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Abstract

We show that the main results of the expected utility and dual utility theories can be derived in a unified
way from two fundamental mathematical ideas: the separation principle of convex analysis, and integral
representations of continuous linear functionals from functional analysis. Our analysis reveals the dual
character of utility functions. We also derive new integral representations of dual utility models.
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1 Introduction

The theory of expected utility and the dual utility theory are two very popular and widely accepted ap-
proaches for quantification of preferences and a basis of decisions under uncertainty. These classical topics
in economics are covered in plentitude of textbooks and monographs and represent a benchmark for every
other quantitative decision theory.

The expected utility theory of von Neumann and Morgernstern [32], and to the dual utility theory of
Quiggin [25] and Yaari [33] are often compared and contrasted (see, e.g., [16]). Our objective is to show that
they have common mathematical roots and their main results can be derived in a unified way from two math-
ematical ideas: separation principles of convex analysis, and integral representation theorems for continuous
linear functionals. Our analysis follows similar lines of argument in both cases, accounting only for the dif-
ferences of the corresponding prospect spaces. Our approach reveals the dual nature of both utility functions
as continuous linear functionals on the corresponding prospect spaces. It also elucidates the mathematical
limitations of the two approaches and their boundaries. In addition to this, we obtain new representations of
dual utility.

The paper is organized as follows. We briefly review basic concepts of orders and their numerical repre-
sentation in §2. In §3, we focus on the expected utility theory in the prospect space of probability measures
on some Polish space of outcomes. In §4, we derive the dual utility theory in the prospect space of quantile
functions. Finally, §5 translates the earlier results to the prospect spaces of random variables.
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2 Numerical Representation of Preference Relations

We start our presentation from the analysis of abstract preference relations in a certain space X, which we
call the prospect space. We assume that a preference relation among prospects is defined by a certain fotal
preorder, that is, a binary relation > on X, which is reflexive, transitive and complete. The corresponding
indifference relation ~ is defined in a usual way: z ~ v, if z> v and v > z. We say that z is strictly preferred
over v and write it z> v, if z> v, and v # z.

If X is a topological space, we call a preference relation > continuous, if for every z € X the sets {v € X :
vez}and {ve X :z> v} are closed.

A functional U : X — R is a numerical representation of the preference relation > on X, if

zev <= U(z) > U(v).
The following classical theorem is the theoretical foundation of the utility theory.

Theorem 2.1 Suppose the total preorder > on a topological space X is continuous and one of the following
conditions is satisfied:

(1) X is a separable and connected topological space; or

(ii) The topology of X has a countable base.

Then there exists a continuous numerical representation of ©.

Remark 2.2 The assertion under (i) is due to [13, §6]. The second case (under (ii)) was announced in [6,
Thm. II] and corrected in [28, Thm. 1], but both proofs contained errors. They were corrected again in [7]; a
short and clear proof was eventually provided by [21]. For extensions and further discussion, see [3, 4].

This is the starting point of our considerations. The expected utility theory and the dual utility theory
derive properties of the numerical representation U(-) and its integral representations in specific prospect
spaces and under additional conditions on the preorder . These conditions are associated with the operation
of forming convex combinations of prospects. In the expected utility theory, the prospects are probability
distributions, and their convex combinations correspond to lotteries. The dual utility theory uses convex
combinations of comonotonic real random variables, which translates to forming convex combinations of
quantile functions.

It is evident that convexity in some underlying vector space is a key property in the system of axioms of
the expected utility and dual utility models. Both theories have been developed using different mathematical
approaches and specialized tools. Our objective is to show that they can be deduced in a unified way from
the fundamental separation theorem of convex analysis, and from functional analysis results about integral
representation of continuous linear functionals in topological vector spaces.

The foundation of our approach is the separation principle for convex sets having nonempty algebraic
interiors. The algebraic interior of a convex set A in a vector space % is defined as follows:

core(A) ={xcA:V(de¥)3(t>0)x+1d €A}.
The following separation theorem is due to [12] and [9]; see also [22].

Theorem 2.3 Suppose % is a vector space and A C ¥ is a convex set. If core(A) # 0 and x & core(A), then
there exists a linear functional € on % such that {(x) < {(y) for all y € core(A).

In the development of the expected utility theory of von Neumann and Morgenstern in §3, and of the dual
utility theory of Yaari and Quiggin in §4, we apply the same method:
e Embedding of the prospect space into an appropriate vector space;
e Representation of the set of pairs of comparable prospects by a convex set with a nonempty algebraic
interior;
e Application of the separation theorem to establish the existence of an affine numerical representation;

e Application of an appropriate integral representation theorem for continuous linear functionals to derive
the existence of utility and dual utility functions.



3 Expected Utility Theory

3.1 The Prospect Space of Distributions

Given a Polish space ., equipped with its 6-algebra % of Borel sets, we consider the set &2(.%) of probabil-
ity measures on .. The theory of expected utility can be formulated in a rather general way for the prospect
space X = Z(.Y).

We assume that the preference relation > satisfies two additional conditions:

Independence Axiom: For all , v, and A in & (%) one has
Uv = au+(l—-o)dcov+(l—-o)A, Voae(0,1),

Archimedean Axiom: For all i, v, and A in & (), satisfying the relations y > v > A, there exist o, €
(0,1) such that
op+(1—a)lesve Bu+(1-4)A.

These are exactly the conditions assumed in the pioneering work [32] (see also [14, §8.2,88.3], [15, §2.2],
[17, §2.2], [20]).

Our idea is to exploit convexity in a more transparent fashion. We derive the following properties of a
preorder satisfying the independence and Archimedean axioms.

Lemma 3.1 Suppose a total preorder > on P (.7) satisfies the independence axiom. Then for every U €
P () the indifference set {v € P (L) : v ~ U} is convex.

Proof. Letv ~ pand A ~ p. Suppose (1 —a)v+ oA > v for some o € (0,1). Thenalso (1 —a)v+aid > A.
Using the independence axiom with these two relations, we obtain contradiction as follows:

(I-—a)v+ar=(1-a)[(l1-a)v+or] +a[(1-a)v+al]
c(l-—o)v+a[(l-a)v+oad] e (1—a)v+al.
The case when v > (1 — @)v + aA is excluded in a similar way. We conclude that (1 — o)V + aA ~ u, for
all a € (0,1).

Remark 3.2 Lemma 3.1 derives the properties of quasi-concavity and quasi-convexity, that is, quasi-linearity
of the preorder > (see, e.g., [26, § 9.2], and the references therein). The property of quasi-concavity is called
uncertainty aversion in [18, 30].

Lemma 3.3 Suppose a total preorder > on (%) satisfies the independence and Archimedean axioms. Then
SJorall n,v € P(), satisfying the relation L > v, and for all A € P (), there exists 0, > 0 such that

(l—a)u+arev and upuv(l—a)v+ai, Vacl0,a. (1)

Proof. We focus on the left relation in (1) and consider three cases.
Case 1: v > A. The left relation in (1) is true for some &; € (0,1), owing to the Archimedean axiom. If
o € [0,0y] then for B = ot/ € [0, 1] the independence axiom yields

(1-a)u+ad=(1-Bu+B[(1—cn)utmA] s (1-Bu+pvev.
Case 2: A > v. Applying the independence axiom twice, we obtain
(l—-a)u+are(l-a)v+ar=v, Vacl0l).

