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Abstract

Following Gilboa and Schmeidler (2003) we consider a scenario where the decision maker holds, for
every possible probabilistic belief about the states, a preference relation over his choices. For this setting,
Gilboa and Schmeidler have offered conditions that allow for an expected utility representation. Their
central condition is the diversity axiom which states that for every strict ordering of at most four choices
there should be a belief at which it obtains. It turns out that this axiom excludes many natural cases,
even when there are no weakly dominated choices. We replace the diversity axiom by two new axioms
— three choice and four choice linear preference intensity, which reflect the assumption that the pref-
erence intensity between two choices varies linearly with the belief. It is shown that in the absence of
weakly dominated choices, the resulting set of axioms characterizes precisely those scenarios that admit
an expected utility representation. In particular, our set of axioms covers a significantly broader class of
scenarios than the Gilboa-Schmeidler axioms.
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1 Introduction

Gilboa and Schmeidler (2003) have argued that the von Neumann-Morgenstern foundation for expected
utility may be inappropriate for analyzing games. If the player in a game holds a probabilistic belief about
the opponents’ pure strategies (from now on called choices), then each of his own choices may be interpreted
as a lottery over outcomes, in line with the von Neumann-Morgenstern framework. However, von Neumann
and Morgenstern assume that the decision maker ranks all pairs of lotteries over outcomes, whereas many
of these pairs cannot be induced by the same belief about the opponents’ choices. A second problem is that
in a game, a player may care about more than just the physical outcome for himself, as he may engage in
various kinds of inter-personal comparisons.

In response, Gilboa and Schmeidler (2003) developed a novel framework where the decision maker (DM)
holds a preference relation over the available acts (his choices in the game) for every possible probabilistic
belief about the states (the opponents’ choices in the game). In this paper, we refer to this object as a
conditional preference relation. By imposing certain axioms on conditional preference relations, Gilboa and
Schmeidler single out those that have a diversified expected utility representation — a utility matrix where
no row is weakly dominated by, or equivalent to, an affine combination of at most three other rows. The
key axiom in their characterization is diversity, which states that for every strict ordering of at most four
acts there must be a belief for which this ordering obtains.

But what can we say about those conditional preference relations that have an expected utility rep-
resentation, but not a diversified one? This is an important question, because many utility matrices are
non-diversified, and many natural conditional preference relations violate the diversity axiom. Indeed, the
diversity axiom rules out all cases where some act is weakly dominated by another act, all scenarios with
two states and more than two acts, all scenarios with three states and more than three acts, and many other
plausible situations as well.

The purpose of this paper is to fill that gap, by providing a list of axioms that, in the absence of weakly
dominated acts, is both necessary and sufficient for the conditional preference relation having an expected
utility representation — diversified or not. Indeed, our Theorem 3.1 shows that, in the absence of weakly
dominated acts, expected utility can be characterized if we replace Gilboa and Schmeidler’s diversity axiom
by two new axioms: three choice linear preference intensity and four choice linear preference intensity.
Both axioms reveal the idea that the intensity with which the decision maker prefers one choice to another
changes linearly with his belief. More precisely, the first axiom concerns three choices and argues that on
two parallel lines of beliefs, the preference intensity between two choices will change at the same rate. This
results in a formula that relates the beliefs on these two parallel lines where the decision maker is indifferent
between the various pairs of choices. The second axiom concerns four choices, and argues that on a line of
beliefs the relative change rates of the preference intensities between the different pairs of choices must be
consistent with one another. Also this axiom is expressed in terms of a formula, which relates the beliefs on
the line where the decision maker is indifferent between the various pairs of choices. Both axioms may be
viewed as testable consequences of the idea that the preference intensity between choices changes linearly
with the belief.

If there are no weakly dominated acts, and there is a belief where the decision maker is indifferent between



some, but not all, choices (provided there are at least three choices), then it is shown in Proposition 4.1 that
the utility differences are unique up to a positive multiplicative constant. In that case, the utility differences
between two choices a and b may be viewed as expressing the decision maker’s “preference intensity” between
a and b. This is similar to the approaches by Anscombe and Aumann (1963) and Wakker (1989), where the
axioms of state independence and state independent preference intensity, respectively, guarantee that the
utility difference between two consequences is the same at every state, and may be viewed as expressing the
“preference intensity” between these consequences.

Our axiomatic characterization can also be extended to the general case that involves weakly dominated
acts. In the online appendix of the book Perea (2024) it is shown how our axioms can be extended to signed
beliefs involving negative “probabilities”, and how these new axioms jointly characterize expected utility for
the general case.

This paper is organized as follows. In Section 2 we introduce the notion of a conditional preference
relation and some basic regularity axioms which are based on Gilboa and Schmeidler (2003). In Section
3 we introduce the new axioms, three choice and four choice linear preference intensity, and derive the
representation theorem for the case when there are no weakly dominated acts. In Section 4 we show that
under our set of axioms, the utility differences are unique up to a positive multiplicative constant. We
conclude with a discussion in Section 5. All the proofs, and the necessary mathematical definitions, can be
found in the appendix.

2 Conditional Preference Relations and Basic Axioms

In this section we formally introduce conditional preference relations as the primitive notion of our model,
and subsequently impose some basic regularity axioms on these, based on Gilboa and Schmeidler (2003).
In the last part we discuss Gilboa and Schmeidler’s diversity axiom, and how it rules out many plausible
scenarios.

2.1 Conditional Preference Relations

In line with Gilboa and Schmeidler (2003), the primitive object in this paper is that of a conditional preference
relation — a mapping that assigns to every probabilistic belief over the states a preference relation over the
available choices. In this paper, we also refer to such choices as acts. In fact, we will use the terms acts
and choices interchangeably. Consider a decision maker (DM) who must choose from a finite set of acts A,
and where the finite set of states is given by S. We denote by B(A) the collection of all binary relations, or
preference relations, on A. A belief is a probability distribution p on S, and by A(S) we denote the set of
all probability distributions on S.

Definition 2.1 (Conditional preference relation) Consider a finite set of acts A and a finite set of
states S. A conditional preference relation relative to (A, S) is a mapping 7-: A(S) — B(A) that assigns to
every belief p € A(S) a preference relation 7, on A.



We write a 77, b to indicate that the DM weakly prefers act a to act b if his belief is p. In line with
Gilboa and Schmeidler (2003), a conditional preference relation can be interpreted as follows: Imagine a
player (the DM) who is anonymously matched with another player from a given population. Informing the
DM about the past choices of the players within that population will then induce a certain belief for the DM.
By varying such information in an experimental setup we can, in principle, induce every possible belief for
the DM. If subsequently we elicit the DM’s preference relation over acts, we would obtain all the ingredients
that constitute a conditional preference relation.

