R})) = 0, so m’({R}) = 0. Similarly, T(m’({B,G})) = m({B,G})=0,s0 A’ =AoT
implies A’(m’({B, G}))=0, and so m’({ B}) = —m’({G}). Finally, A’(m’({B})) = % =A'(m’'({G})).

In other words, m’ encodes exactly the same information about B and G as m: the two events are
equally ambiguous, but their ambiguities “cancel out”. Of course, m does so in a more parsimonious
way. This can also be seen geometrically: m’({B}) and m’({B}) are opposite points on a circle centered
at the origin with radius equal to %, and R(m’, u(X)) is a line through the origin. This intuitively suggests
that ambiguity in the Ellsberg Paradox is really “one-dimensional”, regardless of the particular vector

representation one chooses.

4 Additional Results

4.1 Ambiguity Aversion

This section analyzes ambiguity aversion for VEU preferences. Two established definitions of this con-
cept are considered: the first, due to Schmeidler [48], identifies ambiguity aversion with a preference for
mixtures; the second, due to Ghirardato and Marinacci [24], captures a wider range of aversive attitudes

towards ambiguity, and turns out to have a natural characterization for VEU preferences.

Begin with Schmeidler’s classical axiom. Intuitively, an individual who is ambiguity-averse according
to the proposed definition values mixtures because they “smooth” utility profiles (cf. Schmeidler [48, p.
582]; Klibanoff [33, p. 290]). This has an straightforward characterization for VEU preferences, stated
below as a Corollary to the main representation result provided in Sec. 3.

Axiom 4.1 (Ambiguity Aversion) Forall acts f,g < Lo anda <(0,1): f ~ g impliesaf+(1-a)g = g.

10Here and in the following, for any adjustment tuple m and event E, m(E)= f 1gdm=(m;(E))o<i<n-
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Corollary 4.1 Consider a preference relation = on Ly for which (1) in Theorem 3.1 holds, and let A be as
in (2). Then = satisfies Axiom 4.1 if and only if A is non-positive and concave.

Thus, as expected, Axiom 4.1 implies that the adjustment functional is non-positive and concave.
However, for VEU preferences, it seems intuitive to associate non-positive, but not necessarily concave
adjustment terms with a form of ambiguity aversion. It turns out that this notion is precisely captured
by Ghirardato and Marinacci’s “comparative” definition:

Definition 5 Given two preference relations =1 and =, on Ly, say that = is comparatively ambiguity-

averse iff =, is consistent with expected utility and, for all f € Ly and x € X,
fAx = frx

The reader is directed to [24] for a discussion of this definition. Finally, comparative ambiguity aversion
can also be characterized using weaker forms of Axiom 4.1 for VEU preferences.

Axiom 4.2 (Simple Ambiguity Aversion) For all complementary pairs(f, f) and prizes x, x € X such that
frxandf~Z:5f+3f 7 3x+5%.

Axiom 4.3 (Minimal Ambiguity Aversion) For all complementary pairs (f, f) with f ~ f, % f+ % f=rf.

Both axioms have the standard hedging interpretation, but concern complementary pairs, rather than
arbitrary pairs of acts. Axiom 4.3 is related to Chateauneuf and Tallon’s “diversification” property (see

[7]). The main result of this subsection can now be stated.

Proposition 4.2 Let = be a preference relation with VEU representation (u, p, n, m,A). Then the follow-
ing statements are equivalent:

(1) = is comparatively ambiguity-averse.

(2) = satisfies Axiom 4.2.

(3) Forall f € Lo, A(f wo f dm)<o0.
Ifu(X) is unbounded above or below; or if = satisfies Axiom 3.5%, then (1)-(3) are equivalent to

(4) = satisfies Axiom 4.3.

Example 2 Let Q = {w;, w,, w3} and X =R, and a preference = with VEU representation (u, p,2, m,A),
where u(x) = x, p is uniform, mo({w1}) = m({w2}) = —mo({w2}) = —mi({ws}) =€ € (0, %), and A(y) =
—min(|po|, |¢1]). It is easy to verify that (u, p,2, m, a) satisfies Def. 2; in particular, A is differentiable
everywhere except at points where it takes the value 0, so Remark A.1 in the Appendix and the assumed

restrictions on € imply that the monotonicity requirement is met.
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These preferences are comparatively ambiguity-averse by Proposition 4.2; however, they do not sat-
isfy the standard Ambiguity Aversion axiom (i.e. Axiom 4.1): for instance, if u o f =[1,0,0] and uo g =
[0,0,1] (obvious notation), then f ~ g, but %f—k %g <f.

4.2 Updating

The theory developed so far only applies to one-period choice problems. This section proposes an up-
dating rule for VEU preferences; sophisticated dynamic choice is briefly discussed in §4.3. Throughout
this subsection, two binary relations on Ly will be considered: = denotes the individual’s ex-ante pref-
erences, whereas =g denotes her preferences conditional upon the event E € X.. To keep notation to a
minimum, the event E will be fixed throughout.

As for conditional EU preferences, to ensure that updating is well-defined, it is necessary that the
conditioning event E “matter” for the individual. This leads to the following standard requirement.

Axiom 4.4 (E is not null) There exist acts f, g € Lo such that f(w)= g(w) forallw ¢ E and f > g.

Due to symmetry, the above requirement has a straightforward characterization for VEU preferences.

Remark 4.1 Let = be a VEU preference, with baseline prior p. Then Axiom 4.4 holds iff p(E) > 0.

As is the case for conditional EU preferences, it will be assumed throughout that the evaluation of
acts upon learning that the event E has occurred does not depend upon the consequences that might

have been obtained if, counterfactually, E had not obtained. This leads to the following, standard axiom.

Axiom 4.5 (Conditional Preference) Forall f,g € Ly: if f(w)= g(w) forallw e Q\ E, then f ~g g.

The main axiom of this section can be informally stated as follows: if two acts have the same baseline
evaluation both ex-ante and conditional upon E, and the outcomes they deliver differ from the baseline
only on the event E, then their ex-ante and conditional ranking should be the same. This is consistent with
the proposed interpretation of VEU preferences. Consider an individual whose preferences are VEU both
ex-ante and conditional on E. Upon learning that E has occurred, her evaluation of an act f may change
for two reasons: the baseline EU evaluation of f may change, and outcome variability in states outside
E no longer matters. But if one restricts attention to acts for which the baseline evaluation does not
change upon conditioning on E, and which exhibit 7o variation away from the baseline at states outside
E to begin with, it seems plausible to assume that the individual’s evaluation of such acts will not change.

These special acts can be characterized by a behavioral condition that, once again, involves the no-
tion of complementarity. Consider two complementary acts h, h € Ly that are constant on Q\ E: that is,
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h(w) = h(w’) and h(w)= h(w’) for all w, w’ €Q\ E. Suppose that, for any (hence all) w € Q\ E,
1 1- 1- 1

If the preference relation = happens to be consistent with EU, then Eq. (6), together with complemen-
tarity, readily imply that & ~ h(w) for any (hence all) w € Q\ E.!! This indicates that h(w) is a certainty
equivalent of & ex-ante. However, intuitively, h(w) can also be viewed as a “conditional certainty equiva-
lent” of h given E: since h(w’) = h(w) for all w’ € Q\ E, the ranking h ~ h(w) suggests that receiving h(w)
for sure at states in E is just as good for the individual as allowing the act & to determine the ultimate
prize she will receive conditional upon E.'? Thus, for an EU preference, Eq. (6) implies that the act i has
the same certainty equivalent both ex-ante and conditional upon E.

For general VEU preferences, the above intuition obviously does not apply: it may well be the case
that h % h(w) for w € 2\ E. However, recall that Complementary Independence (Axiom 3.7) implies
that VEU preferences always rank complementary acts in accordance with their baseline EU evaluation.
Since the mixture acts in Eq. (6) are complementary, the above intuition does apply to the EU preference
determined by the individual’s baseline prior. One then concludes that, if Eq. (6) holds, then h(w) is a
baseline certainty equivalent of h, both ex-ante and conditional upon E; this is formally verified in the
proof of Proposition 4.3. Furthermore, it is clear that h deviates from this baseline only at states in E.
Thus, Eq. (6) identifies the class of acts that should be ranked consistently by prior and conditional VEU
preferences.

Axiom 4.6 (Baseline-Variation Consistency)
For all complementary pairs (f, f) and (g, &) such that f, f, g, § are constant on Q\ E and, for every
WeM\E, 1 f+1f(w)~1f+1f(w)and ;g +1g(w)~38+38(w): f=p g ifandonlyif f = g.

Proposition 4.3 Consider a preference relation = on Ly having a VEU representation (u,p,n, m,A), an
event E € ¥, and another binary relation =g on Ly. Assume that =g is complete and transitive, and that
Axiom 4.4 holds. Then the following are equivalent.

(1) Axioms 4.5 and 4.6 hold;

(2) =g has a VEU representation (u, p(:|E), n, mg,A), where mg =(m; g)o<i<n Satisfies

VFeX, 0<i<n m; g(F)=m;(ENF)+ p(F|E)ym;(Q\ E). (7)

1By complementarity, 3 i + 3 i ~ ; h(w) + 3 h(w); by Independence, combining this relation with Eq. (6) yields 3h+ 3k ~
+h(w)+ 3k, with k = 1 h+ J h(w). Invoking Independence once more yields h(w) ~ h.
2Indeed, this condition may be used to characterize Bayesian updating for EU preferences, as well as prior-by-prior Bayesian

updating for MEU preferences: see Pires [42].
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In other words, under the proposed axioms, the updated preference is also VEU; its baseline proba-
bility is the Bayesian update of the prior, the functional A and utility ©# are unchanged, and the posterior
adjustment tuple mg is obtained from the prior tuple by Eq. (7). It should be noted that the resulting
VEU representation is not necessarily sharp, even if the ex-ante representation is.

To gain some intuition for the updating rule in Eq. (7), consider a probability measure u € ca; ().
Standard Bayesian updating on an event E € > may be viewed as a process whereby the mass u(2\ E)

placed on the event that did not obtain is redistributed to states in E. In particular, since
VFEY,  u(FIE)=u(FNE)+u(FIEUQ\E),

the Bayesian updating process can be seen as adding a fraction u(F|E) of the mass u(Q?\ E) to the ex-ante
probability mass of FN E. It should then be clear that Eq. (7) performs a similar operation, except that it
adds fractions of the “mass” m(2\ E) to the “mass” m(F N E).

The updating rule in Eq. (7) satisfies convenient and natural properties of conditional measures.
Fix an adjustment tuple m € M"(X); it is immediate to verify that m; p(E) = 0 for every index i: this
is the conditional counterpart of the normalization property m;(2) = 0 for unconditional adjustment
measures. Furthermore, a version of the “law of iterated conditioning” holds. Fix three events E, F,G € X
such that G € F C E, and for all i € {0,...,n — 1}, let m; g r be the signed measure obtained from m;
by applying Eq. (7). Then m; g r(G) = m; r(G) for all indices i. That is: conditioning on E first, then
conditioning the resulting measure on F yields the same tuple of signed measures as conditioning on F
directly. This property is shared by some, but not all updating rules for known decision models under
ambiguity: for instance, the “maximum-likelihood” rule for multiple-priors preferences (cf. Gilboa and

Schmeidler [26]) violates it.

4.3 Recursion: An Example

The conditional preferences derived in Proposition 4.3 only satisfy a weak form of dynamic consistency.
Thus, the proposed updating rule must be complemented with a criterion, such as consistent planning
(Strotz [54]), to resolve possible conflicts between the ex-ante and ex-post evaluation of future choices.
However, the updating rule axiomatized in the preceding section allows for a recursive formulation of the
consistent-planning problem. This section sketches the basic idea, and then illustrates it by means of a
simple example; a full treatment is left for future work.

It is immediate to verify that, if . # C X is a finite partition of 2, and for every E € .Z the tuple mg is
defined as in Eq. (7),

fadmi: Zf admi,5+m,-(E)-Jadp(-|E). )
EcZ JE
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Notice that the integrals in the r.h.s. are, respectively, the adjustment vector and baseline for the function
a conditional upon each event E. In other words, the adjustment Vectorf a dm can be obtained from the
conditional vectors f padp(-|E) and fE a dmg for all E € .7, just like the baseline f a dp can be obtained
from the conditional baseline integrals.

This suggests a recursive approach to the solution of dynamic decision problems via consistent plan-
ning. Loosely speaking, the conditional integrals fE adpand fE a dm, g are part of the VEU “value func-
tion” obtained by solving the one-step-ahead problem; these can be plugged into the current-period
problem, as is the case for EU preferences. Example 3 below illustrates this approach in a very simple
setting with two decision epochs.

To conclude, note that, if there are more than two decision epochs, posterior adjustment measures
can be constructed in two equivalent ways, because the proposed updating rule satisfies the law of iter-
ated conditioning. It is of course possible to fix a prior adjustment tuple on the entire state space, and
derive from it the relevant time-¢ conditional adjustment tuples by applying Eq. (7). However, alter-
natively, adjustment tuples can be constructed by iterated one-step-ahead conditioning, which may be

especially convenient if uncertainty has a Markov structure.

Example 3 Consider a 3-period (¢t = 0,1,2) consumption-savings problem. The agent’s initial endow-
ment is wy > 0, and her per-period utility is v(x) = g, with y > 1 for definiteness; consumption streams
are evaluated by discounting at the rate 6 (0, 1). The output of the sole productive activity in the econ-
omy is characterized by a rate of return that can be either ry or r; < ry. At the beginning of periods
t =0,1, given her current wealth w;, the agent sets the quantity s; to be saved, and consumes the rest;
then the rate of return r; is realized, and the period ends. At the beginning of the following period,
w1 =S¢ 7. Attime t =2 there is no decision to be made: the agent consumes the entire output.

To describe the possible realizations of the production process at times 0 and 1, let Q = {(rp, 1) :

ro, 1 € {rg, ri}}. Assume a uniform baseline p, and an adjustment given by

n=1, mo({(ru,rm)})=mo({(rr, rL)}) =€ =—mo({(rg, r.)}) = —mo({(rr, ru)}) and A(&)=—[¢]

with0<e < i. This is one of the simplest possible specifications for the problem under consideration;
it is inspired by the analysis of dilation in Seidenfeld and Wasserman [49]. Intuitively, the agent does not
perceive any ambiguity about the marginal probability of high or low returns in either period; however,
there is ambiguity about the correlation of outcomes.

Letting H; = {(r0, 1) : 1t = ry} and similarly for L;, and applying Eq. (7), we get mo m,(H1) = € =
—mo,H,(L1) and similarly mo, ,(H1) = —€ = —mq,,(L1). Thus, after observing the realization of time-0
production, time-1 returns become ambiguous. If ry = ry and wealth equals w, the agent solves

max v(w;—s1)+0 {%v(rHsl)+%v(rle)} - {6 lev(rus1)—ev(rrs1)] } 9)

0<s;<wn
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(here and in the following, the term corresponding to the current payoff does not appear in the adjust-
ment term, because it is constant and so is assigned a zero adjustment “vector”). Since v is increasing,
the adjustment d e[v(r7s1)— v s1)] is positive, so the agent will behave as if the probability of high output

was % — €; then, simple (and standard) manipulations show that

si(w) = aywy, (10)
1 1

VP(w) = V(Wl_Sl)+5{§V(rHsl)+EU(rLSI)}=ﬁ1V(W1); (11)

Wh(w) = olev(rus))—ev(res)]= By v(wn), (12)

where the constants a1, #1 and " depend upon the parameters 7,8, €, ., iy but not on w,. The results
in Egs. (10) and (11) are well-known; note however that a similarly convenient expression is obtained for
the adjustment “vector” V" (w1). Finally, if ro = rz, the agent solves a problem similar to that in Eq. (9),
except that the adjustment vector is Vﬁ(wl) =0[—ev(rysi)+ev(rrs))]=— Vlf’}{(wl); this clearly leads to
the same solution and baseline utility.