Case 3: A ~ v. By virtue of Lemma 3.1, (1 — a)v+ oA ~ v for all o € [0,1), and the left relation in (1)
follows from the independence axiom.

This proves the left relation in (1) for all & € [0, &;] with some &; > 0.

Reversing the preference relation, that is, defining v > | 4 <= U > Vv, the right relation in (1) follows
analogously. We infer the existence of some @, > 0, such that the right relation in (1) is true for all & € [0, &].
Setting & = min{&;, 0, } we obtain the assertion of the lemma.



3.2 Affine Numerical Representation

The set Z2(.7) is a convex subset of the vector space .# () of signed regular finite measures on .&. It
is also convenient for our derivations to consider the linear subspace .# () C .4 (.”) of signed regular
measures U such that u () = 0.

The main theorem of this section is due to [32]. Its complicated constructive proof has been since repro-
duced in many sources (see, e.g., [17, Thm. 2.21] and the references therein), or emulated in the setting of
mixture sets (see, e.g., [14, Thm. 8.4], [15, Thm. 2, Ch. 2], [20], and the references therein). Our proof, as
indicated in the introduction, is based on the separation theorem.

Theorem 3.4 Suppose the total preorder > on P (.Y) satisfies the independence and Archimedean axioms.
Then there exists a linear functional on M (.7), whose restriction to P (.) is a numerical representation of
.

Proof. In the space .#y(.), define the set
Co={u—v:pe (), ve (), uv v}

Consider two arbitrary points ¢ and ¢ in Cp, that is,

19::“7‘/7 [.l,VEgZ(y), uesv,
n=A-o0, A,o € P(Y), Ao

For every a € (0, 1), using the independence axiom twice, we obtain
ou+(l—-o)dcav+(l—a)l>av+(l—a)o.

Therefore, a® + (1 — o) > € Cp, which proves that Cy is convex.

Define C = {ad : ¥ € Cy, a > 0}. It is evident that C is convex cone, that is, for all ¥, € C, and all
o, 3 > 0 we have o + B3« € C. Moreover, C C ..

We shall prove that the algebraic interior of C is nonempty, and that, in fact, C = core(C). Consider any
¥ € C, an arbitrary nonzero measure A € .#, and the ray

Z(t)=0%+14, 7>0.

Our objective is to show that z(7) € C for a sufficiently small 7 > 0. Let A = AT — A~ be the Jordan
decomposition of A. With no loss of generality, we may assume that the direction A is normalized so that
A =AT(F)+ A7 (F) =2. As A € 4, we have then AT (.7) = A~ (%) = 1. Let a > 0 be such that the
point ¥y = a € Cy. Since Cis a cone, z(7) € C if and only if oz(7) € C. Setting t = a7, we reformulate our
question as follows: Does ¥ + ¢4 belong to C for sufficiently small ¢ > 0? Since ¥ € Cp, we can represent
it as a difference ¥y = 4 — v, with u,v € Z(¥), and u > v. Then

Bo+tA = [(1—)u+1A"T] = [(1 =)V +1A7] + 1. 2)
Both expressions in brackets are probability measures for 7 € [0, 1]. By virtue of the independence axiom,
! + ! ViV
> — —VB>V.
HEalTs
By Lemma 3.3, there exists 7y > 0, such that for all # € [0,7] we also have
4 1 1 _
(I-Hu+1tA" > §u+ FVe (1-1)v+1A~.

This proves that
[(I=)u+1A"] = [(1—1)v+1A7] € Gy,



provided that ¢ € [0,#g]. For these values of ¢, the right hand side of (2) is a sum of two elements of C. As the
set C is a convex cone, this sum is an element of C as well. Consequently, ¥ + tA € C for all 7 € [0,/ ct].

Summing up, C is convex, C = core(C), and 0 ¢ C. By Theorem 2.3, the point O and the set C can be
separated strictly: there exists a linear functional Uy on .#, (%), such that

Up(®) >0, VoeC. 3)

We can extend the linear functional Uy to the whole space .# (.#) by choosing a measure A € & () and
setting

U(p)=Up(p—u(S)A), pe.d(S).

It is linear and coincides with Uy on .#,(.%). Relation (3) is equivalent to the following statement: for all
u,v e Z(S) such that 4 > v, we have

Uo(i— V) = Ul —v) = U() ~U(v) > 0.

It follows that U restricted to () is the postulated affine numerical representation of the preorder .

3.3 Integral Representation. Utility Functions

To prove the main result of this section, we assume that the space . () is equipped with the topology of
weak convergence of measures. Recall that a sequence of measures {u, } converges weakly to p in .# (%),
which we write u, 25 u, if

lim [ @) = [ r@u@a), vred(),

where %, () is the set of bounded continuous real functions on . (for more details see, e.g., [2]).

We derive our next result from the classical Banach’s theorem on weakly” continuous functionals. It has
been proved in the past via discrete approximations of the measures in question (see, e.g., [14, §10], [15, Ch.
3, Thm. 1-4] and [17, Thm. 2.28]).

Theorem 3.5 Suppose the total preorder > on P (%) is continuous and satisfies the independence axiom.
Then a continuous and bounded function u : . — IR exists, such that the functional

U = [ ute) uid) @

is a numerical representation of > on P(.7).

Proof. The continuity of the preorder > implies the Archimedean axiom. Indeed, the sets {m € () :n> v}
and {w € P () : u > n} are open, and the mapping & — an + (1 — o)A, o € [0,1], is continuous for any
A e Z(Y).

Owing to Theorem 3.4, a linear functional U : .Z(.¥) — R exists, whose restriction to Z(.¥) is a
numerical representation of . We shall prove that the functional U(+) is continuous on &?(.%), that is, for
every o the sets

A={peZ:U(u) <o} and B={peZ:U(u)>a}

are closed. Since &2 is convex and U(+) is linear, the set U (4?) is convex. Therefore, for every « one of three
cases may occur:

(i) U(u) <o forall u e &,
() U(u) > aforall u € 2;
(iii) a e U(2).



In cases (i) and (ii) there is nothing to prove. In case (iii), let v € & be such that U(v) = a. Since U(-) is a
numerical representation of the preorder, we have

A={ueZ:veu} and B={ueP:uvcv}h

Both sets are closed due to the continuity of the preorder .

Now, we can prove continuity on the whole space .Z (). Suppose 1, - u, but U (1, ) does not converge
to U(p). Then an infinite set %" and € > 0 exist such that |U (y) —U (p)| > € forall k € 2. AsU(+) is linear,
with no loss of generality we may assume that 4 € &?. Consider the Jordan decomposition p;, = [.L,j_ — .
By the Prohorov theorem [24], the sequence {fi} is uniformly tight, and so are {g," } and {y; }. They are,
therefore, weakly compact. Let v be the weak limit of a convergent subsequence {.Uk+ Yo » Where ) C 2.
Then the subsequence {11, }ie.x; also has a weak limit: A = v — 1. The measures 1, /! () are probability
measures, and (1, (.7) — v(.) > 1. Consequently,

.
Uw') = uJ(ﬂ)U(u;‘(ky)) LN v(ﬁﬂw(v(;)) —U(v).