For two acts a and b, we write that a ~, b if a 77, b and b 2, a. Similarly, we write a >, b if a 27, b but
not b 77, a. For two acts a, b € A we define the sets of beliefs P, := {p € A(S) | a ~p b}, Posp := {p € A(S)
| a=p b} and Py, = {p € A(S) | a Zp b}. We say that (a) a strictly dominates b under Z if a =, b for all
p € A(S); (b) a weakly dominates b under 7 if a 77, b for all p € A(S), and a >, b for at least one p € A(S);
(c) ais equivalent to b under 7 if a ~, b for all p € A(S).

In the remainder of this paper we will assume that the conditional preference relation does not have
equivalent acts. In the discussion section we will briefly explain how our analysis can easily be extended to
cover equivalent acts.

An expected utility representation can be defined as follows.

Definition 2.2 (Expected-utility representation) A conditional preference relation 7~ has an expected
utility representation if there is a utility function u : A X S — R such that for every belief p € A(S) and
every two acts a,b € A,

a Zp b if and only if Zp(s) -u(a, s) > Zp(s) -u(b, s).
seS s€S

In this case, we say that the conditional preference relation - is represented by the utility function wu.
For a given vector v € R¥ we use the notation u(a,v) := 3> s v(s) - u(a, s). Hence, the condition above can
be written as a 77, b if and only if u(a, p) > u(b, p).

2.2 Regularity Axioms

We will start by reviewing some very basic axioms that have already been introduced in Gilboa and Schmei-
dler (2003), and to which we refer as regularity axioms.

Axiom 2.1 (Completeness and transitivity) For every belief p and any two acts a,b € A, either a 77, b
or b 7, a. Moreover, for every belief p and every three acts a,b,c € A with a 7, b and b 7, ¢, it holds that
aZpc.

Axiom 2.2 (Continuity) For every two different acts a,b € A and every two beliefsp € P,.p, and q € Py, 4,
there is some A € (0,1) such that (1 — \)p+ Aq € Pyp.

Axiom 2.3 (Preservation of indifference) For every two different acts a,b € A and every two beliefs
p € Pyup and q € Pyp, we have that (1 — \)p+ Ag € P, for all X € (0,1).

4



al|10 17 O
b| 0 7 10
3 0 3

Table 1: Expected utility representation for the conditional preference relation in Figure 1

Axiom 2.4 (Preservation of strict preference) For every two different acts a,b € A and every two
beliefs p € P,y and q € Pyvp, we have that (1 — A\)p + Aq € Py, for all A € (0,1).

Completeness and transitivity together resemble the ranking axiom in Gilboa and Schmeidler (2003).
Our definition of continuity is formally different from Gilboa and Schmeidler’s (2003) version, but reveals
the same idea. When taken together, our axioms of preservation of indifference and preservation of strict
preference correspond precisely to Gilboa and Schmeidler’s (2003) axiom of combination.

It can be shown that for the case of two acts, the regularity axioms are both necessary and sufficient
for a conditional preference relation having an expected utility representation. A proof can be found in the
appendix (see Lemma 6.4).

2.3 Diversity Axiom

The central axiom in Gilboa and Schmeidler’s (2003) foundation for expected utility is diversity. It states
that for every strict ranking of four choices or less there is at least one belief at which this ranking obtains.
In Gilboa and Schmeidler (2003) it is shown that this axiom, together with the regularity axioms above,
characterize precisely those conditional preference relations that admit a diversified expected utility repre-
sentation — a utility matrix where no row is weakly dominated by, or equivalent to, an affine combination
of at most three other rows.

As it turns out, the diversity axiom rules out many natural scenarios. To start with, it excludes all
conditional preference relations where an act is weakly dominated by another act. But even in settings
where there is no weak dominance between acts it rules out a series of plausible cases. Consider, for
instance, the conditional preference relation in Figure 1 with three acts and three states.

Suppose this conditional preference relation belongs to a two-player game where the decision maker
(player 1) can select a choice from {a,b,c} and where the opponent (player 2) can choose from {z,y, z}.
It may be verified that no choice of player 1 weakly dominates another choice. Yet, the diversity axiom is
violated because there is no belief where player 1 holds the ranking ¢ > b > a, and hence this conditional
preference relation is ruled out by the Gilboa-Schmeidler axioms.

At the same time this seems a perfectly natural setting for a two-player game. Moreover, it may be
verified that the conditional preference relation allows for an expected utility representation, for instance
the one in Table 1. As the conditional preference relation violates the diversity axiom it follows from Gilboa
and Schmeidler (2003) that the expected utility representation is necessarily non-diversified.
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Figure 1: Violation of diversity with three states and three choices: The area within the triangle represents
the set A(S) of all probabilistic beliefs on S = {z,y, 2z}, with the probability 1 beliefs [z], [y] and [2] as the
extreme points. The two-dimensional plane represents all the vectors in R® where the sum of the coordinates
is 1, containing the belief simplex A(S) as a subset. The vector (0.7, 0, 0.3) represents the belief that assigns
probability 0.7 to z, probability 0 to y and probability 0.3 to z. Similarly for the other beliefs in the picture.
Caution: the points in the triangle are probabilistic beliefs, and not lotteries on outcomes as the reader is
perhaps used to from the decision theoretic literature.
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Figure 2: Violation of diversity with four acts and two states: The numbers below the beliefs indicate the
probability assigned to state [y]. For instance, p,p assigns probability 0.05 to state [y] and is the unique belief
where the decision maker is indifferent between a and b. Similarly for the other five beliefs. The vertical
position of the four choices in every area indicate the ranking of the four choices held by player 1 in that
specific area, with the most preferred choice on top.

Table 2: Expected utility representation for the conditional preference relation in Figure 2

Consider next the conditional preference relation in Figure 2 with four acts and two states. Suppose
this belongs to a two-player game where the decision maker (player 1) can choose from {a,b,c,d}, and the
opponent (player 2) chooses from {z,y}. It may be verified that under this conditional preference relation no
choice is weakly dominated by another choice. Yet, the conditional preference relation violates the diversity
axiom as there is no belief where player 1 holds the ranking a > b > ¢ > d. Also this conditional preference
relation seems perfectly natural, and it can be shown to have an expected utility representation. See, for
instance, the utility matrix in Table 2. Again, in the light of Gilboa and Schmeidler (2003) this expected
utility representation is necessarily non-diversified.

The two examples above show that there are natural instances of games where the diversity axiom is
violated. In general, it can be shown that every conditional preference relation with two states and more than
two acts, and every conditional preference relation with three states and more than three acts, necessarily
violates the diversity axiom. Yet, as we will see, our axiomatic treatment will still be able to cover such

scenarios, provided there are no weakly dominated acts.
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Figure 3: Why reqularity axzioms are not sufficient

3 New Axioms

In this section we present the new axioms: three choice and four choice linear preference intensity. For
the case where no act is weakly dominated by another act, we show that these axioms, together with the
regularity axioms from the previous section, jointly characterize those conditional preference relations that
admit an expected utility representation.