It is now possible to contrast the direct approach to sophisticated choice and the recursive approach
suggested by Eq. (8). In the direct approach, time-0 savings sy are determined by maximizing the entire
ex-ante VEU functional, substituting for the optimal time-1 choice as a function of savings in time 0 and

the realized rate of return. That is, using w;, = ro$o and so s; = @1 195y, one must solve

1
max v(wog—Sg) + Z Z[51}((1—al)roso)+52v(r1a1roso)]— (13)

0<so<w,
0= (r0,11)ER

D miro, n}) [50((1 = @)rose) +62v(rarroso)]

(r0,11)ER

Taking a recursive approach instead, invoking Eq. (8) and taking care to discount appropriately, at time
t =0 the agent solves
odnax v(wo—s0)+6 {%le(rHSO)‘l‘%le(rLSO)} — ‘5 [V (ruso) + Vi (rrso)] ‘

which, substituting for V}”, V' and V'], yields

Jmax o(wo—s0)+ {3 prvtruso)+ 5 protnso) |5 87 vus) - Brnsol|. ()
Even in this very simple example, the objective function in Eq. (14) is slightly easier to analyze than
Eq. (13); also, Eq. (14) shows that the time-0 problem is structurally analogous to the time-1 problem,
except that the “discount factor” is 6 #. Arguing as in the time-1 problem, the agent behaves as if the
probability of high output was % + Br” 13 optimal time-0 savings are then given by so = apwy, where ag

B’
has an expression analogous to «;.

31t turns out that 8" < 0 for y > 1; since v is increasing, |6 8," [v(ruSo) — v(rSo)ll = =0 8" [v(ruSo) — v(r1So)]. Also, in the

parameter range under consideration, % +B"€(0,1).
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4.4 ComplementaryIndependence for Other Decision Models

This section investigates the implications of the Complementary Independence axiom for certain well-
known preference models. It will be shown that this axiom makes it possible to identify a baseline prior
from behavioral primitives, independently of the functional representation of preferences. Furthermore,
the specific role of this prior in the different models under consideration will be clarified.'*

Begin with what are perhaps the two best-known models of decision under ambiguity: the maxmin-
expected utility (MEU) or multiple-priors model of Gilboa and Schmeidler [25], and Schmeidler’s [48]
Choquet-expected utility (CEU) model. A MEU preference is characterized by a utility function u and a
weak* closed, convex set C C ba, (%) of probability charges; the representing functional can be written as
Iou:Ly— R, where I(a)= minqecf a dq for all a € By(X). Also recall that a capacity is a set function
v:Y —[0,1] such that (1) v(@) =0 and v(2) =1, and (2) A, B ¥ and A C B imply v(A) < v(B). A CEU
preference is represented by the functional I, o u : Ly — R, where I, is the Choquet integral with respect
to the capacity v (see [48]).

Preferences conforming to these models satisfy Axioms 3.1-3.4 and Certainty Independence (Axiom
3.5%), which is stronger than Axiom 3.5. MEU preferences additionally satisfy Axiom 4.1, Ambiguity Aver-
sion; CEU preferences satisfy a stronger independence axiom, deemed Comonotonic Independence.

Proposition 4.4 (Complementary Independence for MEU and CEU preferences)

(1) AMEU preference = satisfies Axiom 3.7 ifand only if there is p € C such that, forallqg € C,2p—q € C
(that is, p is the barycenter of C).

(2) A CEU preference = satisfies Axiom 3.7 if and only if there is p € ba,(X) such that, for all E € ¥,
V(E)+[1-v(Q\ E)]=2p(E).

In (1) and (2), p € bay(X) is the unique probability charge that satisfies f = f < f uofdp> f wo fdp for
all complementary pairs (f, f), where u is the utility function in the MEU or CEU representation of =.

Thus, for both MEU and CEU preferences, Complementary Independence identifies a baseline prior
that, as in the VEU model, represents preferences over complementary acts. Observe that the set func-
tion E— 1—v(Q\ E) is also a capacity, sometimes denoted 7 and referred to as the dual of the capacity
v. Thus, Complementary Independence corresponds to the property that %v + % v=p.

Ghirardato, Maccheroni and Marinacci [22] provide a general representation for the family of prefer-

ences that satisfy the MEU axioms minus Ambiguity Aversion. As a preliminary step in the proof of the

14The models considered here are consistent with the axioms in Sec. 3, but the results provided here do not rely on this.
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main characterization result (Theorem 3.1), the present paper extends the Ghirardato et al. representa-
tion to preferences that satisfy the weaker Axiom 3.5 in lieu of Certainty Independence. The interested

reader is referred to Sec. B.2 in the Appendix.

Turn now to the variational preferences characterized by Maccheroni, Marinacci and Rustichini [37]:
given a utility function u : X — R,

qgebar(x) qgebar(x)

frg ¢©& min (J uofdqg+ c*(q)) > min (J uogdq+ c*(q)) ,

where, denoting by xr a certainty equivalent of the act f for every f € Lo, the function c* : ba;(X) —
Ry U{oo} is defined by
c*(q)=sup (u(xf)—f u Oqu) .
feLo
Maccheroni et al. [37] show that variational preferences are characterized by Axioms 3.1-3.4 and Ambi-
guity Aversion (Axiom 4.1). The following result shows that Complementary Independence corresponds

to a natural symmetry property of the “cost function” c¢*, and again identifies a unique baseline prior.

Proposition 4.5 (Complementary Independence for Variational Preferences) Let = be a variational pref-
erence, and assume that the utility function u is unbounded either above or below. Then = satisfies
Axiom 3.7 if and only if there exists p € ba;(X) such that

Vg € ba;(X), 2p—qebai(X)=c*(q)=c*(2p—q) and2p — q & ba,(X) = c*(g) = oc.

In particular, c*(p) =0. Finally, p is the unique probability charge such that, for all complementary pairs

() fefe [uofdp>[uofdp.

The reader is referred to [37] for a discussion of the unboundedness assumption.

4.5 More Examples
4.5.1 Variation and distance-based adjustments

As can be expected in light of the discussion in the Introduction, a natural class of VEU preferences is
obtained by adopting one of the standard measures of dispersion as the adjustment function A. This
subsection discusses interesting special cases, corresponding to the combination of specific dispersion
measures with specific adjustment tuples.

Assume first, for simplicity, that € is finite, let X = 22, and write Q = {wy, ..., w,}; correspondingly,
identify ba;(X) with A(Q) = {p € R?™ : Y7 p; = 1}, the unit simplex in R"+!. Fix a strictly positive
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baseline probability p € A(2). Grant and Kaji [27] consider the preference functional I : By(X) — R
defined by

2
n n n

Va e R"™ = By(Y), I(a):Zpia,-—e Zpi (ai—Zpiaj) =Ey(a)—eop(a);
=0 i=0 =0

. . . . -2
they show that I is monotonic provided min; p; > ﬁ,

sistent with the MEU model. It is easy to see that these preferences also satisfy Complementary Indepen-

in which case the resulting preferences are con-

dence, and are thus also VEU preferences; in particular, a corresponding adjustment tuple m € M"(X)
and function A : R"*! — R are given by m;({w;}) =1 — p; and m;({w;}) = —p; forall i and j # i, and
Alp)=—€/ XioPi}-

One shortcoming of the “mean-standard-deviation preferences” defined above is that they necessar-
ily violate monotonicity when the state space Q2 is infinite (cf. Grant and Kaji [27]). If instead dispersion is
measured by the Gini mean difference (Yitzhaki [58]; Yitzhaki and Olkin [59]), monotonicity is preserved.

In particular, for an arbitrary measurable space (2, %), the functional I : By(>) — R defined by

H@)=Eyla] - %ef a(w) - a(e)| plde) pldw)

is monotonic for all 8 € [0,1] (cf. [59], Egs. 3.1 and 3.2), and characterizes well-defined VEU preferences.
If Qs finite, the adjustment term can be represented via the adjustment tuple m = (m;;);ixj € M""+D(X)
such that m;j({w;}) =1 = —m;j({w;}) and m;;j({w}) = 0 for all k # i, j, together with the function
A:R"("+1) - R such that A(¢)=—16 Z?:OZ#Z. pipileil.

A different class of ambiguity-averse VEU preferences can be constructed via distance functions.
Again assume that {2 is finite, fix a baseline probability p € A(f2), and consider a constant € > 0 such
that p; = p({w;}) > € for every i =0,...,n. Now define an adjustment tuple m € M"(Q2) and a corre-
n_

sponding adjustment function A : R"*! — R by m;({w;}) = € and m;({w;}) = —%He for all i and
j#i,and A(p)=—4/ Z?:o <pl?; then, for every vector a € By(Z, u(X))=R"**1,

n n n 2
I(a)EJadp—l—A(Jadm)=2a,-p,~—6 Z(di—%ﬂz:aj) ) (15)
i=0

i=0 =0

Notice that the VEU preferences defined by (u, p, n, m, A) are differentiable everywhere except “at cer-
tainty.” It turns out that the resulting preferences are also consistent with the MEU decision model:

Remark 4.2 Foreverya € R"*!, I(a)=mingcc f a dq, where C = {q eAQ) : v/ Z?:o(qi —pif < 6}.
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4.5.2 Ambiguity Attitudes and Outcome Size

In the examples considered so far, the individual’s ambiguity attitudes are qualitatively the same for
all acts under consideration: in particular, for a VEU decision-maker with baseline prior p and utility
function u who is ambiguity-averse in the sense of Def. 5, the certainty equivalent of every act f is
not greater than its “unambiguous” certainty equivalent u ! (f uof dp). However, there is evidence
that some individuals might be ambiguity-seeking when contemplating small-stake bets, and ambiguity-
averse when considering large bets. For instance, this is documented in recent experimental work by
Koch and Schunk [35]; earlier evidence along the same lines can be found in Hogarth and Einhorn [31].1°
Incidentally, an analogous pattern has been broadly documented in the setting of risky choice: subjects
display risk-seeking attitudes when stakes are low, and risk-averse behavior for larger bets (Prelec and
Lowenstein [43] deem this the “peanuts effect”).

I now indicate a possible VEU representation of this preference pattern. The cited experiments deal
with draws from an urn of unknown composition, so it is enough to consider the state space Q= {w, w’};
for simplicity, the baseline probability p will be taken to be uniform, and utility will be assumed linear.

It is sufficient to consider a scalar adjustment m € M'(Q); finally, fix a real number ¢ > 1 and let

A(p)=log(1+1?) - %log(l +(p+1)9) - %log(1+(ga —1)?).

The function A is positive for ¢ € (— \/ 2(r2-1), \/ 2(12— 1)), and has a unique (positive) maximum at
either side of zero; for values of ¢ outside this interval, it becomes negative. Notice that this function is
differentiable everywhere, and its derivative lies between —1 and 1; by Remark A.1 in the Appendix, the
VEU preferences characterized by (u, p, 1, m, A) will be monotonic if p(E) > |m(E)| for all events E.

Take t =3 and m({w}) =—m({w’}) = 0.2, and consider the acts f, g such that

flw)=10, g(w)=1000, f(o')=g(e)=0.

Intuitively, f corresponds to a “small” bet on the event that w occurs, whereas g is a “large” bet on the
same event. The “unambiguous” certainty equivalents of these acts are, respectively, f fdp=5and
f g dp =>500; the certainty equivalent of f is approximately 5.33 > 5, whereas the certainty equivalent of
g is 491.71 < 500. Thus, this individual displays ambiguity-seeking preferences for the small bet f, and
ambiguity-averse behavior for the large bet g.!°

15Specifically, Table 4 in [31] shows that the fraction of subjects who display ambiguity-averse preferences in the experiments
under consideration increases with outcome size; the subsequent discussion on p. 798 indicates that subjects not classified as
ambiguity-averse are to be considered ambiguity-seeking. Hence, there a fraction of subjects must display ambiguity-seeking
preferences for small stakes, and switch to ambiguity-averse behavior for large stakes.

16More generally, whenever g(w) > 20, the certainty equivalent of g is smaller than its unambiguous certainty equivalent
500; and whenever f(w) < 20, the certainty equivalent of f is greater than 5.
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5 Discussion

5.1 Related Literature

In the context of choice under risk, Quiggin and Chambers [44, 45] analyze models featuring an exoge-
nously given, objective reference probability p. Under suitable assumptions, a random variable y is
evaluated according to the difference between its expectation E,(y) with respect to p, and a “risk index”
p(y)—a representation that is clearly reminiscent of the VEU representation.!”

Similar functional forms also appear in the social-choice literature. A classic result due to Roberts
[46] characterizes social-welfare functionals that evaluate a profile uy,..., u; of utility imputations ac-
cording to the form &t — g(u; —i,...,u;— 1), where it = %Zl u;. Ben-Porath and Gilboa [3] characterize
orderings over income distributions that can be represented in what is essentially a special case of the
VEU functional, with the uniform distribution as reference probability. Incidentally, the adjustment part
of the representation in [3] has an interesting interpretation in terms of adjustment tuples (cf. Def. 1).

While these contributions are not directly relevant to choice under uncertainty, it is worth empha-

sizing that representations similar to the one proposed here have proved effective in a variety of settings.

The literature on model uncertainty, initiated by Lars Hansen, Thomas Sargent and coauthors (see
e.g. [29, 30]), also prominently features a reference prior; the focus in this literature is largely on applica-
tions to macroeconomics and finance, rather than on behavioral foundations. An interesting axiomati-
zation has recently been provided by Strzalecki [55]; see also Wang [57].

A recent paper by Grant and Polak [28] provides a “primal representation” of Maccheroni et al.’s vari-
ational preferences model [37] in a finite-states setting, and generalizes it by relaxing translation invari-
ance (monotonicity and ambiguity aversion are also weakened). The representation Grant and Polak
propose is related to the ones in Quiggin and Chambers [45] and Roberts [46]: each act f is evaluated by
aggregating a “reference expected utility” term E, [u o f], where p denotes a suitable reference prior, and
an “ambiguity index” p(-) that depends upon the utility differences u(f(w;))—E,[u o f] in each state w;.
Grant and Polak show that variational preferences aggregate these two components additively, whereas
relaxing translation invariance leads to more general aggregators.

In comparison with the VEU representation proposed here, the reference prior in [28] is defined by a
geometric, rather than behavioral condition, and is not unique in general. More precisely, in the space of
utility profiles, the prior p in [28] corresponds to a hyperplane supporting the individual’s indifference
curves at a point on the certainty line. Decision models featuring a kink at certainty (e.g. MEU, CEU
or invariant biseparable preferences) allow for multiple supporting hyperplanes, and hence multiple

reference priors as defined in [28]. One way to ensure uniqueness is to assume that indifference curves

17See also Epstein [16] and Safra and Segal [47].
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are “flat” or smooth at certainty; but, in this case, the prior p only reflects (indeed, under smoothness,
approximates) local behavior around the certainty line. The baseline prior in the VEU representation is
instead uniquely identified by the individual’s preferences over complementary acts. Hence, every act
contributes to the behavioral identification of the baseline prior in the VEU representation; conversely,
the baseline prior provides a behaviorally significant contribution to the VEU evaluation of every act.