Similarly, g, () =2 v(.#) and

Uue) = () it o>
e ()
If 4, (-) > 0 infinitely often, then the limit of U (i, ) on this sub-subsequence equals U(4). If u, =0
infinitely often, then A = 0. In any case, U(u, ) — U(A), when k € ;. It follows that
U = U ) U g) <=5 U(v) = U(R) = Uw),

which contradicts our assumption. Therefore, the functional U (-) is continuous on .Z (.#). Owing to Theo-
rem 5.11 in the Appendix, U (-) has the form (4), where « : .¥ — R is continuous and bounded.

Formula (4) is referred to as the expected utility representation, and u(-) is called the utility function.

The utility function in Theorem 3.5 is bounded. If we restrict the space of measures to measures satisfying
additional integrability conditions, we obtain representations in which unbounded utility functions may occur.
Our construction is similar to the construction leading to [17, Thm. 2.30] with the difference that we work
with the space of signed measures on .7, rather than with the set of probability measures.

Let ¥ : . — [1,0) be a continuous gauge function, and let (fb"'(ﬁﬂ ) be the set of functions f: . — R,
such that f/y € 6,(.7). We can define the space .# ¥ () of regular signed measures (, such that

’/yjf(Z) H(dz)‘ <o, VfeEY ().

Similarly to the topology of weak convergence, we say that a sequence of measures (1, € .Z () is convergent
y-weakly to u € 4 () if

tim [ f@mlan) = [ s@ua), vred! ().

n—oo [ o

All continuity statements will be now made with respect to this topology. We use the symbol &V (.%) to
denote the set of probability measures in .Z ¥ (.%).
We can now recover the result of [17, Th. 2.30].

Theorem 3.6 Suppose the total preorder > on PV (.7) is continuous and satisfies the independence axiom.
Then a function u € %bw(y ) exists such that the functional

v = [ u(z) uaz) 5)

is a numerical representation of > on 2PV (7).

Proof. The proof is identical to the proof of Theorem 3.5, except that we need to invoke Theorem 5.12 from
the Appendix.



3.4 Monotonicity and Risk Aversion

Suppose . is a separable Banach lattice with a partial order relation >. In a lattice structure, it makes sense
to speak about monotonicity of a preference relation. In this section, the symbol &, denotes a unit atomic
measure concentrated on z € ..

Definition 3.7 A preorder > on &?(.%) is monotonic with respect to the partial order > on %, if for all
z,v € . the implication 7 >v = 0§, > §, is true.

We can derive monotonicity of utility functions from the monotonicity of the order.

Theorem 3.8 Suppose the total preorder > on P () is monotonic, continuous, and satisfies the indepen-
dence axiom. Then a nondecreasing, continuous, and bounded function u : . — R exists, such that the
Sfunctional (4) is a numerical representation of > on P (7).

Proof. In view of Theorem 3.5, it is sufficient to verify that the function u(-) in (4) is nodecreasing with
respect to the partial order >. To this end, we consider z,v € .% such that z > v. By monotonicity of the
order, u(z) =U(8;) > U(5,) = u(v).

We now focus on the case, when the gauge function is y,(z) = 1 +||z||”, where p > 1. Then for every
p € P¥r(7) and for every -subalgebra & of % the conditional expectation &,y : -7 — .7 is well-defined,
as a ¥-measurable function satisfying the equation

/Ggu\%(z) p(dz) = /Gz u(dz), Ge¥
(¢f. [23, §2.1]). The conditional expectation &|¢ induces a probability measure on (., %) as follows

Hy(A) = {6, (A)}, AcB

Definition 3.9 A preference relation > on PV () is risk-averse, if Ly > WU, for every U € PY () and
every o-subalgebra G of .

By choosing & = {.,0}, we observe that Definition 3.9 implies that 8¢, > i, where &, = [,z u(dz) is
the expected value.

Theorem 3.10 Suppose a total preorder > on PYr () is continuous, risk-averse, and satisfies the inde-
pendence axiom. Then a concave function u € %bw” () exists such that the functional (5) is a numerical
representation of > on PV (7).

Proof. In view of Theorem 3.6, we only need to prove the concavity of u(-). Due to risk aversion, for every
p € 2Vr(), we obtain &g, = . Consequently,

u(/yzu(dz)) > [ u(o) e

This is Jensen’s inequality, which is equivalent to the concavity of u(-).

Remark 3.11 It is clear from the proof that the concavity of u(-) could have been obtained by simply assum-
ing that 657# > 1. The concavity of u(-) would imply risk aversion in the sense of Definition 3.9, by virtue of
Jensen’s inequality for conditional expectations. Therefore, Definition 3.9 and the requirement that Sgﬂ =y
are equivalent within the framework of the expected utility theory. Nonetheless, we prefer to leave Definition
3.9 in its full form, because we shall use the concept of risk aversion in connection with other axioms, where
such equivalence cannot be derived.



4 Dual Utility Theory

4.1 The Prospect Space of Quantile Functions

The dual utility theory is formulated in much more restrictive setting: for the probability distributions on

the real line. With every probability distribution p € &(IR) we associate the distribution function: Fy,(r) £
u ((—oo7t]). It is nondecreasing and right-continuous. We can, therefore, define its inverse

Fo'(p) £inf{t e R:Fu(r) > p}, pe(0,1). (6)

By definition, F,~ I(p) is the smallest p-quantile of y. We call F”’1 (+) the quantile function associated with
the probability measure p. Every quantile function is nondecreasing and left-continuous on the open interval
(0,1). On the other hand, every nondecreasing and left-continuous function ®(-) on (0, 1) uniquely defines
the following distribution function:

Fy(t) =@ '(t) 2 sup{p e (0,1): (p) <1},

which corresponds to a certain probability measure 4 € Z(IR).

The set 2 of all nondecreasing and left-continuous functions on the interval (0,1) will be our prospect
space. Tt is evident that 2 is a convex cone in the vector space .%y(0, 1) of all Lebesgue measurable functions
on the interval (0, 1).

We assume that the preference relation > on 2 is a total preorder and satisfies two additional conditions:

Dual Independence Axiom: For all @, ¥, and 1" in 2 one has

¥ = aP+(1-a)Tea¥P+(1—a)Y, Vac(0,1),

Dual Archimedean Axiom: For all &, ¥, and T in 2, satisfying the relations @ > ¥ = T, there exist o, €
(0,1) such that
od+(1—-a)Y>¥eBP+(1-)T.

In [33], the dual utility theory considered the space of uniformly bounded random variables on an implic-
itly assumed atomless probability space. The operation of forming convex combinations was considered for
comonotonic random variables only. This corresponds to forming convex combinations of quantile functions,
and in this way our system of axioms is a subset of the axioms of the dual utility theory. We discuss this issue
in §5.2.

Similarly to Lemmas 3.1 and 3.3, we derive the following properties of a preorder satisfying the dual
axioms.

Lemma 4.1 Suppose a total preorder > on 2 satisfies the dual independence axiom. Then for every ® € 2
the indifference set {¥' € 2 : ¥ ~ ®} is convex.

Lemma 4.2 Suppose a total preorder > on 2 satisfies the dual independence and Archimedean axioms. Then
for all @,V € 2, satisfying the relation @ > ¥, and for all T € 2, there exists 0, > 0 such that

(I-a)®+aY>¥ and ®>(l—a)P+0o), Voe]|0,al. 7

4.2 Affine Numerical Representation

This section corresponds to $ 3.2 and it contains the proof of existence of an affine utility functional repre-
senting a total preorder, which satisfies the dual independence and Archimedean axioms. To the best of our
knowledge, this result is new in its formulation and derivation.