3.1 Three Choice Linear Preference Intensity

If there are more than two acts, the regularity axioms no longer suffice to guarantee an expected utility
representation. To see this, consider the conditional preference relation 7 represented by Figure 3. It may
be verified that 7 satisfies all the regularity axioms. Yet, there is no expected utility representation for 77 .
To see why, suppose there would be a utility function w that represents 2~ . Then, the induced expected
utilities of @ and b must be equal on the line through P,.;, the expected utilities of b and ¢ must be equal
on the line through Py... and the expected utilities of a and ¢ must be equal on the line through P,.., also
at vectors that lie outside the belief simplex. But then, the expected utilities of ¢ and ¢ must be the same
at the vector v where the lines through P,.;, and P, intersect, which is impossible since v does not belong
to the line through P,... This insight leads us to introduce further axioms which do guarantee an expected
utility representation, at least when no act weakly dominates another act.

Consider three acts a,b, ¢, and beliefs pup, pee and pp. where the DM is indifferent between a and b,
between a and ¢, and between b and c respectively. Suppose that these three beliefs lie on the same line L.
Now assume that the DM displays at every belief and for every two choices not only a binary preference



between these two choices, but also an “intensity” by which he prefers one choice to the other. Then, as we
move from p,p to Py on this line, the preference intensity between a and b changes from 0 to some value «.
Moreover, as we move from pq. to pp. the preference intensity between a and ¢ changes from 0 to the same
value «, since at pp. the preference intensities between a and b and between a and ¢ must be the same.

Consider next a line L’ that is parallel to L. If we assume that the DM’s preference intensities change
linearly with the belief, then the preference intensity between any given two choices should change at the
same speed at the two parallel lines L and L. Now take three indifference beliefs p/,, p/,. and pj. on the line
L', and suppose that the distance between p!, and p;, on L’ is A times the distance between py, and py. on
L. Then, as we move from p/, to pj_. the preference intensity between a and b changes from 0 to A - e, since
we assume that the preference intensity between a and b changes at the same speed on L and L’. Therefore,
as we move from p,. to pj., the preference intensity between a and ¢ changes from 0 to - « also. But then,
the distance between p),, and p;, on L' must be A times the distance between p,. and py. on L. As such,
the ratio of the distances between p,. and py. and between p,;, and p,. must be the same as the ratio of the
distances between p/,, and pj, and between p/, and pj,..

For a fixed state s and two beliefs p and ¢ on L, or on L', the difference p(s) — ¢(s) can be used as a
measure for the distance between p and ¢. Then, by the equal ratio property above we have that

pac(s) - pbc(s) _ pizc(s) —pg,c(s)

pab(s) _pbc(s) B p;b(s) - pbc(8)7

which implies that

(Pab(5) = Poe(s)) * (Pac(s) = Phe()) = (i (8) = Phe(s)) - (Pac(s) — poc(s))- (3.1)

This equality will be the content of the axiom three choice linear preference intensity.

To state this axiom formally, we need the following definitions. A line of beliefs is a subset L C A(S)
such that L = {(1 — N)p + Ag | A € [0,1]} for some beliefs p,q € A(S). Two lines of beliefs L and L’ are
parallel if for every p,q € L and every p', ¢’ € L' there is some p € R with p — ¢ = u(p' — ¢).

Axiom 3.1 (Three choice linear preference intensity) For every three acts a,b, ¢, for every line L of
beliefs with beliefs puy, Poe, Pac Where the DM is indifferent between the respective acts and which contains
a belief where the DM is not indifferent between any of these acts, every line L' parallel to L with beliefs
Phps Do Poe Where the DM is indifferent between the respective acts and which contains a belief where the
DM is not indifferent between any of these acts, it holds that

(Pab(s) = Pc(8)) + (Pac(s) = Phe(5)) = (P (5) = Phe(5)) + (Pac(s) — Puc(s))
for every state s.

It may be verified that the conditional preference relation in Figure 1 satisfies this condition. It turns
out that, geometrically, this axiom can be verified in an easy way if the conditional preference relation has
no weakly dominated choices. In this case, it is equivalent to checking that every vector (possible outside



the belief simplex) which is both on a line through two points in P,.; and on a line through two points
in Py, must also be on a line through two points in P,... This is the content of Proposition 6.1 in the
appendix.!

The conditional preference relation in Figure 3 clearly violates this property, since the vector v in that
figure belongs to the line through P,.; and the line through Py, but not to the line through P,... Hence,
in view of the insight above, it cannot satisfy three choice linear preference intensity.

From the proof of Proposition 6.1 in the appendix it follows that under the regularity axioms, the
condition of three choice linear preference intensity holds if we can find one line L and one parallel line L'
for which (3.1) holds. This is important for empirically testing the axiom, because it suffices to select six
indifference beliefs pap, Pacs Poes Py Phacs Phe O two parallel lines to verify the axiom.?

3.2 Four Choice Linear Preference Intensity

We will now show that in the case of four choices or more, the linearity of preference intensity implies yet an-
other testable condition. Consider four choices a, b, ¢, d, a line of beliefs L, and beliefs puy, Dac, Pad, Poe, Pbds Ped
on that line where the DM is indifferent between the respective choices. Similarly to what we have seen
above, moving from pg, to ps. changes the preference intensity between a and b from 0 to some value «,
whereas moving from p,. to py. changes the preference intensity between a and ¢ from 0 to « as well. Now
suppose that the DM’s preference intensity between two choices changes linearly with the belief. Then, the
ratio of the speeds with which the preference intensity between b and a and the preference intensity between
c and a change is equal to the ratio of the distance between p,. and py. and the distance between py;, and
Ppe- Let us denote this ratio of speeds by 7.

A similar property holds for the triple of choices a, ¢, d and the triple of choices a, b, d, resulting in ratios
of speeds r.q and r34. Note that, by construction, rpg = 7pe - Teq- Since we have seen above that the ratios of
speed are equal to the ratios of the distances between the respective indifference beliefs, it follows that

dist(pad, Pbd) _ dist(pac, Poc)  dist(pad; Ped)
diSt(Pub,Pbd) diSt(Pab,Pbc) diSt(pac,pcd)7

where dist stands for distance. Again, for a given state s and any two beliefs p, ¢ on the line L we can use
p(s) — q(s) as a measure for the distance between p and ¢. The equality above can then be translated into

pad(s) - pbd(S) _ pac(s) _pbc(s) . pad(s) - pcd(s)
pab(s) - pbd(S) pab(s) - pbc(s) pac(s) - pcd(s) .

(3.2)

ITo be precise, the verbal characterization of three choice linear preference intensity in the text also relies on Lemma 6.1
in the appendix, which shows that under preservation of indifference every vector in the linear span of P,~; can be written as
the linear combination of only two points in P,~p. Consequently, every vector in the linear span of P,., where the sum of the
components is 1 lies on a line through two points in Py~p.