Furthermore, Grant and Polak maintain a form of ambiguity aversion, which is required for the exis-
tence of a supporting hyperplane at certainty; the VEU representation instead allows for arbitrary ambi-
guity attitudes. Finally, the ambiguity index p in [28] is not invariant to sign changes; the VEU adjustment
functional A instead satisfies this invariance property, which supports the intuition that adjustments to
baseline evaluations reflect outcome variability, or dispersion.

On the other hand, the analysis of VEU preferences provided in this paper does assume translation

invariance (cf. Axiom 3.5); however, see §5.2 below.

Decision models that incorporate a reference prior have also been analyzed in environments where
the objects of choice either consists of, or include sets of probabilities. In Stinchcombe [53], Gajdos, Tal-
lon and Vergnaud [19] and Gajdos, Hayashi, Tallon and Vergnaud [20], the reference prior is characterized
as the Steiner point of the set of probabilities under consideration. In Gajdos, Tallon and Vergnaud [18]
and Wang [57], each object of choice explicitly indicates the reference prior. The present paper comple-
ments the analysis in these contributions by offering a characterization of a decision model featuring a

baseline prior in a fully subjective environment.

Kopylov [36] axiomatizes a special case of maxmin-expected utility preferences, where the character-
izing set of priors is generated by e-contamination: that is, it takes the form {(1—€)p+€q : g € A}, where
p serves as a reference prior and A is a set of “contaminating” probability measures. While the prior p is

endogenously derived, the set A must be specified exogenously.

Finally, recall that, for any capacity (non-additive set function) v, the Moebius inverse u of v, is a set
function with the property that v(E) can be obtained as the sum of u(F), for all F € E. The quantity u(F)
is interpreted as the “weight of evidence” supporting F, independently of its subsets; see Shafer [50] for
details. In a somewhat “dual” fashion, the adjustment measures (m;)o<;<, in the VEU model represents
the interaction patterns among ambiguous events; loosely speaking, it indicates how evidence about one

event can be combined with evidence about another.!8

5.2 Additional Features and Extensions

Probabilistic Sophistication. It is possible to construct examples of non-EU VEU preferences that are
probabilistically sophisticated in the sense of Machina and Schmeidler [38]. A precise characterization

18] thank Peter Wakker for pointing out this connection.
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of probabilistic sophistication for VEU preferences is left for future work; however, Sec. B.10 in the Ap-
pendix provides a simple, related result that sheds further light on the central role of baseline probabili-
ties in the VEU model.

Specifically, given a preference relation = on Ly, define the induced likelihood ordering =y C ¥. X ¥ by
VE,FeX, E=F << xEyrxFqg forallx,yeXwithx>y.

Proposition B.15 in Sec. B.10 shows that, if = is a VEU preference, then the induced likelihood ordering
is represented by a (convex-ranged) probability measure u if and only if ¢ is the baseline prior for 3=.

Translation-invariance. Because they satisfy the Weak Certainty Independence axiom 3.5, VEU pref-
erences are invariant to “translation in utility space”; in the language of Grant and Polak [28], they dis-
play “constant absolute ambiguity aversion,” as do, for instance, MEU, CEU, variational and invariant-
biseparable preferences.

It should be emphasized that this is solely a consequence of Axiom 3.5: in particular, the key novel
axiom in the characterization of the VEU representation, namely Complementary Independence (Axiom
3.7, is consistent with departures from translation invariance. Consider an “aggregator” function W :
R? — R, strictly increasing in both arguments.'® Also let u, p, m and A be as in the VEU representation.

Then one may consider preferences defined by

Vf,gely frg & W(fuofdp,A(fuofdm))ZW(Juogdp,A(fuogdm));

thus, the representation considered in this paper corresponds to the aggregator W(x,y) = x+y. Itis
then clear that Axiom 3.7 holds for such preferences: to elaborate, if the acts f and f are complementary,
A(f uo fdm)= A(f u o f dm), and therefore the ranking of f and f is still determined by their baseline
expected utilities because W is strictly increasing; this immediately implies the claim.

Therefore, it may be possible to relax Axiom 3.5 to characterize a version of the VEU representation
that does not necessarily satisfy “constant absolute ambiguity aversion.” Notice that the proposed gener-
alized VEU representation would still feature sign- and translation-invariant adjustments A(f uo fdm),
and hence would be fully consistent with the variability interpretation described in this paper.? Such an
extension is left to future work.

Finite adjustment tuples. In applications, it is convenient to consider representations featuring a
finite number of adjustment tuples. Theorem 3.1 shows that this is without loss of generality, if the state
space is finite. For general state spaces, the approach in Siniscalchi [52] provides one way to guarantee
by means of behavioral axioms that finitely many adjustment measures are sufficient.

That is, such that x > x” and y > y’, or x > x’ and y > y’, both imply W(x,y)> W(x’,y’).
20Axiom 3.8 may impose restrictions on the aggregator W. However, recall from Sec. 3 that this axiom may be dropped by

ensuring that utility is unbounded, as in Maccheroni, Marinacci and Rustichini [37] or Grant and Polak [28].
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A Appendix: Miscellanea

A.1 Adjustment tuples and vector measures

Consider an adjustment tuple m € M"(X), 0 < n <00, and let /2 : ¥ — R” be defined as in Sec. 2.1. By assumption,
for every E € %, there is N(E) < oo such that sup; |m;(E)| < N(E); hence, one can view 71 as a map from ¥ to {2,
the set of supnorm-bounded real sequences of n terms (which of course coincides with R” if n < 00). Moreover, by
the Nicodym boundedness theorem (cf. Dunford and Schwartz [10], §IV.9.8), this implies that sup{|m;(E)|:0<i <
n, E € ¥} < o0; in turn, this implies that 77 is a vector measure with bounded semi-variation (cf. [10], §1V.10.3-4):
that is, letting IT denote the set of all finite >-measurable partitions of €,

Il = sup sup

nell, €1,€2,...€[—1,1] 0<i<n

Z erm(Ar)| < oo.

Aremn

Integration with vector measures of bounded semivariation can be defined as in the development of the Lebesgue
theory. For every simple function a = Z§=1 arlg, € By(X), define

K
f adm :Zakm(Ek).
k=1

Next, for any a € B(X), consider a sequence (ax)x>1 C Bo(2) such that a; — a in the sup norm; then let

fadm: limfakdm,
k—00

where the limit is taken w.r.to the £, norm. It is simple to verify that these definitions are well-posed (for a € By(X),
the integral is the same for any representation of a as a linear combination of indicator functions; and for a € B(X),
the integral is the same for all approximating sequences of simple functions).

The equality f adm = (f a dmi)
semivariation,

0<i<n is true by definition for a € By(X). Furthermore, since 12 has bounded

= sup =

D emi(Ar)

o0 > sup sup
nell(E), €1,€2,...€[—1,1] i

D ermiAr)

Aren nell(E), €1,€2,...€[—1,1] Aren
> sup > sgn(mi(Ac)mi(Ar)| = sup > |mi(Ac),
7€ll(E) | A en nell(E) pren

where sgn(x) equals —1,0, 1 iff x is negative, zero, or positive respectively, and the last expression is the total vari-
ation v(m;,Q) of the scalar, signed measure m; on the set Q. Hence, v(m;,Q2) < ||m]|(2) <ocoforall 0 <i < n.
Consequently, for every b € B(X), { f b dmi{ <||b|| - [|m]|(€2). But this implies that, if a; — a in the supremum norm
and every ay is simple, |f aydm;— f a dml-| <|lax —all|-||m|| — 0, and hence f ardm; — f a dm;, uniformly in i,
which implies that f adm= (f a dm,-)

0<i<n’

A.2 Conditions for Monotonicity

Remark A.1 Ifatuple(u,p, n, m,A) satisfies Conditions 1 and 2 in Def. 2, n < 0o, and A is continuous on Ry(m, u(X))
and differentiable on Ry(m, u(X))\ A~1(0), then it satisfies Condition 3 if and 0n1yifp(E)+Zosi<n ;—;(ga)m,-(E) >0
for all ¢ ¢ A=1(0).

26



Proof: It is easy to see that Condition 3 is equivalent to the following requirement: for all a € By(%, u(X)), E€ X
and € > 0 such that a + €1 € By(%, u(X)):

ep(E)—i—A(Jadm+em(E))—A(fadm)20. (16)

For any ¢ € Ry(m, u(X)), if A(p) =0or ¢ = fa dm and a + 1ge € By(%, u(X)) for some € > 0, Eq. (16) readily
implies the condition in the Remark; if A(¢) # 0, ¢ = fa dm, but a + 1ge & Bo(%, u(X)) for any € > 0, then let
F ={w: a(w)=max u(X)}; since a takes up finitely many distinct values, it must be the case that F # (. In this
case, consider the sequence (ay) given by ay =a — IF%; for k sufficiently large, ax € By(Z, u(X)), A(f aidm)#0,
and there is €; > 0 such that a; + 1gex € Bo(Z, u(X)). Then p(E) +ZO§i<n %(f ar dm)m;(E) > 0 for all large k,
and the claim follows by continuity of the partial derivatives %.

Now suppose the condition in the Remark holds, and fix a, E,e > 0 such that a,a + 1ge € By(Z, u(X)); to
simplify the notation, write ¢, = f adm+nm(E)forallnel0,€].

Consider first the case A(po) = 0. Let €9 = sup{n € [0, €] : A(¢,) = 0}. If €9 =0, then A(yp,) is differentiable for

allne(0,¢€), and

2
EP(E)+A(S06)—A(900):0'P(E)+A(S0o)—A(¢o)+J {p(EH > TA(Wn)mi(E)} dn =0, a7

0 0<i<n

as required. If €y > 0, then by continuity A(y.,) = 0= A(yo), so

€op(E)+A(pe,) — Alpo) = €0p(E) = 0. (18)

Thus, in particular, if €g = €, Eq. (16) holds. If instead ¢y < 1, then one can repeat the preceding argument with
a’ = f adm+€plg and €’ = € — ¢ in lieu of a and €; by assumption A(f a’ dm+nm(E))#0 for all n €(0, €’), so the
argument just given implies that (€ — €o)p(E) + A(pe) — A(ge,) = 0; together with Eq. (18), this implies that Eq. (16)
holds in this case as well.

Consider now the case A(go) > 0. Let €; =sup{n € [0, €] : A(¢,) # 0}. By continuity of A, €, > 0; thus, integrat-
ingon (0, €;) as in Eq. (17) yields €, p(E)+ A(pe,) — A(po) = 0. If €1 = € the proof is complete. Otherwise, note that,
by continuity of A, A(¢¢,) =0. Letting a’ =a + €1 and €/ = € — €, in lieu of a and €, and applying the argument
given above yields (¢ — €;)p(E)+ A(pe) — A(p,) = 0; together with €; p(E)+ A(p¢,) — A(po) > 0, this implies that Eq.
(16) holds. W

Remark A.2 Ifa tuple(u,p,n, m,A) satisfies Conditions 1 and 2 in Def. 2 and A is concave and positively homo-
geneous, then (u, p, n, m, A) satisfies Condition 3 if and only if p(E)+ A(m(E)) >0 forall EE Y.

Proof: Since A is positively homogeneous, it has a unique positively homogeneous extension to Ry(m1,R) given by
A(f aadm)= aA(f a dm)forall @ >0 and a € By(%, u(X)). Hence, A(f a dm) is well-defined for all a € By(X), and A
is also concave on this domain. It follows that, for all ¢, 1) € Ro(m,R), A(@) =AY +(¢ —y)) = 2A(%1p + %((p —y))>
23A(Y) +25A(p — 1), s0 A(p — ) S A(p) — A(Y).

Now suppose that p(E)+ A(m(E)) > 0 for all E € %, and consider a,b € By(%,R) with a(w) > b(w) for all w.
Then a — b € By(%,R), and since a(w) — b(w) > 0 for all w, concavity and homogeneity, together with linearity
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and monotonicity of f -dp, imply that f (a— b)dp+A(f(a —b)dm) > 0. But the argument given above implies
that A(f(a —b)dm) < A(f adm)— A(f b dm), so fa dp+A(f adm) > fb dp+A(f b dm). The other direction is
immediate. Il

A.3 Examples

Proof of Remark 4.2: Fix a non-constant a € R"*!; since both the functional I and the MEU functional are
constant-linear, it is enough to consider vectors a such that Z ;a; =0. Now consider the problem minqecf adg,
the constraint set can be written as C = {q eRM: digi—piP<er). . qi= 1}, so the Lagrangian is

Zaiqi +2 (Z(qi —pi) —62) +u(1 —Zqi)

with A >0, u € Rand g; > 0 for all i. Differentiating with respect to g; and equating to 0 yields a; +2A(q; —p;)—u =
0 (the assumption that p; > € implies that ¢g; > 0 at the optimum, so the first-order condition must hold with
equality). Assuming further that A > 0, summing over all i, and invoking the constraint ), g; =1 yields u =0, and
S0 g; = pi — ﬁai. Now using the other constraint (which must hold with equality by standard arguments) yields
Y. zai=¢€%5022=1/3 a? which is indeed strictly positive because a is non-constant; thus, finally

a' n n n a. n n
%:Pi—ETL = Zﬂi%‘zzaipi—fzdrlezaipi—f ZG?ZI(CI)-.
V 20 @7 i=0 f= i \/2jea; = V f=

B Appendix: Proofs

B.1 Additional Notation and Preliminaries on Niveloids

Throughout this Appendix, if 2 is endowed with a topology, the set of continuous real functions on 2 will be de-
noted by C(Q). Furthermore, ba(Y) and ba,(X) indicate, respectively, the set of finitely additive measures and the
set of charges (finitely additive probabilities) on (€, X); recall that ba(X) is isometrically isomorphic to the norm
dual of By(X) and B(X), and similarly, if Q2 is a compact metric space, ca(X) is isometrically isomorphic to the norm
dual of C(2). Recall that the o (ba(X, B(X)) and o (ba(X), By(X)) topologies coincide on ba, (%), the set of probability
charge; they are referred to as the weak* topology.

Furthermore, if ' C R is a non-empty, non-singleton interval, denote by By(%,T’), B(3,I') and C(3,T') the restric-
tions of By(X), B(X) and C(X) to functions taking values in I'. Then the weak* topology on ba, () also coincides
with the o(ba(¥), Bo(2,T)) and o(ba(X), B(X,T)) topologies.

The indicator function of an event E € ¥ will be denoted by 1g. Inequalities between two elements a, b of
By(X), B(X) or C(R2) are interpreted pointwise: a > b means that a(w) > b(w) for all w €.

Let ® C B(X) be convex. A functional I : ® — R is a niveloid iff I(a) — I(b) < sup(a — b) for all a,b € ; it is
normalized if I1(y1q) = 7 for all y € R such that y1g € ®; monotonic iff, for all a,b € ®, a > b implies I(a) > I(b);
constant-mixture invariant iff, for all a € ®,  €(0,1), and y e R with ylq € @, I(aa + (1 — a)y) = I(aa)+ (1 — a)y;
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vertically invariant iff I(a +v) = I(a)+y for all a € ® and y € R such that a +y € ®; and affineiff, for all a,b € ®
and a€(0,1), I(aa+(1—a)b)=al(a)+(1—a)I(b). Maccheroni, Marinacci and Rustichini [37] (MMR henceforth)
demonstrated the usefulness of niveloids in decision theory, and established certain useful results reviewed below.