It is convenient for our derivations to consider the linear span of 2 defined as follows:

k
lin(o@): {Za,-d)i:aieﬂ{, D2 i= 1,...,k,k€1N} =922,
i=1
where 2 — 2 is the Minkowski sum of the sets 2 and —2. The relation follows from the fact that 2 is a
convex cone.

Theorem 4.3 If a total preorder > on 2 satisfies the dual independence and Archimedean axioms, then a
linear functional on lin(2) exists, whose restriction to 2 is a numerical representation of >.

Proof. Define in the space lin(2) the set
C={P-YV:Pc2,Yc2 &>V}

Exactly as in the proof of Theorem 3.4, we can prove that C is convex. We shall prove that it is a cone.
Suppose @ > ¥ and let o > 0. If ¢ € (0, 1), then the independence axiom implies that

o =0P+(1-a)0>a¥?+(1—a)0=o.

Consider o > 1, and suppose a'¥ > a®. If a¥ > o P, then, owing to the independence axiom, we obtain a
contradiction: ¥ = L(a¥) > L (a®) = ®. Consider the case when 0P ~ ot®. By virtue of Lemma 4.1 and
the independence axiom, for any 8 € (0,1/¢) we obtain a contradiction in the following way:

aWA4ﬂa¢y+u—ﬁxaw):unn¢+41_ﬁaﬂq—627w}

> (Ba)¥P +(1-B)(a¥) =a¥.

Therefore, @ > a¥ for all o > 0. We conclude that for every o > 0 the element (P — ¥) € C. Conse-
quently, C is a convex cone.

To prove that the algebraic interior of C is nonempty, and that in fact C = core(C), we repeat the argument
from the proof of Theorem 3.4. Consider any I' € C, a function 1" € 1lin(£2), and the ray Z(t) =T + 17,
where 7 > 0. By the definition of lin(2), we canrepresent ¥ =T+ -1~ , with YT, T~ € 2.

Since I" € C, we can represent it as a difference ' = @ — ¥, with @, ¥ € 2, and @ > V. Then

F+ir=[(1-0)@+0"| = [(1—0)¥+1X" |+ (8)
Both expressions in brackets are elements of 2. By the dual independence axiom,
D> l(15' + l'{’ > .
2 2
By Lemma 4.2, there exists 7y > 0, such that for all z € [0,7] we also have

1 1
(1-t)®+1r" > 5454—5‘1' > (1—1)¥Y+1T.

This proves that
[(1=0)®+T"] - [(1-1)¥+1T7] €C,

provided that ¢ € [0,79]. Thus relation (8) implies that for every ¢ € [0,#] the point I" +¢Y is a sum of two
elements of C. Since the set C is a convex cone, this point is also an element of C.
As C is convex, C = core(C), and 0 ¢ C, the assumptions of Theorem 2.3 are satisfied. Therefore, 0 and
C can be separated strictly: there exists a linear functional U on lin(2), such that U(I") > 0, for all I" € C.
Thus,
U(®)-UYP)>0, if oY,

as required.
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4.3 Integral Representation with Rank Dependent Utility Functions

In order to derive an integral representation of the numerical representation U (-) of the preorder >, we need
stronger conditions, than those of Theorem 4.3. Two issues are important in this respect:

e Continuity of U(-) on an appropriate complete topological vector space containing the set 2 of quantile
functions; and

e Integral representation of a continuous linear functional on this space.

The first issue cannot be easily resolved in a way similar to the proof of Theorem 3.5. Even if we assume
continuity of the preorder = (in some topology), we can prove continuity of U(-) on 2, but there is no general
way to derive from this the continuity of U(-) on some complete topological vector space containing 2. That
is why, we adopt a different approach and derive continuity from monotonicity.

Consider the algebra X of all sets obtained by finite unions and intersections of intervals of the form (a, b]
in (0,1], where 0 < a < b < 1. We define the space B((0, 1], X) of all bounded functions on (0, 1] that can be
obtained as uniform limits of sequences of simple functions. Recall that a simple function is a function of the
following form:

f(p) =) als(p), pe(0,1], ©)
i=1

where o; € R fori=1,...,n,and A;, i = 1,...,n, are disjoint elements of the field X. In the formula above,
14(+) denotes the characteristic function of a set A.
The space B((O, 1,2 ) , equipped with the supremum norm:

|®[| = sup @(p),
0<p<l1
is a Banach space. The reader may consult [11, Ch. III] for information about integration with respect to a
finitely additive measure and spaces of bounded functions.

From now on, we shall consider only compactly supported distributions, and the prospect space Qy of
all bounded, nondecreasing, and left-continuous functions on (0, 1].! The set Qy is contained in B((0,1],X).
Indeed, every monotonic function may have only countably many jumps, their sizes are summable due to the
boundedness of the function, and owing to left-continuity it can be represented as a uniform limit of simple
functions.

For two functions @ and ¥ in B((0,1],X), we write @ >V, if ®(p) > ¥(p) forall p € (0,1).

Definition 4.4 A preorder > on 2, is monotonic with respect to the partial order >, if for all @, ¥ € 2y,
the implication ® >V — & > W is true.

Theorem 4.5 [f a total preorder > on 2y, is continuous, monotonic, and satisfies the dual independence
axiom, then a linear continuous functional on B((O7 1],2) exists, whose restriction to 2y, is a numerical
representation of ©.

Proof. Since the continuity axiom implies the Archimedean axiom, Theorem 4.3 implies the existence of a
linear functional U : lin(£2}) — IR whose restriction to .2}, is a numerical representation of . The continuity
axiom implies the continuity of the functional U(-) on 2. We shall extend U () to a continuous functional
on the entire space B((0,1],X).

Every simple function can be expressed as

@ = Zi]l'(PisPHl] = Z |zil (]1(1714171] - ]l(PiJ]) + Z Zi(]l(PiAl] - ]]'(Pi+1a1])'

n
i=1 zi<0 z;i>0

1

with 0 = p; < pp < +++ < pp+1 = 1, and thus is an element of lin(Z,). Consequently, the linear functional
U(-) is well-defined on the space of simple functions. Moreover, rearranging terms, we see that @ is a
difference of two simple functions in 2,

'Bounded nondecreasing functions on (0, 1) can be extended to (0, 1] by assigning their left limits as their values at 1.
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Since the preorder > is monotonic, the linear functional U(+) is monotonic on Zy,. We shall prove that it
is also monotonic on the set of simple functions in B((O, 1,X ) Let @ and ¥ are two simple functions, and
let ® >W¥. Then ® = @) — P, ¥ =¥ — ¥, where @, D, V|,V € Dy, and

D+ > D+ Y.
As both sides are elements of 2}, and U(+) is nondecreasing in 2}, and linear, regrouping the terms we obtain
UP)-UW)=U(P®)— D, -1 +W)=U(DP1+¥%)-U(P,+ W) > 0.