2On a given line of beliefs, the belief is characterized by one parameter only. To elicit the indifference belief pap on that line
one could offer the subject a discretized version of the line, and ask for every associated belief whether the subject prefers a to
b, b to a, or whether he is indifferent. Alternatively, one could offer the subject a slider with which he can increase or decrease
the parameter of the belief, and ask to point at the belief where he is indifferent.
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By cross-multiplication, we thus obtain the following condition.

Axiom 3.2 (Four choice linear preference intensity) For every four choices a,b,c,d, and for every
line L of beliefs with beliefs pap, Pac, Pad, Poes Pods Ped Where the DM is indifferent between the respective
choices, and such that L contains a belief where the DM is not indifferent between any of these choices, it
holds that

(Pab(8) = Poe(8)) - (Pac(s) — Ped(s)) + (Pad(s) — Pa(s)) = (Pab(s) — Ped(s)) - (Pac(s) — Poe(8)) + (Paa(s) — Ped(s))-

for every state s.

It may be verified that the conditional preference relation in Figure 2 satisfies the four choice linear pref-
erence intensity condition. From the proof of Theorem 3.1 in the appendix it follows that under the regularity
axioms and three choice linear preference intensity, the condition of four choice linear preference intensity is
satisfied if there is one line L for which (3.2) holds. Again, this is important if we want to test this condition
empirically, since we need only check condition (3.2) for six indifference beliefs pup, Dac, Pads Poes Pods Ped 11
total.?

3.3 Representation Theorem

If there are no weakly dominated acts, then the axioms we have gathered so far are not only necessary, but
also sufficient, for an expected utility representation. We thus obtain the following representation result.

Theorem 3.1 (Expected utility representation) Consider a finite set of acts A, a finite set of states
S, and a conditional preference relation 7~ on (A, S) such that no act weakly dominates another act and no
two acts are equivalent under =~. Then, 77, has an expected utility representation, if and only if, it satisfies
completeness, transitivity, continuity, preservation of indifference, preservation of strict preference, three
choice linear preference intensity and four choice linear preference intensity.

Note that this theorem also covers conditional preference relations that violate the diversity axiom in
Gilboa and Schmeidler (2003). For such scenarios, our result still provides necessary and sufficient conditions
that lead to a (necessarily non-diversified) expected utility representation.

4 Unique Relative Utility Differences

So far we have identified a system of axioms that is both necessary and sufficient for an expected utility
representation, provided there is no weak dominance between acts. But how unique is this representation?
As we will see below, the expected utility differences are “typically” unique up to a positive multiplicative
constant.

3The six indifference beliefs on the line can be elicited according to Footnote 2.
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Proposition 4.1 (Unique relative utility differences) Consider a finite set of acts A, a finite set of
states S, and a conditional preference relation =~ on (A, S), such that it admits an expected utility represen-
tation, no act weakly dominates another act, no two acts are equivalent under -, and in the case of at least
three acts there is a belief where the DM is indifferent between some, but not all, acts. Then, for every two
utility functions u,v that represent - there is some « > 0 such that v(a,s) —v(b,s) = a - (u(a,s) — u(b, s))
for all a,b € A and all s € S.

Under the conditions of the proposition, there would be exactly |S|+ 1 degrees of freedom for choosing a
representing utility function: |S| degrees because we can choose the utilities for one of the choices freely at
each of the | S| states, and another degree of freedom because the utility differences at each of the states may
be multiplied by the same positive number without changing the induced conditional preference relation.

Moreover, under these conditions the utility difference u(a,p) — u(b,p) at a belief p, which is unique
up to a positive multiplicative constant, may be viewed as expressing the “preference intensity” between
a and b at p. The conditions above thus guarantee that the relative preference intensities are unique. As
an example, suppose that 0 < u(a,z) — u(b,z) = 2 - (u(b,y) — u(a,y)). Then, the DM will be indifferent
between a and b at the belief 1/3[x] + 2/3[y],* which seems to reflect that the intensity by which the DM
prefers a to b at x is twice the intensity by which he prefers b to a at y. This indeed corresponds to the fact
that the utility difference between a and b at x is twice as large as at y, in absolute terms. However, we
will not enter the debates on whether such utility differences, or preference intensities, can be interpreted
as reflecting neo-classical cardinal utility (see, for instance, Baccelli and Mongin (2016), Baumol (1958) and
Moscati (2018)).

The above interpretation of the utility differences may no longer hold, however, if the conditions in the
proposition above are not satisfied. Suppose there are three acts a,b and ¢, two states x and y, and let
7 be such that a >, b >, cif p(z) > 1/2, a ~p b ~p, cif p(z) = 1/2, and ¢ >, b =, a if p(z) < 1/2.
Hence, the three indifference sets P,p, Py~ and Py are all equal to {1/2[x] + 1/2[y]}, and thus there is
no belief where the DM is indifferent between some, but not all, acts. Note that the utility functions u, v
given by u(a,z) = 3,u(b,z) = 2,u(c,x) = 0,u(a,y) = —3,u(b,y) = —2,u(c,y) = 0 and v(a,z) = 3,v(b,x) =
1,v(e,z) = 0,v(a,y) = —=3,v(b,y) = —1,v(c,y) = 0 both represent 7~ . Yet, the utility differences in u and
v differ by more than just a multiplicative constant. The reason is that in this case, 77 does not provide us
with sufficiently many data to derive the DM’s preference intensity over the three acts at the various beliefs.

5 Discussion

(a) Comparison with Savage. One important difference with the framework of Savage (1954) is that
we view the DM’s belief as a primitive notion, which then induces a preference relation over acts. This is
precisely how a conditional preference relation is defined: It takes the belief as an input, and delivers the
preferences over acts as an output. One of the beautiful features of the Savage framework is that the DM’s
belief can be derived from his preferences over acts. That is, Savage views the DM’s preferences over acts

*Here, [z] denotes the denegerate belief that assigns probability 1 to the state [z]. Similarly for [y].
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as the primitive notion, which then induces his belief. There has been a long-standing debate about which
of the two, belief or preferences, should be taken as the primitive object, and we do not want to enter this
debate here.

Another difference with Savage lies in the role of the utility function. In our model, the utility function
generates the DM’s preferences over acts for all possible beliefs over the states. As the Savage axiom system
leads to a unique probabilistic belief over states, the utility function in the Savage framework can only be
viewed in combination with this specific belief.

A final difference we would like to stress concerns the uniqueness of the utility representation. Recall
from Proposition 4.1 that in the absence of weakly dominated acts there are |S| + 1 degrees of freedom for
the utility function in our framework, provided there is a belief where the DM is indifferent between some,
but not all, acts in the case of at least three acts. Unless all acts are equivalent, this is also the smallest
number of degrees of freedom possible. There may be more degrees of freedom, up to |A| - |S|, which would
be the case if every act strictly dominates, or is strictly dominated by, another act.