If ® = By(X) or ® = B(X), then a functional I : ® — R is positively homogeneous iff, for all a € ® and a > 0,
I(aa) = al(a); c-additive iff I(a + a) = I(a)+ a for all @ € R, and a € ®; additive iff I(a + b) = I(a)+ 1(b) for
all a,b € ®; c-linear iff it is c-additive and positively homogeneous; and linear iff it is additive and positively

homogeneous.

The following useful results on niveloids are due to or reviewed in MMR. In particular, item 6 provides a first

representation for preferences satisfying the basic axioms considered here, except for the symmetry requirements.

Proposition B.1 (MMR) LetT be an interval such that0 €int(T') and I : By(%, K) — R.

1. IfI is a niveloid, it is is supnorm, hence Lipschitz continuous.

N

. If1: By(X, K)— R is a niveloid, then it has a (minimal) niveloidal extension to B(X).
3. 1 is a niveloid iff it is monotonic and constant-mixture invariant.
4. IfI is constant-mixture invariant, then it is vertically invariant.

5. IfI is vertically invariant, then it has a unique, vertically invariant extension I to By(X,T)+R={a+1qy:a €
By(Z,T),y T}

6. A preference = on L satisfies Axioms 3.1-3.4 if and only if there is a non-constant, affine functionu : X — R
and a normalized niveloid I : By(X, u(X)) — R such that f = g iff (uo f)>I(uo g).

The following uniqueness result is straightforward:

CorollaryB.2 IfI,u andl’,u’ provide two representations of = as per the last point of Prop. B.1, thenu’ = au+f3
(witha >0) and I'(aa)= al(a) for all a € B(Z, u(X)).

Proof: Since I and I’ are normalized, standard results imply that u’ = au+f for some a > 0 and 8 € R. Next, for ev-
erya € B(X,T),let f € Ly be such that uo f =a and x ~ f: thus, since I and I’ are normalized, u(x)=1I(ucf)=1(a)
and similarly u/(x)=I'(u’of),i.e. au(x)+f =I'(auof+p),so au(x)=I'(auo f) by vertical invariance [the require-
ment that cuo f+f € By(X, u’(X)) is trivially satisfied, as auo f+f = u’c f € By(Z, u’(X))]. Butthen al(a)=I'(aa),
as required. [Note that this is consistent with normalization: a¢I(ylq)=ay and I'(aylg)=ay.] B

B.2 A generalized a-MEU representation

This subsection extends the characterization results of Ghirardato, Maccheroni and Marinacci [22] (GMM hence-
forth) to allow for the weakened c-Independence axiom adopted here (Axiom 3). This entails replicating and often
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modifying their arguments and conclusions, so as not to rely upon positive homogeneity of I. The main objective
is to represent a normalized niveloid I : By(%,T) in the form

I(a):y(a)minfadq+[1—y(a)] mﬂfadq, (19)
qeC qeC

where C C ba;(X) is weak* closed and convex, and 7 : Bo(X,I) — [0,1] is such that y(a) = y(b) whenever there
is 6 € R such that fa dq = f bdq+ 6 for all g € C. As the construction carried out below demonstrates, the
set C can be viewed as providing a representation of “unambiguous preferences,” as is the case in the original
setting adopted by GMM. Also, while C can no longer be identified with the Clarke differential of I at 0, its support
functional has a similar interpretation as the Clarke (lower) derivative of I in GMM. This turns out to be sufficient
for the purposes of constructing the VEU representation.

The first step in this construction is to define and characterize an “unambiguous” ordering on utility profiles.
Note that GMM first define an “unambiguous preference relation” =* on acts, and then translate that into an or-
dering over their utility profiles; since this paper does not focus on the interpretation of =*, a more direct route is
taken; the techniques, however, are similar.

LemmaB.3 LetI C R be a non-singleton interval and I : By(3,I') — R be a niveloid. Define a binary relation = on
By(%,T) by

Ya,b € By(%,T), arb < Vae(0,1],ceBy(X,T): I(aa+(1—a)c)>I(ab+(1—a)c).
Then there is a unique, weak* compact and convex set C C ba,(X) such that a = b iff f adqg> f bdqforallgeC.

Note: write “a ~b” for “a=band b= a.”
Proof: It will be shown that > is a monotonic, conic, continuous and non-trivial preorder; the result then follows
from Proposition A.2 in GMM. The arguments closely mimic Prop. 4 in GMM.

> is monotonic: if a(w) > b(w) for all w, then also aa(w)+ (1 — a)c(w) > ab(w)+ (1 — a)c(w) for all @ € (0,1].
Since I is monotonic, I(aa +(1 —a)c) > I(ab +(1 — a)c),i.e. a = b.

> is reflexive: follows from monotonicity.

> is transitive: if a = b and b = ¢, then for all @ € (0,1] and all d, I(aa + (1 —a)d) > I(ab+ (1 — a)d)
Ilac+(1—a)d),soa*>c.

> is conic (i.e. independent): if a € (0,1), then, for all B < (0,1], note that Slaa + (1 — a)c] + (1 — B)d

-

Baa+(1— ﬁa)[f’;(_l—;j)c + ﬁd] and similarly for b. Thus, a = b implies, in particular, that

v

IBlaa+(1-—a)c]+(1-pB)d)=1 (ﬁaa+(l—/5a) [p;(i;,z)c+ 11—_;0161]) >
>1 (ﬁab—i—(l—ﬁa) [/Dl(i;jz)c—k ll:ﬁﬁadD =I(Blab+ (1 —a)c]+(1—p)d)

forall  €(0,1], so aa+(1 —a)c = ab+(1—a)c. The case a =1 is trivial.
> is continuous: if a” — a and b" — b in By(%,T'), then for every e and ¢, I(ea”™ +(1 — a)c) — I(aa + (1 — a)c)
and similarly for b because I is supnorm-continuous, and the claim follows.
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Finally, = is nontrivial: consider y,y’ € I' such that y > 7’; by monotonicity, y = ¢/, and if also y < ¢/, then
Ilay+(1—a)c)<I(ay’+(1—a)c)forall c € By(X,I') and a €(0, 1]: for @ =1, one obtains I(y) < I(y’), but by vertical
invariance I(y)=I(y’+(y —y))=1(y")+y —7’ > I(y’): contradiction. Thus, y = ¥’ but not y’ = 7, as required. H

Recall that a niveloid I : By(X,I') — R has a minimal extension to a niveloid I : B(X) — R. The next Lemma
shows that (1) the extension is unique on B(%,T), and (2) if = is extended to B(X,T), then it is represented by the

set C as in Lemma B.3.

Lemma B.4 Assume that 0 € int(T'). Then a niveloid I : By(>,T') — R has a unique niveloidal extension to B(%,T),
denoted by I. Furthermore, define the relation = on B(Q,¥.) by

Va,b e B(L,T), arbh < VYae(0,1],ceBE,T): I(aa+(1—a)c)> I(ab+(1—a)c).
Then = extends = in Lemma B.3, and a=b ifff adqg> f b dq for all g € C, where C is as in that Lemma.

Proof: Let I be the (minimal) niveloidal extension of I to B(X); its restriction to B(Z,T’), denoted I, is an extension
of I to B(%,T) (i.e. itis a niveloid on the latter set). Furthermore, suppose there is another extension I’ : B(>, ') » R
of I, and take a € B(X,T). There is a sequence (a*) C By(%,T) such that a¥ — a; since both I and I’ are supnorm
continuous, I(a) =lim; I(a*)=lim; I’'(a*) = I’(a); thus, the niveloidal extension of I to B(X,I') is unique.

Turn to the relation =. Note first that, if [(Aa + (1 — A)c) > [(Ab + (1 — A)c) for all ¢ € By(%,I), then this is true
also for all ¢ € B(X,T), because [ is continuous. This implies that = extends .

Suppose that a,b € B(%,I') and a=b, so I(Aa + (1 —A)c) > I(Ab +(1 — A)c) for all A € (0,1] and ¢ € By(%,T).
Now note that, for every ¢ € By(%,T) and A € (0,1], A(3a)+(1—A)c = 3 a+(1— %A)% ¢, and %c € By(,1);
similarly for b. Therefore, %a&%b. Also, since 0 € int(I'), sup %a(Q) < sup I' and inf %Zb(Q) > inf 12", so there are
sequences (a¥),(b*) C By(%,I') such that a* | %a and b* | %b;21 for such sequences, by monotonicity of I, one has
IQa* +(1=Nc)=IAak +(1-2)c) > f(/l%a +(1-=2A)c)> f()t%b +(1=2A)c) = I(Ab* +(1 = L)) = I(Ab¥ +(1—2A)c)
for all A € (0,1] and ¢ € By(%,I'), and therefore [ a* dg > [ b*dq for all g € C. Thus, also [ fadq> [ 1bdg, ie.
[adq> [bdgforallgec.

Conversely, suppose that fa dq > fbdq for all g € C. Fix a € (0,1); clearly, f(aa)dq > f(ab)dq for all
g € C, and sup aa,inf ab € (inf T,sup I'). Consider sequences (a¥),(b*) such that a* | aa and b* 1 ab. Then
fak dq > fb’“ dgforall g € C, so I(Aa* +(1—A)c) = I(Aak +(1— A)c) > I(Ab* +(1 — A)c) = I(Ab* + (1 — A)c) for
all A and ¢ € By(X%,T), and by continuity I(A(aa)+(1— A)c) > I(A(ab)+ (1 — A)c). Letting @ — 1 and again invoking
continuity shows thata = b. il

The following result identifies a useful vertical-invariance property relating I and the set C.

Lemma B.5 In the setting of Lemma B.4, ifa,b € B(3,T') and, for some 6 €R, f adgq= f bdqg+0 forallq € C, then
I(a)=I1(b)+56.

21Suppose inf ¢(Q2) > inf " and sup ¢(2) < sup I'. For each k =0,1,... and £ = 0,...,2%, let v, = inf c(Q)+ Zik[sup c(92)—
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Proof: Assume first that inf b(Q2),sup b(92) € int(I'). Then there exists a € (0,1) such that b + a6 € B(%,T'). For all
k>0,leta*=[1—(1-a)*la+(1—a)*b. Then a* € B(3,T) for all k > 0; furthermore,

Q-a)a*+aa=1-a)1-1—-a)la+Q-a) "' b+aa=[1-1-a)*Na+1Q-a)'b=ar!

Claim: for all k, a* + a(1 — a)*6 € B(X,I') and a*t12ak + a(1 — a)k 6.

Proof: For k =0, a®+a(1—a)°6 = b+ ad € B(X,T) by the choice of §; furthermore, for all g € C, fal dg=
[lQ-ab+aaldg=(1-a)[bdg+a[adg=(1-a)[bdg+a[bdg+as = [bdg+as = [[a’+a(l-a)5]dq,
so a' ~a®+ a(1—a)°5. By induction, for k >0,

A-a)a* ' +a(l —a)f '] +aa=01-a)a* ' +aa+a(l —a)6 =a* +a(l —a)'s;

thus, a* + a(1 — a)¥6 € B(X,T') because a,a*~! + a(1 — a)*~16 € B(X,I); furthermore, if af=a*—1 + a(1 — a)*-16,
then also
H=1-a)af+aaz(1-a)a"*'+a(l—a) 6]+ aa=a*+a(l—a)s
because 2 is a conic preorder.??
The claim implies that, for all k > 1, [(a*) = I(a*~! 4+ a(1 — a)*~16) = I(a*1)+ a(1 — a)*~15, where the second
equality follows from vertical invariance; thus,

k-1 _ _ k
(a")=1(b)+ a5 Y (1-a)f = i) +as 0=

=0

=Ib)+6[1-1—-a)k].

Since a* — a and I is continuous, the result follows.

If b is arbitrary, for k >0, let ak = k—a and b* = et +1 ——D, soin partlcular b*(Q) c int(T"); furthermore, for every

k>0andgeC, fakdq—kﬂfadq—k+1fbdq+k+15 [b*dg+ 5

I(ak)=I(b*)+ k_+16 Since af — a and b* — b, continuity implies that [(a)=I(b)+ 6. B

0, and it has just been shown that then

With I, I and C as in Lemmata B.3 and B.4, define, for every a € B(X,I):

Cla) = {J. adq:qe C}, Chin(a) = min C(a), Cmax(a) = max C(a)
1

Iy(a) = beBo(zrrlfAe o 7 [[(Aa+(1—2)b)—I((1—A)b)]

. 1

Iy(a) = beB(zlr)fAe(o 5 )\ [[(Aa+(1—2)b)—I((1-A)b)]

%%a) = sup - [f()ta+(1—7t)b)—l((l—)t)b)]

beBy(X,1),A€(0,1]
°%a) = sup % [[(Aa+(1—-2A)b)—I(1-1)b)].

beB(E,I),A€(0,1]
Clearly (take A =1) Iy(a) < I(a) < I%a); also, if I is positive homogeneous, then Iy(a) = infyep, s, I(a+b)—I(a)
etc., which, as shown in GMM, is the (lower) Clarke derivative of I at 0. Finally, notice that I and I, differ in that
the “perturbation” b is chosen from By(%, ') and B(X,I') respectively.
The following Lemma provides the sought-after GMM-type representation of I.

22The proof is identical to that given in Lemma B.3; alternatively, it follows from the representation provided in Lemma B.4.
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LemmaB.6 LetI,I andC be as in Lemmata B.3 and B.4. For all a € B(Z,T'), Cmin(a) = Io(a) = Iy(a) and Cmax(a) =
I°(a)= I(a). Furthermore, there is a functiony : B(~,T) — R such that

Vae B(X,ID), I(a)=7(a)Cmin(a)+[1 — y(a)]Cmax(a), (20)

where y(a) is uniquely defined whenever Cyin(a) < Cmax(a). Ifa,b € B(X,T') and 6 € R are such that f adq=
[ bdg+6 and Cmin(a) < Cmax(a), theny(a)=y(b).

Proof: Observe first that, for every € > 0, if +[I(Aa +(1 — A)b) — I((1 — A)b) € [Io(a), Io(a) + €) for some b € B(X,9),
then there is b’ € By(%, ) such that 3 [I(Aa + (1 — A)b") — I((1 — 2)b") € [Io(a), Io(a) + €) as well; thus, I = Ip, and
similarly 10 = I°.

Observe first that Iy, Cpin, I°, Cmax are monotonic functionals. Now assume that inf a(£2,sup a(f2) € int(T").
Then, by monotonicity, Cpin(@), Cmax(a) €', and mimicking GMM’s Lemma B.4, observe that Cyin(a) <X a: hence,
for all A € (0,1] and all b € By(%,T), I(Aa + (1 — A)b) > I(ACmin(a) + (1 — A)b) = ACwmin(a) + I((1 — A)b), where the
equality follows by vertical invariance, and this implies that Cyyin(a) < Iy(a).