This proves the monotonicity of U(-) on the subspace of simple functions.
For any function I" € B((0,1], Z), we construct two sequences of simple functions: {®,} and {¥} such
that &, <I' <%, forn=1,2,...,and

I' = lim ¢, = lim ¥,.

n—oo n—yoo

The sequence {U(P,)} is bounded from above by U () for any &, due to the monotonicity of U (). Similarly,
the sequence {U(¥,)} is bounded from below by U (&) for any k. Moreover,

0<U(H)-U(Py) = U(qln - ¢n)
<U(I% = PullLo,) = UL o,1) 0 — Pull — 0.
Therefore, both sequences {U(®,)} and {U (¥,)} have the same limit and we can define

UT') = lim U(®,) = lim U(%,).

n—oo n—yoo

We may use any sequence of simple functions I, — I" to calculate U (I"). Indeed, setting &, = I, — ||I,
, we obtain &, <I' < ¥, and Y, < I, <¥,. Consequently, U (P, ) (1',‘1)

I/\\

r
U(¥,) and

lim U(I;;)) =U(T).

n—oo
The functional U : B((O, 1],2) — IR defined in this way is linear on the subspace of simple functions, which
is a subspace of lin(2y). Consider two elements @ and ¥ of B((0,1],X), and two sequences {®P,} and {'¥,}
of simple functions such that &, — & and ¥, — ¥. For any a,b € R, we obtain

U(a®+b¥) = lim U (a®, +b%,) = lim [aU(®,) +bU (W)
=alimU(®,) +blim U(¥E,) = aU(P)+bU(P).
n—ro Nn—o0

This proves the linearity of U(-) on the whole space B((0,1],X

To verify monotonicity, consider two elements @ < ¥ in B((0,1],X), and two sequences {®, } and {¥}
of simple functions such that &, - @, ¥, - ¥, and &, < & < ¥ < ¥,. As U(+) is monotonic on the space
of simple functions, we obtain U(®,) < U(¥,), and thus U(P) < U(¥).

To prove continuity, consider any element ¢ € B((O, 1], 2). Owing to linearity and monotonicity of U (-),
we obtain

U(®) <U(|@1L0,1) = ULl

Consequently, U(+) is continuous.

Now, we can prove the main result of this section. It involves integration with respect to finitely additive
measures, which we denote by the symbol @*. To the best of our knowledge, it is original in its formulation
and derivation.
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Theorem 4.6 Suppose the total preorder > on 2y, is continuous, monotonic, and satisfies the independence
axiom. Then a nonnegative, bounded, finitely additive measure |1 on X exists, such that the functional

U(cp):/olqs(p) du, @eB((0,1,X), (10)

is a numerical representation of ©.

Proof. The functional U : B ((O, 1], Z) — IR constructed in the proof of Theorem 4.5 is linear and continuous.
By virtue of [11, Theorem IV.5.1], it has the form (10) of an integral with respect to a certain bounded and
finitely additive measure y. As U(+) is nondecreasing, U is nonnegative.

Under additional conditions, we can write the integral (10) in a more familiar form of a Stieltjes integral.
We define a nondecreasing and bounded function w : [0, 1] — R as follows:

w(p) =u((0,p]), pe(0,1]; w(0)=0. (11)

If the jump points of @(-) and w(-) do not coincide, we can rewrite (10) as follows:

u(@)= [ Blp) dnip) 12

In general, however, to validate the integral representation (12), we need a weaker topology on the prospect
space. We use the . -topology on the space 2, of quantile functions, defined by the distance function

1
dis(@.%) = [ |@(p) = W(p)] dp.

Theorem 4.7 Suppose the total preorder > on 2y, is monotonic, continuous in the £\ -topology, and satisfies
the independence axiom. Then a bounded, nondecreasing, and continuous function w : [0, 1] — R exists, such
that the functional (12) is a numerical representation of ©.

Proof. The assumptions of Theorem 4.6 are satisfied, and thus a finitely additive measure p exists such that
formula (10) holds. Define w(-) by (11). As u is nonnegative, w(-) is nondecreasing.

Consider a sequence of simple functions 1(,, 1), with p, — p € (0,1), as n — co. They are elements of
b and converge in the £} -topology to 1(,, ;. The continuity of the preorder = in this topology implies that
the numerical representation (10) is continuous. We obtain

U<]l(l’na1]) = ”((pm 1]) =w(l) =w(p,) — U(]l(p,l]) =w(l)—w(p).

Thus w(:) is continuous in (0,1). If p =1, then 1, ;j — 0, and we obtain in the same way w(p,) — w(1).
As w(+) is continuous, { is a regular, bounded, countably additive, and atomless measure. Consequently,
the integral representation (10) can be written as a Stieltjes integral (12).
The function w(-) appearing in the integral representation (12) is called the rank-dependent utility function
or dual utility function.

Remark 4.8 An attempt to derive an even stronger representation, with a density of w(-) with respect to the
Lebesgue measure, has been made in [19, Thm. 1]. Unfortunately, the proof of that theorem contains an
incorrigible error (lines 14-15 on page 132).

Remark 4.9 In a fundamental contribution, Quiggin [25] considers discrete distributions and derives from
a different system of axioms the existence of an anticipated utility functional. In our notation, for a simple
quantile function @ =Y, zi]l< pi1.pil with z; < zp < --- < z,, and with cumulative probabilities 0 = py <
p1 < --- < p, = 1, this functional has the form

-

U(P) =Y ulz)[w(pi) —w(pi1)], (13)

i=1

where u(-) and w(-) are nondecreasing functions (see [26, Ch. 11] and [27, Thm. 3.2] and the references
therein). This corresponds to (12) with u(z) = z. The term rank-dependent utility function, which we adopt
for w(-), is borrowed from this theory.
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4.4 Choquet Integral Representation of Dual Utility

We presented the dual utility theory in the prospect space of quantile functions, which is most natural for it.
It is interesting, though, to derive an equivalent representation in the prospect space of distribution functions.
Every bounded quantile function & € 2, corresponds to a distribution function F : R — [0, 1] of a measure
with bounded support,

®(p)=F'(p) £ inf{n e R:F(n) > p},

Flz)=ol(2) {;up{p <0 #() <3} if:2 80)

The following theorem employs a form of integration by parts for the integral (10) and corresponds to the
representation derived in [29].

Theorem 4.10 Suppose the total preorder > on 2, is monotonic, continuous with respect to uniform con-
vergence and satisfies the dual independence axiom. Then a nondecreasing function w : [0,1] — [0, 1] exists,
satisfying w(0) = 0 and w(1) = 1, and such that the functional

UF') = —[ZW(F(Z)) der/Om [1-w(F(2))] dz (14)

is a numerical representation of >.

Proof. Due to Theorem 4.6, the functional (10) with some nonnegative, bounded, finitely additive measure u
on X, is a numerical representation of >. Without loss of generality, we may assume that 1 ((0, 1}) =1and
define the function w(-) by (11).