In the Savage framework, on the other hand, the utility representation is always unique up to a positive
affine transformation, leaving only two degrees of freedom. The reason is that a DM in the Savage framework
holds preferences over all possible mappings from states to consequences, providing us with “more data”
that restrict the possible utilities compared to a DM in our framework. However, the two degrees of freedom
in Savage’s framework are only possible because Savage’s axiom of small event continuity implies that there
are infinitely many states. We assume only finitely many states, but our “richness of data” comes from
the fact that a conditional preference relation specifies a preference relation for infinitely many beliefs (if
there are at least two states). Most comments here also apply to the framework in Anscombe and Aumann
(1963).

(b) Related foundations for expected utility in decision problems and games. The foundation
for expected utility that is closest to ours is by Gilboa and Schmeidler (2003). As we have already discussed,
their axiom system singles out those conditional preference relations that can be represented by a diversified
utility function, and the crucial axiom in their analysis is diversity. The diversity axiom by Gilboa and
Schmeidler may be viewed as a “richness” condition on the set of states, and seems plausible if the number
of states is very large, or even (countably or uncountably) infinite, as is allowed by the Gilboa-Schmeidler
framework. In contrast, we mainly concentrate on settings like finite games where, tyically, the number of
states is relatively small. In such scenarios, the diversity axiom seems overly restrictive. Our axiom system,
in turn, imposes no such richness condition on the set of states, and puts no restrictions on the utility matrix
that can be used to represent the conditional preference relation.

Jagau (2022) shows that the regularity axioms, together with the axioms of constant preference intensity
and transitive preference semsitivity, are necessary and sufficient for an expected utility representation if
there are no weakly dominated acts. Constant preference intensity and transitive preference sensitivity are
strongly based on our axioms of three choice linear preference intensity and four choice linear preference
intensity, respectively.

Perea (2020) proves that the regularity axioms, together with the axiom ezistence of a uniform preference
increase, are both necessary and sufficient for an expected utility representation. The existence of a uniform
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preference increase states that from the conditional preference relation at hand, one should be able to
increase the preference intensity between a fixed choice and each of the other choices by a uniform amount.

Luce and Raiffa (1957)’s formulation of a decision problem under uncertainty is rather similar to ours,
in that they view the DM’s sets of actions and states as primitive notions. On top of this, they assume
a consequence mapping, assigning to every act and state the consequence that results. Battigalli, Cerreia-
Vioglio, Maccheroni and Marinacci (2017) show how the Anscombe-Aumann model can be reconciled with
the Luce-Raiffa framework, by letting the DM hold preferences over mixed actions in the Luce-Raiffa model,
and proposing an axiomatic characterization of expected utility within this setup.

Fishburn (1976) and Fishburn and Roberts (1978) concentrate on games, and assume that every player
holds a preference relation over the combinations of randomized choices — or mixed strategies — of all the
players. Combinations of mixed strategies may be viewed as lotteries with objective probabilities on the
set of possible (pure) choice combinations in the game. By imposing certain axioms on these preference
relations over mixed strategy combinations, they are able to identify those that admit an expected utility
representation. It may thus be viewed as a generalization of von Neumann and Morgenstern’s (1947)
axiomatic characterization of expected utility for lotteries. The crucial difference with our approach is that
we do not consider randomizations over choices, and that we use conditional preference relations as the
primitive, rather than preferences over lotteries with objective probabilities.

Still, probabilities enter our analysis, but at a different level: Within a game-theoretic setting we as-
sume that players choose pure strategies, but hold probabilistic beliefs about the opponents’ pure strategy
combinations. For two players such beliefs are identical to mixed strategies of the opponent®, but their inter-
pretation is different: Whereas a mixed strategy represents a conscious randomization over pure strategies,
a probabilistic belief represents the player’s uncertainty about the other player’s pure strategy choice.

In Aumann and Dréze (2002), a game is modelled as a mapping that assigns to every choice combination
by the players a lottery over consequences for each of the players. The DM (a player in the game) is then
assumed to hold a preference relation on the probability distributions over such mappings. Aumann and
Dreéze (2005) take a different approach, by supposing that the DM in a game holds a preference relation on
lotteries which are defined over his own choices and over the possible consequences in the game. In both
papers, it is shown that certain axioms on the preference relation lead to an expected utility representation
that involves a unique, or essentially unique, probabilistic belief for the DM about the opponents’ choice
combinations. In that sense, these results are similar to Savage (1954).

Mariotti (1995) points out that a DM in Savage (1954) is required to hold preferences over acts that do
not belong to his actual decision problem, and finds this problematic. Mariotti (1995) goes even further,
and shows that certain game-theoretic principles are inconsistent with the axioms of completeness and
monotonicity in Savage’s framework, thus establishing a degree of “incompatibility” between games on the
one hand and the framework of Savage on the other hand.

(c) Comparison with case-based decision theory. Case-based decision theory, as originally formulated
in Gilboa and Schmeidler (1995), assumes that the DM evaluates an act based on how this act performed

5For more than two players, a probabilistic belief about the opponents’ pure strategy combinations may differ, mathematically,
from a profile of mixed strategies, as the beliefs concerning the pure strategies of two different opponents may be correlated.
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in previous decision problems. More precisely, assume that C represents the collection of decision problems,
or cases, the DM faced in the past, and that s(c) measures the similarity of decision problem ¢ to the
present decision problem. Then, the desirability of an act a in the present decision problem is measured by
> ccc s(c) - u(a,c), where u(a, c) is the utility that selecting act a generated in decision problem c.

Our framework can be embedded into case-based decision theory as follows: If a conditional preference
relation is represented by a utility function u, then the desirability of an act a in the present decision
problem, for a given p € A(S), is given by > _¢p(s) - u(a,s). Now suppose that the states s represent
decision problems that the DM faced in the past, and that p(s) measures the similarity of problem s to the
decision problem he is facing now. Then, the measure for the desirability of act a resembles exactly that in
Gilboa and Schmeidler (1995).

Alternatively, one could still interpret p as a probabilistic belief over states, and identify every state s
with the degenerate belief [s] that assigns probability 1 to s. Suppose that, for some reason, the DM has had
each of these degenerate beliefs [s] in the past, and remembers the utility u(a, s) that each act a generated
under that belief. Then, every belief [s] can be viewed as a case in the Gilboa-Schmeidler framework. If the
DM’s actual belief is p, then the belief probability p(s) can be viewed as the similarity of the actual belief p
to the past belief [s]. Also in this scenario, the measure for the desirability of act a in the actual problem,
with the actual belief p, coincides with that of the Gilboa-Schmeidler framework.