Conversely, by definition Iy(a) < %[I(la +(1—=A)b)—I(1—A)b)] forall A(0,1] and b € By(X,T), i.e. Aly(a)+
I(1-A)b)<I(Aa+(1—-A)b),i.e. I(AL(a)+ (1 —A)b) < I(Aa+(1— A)b) by vertical invariance. By monotonicity of
Iy, In(a) €T, so Iy(a) =X a, which implies that Iy(a) < f adqfor all g € C, and hence that Iy(a) < Cnin(a).

Now note that Cy,y is positively homogeneous; furthermore, aly(a) < Ip(aa) for all « €(0,1) and a € B(%,T).
To see this, suppose that, for some a € (0,1), € > 0, A € (0,1] and b € By(%,T’) are such that %[f(k(aa) +(1 -
A)b)—1((1—-A)b)] < Ip(aa)+€; but b’ = ﬁb € B(%,T), and so Iy(a) < ﬁ[i(laa +(1=Aa)b’)—I((1 - Aa)b")] =
A—la[f()\(aa) +(1=A)b)—-I(1-A)b)] < i[lo(aa) +e€]. Thus, aly(a) < Iy(aa), as claimed. Finally, for an arbitrary
a € B(Z,I), let ak = kLHa for k > 0; then inf a*(Q),sup a*(Q) €T, so Iy(a*) = Cpin(a*) for all k; by the claim
just proved, for k > 1, Iy(a) < %Io(ak) = %Cmin(ak) = Cmin(a). Suppose the inequality is strict; then there is
b € By(%,T) and A €(0, 1] such that %[f(ka +(1—=A)b)—I((1 — A)b] = Cnin(a) — € for some € > 0. Let k be such that
|Cinin(@) = Cmin(a®)| < § and

%[f()\a +(1=A)b)— I((1 — A)b] — %[i(lak +(1=A)b)— I((1—A)b]| < g

Then Cpin(a*) = Ip(a*) < 1[I(Aak 4+ (1 —A)b)— I((1 — A)b] < Cmin(a*), a contradiction. Thus, Io(a) = Cmin(a) for all
a € B(X,T). The argument for I° and Cp,y is analogous.

i(“)_cmax(a)
Cmin(a@)—Cmax(a)
otherwise. Then it is clear that Eq. (20) obtains. Furthermore, if a,b, 6 are as in the statement, then Cpin(a) =

Cmin(b)+ 6 and Cpax(a@) = Cinax(b) + 6; furthermore, by Lemma B.5, I(a) = I(b)+ 6. Thus,

Turn now to the representation of I. Let y(a) = if Ciin(a@) < Cmax(a), and define y(a) arbitrary

(@)~ Cimax(a) I(b)+6 = Cmax(b) = 6 I(b) = Cmax(b)
= = =1(b),

Y(a) - Cmin(a) - Cmax((l) - Cmin(b)+ 5 - Cmax(b) - 5 B Cmin(b) - CmaX(b) -

asrequired. l

Finally, a characterization of crisp acts (cf. §2.2) is provided.
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Lemma B.7 Consider a preference = that has a niveloidal representation (I, u), with 0 € int(u(x)). For any act
f € Ly, the following are equivalent:

(1) f is crisp;

@uof~I(uof);

3) minqecf uofdg= maxqecf u o f dq, where C is as in Lemma B.3.

Proof: (1) = (2): by assumption, f ~ x implies Af +(1—A)g ~ Ax+(1—A)g for all g € Ly and A € [0, 1]; that is,
IAuof+(1—-A)uog)=I(Au(x)+(1—A)uog)forall A €[0,1]. Since f ~ x implies I(u o f) = u(x), the claim follows.
(2) = (1): by Lemma B.3, u o f ~ I(u o f) implies thatf uo fdq=1(uo f)forall g€ C, and the claim follows.
(3) = (1): by Lemma B.6, Cpin(u o f) < I(u o f) < Chax(u © f); by assumption, Cpin(tt © f) = Crax(ut © f), so
I(uof)= f uofdgforallgeC. Thus, if x ~ f, then u(x) =f uof dqgforall g € C. But this implies that u o f ~ u(x),
ie.forallgeLpand A€[0,1], [[Auo f+(1—-Auog)=I(Au(x)+(1-Auog)ie Af+(1-A)g~Ax+(1-2A)g.
Hence, f is crisp. l

B.3 Functional Characterizations of Complementary Independence

This subsection provides the key steps in the characterization of VEU preferences. The starting point is the “niveloidal
representation” of = provided by Part 6, which was shown to also have a GMM-type formulation in §B.2. It will first
be shown that Axioms 3.8 and 3.7 hold if and only if a “baseline linear functional” J can be defined. Then, the lin-
earity of the functional J is related to the GMM-type representation of I: specifically, it is shown to correspond to
(1) symmetry of the set C of probabilities in Eq. (19) around the probability p that represents J, and (2) a symmetry
property of the weight function y(-).

Lemma B.8 Let = be represented by I, u as in Prop. B.1, and assume wlog that 0 € int(u(X)). Define a functional
J : Bo(2, u(X))— R by letting, for alla € By(2, u(X)) andy e R withy—a € By(Z, u(X)), J(a)= %7/+ %I(a)— %I(y—a).
Then ] is a well-defined, normalized niveloid; furthermore, = satisfies Axioms 3.8 and 3.7 if and only if ] is affine;

in this case, ] has a unique, normalized and positive linear extension to B(X).

Corollary B.9 (Extension to B(X, u(X))) The unique niveloidal extension I of I to B(X, u(X)) satisfies J(a)= %y +
31(a)—31(y —a) foralla,y — a € B(Z, u(X)).

Proof: J as above is well-defined: first, for every a € By(%, u(X)), if y =infq a +supq, a, then y —a =sup,a — [a —
infq a] € Bo(%, u(X)); furthermore, if y,y’ € R are such thaty —a,y —a’ € By(%, u(X)), theny—a=(y' —a)+(r—y’),
so vertical invariance of I implies that I(y—a)=I(y’—a)+y—7’, and so %y— %I(y—a) = %y— %I(y’—a)— %()’—y’) =
37’ —31(y'—a), as required. Next, J is normalized: if y € u(X), then y—y =0 € u(X),s0 J(y) = 37 +31(r)—3I1(r—71) =
%7’ + %y +0 =17, because I is normalized and 0- 1o € By(Z, u(X)). Finally, J is a niveloid: for a,b € By(%, u(X)), if
o, € u(X) are such thata — a, B — b € By(Z, u(X)), then

2[J(a)—J(b)]

a+I(a)—I(a—a)-B—Ib)+1I(f-Db)<
(a—pB)+sup(a—b)+sup(f —b—a+a)=2sup(a—Db).
Q Q Q

IA
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Turn now to Axioms 3.8 and 3.7.
First, it will be shown that = satisfies Axiom 3.8 if and only if ](%a) = %](a) for all a € By(%, u(X)). Fix f, f, x, &
as in Axiom 3.8 and let a € By(%, u(X))and y € R be such that a = u o f and y —a = u o f; then %f—i—%fc~ %f—k%x
iff I(3a+ 3 u(%)) = I(3 f + 3 u(x)); by vertical invariance [note that 3 a, 1(y — a) € Bo(X, u(X))] and the properties of
X, X%, this equals
IGa)+ 3 1~ a)=1C(r~a) + I(a).
2 2 2 2

By the definition of J, rearranging terms, this holds iff ](%a)+ ;117 = %[](a) + %7/], ie. ](%a) = %](a). Thus, if J has
this property, then Axiom 3.8 holds. Conversely, for any a € By(Z, u(X)), there is f € Ly such that u o f = a, and
as noted in the first part of this proof, one can find y € R with y — a € By(%, u(X)); again, there will be f € L, with
uof=y—a,sothat f, f are complementary: if Axiom 3.8 holds, the argument just given shows that ](%a) = %](a).

Now assume that J is affine; then, in particular, for all a € Bo(%, u(X)), J(3a)=J(3a+3-0)=3J(a)+ 3 J(0)=
% J(a), and, as shown above, in this case Axiom 3.8 holds. Next, consider (f, f ), (g, &) and a as in Axiom 3.7. Let
a=uof,b=uog,andlet z,z’ € R be such that %u(f(a)))—i- %u(f(a))) =z, %u(g(w))+ %u(g(w)) =z’ for all w;
finally,letd =2z—aand b=2z’—b,sod=uofandb=uog. Then f = fand g = g imply I(a) > I(a)= 1(2z—a),
so J(a)>z+ %I(a) — %(Zz —a)=z; similarly, J(b) > z’. If J is affine, then J(aa+(1—-a)b)=caJ(a)+(1—a)J(D) >
[az +(1—a)z’], so

I(aa+(1—a)b)—I(ad+(1—a)b)=I(aa+(1—a)b)—I(a[2z —a] +(1 — a)[22' — b])=
=Ilaa+(1—-a)b)—IRlaz+(1—-a)z |—aa—(1—a)b)=2](aa+(1—a)b)—-2[az+(1—a)z’] >0.

where the last equality follows from the definition of J. Thus, af +(1—a)g = af +(1 — )&, i.e. Axiom 3.7 holds.

Conversely, assume that Axioms 3.8 and 3.7 hold. The argument given above shows that J (%a) = % J(a) for all
a € By(X, u(X)); it will now be shown that J(3a + 3b)= 3 J(a)+ 3 J(b) for all a, b € By(%, u(X)).

Since 0 € int(u(X)), there is > 0 such that [-§,5] € u(X). Assume first that ||al|,||b|| < 16; this implies
that (a) a,b,—a,—b € By(%, u(X)), and furthermore (b) a — J(a),b — J(b), J(a)— a, J(b) — b € By(%, u(X)), because
monotonicity of J implies that J(a), J(b) € [—%5, %5]. Let f,g,f,§ € Lybesuchthata—J(a)=uof, b—J(b)=uog,
J(a)—a=uofand J(b)—b=uog. Clearly, (f, f) and (g, &) are complementary pairs; furthermore, applying the
definition of J withy =0, J(a—J(a))= 31(a—J(a)—31(J(a)—a) and similarly J(b—J(b))= 3 I(b— J(b))—31(J (b)—
b); finally, by vertical invariance of J, J(a— J(a))= J(a)— J(a)=0 and similarly /(b — J(b))=0. Thus, f ~ f and g ~
g,soAxiom 3.7 implies that § f+3 g ~ 3 f+3 &. It follows that I(3[a—J(a)l+3 [b— (D)) = I(3[J(a)—al+3 [ (b)-D)),
or J(3[a— J(a)l+ 3[b — J(b)]) = 0; but by vertical invariance of J, this is equivalent to J(3a+ 3b)= 3 J(a)+ 3 J(b),
as claimed.

Now, for arbitrary a,b € By(%, u(X)), there is an integer K > 0 such that 2=X||a||,2=X||b|| < %6. Then the
argument just given shows that ](%(Z‘Ka) + %(Z‘K)b) = %](Z‘Ka) + %](Z‘Kb); but it was shown above that, for all
¢ € Bo(%, u(X)), J(3¢)= 1 J(c), and so it follows that

2 2
This implies that J(aa + (1 — a)b)=aJ(a)+ (1 —a)J(b) for all dyadic rationals @ = k2~X, with k € {0,..., K} for

some integer K > 0.2 But since these are dense in [0,1] and J is supnorm-continuous, J is affine. The extension

1 1LY\ _ o« ,K(l 1))_1& K kl ok 1 1
]( a+2b)—2 1(2 a+3b)) =251 K a)+25 @ b)= J(@)+ 5 Tb)

2The claim is easily established by induction on K.
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of J to B(X) is now standard.

Finally, to prove the Corollary, if a,y — a € B(%,T'), there is a sequence (a*) C By(%,T') such that a* — a and, for
all k, ming a* > infg a and maxg a* < supg, a;?* thus, y — a*(w) <y —mina* <y —infa =y + sup(—a) = sup(y — a),
and similarly y — a*(w) > inf(y — a). It follows that y —a* € By(%, u(X)) for all k, and so J(a¥)= 3y +31(ak)— 1 1(y —
ak)= 3y +31(a*)— 3 1(y — a*), so the claim follows by continuity of . I

Next, the implications of the linearity of J for the GMM representation of I are investigated. The following
notation is convenient: let ¥ = {Q € B*(X):3g € Cs.t.Va € B(X), T(a) = fa dqg}. Also, say that ¢ is symmetric
around some Q € B*(Y) iff, for every Q € ¥, 2Q — Q € ¥ (which implies that Q € € as well).

Lemma B.10 In the setting of Lemma B.8, the functional ] is affine on By(X, u(X)) if and only if ‘¢ is symmetric
around J and y(a) = y(a — a) for all a € By(%, u(X)) such that Cpin(a) < Cnax(a) and a € R such that a —a €
By(%, u(X)).

Corollary B.11 (Extension to B(X, u(X))) The functional y(-) also satisfies y(a) = y(a — a) whenever a,a —a €
B(%, u(X)), a €R, and Cpin(a) < Cmax(a).

Corollary B.12 (Symmetry of C) If] is linear, let p € ba;(X) be such that J(a) = f adp foralla € B(X). Then C is
symmetric around p: ifq € C, then2p —q € C.

Proof: Let Q‘;‘i“ € argminges Q(b) and Q™ € argmaxge Q(b) for any b € By(X). Two preliminary observations
will be useful.

Claim I: regardless of whether or not ¢ is symmetric, Qg‘i“(b) = Q?_a’;(b) forall f €R.

Claim 2: if € is symmetric around some Q € %, then Q;""(b) + Q;'*(b) = 2Q(b). To prove this claim, note
that, by definition, Q{"(b) < Q(b) for all Q € €. Now fix one such Q. Then, in particular, Q)*"(b) < 2Q(b) — Q(b),
because 2Q — Q € %. Hence 2Q(b) — Q(b) > Q(b): that is, for all Q € %, 2Q(b) — Q"(b) > Q(b). Thus, Q**(b) =
2Q(b) - Q™ (b).

Now, for necessity, suppose that a,a — a € By(%, u(X)) and calculate:

1 1 min l — max —
@+ 7(@Q" @)+ S 11— 7(@)]Qy™(a)

1 . 1
- Er(a —a)Q(a—a)— 5[1 —rla—a)Qi%(a—a)=

J(a)

1 . 1 1 . 1
= @@+ 31~ H@)QE™(a) - S 7@ (~a)~ 5 [1 - Hal Qi (-a) =
1 . 1 . 1 1
= (@) |5 @)+ 5@+ [1- pla)] | 5QP @)+ 508 (a)]

Now Claim 1 implies that each term in square brackets equals %Qamin(a) + %Qamax(a); since furthermore % is sym-
metric around some Q € %, Claim 2 implies that the expressions in square brackets equal Q(a), and necessity
follows.

For each k =0,1,...and £ =0,...,2%, let @, = inf a(2)+ ﬁ[sup a(2) —inf a(2)]; also define a = %[inf a(Q)+sup a(Q)].

Finally, let a* ()= k#ﬂd + kLﬂ ming—o_r{aer: a(w) <api}.
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Now turn to sufficiency. For every a € By(%, u(X)), let u(a) = min a(Q2)+max a(f), so u(a)—a € By(Z, u(X))
and J(a)=ju(a)+31(a)— 31(aq — a).

Claim 3: for every a € By(%, u(X)), J(a)= 3u(a)+ 3 Io(a) — 5 Io(u(a) — a).