First, we check the formula (14) for a stepwise function @(-), given as follows:

n

Z plpH-l xXe (O’]]’ (15)

where 71 <z < -+ <z, and 0 =p; < pp < --- < pp < puy1 = 1. In the formula above, 14(-) denotes the
characteristic function of a set A.
The integral (10) takes on the form:

/01 P(p)du= iziﬂ((l?hpm i w(pir1) —w(pi)].
i=1

With no loss of generality we may assume that z; = 0 for some k. Then we can continue the above relations
as follows:

A D(p) du = ZW(pm —zit1)+ Z (1 =w(piy1)] (zit1 — )
i=1
k=1
== Y w(F(@)) G - +Z [1=w(F(2))](zie1 —2)-

This proves the formula (14) for simple functions.
To prove it for a general function @ € 2}, we consider two sequences of simple functions {®,} and
{¥,},such that &, < P < ¥, n=1,2,...,and

| — Pyl =0 as n— oo
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Since @, I>gp-1> 'P,fl and w(-) is nondecreasing, we have

U(®,) = —/iw((b,;‘) dz+/: [1—w(®;)] dz

< —/(;w((b_l) dz+/0m [1 —W((P_l)] dz

0 {en]
<[ ww?) dz+/0 [1—w(® )] de=U(%).
The first and the last equation follow from the formula (14) for simple functions. Since U (-) is continuous,
the leftmost and the rightmost members converge to U(P), as n — oo, and thus the middle member must be
equal to U(D).

Remark 4.11 The assertion of Theorem 4.10, in the case of distributions supported on [0, 1], is similar to the
assertion of [33, Thm. 1]. Our assumptions are weaker, however. We do not assume any uniform bound on
all quantile functions in the prospect space, and we assume continuity of the preorder > with respect to the
topology of uniform convergence, rather than with respect to .%}-topology, required in [33, A3]. Therefore,
we could not resort to the expected utility theory applied to the quantile functions, as in the proof of [33,
Thm. 1].

Remark 4.12 Formula (14) is a special case of the Choquet integral of the function F ’1(-) (see [5]). In
our case we did not invoke the theory of capacities, because the prospect space contains only monotonic
functions.

4.5 Risk Aversion

For every @ € 2, and any o-subalgebra ¢ of the Borel o-algebra % on IR, the conditional expectation &g
is defined as a ¢¥-measurable function, satisfying the equation

/&W(z) dd(z) = /qub—l(z), GeY.
G G

Observe that it is sufficient to require this equation for the smallest collection ¢ of intervals of form (—eo, c],
generating ¢:

o) a07 @) = [ zd07@). V(edle s

—oo

The corresponding quantile function of &gy, denoted by Py (p), is @~ (4)-measurable and satisfies the
equation

[ @sprap= [ @pdp. V(ede s,
1 (o)) 1 ((e=])

This equation can be rewritten as follows:

B B
| @srap= [ @pyap, ¥pe(0.1).

Definition 4.13 A preference relation > on 2y, is risk-averse, if @y > D, for every & € 2y, and every -
subalgebra 4 of the Borel 6-algebra & on R.

Theorem 4.14 Suppose a total preorder > on 2y, is monotonic, continuous, and satisfies the dual indepen-
dence axiom. Then it is risk averse if and only if it has the numerical representation (14) with a nondecreasing
and concave function w : [0,1] — [0, 1].
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Proof. In view of Theorem 4.10, we only need to prove that w(-) is concave. Consider any 0 < pj < pr < p3 <
1. Define a four-point distribution with mass p; at —3, mass p, — p at —2, mass p3 — p» at —1, and mass
1 — p3 at 0. The corresponding quantile function @ has, according to (14), the utility U(®) = —[w(p;) +
w(p2) +w(p3)]. For a o-subalgebra generated by G| = (—e0, —3] and G, = (—eo, —1], the corresponding
conditional expectation has value —3 with probability py, value (2p; — p2 — p3)/(p3 — p1) with probability

p3 — p1, and value 0 with probability 1 — p3. The corresponding quantile function P« has the utility
—P1—p2+2p3 —2p1+p2+p3
U(Py) =—|w(p1) +w(ps) ——————|.
pP3—r1 pP3—D1

Owing to risk aversion, U(Py) > U(P). After elementary manipulations, we obtain the inequality

pP3—p2 pP2—P1
w(p1) ——— +w(p3)
P3—P1 P3— Pl

<w(pa).

Let o € (0,1) and let p» = ap; + (1 — &) p3. Then the last inequality reads:

aw(pr) + (1 —a)w(p2) <w(api+(1-a)ps).
This is equivalent to the concavity of w(-) on (0, 1].

Remark 4.15 If we assumed only that the quantile function of the expected value is preferred, that is Py, >
P, where 4 = {IR,0} is the trivial o-subalgebra, then we would not be able to infer the concavity of the
function w(-).

In fact, the relation @y, > P for all P is equivalent to the inequality w(p) > p for all p € (0, 1]. Indeed,
consider a two-point distribution, with mass p at 0 and mass 1 —p at 1. Then U(®) = 1 —w(p) and U (P, ) =
1 — p. Thus w(p) > p. To prove the converse implication, we use the inequality w(F(z)) > F(z) in (14) to
obtain

U(®) < —/ioF(z) dz+/0w [1-F(z)] dz=U(Py,),

as required.
This is in contrast to the expected utility case, when preference of the expected value was sufficient to
derive preference of all conditional expectations (cf. Remark 3.11).

S Preferences Among Random Vectors

5.1 Expected Utility Theory for Random Vectors

Suppose (2,.7,P) is a probability space and the prospect space & is the space of random vectors Z : Q —
-, where . is a Polish space equipped with its Borel o-algebra 9. The distribution of a random vector
Z € Z is the probability measure iz on % defined as uzy = PoZ~!. We say that Z and D have the same law

and write Z Z W, if uz = uw.

The preference relation > on % is called law invariant if Z Zw implies that Z ~ W. Every preference
relation > on (%), the space of probability measures on ., defines a law invariant preference relation
on Z as follows:

Z>W <= Uz >~ Hw .

The converse statement is true, if we additionally require that every probability measure y on . is a distri-
bution of some Z € 2. This can be guaranteed if (,.%, P) is a standard atomless probability space (see [10,
Thm. 11.7.5] and [31]). In this case, we can consider an operation on random variables in 2 corresponding
to the operation of taking a convex combination of measures on .%.

For three elements Z, V, and W in & we say that W is a lottery of Z and V with probabilities & € (0,1)
and (1 — ), if an event A € .F of probability ¢ exists, such that the conditional distribution of W, given A,
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is the same as the (unconditional) distribution of Z; while the conditional distribution of W, given A = Q \A,
is the same as the unconditional distribution of V. In this case, the probability measure tiy induced by W on
7 is the corresponding convex combination of the probability measures iz and py of Z and V, respectively:

Hw = otz + (1 — a)py.

We write the lottery symbolically as
W=aZe (1—a)V.

It should be stressed that only the distribution py of the lottery is defined uniquely, not the random variable
W itself. However, if the preference relation > on 2 is law invariant, it makes sense to compare lotteries.

For law invariant preferences on the space of random vectors with values in .¥, we introduce axioms
corresponding to the axioms of the expected utility theory for distributions.

Independence Axiom for Random Vectors: For all Z, V. W € Z one has

ZoV = aZo(l—-a)WesaVae (l-a)W, Vaec(0,1),

Archimedean Axiom for Random Vectors: If Z >V > W, then a, 8 € (0, 1) exist such that

aZo(1—a)WeVeBZo(1—B)W.

These conditions allow us to reproduce the results of Section 3.2 in the language of random vectors. Directly
from Theorem 3.4 we obtain the following result.

Corollary 5.1 Suppose the total preorder > on Z satisfies the independence and Archimedean axioms for
random vectors. Then a numerical representation U : Z — R of © exists, which satisfies for all Z,V € &
and all o € [0, 1] the equation

UlaZs(1—a)V)=aU(Z)+(1—a)U(V).