(d) Utility differences as preference intensities. In Proposition 4.1 we have shown that under certain
conditions, the utility differences are unique up to a positive multiplicative constant. In that case, the
expected utility difference between two acts a and b at a state s may be interpreted as the “preference
intensity” between a and b at the state s. This is similar to how utility differences are interpreted in Anscombe
and Aumann (1963) and Wakker (1989). The state independence axiom in Anscombe and Aumann (1963)
states that the preference relation over objective lotteries on consequences must be independent of the state.
This implies, in turn, that the utility differences between two consequences must be the same at every state,
and these may be viewed as expressing the “preference intensity” between the two consequences.

The key condition in Wakker’s (1989) axiom system is state independent preference intensity. The main
idea is that the “preference intensity” between two consequences c¢; and co at a state s can be measured
by taking two acts, where one is strictly preferred to the other, and replacing the two acts at state s by ¢
and co, respectively, such that the DM becomes indifferent between the two new acts. State independent
preference intensity requires that if the preference intensities between c¢; and co and between c3 and cq4
coincide at one state, then they must coincide at all states. In that case, the utility difference between two
consequences will always be the same at all states, and may thus be viewed as expressing the “preference
intensity” between the two consequences.’

(e) Linear preference intensity. The axiomatic characterization in this paper shows that expected utility
may be viewed as an expression of linear preference intensity. Indeed, some of the regularity axioms for
two choices, and the axioms of three and four choice linear preference intensity for more than two choices,
represent consequences of scenarios where the preference intensity between two choices changes linearly with

6Also in vNM-settings, expected utility differences are often interpreted as representing preference intensities. See, for
instance, Borgers and Postl (2009), which focusus on voting scenarios between two parties.
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the belief. But how natural is this idea of linear preference intensity? From a behavioral and empirical point
of view, one could conduct behavioral experiments to test these axioms. On a more theoretical basis, the
idea states that (i) the change in preference intensity should only depend on the change in belief, not on the
particular initial and final belief, thereby revealing a specific type of invariance, and (ii) for a given direction
of belief change, the change in preference intensity must be proportional to the size of the belief change.
Conceptually, it thus represents the simplest possible way in which the preference intensity can vary with
the belief. A problem, of course, is that preference intensity cannot be measured directly, but our axioms
represent verifiable properties that logically follow from the assumption of linear preference intensity.

(f) Belief revision. A conditional preference relation does not only specify the DM’s preferences over acts
for a given belief, but also describes how these preferences would change if he were to revise his belief in the
light of new information. In a dynamic game it may happen, for instance, that some opponent’s strategy is
ruled out by some new information, forcing the DM to change his belief in response. And such information
events may even take place sequentially, such that more and more opponents’ strategies can be ruled out.
The notion of a conditional preference relation is thus able to describe how the DM’s preferences would
change as a result of belief revision during the course of a dynamic game.

(g) Game theory with conditional preference relations. In principle we could build a theory of games
based on conditional preference relations, which may or may not satisfy our system of axioms. In a game,
the DM would be a player i, his set of acts A; would be the set of pure strategies in the game, and the states
would be the set S; = X,.;A; of opponents’ pure strategy profiles. Fix a conditional preference relation
=" for every player i. A Nash equilibrium (Nash (1950, 1951)) could be defined as a tuple of probability
distributions (0;)ier, with o; € A(A;) for every player 4, such that o;(a;) > 0 only if a; is optimal for the
induced preference relation ?\:2_1 . Here, o_; denotes the product of the probability distributions o for j # ¢,
which is a probability distribution over A_; and hence a belief for player ¢. With this definition, a Nash
equilibrium is thus interpreted as a tuple of beliefs about the opponents’ pure strategies, as in Aumann and
Brandenburger (1995).

Similarly, correlated rationalizability (Brandenburger and Dekel (1987), Bernheim (1984), Pearce (1984))
could be defined by the recursive procedure where A? := A; for all players 4, and

A¥ .= {a; € A¥71 | a; optimal for ?\j;l for some p; € A(AFT1)}

for every k > 1.

In fact, many concepts for static games, including the various equilibrium and rationalizability concepts,
could be generalized in terms of conditional preference relations. In particular, every conditional preference
relation in a static game setting induces for every player i a best response correspondence R; : A(xj£;Aj) —
A;, given by

Ri(pi) :== {a; € A; | a; optimal for ,é;z}

for every p; € A(x;£iA;), generalizing the standard best response correspondences based on expected utility.
The analysis could also be extended to dynamic games, since we have seen in (f) that conditional pref-
erence relations are able to model how belief revision about the opponents’ strategies changes a player’s
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preference relation over his own strategies. As such, conditional preference relations can be used to provide
a generalized version of sequential equilibrium (Kreps and Wilson (1982)) or of dynamic game rationaliz-
ability concepts like strong rationalizability (Pearce (1984), Battigalli (1997)) (also known as extensive-form
rationalizability), backward dominance (Perea (2014)) and backwards rationalizability (Perea (2014), Penta
(2015), Catonini and Penta (2022)).

(h) Equivalent acts. In this paper we have restricted attention to scenarios where no two acts are
equivalent. In fact, our entire analysis can easily be extended to the case where equivalent acts are allowed.
Suppose we start with a set of acts A where some acts are equivalent. Then, we can partition A into
equivalence classes {Aj, Ao, ..., Ax} with representative acts aj,as,...,ax, and subsequently restrict the
conditional preference relation = to the set A" = {ay, as,...,ax}, resulting in a new conditional preference
relation 7’ . Then, Theorem 3.1 can be generalized as follows: The conditional preference relation - has an
expected utility representation, if and only if, ==’ satisfies the conditions in Theorem 3.1. The proof is easy:
If =’/ satisfies the conditions in the theorem, then by the same theorem it is represented by a utility function
u. Extend u to a utility function v on A x S by setting v(a, s) := u(ag, s) for all acts a € A and all s € S,
where a € Ay. Clearly, v will then represent 7 . In the same way, the other results in this paper can also be
extended to cases that allow for equivalent acts.

6 Appendix

6.1 Mathematical Definitions

In this section we introduce the mathematical definitions and notation needed for this paper, mainly from
linear algebra. For a finite set X, we denote by R¥X the set of all functions v : X — R. Scalar multiplication
and addition on R¥ are defined in the usual way: For a function v € R¥ and a number A € R, the function
M- is given by (A-v)(z) = A-v(z) for all z € X. Similarly, for functions v, w € R¥, the sum v +w is given
by (v + w)(z) = v(z) + w(z) for all z € X. The set R¥ together with these two operations constitutes a
linear space, and elements in RX are called vectors. By 0 we denote the vector in R* where 0(z) = 0 for
all x € X.