Three algebraic facts are key to the proof of Claim 3. First, for all A €(0,1), u(Aa) = Au(a); second, although in
general u(Aa+(1—A)b) # Au(a)+(1—A)u(b), it is nevertheless the case that [Au(a)+(1—A)u(b)] —[Aa+(1—-A)b] =
AMu(a)—a)+(1—A)(u(b)—b) € By(Z, u(X)). Third, u(u(a)— a) = u(a). Combining these facts, one obtains

[Ap(@)+(1 = (b)) - Alu(a) — a] — (1= Ab € Bo(, u(X)).
As a consequence, the definition of J implies that
2] (Au@)—al+(1=20b) = [Ap(@)+(1—2ub)+1(Au@)-al+(1—2)b) - 21)
= 1{(@)+ (1= (b))~ Au(a) - al = (1= A)b).

Similar, but simpler calculations yield

2]((1 —/l)b) -1 —?L),u(b)+l((1 —A)b) - 1((1 —Mub)-(1 —)L)b). 22)

One can then calculate:

beBo(z,lz&f)),Ae(o,u % [I (M‘u(a) —al+(- Mb) h I((l _}L)b)] -

. 1
beBo(Z,;g(f;),)Le(O,I] 2 [2] (Mu(a) —a)+(1- Mb)+

+1( [Aat@) + (1 = A)(b)] — Alpa) — a)) — (1= b ) = Apa) ~ (1~ Ap(b)-
—21((1 —)L)b) - 1((1 —Nub)-Q —)L)b) +a —A)u(b)] =

. 1
=2J/(@)~p(a)~, _inf = [I(Aa+(0-A)u(b)~b]) = 1((01~Au(b)~ b)) =

—lo(ula)—a)=—

=2J(a)— pla) - Io(a).

The second equality follows by using Egs. (21) and (22) to substitute for I(A[u(a)—a]+(1—A)b) and I((1—A)b). The
third equality follows by canceling the terms (1 — A)u(b), using the fact that J is linear, then canceling one of the
terms p(a) and finally simplifying and rewriting the arguments of the two functionals I. Finally, the last equality
follows by noting that b € By(%, u(X)) if and only if u(b) — b € By(%, u(X)).

Claim 3 implies that ¥ is symmetric around J. To see this, pick Q € 4, so Q(a) > Iy(a) = Cnin(a) for all
a € By(%, u(X)); then, for all a,

2J(a)—Q(a)=u(a)+Io(a)— Io(u(a) — a)— Q(a) < u(a) — Io(u(a) — a),

or equivalently Iy(u(a) — a) < 2J(u(a) — a) — Q(u(a) — a) for all a; since, again, a € By(X, u(X)) iff u(a) —a
Bo(X, u(X)), this is also equivalent to

Va e By(X, u(X)), I(a)<2](a)-Q(a).
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Now recall that Iy = Cy,,, and standard separation results?® imply that

C= {q e ba,(X):Va € By(X, u(X)),f adqg> Cmin(a)} ;

then, it follows that 2] — Q € %. Since ¥ is convex and non-empty, this also implies that it must contain J as well.
Finally, with QM etc. defined as above, and letting a = u(a) for simplicity,

2J(a) a+71(a)Qy™(a)+[1-y(@)]Qy™(a)—y(a—a)Qy(a—a)—[1-y(a—a)Qy(a—a)=
= a+7(a)Q™(@)+[1-1r(@)]Qy™(a)—y(a—a)Qy™(a—a)—[1-r(a—a)Q)™(a—a)=
= [r@+1-y(@-a)Qy™(a)+[1-r(a)+r(a—a)Qy™(a)=
= [QF™(@+Qy™@)+[r(a)—r(a—a)lQF™ (@) - Q™ (a)]l =

= 2J(a)+[r(a)—r(a—a)[QM(a)— QX ™(a)],

where the last equality follows from the fact that 4" is symmetric around J (see Claim 2 at the beginning of this
proof). If QI"(g) < QM¥(a), equality can only obtain if y(a) = y(a — a), as claimed.

To prove the first Corollary, suppose a,a—a € B(X,T') for some a € R and consider a sequence (a¥) C By(X, u(X))
such that a; — a and, for each k, inf a(2) < min a*(Q) < max a*(2) < sup a(£2). Then, as in the proof of the Corol-

ok _ _I@)—Cnaxl(a)  _ 1(a")—Cmax(@®)  _ 1; k) —
lary to Lemma B.8, a — a* € By(%, u(X)), so that y(a) = el = limy oo Cu(a)—Con(al) = limy_s y(a®) =
I(a—a*)—Cpa(a—a*) _  (a—a)—Cpal(a—a)

limy 0 7(a — a¥) = limy_ Coea - o a—aF) = Conlaa) Cotaea) = y(a — a). The second Corollary is straightfor-
ward. H

B.4 Monotone Continuity

Assume that I' is non-singleton. A functional H : By(X,I") — R is monotonely continuous iff, for every a, 8,7 € T
with a@ > f > y and every sequence of events (Ax) C X such that A D A4 for all n and NAy =0, there is k such
that H(a — (@ —17)14,)> B > H(y +(a — )14, )—or, abusing the notation for binary acts, H(yAra) > B > H(aAxy).

Continue to focus on the representation I, u of =; assume wlog that 0 € int(u(X)). Clearly, = satisfies Axiom
3.6 iff I is monotonely continuous. This property will now be characterized in terms of the functional J defined
in Lemma B.8, and the set C defined in Lemma B.3. One implication will be that C consists of countably addi-
tive measures; Lemma B.14 will establish a useful consequence of this fact: it is possible to restrict attention to a
countable subset of measures.

Lemma B.13 The following statements are equivalent:
(1) I is monotonely continuous;
(2) For every decreasing sequence (Ay) C X such that ﬂAk =0, J(14,)—0;

25Call C’ the set in the r.h.s.; clearly, C c C’, so suppose there is g € C’\ C. Since C is weak* closed and {g} is weak* compact,
by a version of the Separating Hyperplane Theorem (See Megginson, Theorem 2.2.28) there is a weak* continuous T : ba(X) — R
such that Tq < infy<c Tq’; furthermore, Tq’ = f a dq for some a € By(X) (cf. Megginson, Prop. 2.6.4), and it can be assumed
wlog that a € By(%, u(X)). But then f a dq < Cyin(a), a contradiction.
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If the functional ] is linear, then (2) above is also equivalent to
(3) for every decreasing sequence (Ay) C X such that( A =0, and for every € > 0, there is k such that q(Ax) < €
forallgeC.

As noted above, (3) implies in particular that every g € C is a probability measure.
Proof: (1) = (2): let « € u(X) be such that ¢ > 0 and —a € u(X). For every € € (0, a), there is k’ such that € > I(al, )
and k” such that I(a(1 —14,,)) > a — € (take y = 0 and 8 = ¢,a — € in the definition of monotone continuity).
Letting k = max(k’,k”), so A C Ay and A C Ay, by monotonicity both € > I(als,) and I(a(l —14,)) > a—¢€
hold; furthermore, since —a € u(X), vertical invariance of I implies that I(a(1 —14.)) =a+ I(—alas) > a—e, ie.
€ > —I(—aly,). Hence, € > 31(ala,)— 31(—ala,) = J(ala,). To sum up, if n > 1, then monotonicity implies that
J(14,) <nforall k; and for n €(0, 1), taking € = na yields k such that J(14,)= é](aIAk) < ée =1, as required.

(2) = (1): Fix a, 8,y € u(X) with a > f8 > 7; then there is k’ such that J(y +(a—7)14,) <7+ %(/3’ — 7). Let
u=a+y.sou—y—(a— )/)IA;c =a—(a—17)1a, € By(%, u(X)): then, by the definition of J,

1 1 1 1
r+ E(ﬁ—?’)> SHt 51(7’+(¢1—7’)1Ak,)— EI(U_Y_(a_T)lAk/);

substituting for y and simplifying this reduces to

1 1 1 1 1
5/3’ > §a+zl(y+(a—y)1Ak,)— El(a—(a—y)lAk,)Z El(y—i—(a—y)lAk,),

where the inequality follows from monotonicity of I, as @ —(a —1)14,,) < a. Thus, 8 > I(y +(a — )14, ). Similarly,
there is k” such that J(a — (@ —7)14,,) > a— %(a —p), ie.

1 1 1 1
a=Sa—p)<su+5la—(a—pla) - S Hu-a+@=7ls,)

and again substituting for y and simplifying yields

1 1 1 1 1
Eﬁ < §Y+ El(a_(a_’),)lAku)_ EI(Y—I_((X_’},)IAIC//)S il(a_(a_‘r)lAk//))

because y + (& —y)1a,, = 7. Thus, I(a — (a —y)1a,,) > B. Therefore, by monotonicity, k = max(k’, k) satisfies
Ila—(a—7)14)> B > I(y +(a—171)14,), as required.

Turning now to the final statement, note that / € ¥ by Lemma B.10, so (3) clearly implies (2). In the oppo-
site direction, fix a sequence as in (2) and (3), let p € C represent J, and choose € > 0; then there is k such that
J(1a,)=p(Ar) < %6. If now q(Ax) > € for some g € C, then q’ =2p — q satisfies q’(Ax) < € —e =0, and Lemma B.10
implies that g’ € C: but this contradicts the fact that C consists of probability charges. Therefore, g(Ax) < € for all
q € C, as claimed. l

Lemma B.14 Suppose that Q) is a compact metric space and ¥ is its Borel sigma-algebra. Let C C ca,(X) be
o(ca(X), B(X))-compact and symmetric around some p € C. Then:

(i) for every € > 0 there is 6 > 0 such that, for every E € X, p(E) < 6 implies q(E) < € forallq € C.

(ii) there exists a countable subset D C C such that, for every a € B(X), g € C, and € > 0, there is q’ € D with

|[adg—[adq|<e.
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Proof: Since o(ca(X), B(X)) € o(ca(X), C(2)), C is also o(ca(X), C(f2))-compact. Since the o(ca(X), C(£2)) topology
is metrizable, there is a countable o (ca(X), C(Q?))-dense subset D of C.

Notice that, for every E € X and g € C, q(E) < 2p(E). To see this, suppose that g(E) > 2p(E) for some E and
g. Since C is symmetric around p, ¢’ = 2p — q € C; but then g’(E) = 2p(E) — g(E) < 0, which contradicts the
assumption that C C ca!(X). Part (i) then follows immediately.

Now consider a € B(X), g € C\ D, and € > 0. If ||a|| = 0, so a = 0, there is nothing to prove; thus, assume
|la|| > 0. By (i), there is 6 > 0 such that g”(E) < ﬁ for all g” € C and E € X such that p(E) < 6. By Lusin’s Theorem
on measurable functions (Kechris [32, Thm. 17.12]), there exists b € C(2) such that p({w : b(w) # a(w)}) < 6;
moreover, b can be chosen so that ||b|| <||a||.?® Therefore, for all g” € C, ¢"({w : b(w) # a(w)}) < ==, so

6llall’
Jadof’—deq” J. (a—b)dc/’
Q Q {w:a(w)#b(w)}

Finally, by assumption, there is a sequence {g"} C D such that g — g in the o(ca(X), C(Q2)) topology. Hence, there
is n such that |fb aq" —fb dql < 5. Thus,
—Ub dq”—ja aq"

Uadq—Jadq” fadq—fbdq‘+Ubdq—deq"

Note: the preceding result does not actually require symmetry: the existence of p € C as in (i) follows from a

€

<2[lall =z
6llall 3

< <e.

theorem of Bartle, Dunford and Schwartz (cf. [9, Corollary 6, p. 14]).

B.5 Proof of Theorem 3.1

Recall that, for any vector measure m on X and interval ' C R, Ry(m,I") = {f adm:ae BO(Z,F)}. It is convenient
to extend this to images of functions in B(%,I'): let R(m,I") = {f adm:ae B(Z,F)}. Clearly, R(m,T) is the closure
of Ro(m,T).?” It is clear that (2) implies (3) in Theorem 3.1; thus, focus on the non-trivial implications.

B.5.1 (3) implies (1)

For all a € By(Z, u(X)), let J,(a)= [ a dpand I(a) = J,(a)+A([ adm); thus, for all f,g € Ly, f = g iff [(uo f) >
I(u o g). It is easy to verify that I is constant-mixture invariant and normalized (because m(£2) = 0 and A(0) = 0);
furthermore, by part 3 of Def. 2, it is monotonic, and hence a niveloid by Prop. B.1. This implies that = satisfies the
first five axioms in (1). Furthermore, for all a € B(%,T), letting u € u(X) be such that u —a € By(%, u(X)),

1 1. 1. 1 1 1 1 1
J(a)= z,u—i— El(a)—il(,u—a): E,u—i— 5],,(61)+5A (Jadm) — Elp(,u—a)—EA (J(u—a)dm) =Jp(a),

261f||b|| > ||al|, consider the function b’ such that b’(w) = max(—||a||, min(||a||, b(w))) for every w € Q.
211f ¢ € R(m,T') then there is a € B(X,I") and (@ )k=0 € Bo(2,T) such that ¢ = f admand a, — a, so f ay dm; — ¢ uniformly
in i; hence, R(m,T’) C cl Ry(m,T’). The other inclusion is obvious.
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because again m(2) = 0 and A(¢) = A(—¢) for all ¢ € R(m,I'); thus, the functional J defined in Lemma B.8 coin-
cides with J,, and hence it is affine; thus, = satisfies Axioms 3.7 and 3.8 as well. It remains to be shown that I is
monotonely continuous. To see this, fix a sequence (A) C ¥ decreasing to 0, and note that, fora > f >y inT,

Iy +(a=1a) =7 +(@—7p(A)+ Al —7)m(Ar)),  I(y+(a—7)la)=a—(a—-7)p(Ax)+A(—(a—7)m(AL)).

Since p is countably additive and the m;’s are uniformly countably additive, p(Ax) — 0 and sup; |m;(Ax)| — 0;
furthermore, since A(-) is supnorm-continuous at 0,,, A(m(Ax)) — 0 and A(—m(Ax)) — 0. Hence, I(y+(a—7)1a,) l 7
and I(y+(a—7y)14,) T @, which implies that, for some k, I(y+(a—7)14,) > B > I(y+(a—7)14,). Thus, I is monotonely
continuous, so = satisfies Axiom 3.6.

B.5.2 (1) implies (2)

Since (€, ) is standard Borel, it is sufficient to establish the claim under the additional assumption that Q is a
compact metric space and X is its Borel sigma-algebra.?®

Since = satisfies Axioms 3.1-3.5, it admits a non-degenerate niveloidal representation I, # by Proposition B.1;
furthermore, it is wlog to assume that 0 € int(«(X)). Moreover, since = satisfies Axioms 3.7 and 3.8, the functional
J defined in Lemma B.10 is affine on By(X, u(X)); finally, since 3= satisfies Axiom 3.6, I is monotonely continuous.
In the following, I will denote the unique niveloidal extension of I to B(Y, u(X)).

Let C be the set of probability charges delivered by Lemma B.3. Let p be the probability charge representing
J, so by Lemma B.10, p € C and C is symmetric around p. By Lemma B.13, C C ca(X), and furthermore for every
sequence (Ax) decreasing to 0, sup ;. g(Ax) — 0. Finally, let D C C be the set delivered by (ii) of Lemma B.14.