In order to invoke the integral representation from §3.3, we need to introduce an appropriate topology
on the space 2 and assume continuity of the preorder &> in this topology. For this purpose we adopt the
topology of convergence in distribution. Recall that a sequence of random vectors Z, : 2 — .% converges in
distribution to a random vector Z : 2 — ., if the sequence of probability measures { iz, } converges weakly
to the measure iz.

We can now recall Theorem 3.5 to obtain an integral representation of the utility functional.

Corollary 5.2 Suppose the total preorder > on & is law invariant, continuous, and satisfies the independence
axiom for random vectors. Then a continuous and bounded function u : ¥ — R exists, such that the functional

U(Z) = E[u(z)] = / u(Z()) P(do) (16)

JQ
is a numerical representation of > on .

It should be stressed, however, that the assumption of continuity with respect to the topology of weak con-
vergence is rather strong. For example, if we assume only that for every Z € & the sets

{veZ:VeZ} and {(VeZ:ZxV}

are closed in the space £ (2,.%, P;.¥), the existence of a utility function is not guaranteed.

Monotonicity and risk aversion considerations from section 3.4 translate to the case of random vectors in
a straightforward way.

Suppose .7 is a separable Banach space, with a partial order relation >. In the definition below, the
relation > applied to random vectors is understood in the almost sure sense.
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Definition 5.3 The total preorder > is called monotonic with respect to the partial order >, if Z >V —
ZeV.

In this section, we shall always understand the monotonicity of a preorder > in the sense of Definition
5.3.
The following result is a direct consequence of Theorem 3.8.

Corollary 5.4 Suppose the total preorder > on % is monotonic, continuous, and satisfies the independence
axiom for random vectors. Then a nondecreasing, continuous and bounded function u : ¥ — R exists, such
that the functional (16) is a numerical representation of > on Z.

We now focus on the case when every Z € Z the Bochner integral (the expected value)

BlZ) = | Z(0) Pldo),

is well-defined (for integration of Banach space valued random vectors, see [8, § I1.2]). Then for every
o-subalgebra ¢ of .% the conditional expectation E[Z|¥4] : Q — . is defined as a ¥-measurable function
satisfying

/ E[Z|%)(0) P(do) — / Z(®) P(do), YGeH,
G G
(see, e.g., [23, §2.1]).

Definition 5.5 A preference relation > on % is risk-averse, if E[Z|¥| > Z, for every Z € % and every o-
subalgebra 4 of F.

The following corollary is a direct consequence of Remark 3.11, because Definition 5.5 implies that
E[Z]=Z.

Corollary 5.6 Suppose a total preorder > on Z is continuous, risk-averse, and satisfies the independence
axiom for random vectors. Then a concave function u : ¥ — R exists such that the functional (16) is a
numerical representation of > on Z.

Again, as discussed in Remark 3.11, it would be sufficient to assume that [E[Z] > Z for all Z € 2, but we
shall need Definition 5.5 also in the next subsection, where such simplification will not be justified.

5.2 Dual Utility Theory for Random Variables

The dual utility theory can be formulated in the prospect space 2 of real-valued random variables defined
on a probability space (2,.%#,P). The axioms formulated in section 4.1 for quantile functions can be equiv-
alently formulated for comonotonic random variables. Recall that real random variables Z;, i = 1,...,n, are
comonotonic, if
(Zi(w) - Zi(0") (Zj(®) — Zj(0")) = 0
forall w,0' € Q andalli,j=1,...,n.
The following axioms were formulated in [33], when the theory of dual utility was axiomatized.

Dual Independence Axiom for Random Variables: For all comonotonic random variables Z, V, and W in
Z one has
ZeV = aZ+(1—a)WeaV+(1—a)W, Vae(0,1),

Dual Archimedean Axiom for Random Variables: For all comonotonic random variables Z, V, and W in
%, satisfying the relations
Z>VeW,

there exist o, € (0, 1) such that

aZ+(1—a)WeVeBZ+(1—B)W.
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In addition to that, in [33] the preorder > was assumed monotonic in the sense of Definition 5.3.

It is clear that for comonotonic random variables the first two axioms are equivalent to the axioms dis-
cussed in §4.1. Furthermore, if a preorder > is monotonic in the sense of Definition 5.3, then the correspond-
ing preorder on the space of quantile functions is monotonic in the sense of Definition 4.4.

Theorem 5.7 Suppose Z is the set of random variables on a standard and atomless probability space
(Q,.%,P). Ifthe total preorder > on & is law invariant, and satisfies the dual independence and Archimedean
axioms for random variables, then a numerical representation U : Z — R of > exists, which satisfies for all
comonotonic Z,V € % and all o, € R the equation

U(aZ+BV)=aU(Z)+BU(V). (17)

Moreover,

U(cl)=c¢, VceR. (18)

Proof. Let Y be a uniform random variable on (Q,.%#,P). The preference relation > on % induces a prefer-
ence relation = on 2 by the formula

DrY = DY) V().

The preference relation > does not depend on the particular choice of Y, because = is law invariant.
For comonotonic random variables Z and V, and for « € (0, 1), we have
-1 | -1
Foziay = 0F; +(1—0a)F, .
Thus, the dual independence and Archimedean axioms for the relation > among random variables imply the
same properties for the relation > on 2. By virtue of Theorem 4.3, a linear functional 7% : lin(2) — R
exists, whose restriction to 2 is a numerical representation of the preorder .
Then U(Z) = % (szl), Z € %, is a numerical representation of . For comonotonic Z,V € % and
o, B > 0, the linearity of % yields

U(Z+BV) =% (Fyy.py) = % (aF; " + BF; ")

=a% (F;")+B% (F, ') = aU(Z)+BU(V),

which proves (17).
By monotonicity, U (1) = % (F; ') > 0. We may normalize U(-) to have U (1) = 1. For ¢ > 0 the equation
(18) follows from (17). Then
U(=cl) =% (F ) =%(~Fq') = ~U (F;') = ~U(c1) = —,
owing to the linearity of % (-).
In our further considerations, we assume that 2 is the space of bounded random variables equipped with
the the norm topology of the space .Z; (Q2,.%, P).

Theorem 5.8 Suppose & is the set of bounded random variables on a standard and atomless probability
space (Q,F ,P). If the total preorder > on % is law invariant, continuous, monotonic, and satisfies the
dual independence axioms for random variables, then a bounded, nondecreasing, and continuous function
w: [0, 1] = Ry exists, such that the functional

vz = [ B awip), 7€ 2, 9

is a numerical representation of ©.
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Proof. Recall that the preorder > induces a preorder = on the space 2}, of bounded quantile functions. The
preorder - is defined in the proof of Theorem 5.7. It satisfies the monotonicity condition on 2, because for
a uniform random variable ¥ we have the chain of equivalence relations:

P>Y = DY)>P(Y)= DY) ¥(Y) < d= V. (20)

The dual independence axiom for = follows from the dual independence axiom for > with comonotonic
random variables. In order to use Theorem 4.7, we only need to verify the continuity condition for .