A subset V C R¥X is called a linear subspace of RX if for every v,w € V and every o, € R, we have
that av + fw € V. For a subset V' C R¥X, we denote by

K
span(V) = {Zkzl apvg | K>1, ay, e Rand v, € V for all k € {1,..., K'}}

the set of all (finite) linear combinations of elements in V, and call it the (linear) span of V. Here, Zle QU
is called a linear combination of the vectors vy, ...,vg. A linear combination v = A\jvy + ... + Agvg, where
v1,....,vx € RX and M\, ..., \g € R, is called a convex combination if A\1,...,\xr > 0 and A\ + ... + A\g = 1.
The set span(V) is always a linear subspace, and if V itself is a linear subspace then span(V) = V.
Vectors vy, ...,vg € RX are called linearly independent if none of the vectors is a linear combination of
the other vectors. The set of vectors {vy,...,vx} is a basis for V if vy, ..., vx are linearly independent, and

17



span({vi,...,vx}) = V. Every basis for V' has the same number of vectors, and this number is called the
dimension of V, denoted by dim (V). If V' = {0}, then dim(V') = 0.

A probability distribution on X is a vector p € R such that >, .y p(z) =1 and p(z) > 0 for all z € X.
The set of probability distributions on X is denoted by A(X). For a given element x € X, we denote by
[z] the probability distribution in A(X) where [z](z) = 1 and [z](y) = 0 for all y € X\{z}. A probability
distribution p has full support if p(z) > 0 for all z € X.

For every two vectors v,w € RX, the vector product is given by v - w := Y orex v(x)w(z). A hyperplane
is a set of the form H = {v € RX | v-w = ¢}, where w € R*\{0} and ¢ € R. If ¢ = 0 then H is a linear
subspace of dimension |X| — 1, where |X| denotes the number of elements in X.

6.2 Proof of Theorem 3.1

In this subsection we will prove Theorem 3.1. Before doing so, we first derive some preparatory results. The
first characterizes the span of the set of beliefs where the DM is indifferent between a and b.

Lemma 6.1 (Span of an indifference set) Consider a conditional preference relation 77 that satisfies
preservation of indifference, and two choices a and b. Then,

span(Pa~p) = {\1p1 + Xap2 | p1,p2 € Pyp and A, A2 € R}.
Proof. Let
A= {\ip1 + Xap2 | p1,p2 € P and A, X2 € R}

We will show that span(P,.p) = A. Clearly, A C span(P,~p). Hence, it remains to show that span(P,p) C
A. Take some p € span(P,~p). Then, there are some beliefs p1, ..., Dk, Pkt1, -, Pktm € Pap and numbers
ALy ey Ay Akt 1y -y Am > 0 such that

P =Mp1+ o + APk — Mer1Pkt1 — o = NetmPh+m- (6.1)
Let a1 ;= A1+ ... + Ay and oo := A1 + .. + Mg If @3 > 0 and g > 0, then define the vectors

A1

Ak Ak41 Ak
g = =p1+ ..+ ppand gp = pp g 4+ S
a1 a7 (6]

Pk+m-
(5] tm

It may be verified that ¢; and ¢ are convex combinations of beliefs in P,.;. Hence, by repeatedly using
preservation of indifference, it follows that q1,q2 € P,p. By (6.1) we have that p = a1¢1 — aege, and thus
p€E€ A

If a7 > 0 and as = 0, then we have that p = «1¢1 +0-¢1, which is in A. The case when a; = 0 and g > 0
is similar. Finally, when oy = 0 and as = 0, then p =0 p; + 0 - po for two arbitrary beliefs p1,ps € P,p,
and hence p € A.

In general, we thus see that every p € span(P,p) is also in A, and thus span(P,~p) C A. Together with
the observation above that A C span(P,~p), we conclude that span(Py~p) = A. This completes the proof.l
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The second preparatory result contains some further properties of the set of beliefs where the DM is
indifferent between a and b, gathered in Lemma 6.2. In this lemma, we denote by S, the set of states
s where a ~[4 b. Moreover, we say that there are preference reversals between a and b if there are beliefs
p,q € A(S) such that a >, b and b >, a.

Lemma 6.2 (Linear structure of indifference sets) Suppose there are two choices, a and b, and n
states. Consider a conditional preference relation - that satisfies the regularity axioms. Then, the following
properties hold:

(a) Pa~p = span(Fap) N A(S);

(b) if 7, has preference reversals between a and b, then span(P,.p) is a hyperplane with dimension n — 1,
and there is a full support belief p € P,, with p(s) > 0 for all s € S;

(c) if a weakly dominates b under 7, then Pyp = {p € A(S) | Y_ycq. , P(s) = 1}.

Proof. (a) Clearly, P,y C span(P,~p) N A(S). It remains to show that span(P,~y) N A(S) C P,p. Take
some p € span(P,p) N A(S). Then, by Lemma 6.1, there are beliefs p;, p2 € P,p and numbers A1, Ay such
that p = A1p1 + Aapo. Since p € A(S), we must have that ) _4p(s) = 1. Moreover, as p1, p2 are beliefs, it
holds that Y ¢p1(s) = > ,cgp2(s) = 1. But then, it must be that A\; + Ao = 1.

Suppose first that A\; = 0. Then, Ay = 1, and hence p = pa, which is in P,.;. The case where Ay = 0 is
similar. Assume next that A1, Ao > 0. As A1 + Ao = 1, it follows that p is a convex combination of p; and
po, which are both in P,.;. By preservation of indifference, it follows that p € P,p.

Suppose now that Ay > 0 and Ao < 0. Since A1 + Ay = 1, it must be that Ay > 1. Hence, we have that

1 A2 1 1

— 2 1— — 6.2
PL=5P= 5 P2 A1p+( Al)pz (6.2)

since Ao = 1 — A1. As A\ > 1, it follows that p; is a convex combination of p and py, where p; and py are
both in Pawb-

We will show that p must be in P,.;. Suppose, on the contrary, that p ¢ P,.p. Assume, without loss of
generality, that p € P,.;. Then, it follows from (6.2) and preservation of strict preference that p; € Py,
which is a contradiction. Hence, p € P,.p. The case where A\; < 0 and Ay > 0 is similar. In general, we
conclude that every p € span(P,p) N A(S) is also in P,.;. Hence, span(Pyp) N A(S) C P,yp. As we have
already seen that P,y C span(P,p) N A(S), we have that P, = span(P,p) N A(S).

(b) Suppose that = has preference reversals on {a,b}. Then, there must be a state x where a =, b, and
another state y where b =, a. Here, we write a ; b as a short-cut for a =, b. By continuity, there must
be a belief po = (1 — A2)[z] + A2[y] on the line segment between [z]| and [y] where a ~y, b. Now, let the
remaining states be numbered ss, ..., s, such that

a g, bforall ke {3,..m},
b>s, aforallke{m+1,...m+1}, and
ar~g bforallke {m+1+1,.. n}
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We choose (i) for every k € {3,...,m} a belief p;, = (1 — \g)[sk] + Agly] with a ~p, b, (ii) for every
ke {m+1,..,m+1} abelief p, = (1 — \g)[sk] + A\i[z] with a ~,, b, and (iii) for every k € {m+1+1,...,n}
the belief py = [s] with a ~p, b.