Note that, by Lemma B.4, for all b, b’ € B(%, u(X)), f bdqg= f b’ dgfor all g € C implies that [(b) = I(b’). I claim
that, for all b, b’ € B(%, u(X)), fb dg= fb’ dgq for all g € D implies fb dg= fb’ dgq for all g € C, or, equivalently,
that f b dq= 0 for all g € D implies that f bdq=0forall g €C. Consider b € B>, u(X)) and g € C\ D; assume that
fb dq =0 for all g’ € D. Suppose there is g € C with |f b dq| = € > 0: then (ii) in Lemma B.14 yields g’ € D with
|fb dq—fbdq’l <E€,80 |fbdq’| > 0, a contradiction.

Now define a collection m = (m;)o<i<co Of signed measures by letting m;(E) = g;(E) — p(E) for every E € X
and i € {0,1,...}, where go,qs,... is an enumeration of D. Clearly, for each i, m; € ca;(X), m;([0) = m;(2) =0,
and |m;(E)| < |q:(E)— p(E)| < 2. Moreover, let (Ax)r>0 C X be a sequence decreasing to 0; since, as noted above,
SUPgec q(Ap)—0,

sup |m;i(Ax)l = sgplqi(Ak) —p(Ap)l < St;pqi(AkH p(Ar)—0,

i.e. m;(Ax)— 0 uniformly in i; thus, m is an adjustment tuple as per Def. 1.
Next, suppose that a, b € By(X, u(X)) are such that f adm= f b dm; therefore, for all g € D, f adqg= f bdg+6,
where 6 = f a dp—f b dp. By Lemma B.5, this implies that I(a)=I(b)+6. Furthermore, suppose that a —a, B-be

28Since (2, %) is standard Borel, there exists a Borel isomorphism o : 2 — K (cf. Kechris [32], p.90), where K is compact metric
and endowed with the Borel sigma-algebra; if Q2 is countable, let K =, endowed with the Fort topology (fix a point w € and
declare E C Q to be open if either (i) w ¢ E or (ii) w € E and Q\ E is finite). Let L] be the set of simple, Borel-measurable
functions from K to X, and define a binary relation = on L{ by letting foo~! = goo~1iff f = g forall f,g € L,. Then
it is clear that = satisfies any one of the axioms in Sec. 3 if and only if =° does, too. Finally, if = has a VEU representation

(u,p?,n,m°,A), then = has a VEU representation (¢, p? oo, n,m° oo, A).
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By(2, u(X)) for a, B €R; then

f[a—a]dqza—fadqza—jbdq—ézf[ﬁ—b]dq+a—/3’—5
for all ¢ € C, and therefore I(a —a)=I(8 —b)+a— B — 6. Hence,
i o1 1.1, 1. 1. 1
(a)—](a)—I(a)—Ea—EI(a)—i— El(a—a)—zl(a)—i— El(a—a)—ga—
1. 1 1. 1 1 1 1. 1. 1 .

Therefore, it is possible to define a functional A : R(m, u(X)) — R by letting A(¢) = I(a) — J(a) for every ¢ €l
such that ¢ = f a dm for some a € B(X, u(X)). Also, the map a — J(a) +A(f a dm) coincides with I, and hence is
monotonic by assumption, as required by Def. 2.

It will now be shown that A is supnorm-continuous at 0 € R®. Observe first that f()Q dm =0 € {, where
0o(w) =0 for all w; thus, A(0)= I(0)— J(0) = 0. Moreover, if ¢) = f admand a—a € B(X, u(X)), then A(¢p) = %I(a) +
%I(a —a)— %a. Now, using the GMM-like representation of [ in Lemma B.6, and the fact that y(a)=y(a —a) =7,

f(a)zyminf adqg+(1 —y)maxf adq=y ian adqg+(1 —y)supf adqg=
geC qeC qeD qeD
:yinfj adm;+p)+(1 —y)supf adimi+p)=J(a)+yinf¢;+(1—7)sup¢;
i i i i

and similarly for I(a — a), we get

Ia)+I(a—a)—a=
= J(@)+yinfg;+(1-y)supp; +J(a—a)+yinf(—¢;)+ 1 ~y)sup(~¢;)—a=

2A(9)

= rinfgi+(1—y)supg;—ysupg; —(1-y)infe; =
= (@2r-1infg; +(1-2y)sup¢; =2y — Dlinf¢; —sup ¢].

Since y € [0, 1], it follows that, for all ¢ € R(m, u(X)),
inf¢; —sup ¢p; <2A(¢) <sup¢; —inf¢;.
1 i i 1

If ¢ — 0in{y, theninf; ¢ — 0 and sup; ¢ — 0, so A(¢") — 0= A(0), as required.?

Thus, (1, p,00, m,A) is a VEU representation of >=. It remains to be shown that there is a sharp VEU represen-
tation. Suppose that f € L is crisp and f ~ x. By Lemma B.7, fu o fdg=u(x) for all g € C; since p € C, also
f uo fdp=u(x). Hence, f uofdm;= f uofdq; —f uofdp=0foralli=0,1,..., asrequired in (1) of Def. 3. Since
there is at least one representation (u, p, 00, m, A) that satisfies this property, it is clear that there is one adjustment
that satisfies (2) in that definition, i.e. a sharp VEU representation.

Turn now to the case of (2 finite. Each signed measure mg, m,,... can be viewed as a point in the finite-
dimensional space R?. Let n’ be the maximal number of linearly independent coordinate measures; note that,

For every € > 0 there is n(¢) such that |¢ | < € for all n > n(e); hence, for such n, € > sup, ¢! > inf; ¢/ > €.
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due to the normalization m;(Q2) =0, n’ < || — 1. By relabeling, one can assume w.l.o.g. that my,...,m,_; are a
maximal collection of linearly independent measures. Let m’ = (my,...,n,—1) and define A’ : R(m’, u(X)) - R
by A’(fa am’) = A(f a dm) for every a € B(X, u(X)). This definition is well-posed: if a,b € B(X, u(X)) satisfy
fadm’ = fbdm’, ie. fadmj = fbdmj for j =0,...,n’ —1, then also fadm,- =fbdm,- for all i > n’, because
each such m; must be a linear combination of my,..., m,_;. Also, clearly, m’ € M ,,(X), and it is easy to check that
A’(0) =0, A’ is symmetric, and a — f adp+A'( f a dn?’) is monotonic; furthermore, if f € L is crisp, then it was
shown above that f uo fdm=0,so afortiori f u o f dm’ =0. I now claim that A’ is continuous at 0.

For every i > 0, let a; = (a;q,...,Qiw—1) € R? be the unique vector such that m; = 27;)1 a;jm;. Clearly, for
every w €, |m;(w)| < lg:(w)|+ |p(w)| < 2; hence, {m;, m,,...} is a bounded subset of R®. Moreover, for every j =
0,...,n’ —1 the “coordinate functional” A; associating with each point of the form yu = 27::)1 a;m; the coefficient
a; is bounded (cf. Megginson [39], Thm. 1.4.12). These two facts imply that @ = max;—o,..,»"—1SUp;sq|@;;| < 0o.

Thus, consider a sequence {p*} c R(m’, u(X)) such that ¥ — 0, and for each k, let a* € B(Z, u(X)) be such that
fak dm’ = p*. Then, for all i >0,

n’—1 n’—1 n’—1
k | — g k | < okl < a
a®dm;|= a;j | a®dm;| < lasjl pi|l<a

j=0 j=0 j=0

Thus, ¢* — 0 implies that fak dm; — 0 uniformly in i > 0. Then limy_ A’(p*) = lim;HC,OA(f akdm) =0, as

so,’-“‘-

required. Therefore, (u, p, n’, m’, A’) is VEU representation that satisfies (1) in Def. 3, and such that n’ < |Q| —1. It

follows that, as claimed, any minimal VEU representation will employ an adjustment tuple of size at most n’.

Observation: the above proof of (1) = (2) actually constructs a representation of the extension I of I to
B(%, u(X)). Therefore, as usual, the VEU representation (u, p, n, m,A) applies to the unique continuous extension
of = to L(}=), the class of *=-bounded, X-measurable acts.

B.5.3 Uniqueness

By standard arguments, u’ = au + 8 for some ¢, 8 € R with a > 0; consequently, i € Ry(m, u(X)) if and only if
ay € Ry(m’, u(X)); the constant § can be disregarded, as m(Q2) =0 and m’(Q2) = 0. Next, for every a € By(%, u(X)),
let I(a)= f a dp—}-A(f a dm); define I’ similarly using the second VEU representation. By Cor. B.2, al(a)=I'(aa)
for every a € By(%, u(X)); hence, if J and J’ are the corresponding functionals defined as in Lemma B.8, their
extension to B(X) coincides, and so p = p’; hence,

aA (J a dm) =al(a)—aj(a)=I(aa)— J'(aa)=A'(aa) (23)
for all a € By(%, u(X)). Now, to define a suitable linear surjection T : Ro(m’, u’(X)) — Ro(m, u(X)), suppose that

faa am’ = f ab dm for a,b € By(%, u(X)); clearly, for all 1’ € Ro(m’, u’/(X)) and A € (0,1], A’(1 — Ay’ + /If ala -
b)dm')=A’(1-A)y’'+0) = A’(1-A)Y’). Now pick Y € Ry(m, u(X)), so there is ¢ € By(Z, u(X)) such thatf cdm=1;
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then, for all A €(0,1],

A ((1 — A +7LJ(£{ — b)dm) =A (J [(1=A)c+Ala—Db)] dm) = iA/ (J a[(1—A)c+ Ala — b)) dm/) =
= éA’ (J a(l—2A)c dm’) =A (j(l —A)c dm) =AY);

the second and fourth equalities follow from Eq. (23). In particular, A( f (a —b)dm)=0. Now let y € u(x) be such

that y — b € By(%, u(x)); then there is f € Lo such that sa+ 3(y —b)=uo f. Nowfu ofdm= %f(a —b)dm, so

A(f uofdm)=0,andif f ~ x € X, then u(x) :f u o f dp. Therefore, for every g € Ly and A €(0, 1],
I(uo[(l—?t)g—i—?tf]):(l—)t)f uogdp—i—/lf uofdp+A ((I—A)J uogdm—i-lf uOfdm) =

:(l—k)f uogdp+Aiu(x)+A ((l—l)f uogdm+/léf(a—b)dm) =

1
l}LJuogdm+z)tf(a—b)alm)=
uogdm|=
AJ § )

=(1—A)Juogdp+xu(x)+A (I—A)fuogdm)—l(uo[(l 2)g + Ax]).

1
:(I—A)Juogdp+ku(x)+A E

1 A
1

1 EA _l

2

:(1—)L)J uogdp+)ku(x)+A(

1 1/1 132/1)/ € By(%, u(X)), and of course
fydm = 0. Thus, the act f is crisp, and applying (1) in Def. 3 to (u,p, n, m,A), f(a —b)dm = Zf uofdm=0.
Thus, we can define T by letting T( f aadm') = f adm for all a € By(%, u(X)). That T is affine is immediate, as is
the fact that T is onto. Finally, if ¢’ = faa dm’, then A(T(p")) = A(T(f aadm)) = A(f adm) = éA’(f aadm’) =
éA’( ¢’), where the second equality follows from the definition of T, and the third from Eq. (23): thus, A= éA’ oT.
Finally, if (v/, p’n’, m’,A’) is also sharp, then n = n’; furthermore, assume that f adm= fb dm: then, since also

The third equality is justified by noting that, for any y € u(X),

(u’,p’,n’,m’, A’) satisfies (1) in Def. 3, the argument used above to show that T is well-defined can be employed to
show that f adm= f b dmimplies f aadm’ = f abdm', so T is a bijection.

B.6 Ambiguity Aversion

Proof of Corollary 4.1

If = satisfies Ambiguity Aversion, then I is concave (cf. MMR, p. 28); in particular, if a,y —a € By(%, u(X)),
%y = I(%a—i—%()’—a)) > %I(a)+%[(y—a) = %fa dp+ %A(f a dm)—}-%r— % f adp+ %A(f(y—a)dm) = %y—l—A(f adm),
and so A is non-positive. Finally, A is clearly also concave.

Conversely, suppose that A is concave (hence, also non-positive). Then I is concave, so for all f, g € L, with
frg lwolAf+(1-2)gh) = I(woAf).

Proof of Proposition 4.2

(3) = (1) is immediate (consider the EU preference determined by p and u). To see that (3) < (2), note
that, if f, f are complementary, with f+3f ~z € X, f ~xand f ~ %, then J f+ 3 f = Jx + 3% iff u(z) >
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%f uOfdp+§A(fu0fdm)+%f uOfdp+%A(f uofdm)= u(z)+A(fu0fdm), becausef uOfdm:—f uofdm
and A is symmetric; hence, the required ranking obtains iff A(f uofdm)<0.

Turn now to (1) = (3). Suppose that = is more ambiguity-averse than some EU preference relation =’. By
Corollary B.3 in [22], one can assume that »=’ is represented by the non-constant utility # on X. Arguing by con-
tradiction, suppose that there is f € L, such that A(f uofdm)>0. Lety eRbesuchthaty —uo f € By(Z, u(X)),
and f € Ly suchthat uof=y—uof. ThenA(qufdm)zA(qufdm)>0; furthermore, Juo f+juof=
u 0(%f+ %f) = %y, which implies A(f u 0(%f+ %f)dm) =A(%ym(ﬂ)) =A(0)=0. Ifnow f ~ x and f ~ % for x, % € X,
then S u(x)+3u(xX)=37+A(p)> 37,50 3x+3% = 3 f+3 f. Nowlet z € X be such that ; f(w)+ 3 f(w) ~ z for all w;
then %x + %X >z, S0 %x + %fc ~’z.But f ~x and f ~ & imply f = x and f = &, and since *’ is an EU preference,
5F+3f % 3x+ 3% hence, z = ;x+ 3%, a contradiction.

To see that (3) & (4), consider first the following Claim: for a complementary pair (f, f) such that f ~ f,
%f—i— %ffv z=f iffA(f uo f dm)<0. To prove this claim, let %fﬁ- %f~ z € X: then, since f ~ f and these acts have
the same adjustments, f uofdp= f u o f dp, so both integrals equal u(z). Therefore, % f+ % f ~z fifand only
if u(z)> u(z)+A(f uo fam)=[uo fdp+A([ uo fdm.

The Claim immediately shows that (3) implies (4). For the converse, assume that Axiom 4.3 and consider the
cases (a) = satisfies C-Independence or (b) u(X) is unbounded. In case (a), then I is positively homogeneous, so if
Y= f a dm for some a € B(X, u(X)) and a > 0, then A(ay) = I(aa)— J(aa) = a[i(a)— J(a)] = aA(yp): that is, A is
also positively homogeneous. In this case, it is wlog to assume that ©(X) D [—1,1] and prove the result for f € L,
such that ||u o f]| < é This ensures the existence of f € Ly such that uo f = —u o f, as well as g, & € L, such that
uog=uof— f uofdpanduog=u Of—fu o fdp=—uog. By construction, (g, §) are complementary and
g ~ g, because f uogdp= f u o gdp=0. The above Claim implies that A(f uofdm)= A(f uogdm)<0,as
required.

In case (b), suppose u(X) is unbounded below (the other case is treated analogously). Consider f € L, and
construct f € Ly such that o f = min u o f(2)+max u o f(Q)— f. Then f, f are complementary. If f ~ f, then
the Claim suffices to prove the result. Otherwise, let 6 = f uof dp—f uo fdp.If 6 >0, consider f’ € Ly such that
uof' =uof—5: then [uof dp=[uofdpand f,f are complementary, so f’ ~ f and the Claim implies that
A(f uofdm)= A(f uo f'dm) <0. If instead 6 < 0, consider f’ such that uo f' = f — &, so again f ~ f’ and the
Claim can be invoked to yield the required conclusion.