Consider a convergent sequence of functions {®,} and a function ¥ in 2}, such that &, =¥, n=1,2...,
and let @ be the % -limit of {P, }, that is,

n—yeo

tim [ @4(p) - @(p)] dp =0,

For a uniform random variable Y, we define Z, = ®,(Y), Z = ®(Y), and V = ¥(Y). By (20), Z, > V.
Substituting the definitions of Z, and Z and changing variables we obtain

12,~Zlh = [ 1Za(@) = Z(@)] P(do) = [ &,(¥ (@) - #(¥ (0))| Pldw)
:/()1\¢n(p)—¢(p)\dp—>0, as  n— oo,

By the continuity of > in 2, we conclude that Z > V. By (20), @ = ¥. In a similar way we consider the case
when ¥ > &,,n=1,2... and we prove that ¥ > &. Consequently, the preorder = is continuous in 2,.

By Corollary 4.7, a numerical representation % () : &, — R of > exists, which has the integral repre-
sentation

1
7(@)= | o(p)dnip), @2,

for some continuous nondecreasing function w: (0,1] — R.. Setting U(Z) = % (FZ_I), we obtain (19).
Another possibility is to consider the topology of uniform convergence, induced by the norm

1Zloe = sup |Z(®)].
weR

This means that we identify 2 with the Banach space B(Q,.%) of bounded functions defined on £, which
can be obtained as uniform limits of simple functions. We assume that the preorder > is continuous in this
space.

Theorem 5.9 Suppose & = B(Q,.7) and the probability space (,.F ,P) is standard and atomless. If the
total preorder > on % is law invariant, continuous, monotonic, and satisfies the dual independence axiom
for random variables, then a nondecreasing function w : [0,1] — [0, 1] exists, such that the functional

0 00
v(@) =~ [ wiEm)dn+ [ [1-w(Em)]dn @

—o0

is a numerical representation of ©.

Proof. Recall that the preorder > induces a preorder >~ on 2, defined in the proof of Theorem 5.7. It satisfies
the monotonicity condition on 2, as in (20). In order to use Theorem 4.10, we need to verify the continuity
condition for >.

Consider a uniformly convergent sequence of functions {®,} and a function ¥ in 2, such that &, = ¥,
n=1,2..., and let @ be the uniform limit of {®,}, that is,

lim sup |®,(p) —P(p)|=0.

n=0<p<1
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For a uniform random variable Y, we define Z, = @,(Y), Z = ®(Y), and V = ¥(Y). By (20), Z, > V.
Substituting the definitions of Z, and Z and changing variables we obtain

120 = Z]|-o = sup |Pu(Y (@) — 2(Y ()]

= sup |DP,(p)—P(p)| =0, as n—»oo.

By the continuity of > in 2, we conclude that Z > V. By (20), @ = . In a similar way we consider the case
when ¥ = &,,n=1,2... and we prove that ¥ > &. Consequently, the preorder > is continuous in Z,.

By Theorem 4.10, a numerical representation % (-) : &, — R of = exists, which has the integral repre-
sentation (14) for some continuous nondecreasing function w : (0,1] — R.. Setting U(Z) = % (F; '), we
obtain (21).

Formula (21) is a special case of the Choquet integral of the variable Z (see [5]). Clearly, if the assump-
tions of Theorem 5.8 are satisfied, so are the assumptions of Theorem 5.9. In this case, the representation
(21) follows (by integration by parts and change of variables) from (19), provided that the function w(-) in
(19) is normalized so that w(1) = 1.

If we additionally assume that the preference relation © is risk-averse in the sense of Definition 5.5, we
obtain the following corollary from Theorem 4.14.

Corollary 5.10 Suppose a total preorder > on & is continuous, monotonic, and satisfies the dual indepen-
dence axiom for random vectors. Then it is risk-averse if and only if it has the numerical representation (21)
with a nondecreasing and concave function w : [0, 1] — [0,1] such that w(0) =0 and w(1) = 1.

Similarly to the case of preferences among quantile functions, we need here the full Definition 5.5. This
is in contrast to the expected utility theory when the preference IE[Z] > Z was sufficient (see Remark 4.15).
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Appendix

For convenience, we provide here two integral representation theorems for continuous linear functionals on
spaces of signed measures. They are consequences of Banach’s theorem on weakly* continuous functionals
[1, VIIL.8,Thm. 8].

Theorem 5.11 A functional U : # () — R is continuous and linear if and only if there exists f € €, ()
such that

/ Fu(d), Vue.u (). 22)
Proof. Consider a compact set K C ., and the space
My ={p € () :supp(u) CK}.

Every continuous linear functional on .# (.%) is also a continuous linear functional on .# (K). The space
A (K) can be identified with the space of continuous linear functionals on € (K), the space of continuous
functions on K. The topology of weak convergence of measures in .# (K) is exactly the weak* topology on
[¢'(K)]*. By Banach’s theorem, every weakly* continuous functional U(-) on the dual space has the form

Uu) = (fiop /fK w(dz), Yye.a(K), (23)

where fx € G (K).
Define f: . — R as f(z) = fi;(z). If z €K, then .#({z}) C .#(K). From (23) we conclude that
f(z) = fk(z). Consequently, (23) can be rewritten as follows:

/f w(dz), VYue.#(K),VKC.Z. 24)

Observe that f(z) =U(8;). If z, — z, as n — oo, then &, 5 5,. Owing to the continuity of U(+), we have
f(za) =U(8,,) — U(8;) = f(z), which implies the continuity of f(-) on .~

We shall prove that f(-) is bounded. Suppose the opposite, that for every n > 1 we can find z, € .
with f(z,) > n. Consider the sequence of measures , = 6,,/v/n, n=1,2,.... On the one hand, y, %+ 0
and thus U(u,) — U(0), when n — . On the other hand, U(W,) = f(z,)/v/n — o, as n — oo, which is a
contradiction. Consequently, f € &,(-).

It remains to prove that representation (24) holds true for every u € .# (). Since the space .7 is
Polish, every u € (%) is tight, that is, for every n = 1,2,..., there exists a compact set K, such that
|1|(-7\ Kn) < 1/n. Define the sequence of measures W,, n = 1,2,..., as follows: u,(A) = u(ANK,), for all
A € %. By the definition of weak convergence, 1, 5 u. Each u, € .#k, and thus we can use (24) and the
continuity of U(-) to write

U = lim Uw,) = lim [ f@umlan) = [ £ uid).

n—oo
The last equation follows from the fact that f € %,(.%) and u, % u.

Theorem 5.12 A functional U : #Y (%) — R is continuous and linear if and only if there exists f € ‘wa ()
such that

/f w(dz), Vue.av(). (25)

Proof. Every pu € .4V (.%) can be associated with a unique v € .# (.¥), such that Z—l‘i = y. The mapping
L: #Y () — () defined in this way is linear, continuous, and invertible. Therefore, each linear
continuous functional U : .ZV¥(.#) — IR corresponds to a linear continuous functional Uy : #(.#) — R as
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follows: Up(v) = U(L™'v), and vice versa: for every linear continuous functional Uy : .# () — R we have
a corresponding U : .#Y(.”) — R defined as U (u) = Up(LU).
By Theorem 5.11, there exists f € 6, (.), such that

Uo(v) = /yfo(z)v(dz), Vv e.# ().
Thus, for all u € .ZV () we have
U = Vo) = [ fole)w(o)u(dz).

It follows that the representation (25) is true with function f = foy, which is an element of ‘wa(y ). The
converse implication is evident.