B.7 Updating

For a,b € By(Z, u(X)), denote by a Eb the element of By(%, u(X)) that coincides with a on E and with b elsewhere.

Proof of Remark 4.1.

Only if: it will be shown that, for any event E € X, p(E) = 0 implies I(a) = I(b) for all a,b € By(%, u(X)) such
that a(w) = b(w) for w & E. To see this, assume wlog that I(a) > I(b), and let ¢ = max{max a(2),max b(Q)}
and = min{min a(2),min b(2)}. Then monotonicity implies that I(aEa) > I(a) > I(b) > I(BEb) = I(BEa).
Thus, it is sufficient to show that I(aEa) = I(8 Ea). This is immediate if ¢ = 8, so assume a > . Since p(E) =0,
faEa dp= fQ\Eadpz f/J’Ea dp, so if I(aEa) > I(B Ea), it must be the case that A(f aEadm) > A(f/J’Ea dm).
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Lettingy =a+ f8,asusual y —aEa,y — BEa € By(%, u(X)); now

J[y—aEa]dp—i—A (J[y—aEa]dm) =J [y—aldp+A (—faEa dm) =
O\E

f [y —aldp+A (J aEa dm) >J [y—aldp+A (fﬁEa dm) =

O\E O\E

f [y —aldp+A U [r—/J’Ea)dm) =f[r—/3’Ea]dp+A U [r—/J’Ea)dm) =I(r—pEa),
O\E

which is a violation of monotonicity,asy —a=8 <a=y - f.

I(y —aEa)

If: suppose that p(E) >0, and fix x,y € X with x > y. If xEy > y, we are done. Otherwise, note that xEy ~ y,
Le. [u(x)—u(y)lp(E)+A(lu(x) — u(y)lm(E)) = 0, implies A([u(x) — u(y)]m(Q2\ E)) = A([u(x) — u(y)]m(E)) =
—[u(x)—u(y)lp(E); hence,

I(uoyEx) = u(y)+p@Q\E)ulx)—u@)+A(ulx)—uly)m@Q\E)=
u(y)+p@Q\ E)u(x)—u)] —[ulx)—u(@)]p(E)=u(y)+[ulx)—u()[pQ\ E)— p(E)] < u(x),

because p(Q\ E)— p(E)=1-2p(E) <1 as p(E) > 0. Thus, x = y Ex, and again Axiom 4.4 holds.

Proof of Proposition 4.3. Since E is not null, p(E) > 0, so p(-|E) is well-defined. Begin with the following

Claim: If (f, f) is a complementary pair, f and f are constant on Q\ E, and for all w € Q\ E, then
1 1. 1. 1
SfH 5@~ f+ o flw)
holds if and only if u(f(w))= [ uo fdp= [, uc f dp(|E)forall  €Q\ E.

Proof of the Claim: Let v € R be such that 1y = Ju(f(w))+ 3 u(f(w)) for all w € ©; also let @ = u(f(w)) and
B = u(f(w)) for any (hence all) w €2\ E. Then uo f =y —uo f and # =y — «; thus, for v € Q\ E,

I(uO(%f—i-%f(w))) %JuOfdp—i-%ﬁ—kA(%JuOfdm):
= %fuofdp+%y—%a+A(%fuofdm) and
lfuofalp—i—loz+A(1Juofdm):
2 2 2
1 1 1
= 5y—Juofdp+§a+A(§fuofdm),

where the last equality uses the fact that f uofdm= —f uo fdm and A is symmetric. Hence, % f+ % flw) ~
%f-i— %f(w) holds if and only if a = f u o f dp. Furthermore, f uofdp= fE uo fdp+ap(Q2\ E), so it follows that
a= fE uo fdp(-|E) as well.

IQCEE0))
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Next, note that the tuple of set functions mg =(m; g)o<i<n defined by Eq. (7) is easily seen to be an element of
M7 (X); in particular, for all F € %, |m; g(F)| < |m;(FNE)|+|m;(Q\ E) S N(FNE)+ N(Q\ E) for all i, and if (F) | 0,
then sup,; ., |m; g(F)| < supy<;, |mi(Fc N E)|+ p(F|E)N(\ E) — 0. Furthermore, mg(E) = m(E)+ p(E|E)m(Q\
E) = 0 as well. Note also that, for all a € B(X), fE admg = fE adm+ fE adp(-|[E)m(Q2\ E); this is immediate for
indicator functions, holds by linearity on By(X), and extends to B(X) by continuity.

The tuple (n, mg, A) is an adjustment for p(-| E); to verify monotonicity, observe that, for a, b € By(%, u(X)), a >
b implies that f adp(-|E) > fb dp(-|E), and hence aE (fE a dp('|E)) >bE (fE b dp(‘|E)). Since (n, m,A) is an ad-
justmentfor p, [ aE ([, adp(|E)) dp+A([ aE ([, adp(|\E)) dm)> [ bE ([, bdp(|E)) dp+A([ bE ([, bdp(E)) dm),
i.e. equivalently fE adp(-|E) +A(fE admg)> fE b dp(-|E) +A(fE b dmyg), as required.

Now suppose (1) holds. Fix f, g, f, § € Lo as in Axiom 4.6. By the Claim, u o f(w)= fE uo fdp(-|E)= f uofdp
and uo g(w)= fE uogdp(|E) =f uogdpforall weQ\ E. Then the Axiom implies that f =g g iff fEg, i.e. iff

qufdp-i—A(JMOfdm) ZJuogdp—FA(fuogdm)

@J uo fdp(-|E)+A (J uofdm+ m(Q\E)f u Ofdp(-|E))

ZJ uogdp(-|E)+A (J uogdm-i—m(Q\E)f uogdp(-|E))
E E E

@J uo fdp(-|E)+A (J uOfde) Zf uogdp(:|E)+A (J uogde).

Ifnow f, g € Ly are arbitrary, let x,y € X be such that u(x)= fE uofdp(-|E)and u(y)= fE u o g dp(-|E). Notice that
then f uofExdp= fE uo fExdp(|E) = u(x), and similarly for g Ey. Finally, let f’, g’ be such that (fEx, /) and
(g Ey, g’) are complementary; notice that this requires that f’, g’ be constant on Q\ E. Then, by the Claim, the acts
fEx, f',gEy, g’ satisfy all the assumptions of Axiom 4.6, and the preceding argument just given shows that then
fEx =g gEyiff [ uof dp(|E)y+A([ uof dmg)> [, uog dp(-|E)+A([, uog dmg). Butby Axiom 4.5, fEx = gEy
iff f =£ g, so (2) holds.

In the opposite direction, assume that (2) holds. It is then immediate that Axiom 4.5 is satisfied. Now assume
that f, g, f, & are as in Axiom 4.6. Then the Claim shows that u(f(w)) = fE uofdp(-|E)and u(g(w))= fE uog dp(:|E)
forall @ € Q\ E, so [, uo fdp(E)+A([,uo fdmg) = p(E) [, uo fdp(1E)+ p@\ E)u(f(w))+A(f uo fdm+
u(f(w)m(Q\E))= f u Ofdp—i-A(f u o f dm), and similarly fE uog dp(-IE)+A(fE uogdmg) =f uog dp+A(f uo
g dmy), so that Axiom 4.6 holds. ll

Conclude by verifying that the “law of iterated conditioning” holds: with notation as in §4.2,

m; g,r(G)=m; g(G)+ p(G|F)m; g(Q\ F)= m; g(G) — p(G|F)m; g(F)=
=m;(G)— p(GIE)m;(E)— p(G|F)m;(F)+ p(G|F)p(F|E)m;(E)=
=m;(G) - p(G|F)m;(F)= m;r(G).
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B.8 Proof of Proposition 4.4

(1) follows immediately from Lemma B.10. For (2), notice that the Choquet integral is positively homogeneous;
hence, I has a unique extension from By(%, u(X)) to By(X), and J(a) = %I(a) — %I(—a) for all a € By(X). If = sat-
isfies Complementary Independence, then, using the VEU representation, I(1g) = p(E)+ A(m(E)) and I(—1g) =
—p(E)+A(—m(E)) = —p(E)+ A(m(E)), so I(1g) — I(—1g) = 2p(E). On the other hand, using the CEU represen-
tation, I,(E) = v(E) and I,(—1g) = —[1 — v(Q\ E)]; since I = I,, the claim follows. In the opposite direction,
suppose that a = Zleaklgk for a partition Ej,..., Ex of Q and numbers a; < @ < ... < ag. Then I,(a) =

Zle Qk [v (UfzkEg) —-v (U[K:kHEg)] and similarly, invoking the condition in the Proposition,
K
I,(—a) =Z(—ak) [v(Uf E) —v (U Er)] =
k; .
= Z(—ak) [Zp (U?ZlEg) —-14+v (U[K=k+1E€) —-2p (Ufz_llE[) +1—v (U[K=kEl):| = —ZZakp(Ek)—f- I,(a),
k=1 k=1

and so %I (a) — %I (—a) = J(a), where J is the linear functional represented by p. The claim now follows from
Lemma B.8.

B.9 Proof of Proposition 4.5

The preference = has a niveloidal representation I+, u, where I.(a) = minqebal(z)f a dq+ c*(q). For conciseness,
say that c* is symmetric around p € ba;(X) iff it satisfies the condition in Prop. 4.5. By Lemma B.8, Axiom 3.7 holds
iff the functional J defined by J(a) = %)’ + %IC*(a) — %IC*(y — a) is affine. Thus it suffices to show that J is affine iff
c* is symmetric around p.

Suppose that c* is symmetric around p. Consider a complementary pair (f, f), and let z € X be such that
Lf(@)+1f(w)~z;thus,a=uof=2u(z)—uof=y—uof. Nowlet g* € argmingepa,x) | a dg+c*(q); since clearly
c*(g*) <00, 2p — q* € bay(X) and c*(g*) = c*(2p — g*). Now, for all g € ba,(X) such that 2p — q € ba; (%),

J(r—a)d(zp —q)+c*(2p—q)=r—2f adp+f adq+c'(q)=
ZY—ZJ adp+f adq*+c*(q*)=f(r—a)d(Zp—q*Hc*(Zp—q*)-
Since any g € ba,(X) such that 2p — g € ba, (%) can obviously be written as g =2p —[2p —q], and all other g € ba; (%)
have c¢*(q) = oo, it follows that I.«(y —a) =y — 2f adp+ f adq +c*Cp—q*)=71— 2f adp+ I.+(a); therefore,
J(@)=37+31-(a)— 31-(y —a)= f adp, i.e. ] is affine and represented by p.

In the opposite direction, suppose that y + %IC*(a) - %IC*(y —a)= f adpforall a,y —a € By(X); also, for every
f € Lo, let my € X be such that u(mys) = %minweg u(f(w))-i—%maxweg u(f(w)), and recall that u(xy) = I+(u o f).
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For every g € ba; (%) such that 2p — g € ba; (%),

c*(2p—q)=?uf u(xp)— uofd(Zp—q)=—2f uOfdp+?uLpIc*(u of)— | (~uof)dg=

:—Zf u0fdp+sup2J uo fdp+I-+Q2u(my)— uOf)—Zu(mf)—J(—u of)dg=

fGL()

=sup I-(2u(ms)—uo f)— f Ru(ms)—uo fldg=supl-(uof)— | uofdg=c*(q)
feLo feLo

the last step follows because, for every f € Lo, there is f € Ly such that u o f = 2u(my)— u o f, and therefore
computing the supremum over f € L, is the same as computing it over the complementary acts f constructed
from each f € L in this way. If instead 2p — g & ba; (%) but ¢*(q) < 0o, the above calculations still show that

supu(xp)— | uofd2p—q)=c*(q)<oo.
JeLo

Now 2p(Q2) — q(£2) =1, so there must be E € X such that 2p(E) — g(E) < 0. Therefore,

supu(xs)— | uofd2p—q)=suple(uof)— | uofd2p—q)=
feLo f€Lo

Z sup Ic*(ﬁ+(a—ﬁ)15)—f[/5+(a—/5)151d(2p—67)=

a,feu(X):a>p

= sup Ie(f+(a—p)g)—p—(a—P)2p(E)—q(E)] =

a,feu(X):a>p

> sup B-B-(a—p2p(E)—q(E)] =0

a,feu(X):a>p

which contradicts ¢*(q) < co. The second equality follows from the fact that 2p(Q) — g(22) = 1, and the sec-
ond inequality follows from monotonicity of I.; the final equality uses the fact that u(X) is unbounded and
2p(E)—q(E)<o0.1

B.10 Probabilistic Sophistication for VEU preferences

An induced likelihood ordering =, is represented by a probability u € ca;(Y) iff, for all E,F € %, E = F iff u(E) >
U(F). Finally, a probability measure u is convex-ranged iff, for every event E € X such that u(E) > 0, and for every
a €(0,1), there exists A € X such that A C E and u(A) = au(E).

Proposition B.15 Fix a VEU preference relation = and let p € ca,(X) be the corresponding baseline probability. If
the induced likelihood ordering =, is represented by a convex-ranged probability measure u € ca;(X), then u = p;.

Proof: Fix x,y € X with x > y. Since the ranking of bets x Ey is represented by u and also by the map defined by
E—u(x)p(E)+u(y)p(E)+A([u(x)— u(y)lm(E)), there exists an increasing function g : [0, 1] — [u(y), u(x)] such
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that u(x)p(E)+u(y)p(E)+A([u(x)—u(y)Im(E)) = g(u(E)) for all events E [this function g will in general depend
upon x and y, but this is inconsequential]. Hence, recalling that m(Q\ E)=—m(E) and A is symmetric,

g(u(E) — g(1—u(E)) = [u(x)—u(y)l(2p(E)-1) (24)

for all events E € X. Since g is increasing, so is the map y — g(y) — g(1 —7); thus, u(E) = u(F) if and only if
p(E) = p(F). Now, since u is convex-ranged, for any integer n there exists a partition {E},..., EI'} of  such that
,u(E}’) = % forall j =1,...,n; correspondingly, p(E]f’) =p(E;)forall j,k €{l,...,n}, and therefore p(E]V) = % for all
j=1,...,n. This implies that, for every event E such that u(E) is rational, p(E)= u(E).

To extend this equality to arbitrary events, note that, for every event E such that y(E) > 0 and number r < u(E),

I
u(E)
U(E) < 1 and number r > u(E), there exists an event U D E such that u(U) = r: to see this, note that u(Q2\ E) >0

and 1 —r < u(Q\ E), so there exists L € Q\ E such that u(L) =1—r; hence, U =\ L has the required properties.

since u is convex-ranged, there exists L C E such that u(L) = U(E) = r. Similarly, for every event E such that

Now consider sequences of rational numbers {£,},>¢ € [0,1] and {u,},>0 C [0,1] such that ¢, T u(E) and
un | W(E); by the preceding argument, for every n > 1 there exist sets L, ¢ E C U, such that u(L,) = ¢, and
w(U,) = u,. It was shown above that p(L,) = u(L,) and p(U,) = w(U,); moreover, L, C E C U, implies that
p(L,) < p(E) < p(Uy,). Therefore, p(E) = u(E), as required. H
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