We will now show that ps,...,p, are linearly independent. Take some numbers g, ...,y such that
Y p—s o - i = 0. By construction, this sum is equal to

m m+l n

az((1=Ao)fa] + Aaly]) + D (1= A)lsi] + M) + D an((L=M)[s] + Melz)) + > s
k=3 k=m-+1 k=m-+Il+1

ml m m-+l n
= (ozz(l )+ Y ak>xk> =] + (az)\z + Zak)\k) ]+ D ar(l= sl + Y axlsi] = 0.

k=m+1 k=3 k=3 k=m-+I+1

As the vectors [z], [y], [s3], ..., [sn] are linearly independent, and 0 < A\, < 1 for all k € {2,...,m + [}, it
follows that oy = 0 for all k& € {3,...,n}. This, in turn, implies that also ag = 0. Hence, the indifference
beliefs po, ..., pn € Py are linearly independent.

As a consequence, the dimension of span(P,.p) is at least n — 1. The dimension of span(P,~p) cannot
be n, since otherwise we would have that span(P,;) = R, and hence, by (a), P,y = RSN A(S) = A(S).
This would contradict the assumption that there are preference reversals between a and b. We thus conclude
that the dimension of span(P,.p) must be n — 1, and therefore span(P,p) is a hyperplane.

To show that P,.; contains a belief p with p(s) > 0 for every state s, consider the vector p := ﬁpg +
I ﬁpn. It may be verified that p is a belief. Moreover, by construction of the beliefs po, ..., p,,, we have
that p(s) > 0 for all states s.

(c) Let A={p e A(S)| > es, , P(s) = 1}. To show that P, C A, take some p € F,p. Assume, contrary
to what we want to show, that p ¢ A. Then, p(s) > 0 for some s € S,.p, where S, is the set of states
t with a =4 b. Asp = Y g, P(s) " [s] + D seq,., P(s) - [s] it follows by preservation of indifference and
preservation of strict preference that p € P,.p. This is a contradiction to the assumption that p € P,;.
We thus conclude that p € A. Hence, P,.;, C A. The inclusion A C P, follows directly by preservation of
indifference. We thus see that P,.;, = A. This completes the proof. ]

The third preparatory result provides sufficient conditions for an expected utility representation between
two choices.

Lemma 6.3 (Sufficient conditions for expected utility representation) Consider a conditional pref-
erence relation - that satisfies the regularity axioms, two choices a and b, and a utility function u. Suppose
that 7~ has preference reversals between a and b, and that there are n states. If there is a belief p* with
a >p- b and u(a,p*) > u(b,p*), and n — 1 linearly independent vectors vy, ...,0p—1 in span(Py~p) with
u(a,vg) = u(b,vg) for all k € {1,...,m — 1}, then u represents 77, on {a,b}.

Proof. Let P,)—u@p) be the set of beliefs p with u(a,p) = u(b,p), and similarly for P,,)>y@)- To show
that u represents 7~ on {a, b}, it is thus sufficient to show that P,.; = Pua)=up) and Porb = Py(a)>u(b)-
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We start by showing that P,y = Pya)—u()- Consider the set Vi, (q)—u@) := {v € R | u(a,v) = u(b,v)}.
It may be verified that V)= ) is a linear space. Moreover, Pyq)—u) = Vi(a)=up) N A(S). We now show
that span(Pap) = Via)=up)- We first prove that span(Puy) € Viy(a)=u()- In Lemma 6.2 (b) we have seen
that span(P,~p) has dimension n — 1. Since the vectors vy, ..., v,—1 in span(P,.p) are linearly independent,
we conclude that {vi,...,vn—1} is a basis of span(P,p). Take some v € span(Pyp). Then, we can write
v = A1 + ... + Ap_1vp—1 for some numbers Ay, ..., \p—1. Since vy, € Vi q)—u@p) for all k € {1,..n — 1} and
Vi(a)=u(p) 18 a linear subspace, it follows that v € Vi, (q)—y). Thus, span(Pas) C Viy(a)=u(b)-

We now show that Vi (q)—u@p) = span(Pa~p). Since Vi q)—yp) is a linear subspace of R, its dimension
can be at most n. Moreover, as span(Pyb) C Viy(a)=u@p) and span(Pyp) has dimension n — 1, the dimension
of Vi(a)=u(v) 18 at least n — 1. Suppose, contrary to what we want to prove, that Vi, q)—up) 7# span(Pas)-
Then, the dimension of V,,)—y ) must be n, and hence V,(q)—u@) = R®. However, this is a contradiction
since u(a,p*) > u(b, p*), and hence p* ¢ Vi 4)—yup)- We thus conclude that V,q)—y@p) = span(Pu~p). Since
Pya)=u) = Va(a)=u@p) N A(S) and, by Lemma 6.2 (a), Pswp = span(Pywp) N A(S), we conclude that
Pory = Py(a)y=u(b)-

We next prove that Py.p = Py(a)>u()- Let p* be the belief where a =+ b and u(a,p*) > u(b, p*). Consider
the set

A :={p e A(S) | there isno A € [0,1] with (1 — X\)p+ Ap" € P, }.

We show that P,., = A. To prove that P,.;, C A, take some p € P,.;. Since p* € P,.; it follows by
preservation of strict preference that (1 — \)p + Ap* € P, for every A € [0,1], and hence p € A. Thus,
Posrp C A.

To show that A C P,.y, take some p € A. Suppose that p ¢ P,.;. Since p € A, we must have that
p ¢ P,p, and hence p € Py, ,. By continuity, there must then be some A € (0,1) with (1—X)p+ Ap* € P,p.
This, however, contradicts the assumption that p € A. Hence, p € P,. 4, which yields A C P,. ;. Altogether,
we conclude that P, , = A.

We next show that Py q)su@p) = A. Since Poh = Pya)=u(p), it follows that

A ={p e A(S) | there is no A € [0,1] with (1 — A)p + Ap* € Py(a)=u(m)}-

As p* € Pya)>u(p) by construction, it can be shown in a similar same way as above that P,q)>y @) = A. As
such, Pyop = A= Pu(a)>u(b)'
Since Pyp = Py(a)=u@) a0d Puss = Pya)sup), the utility function u represents 27 on {a,b}. This

completes the proof. ]

The following result contains an axiomatic characterization of expected utility for the case of two choices.
Lemma 6.4 (Characterization of expected utility for two choices) Consider a set A consisting of
two acts, a finite set of states S, and a conditional preference relation =~ on (A,S). Then, = has an

expected utility representation, if and only if, it satisfies completeness, transitivity, continuity, preservation
of indifference and preservation of strict preference.
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Proof of Lemma 6.4. Suppose first that 2~ has an expected utility representation u. Then, it can easily
be verified that - satisfies the regularity axioms. We leave this to the reader.

Assume next that - satisfies the regularity axioms. We will show that 77 has an expected utility
representation. We distinguish three cases: (a) there are preference reversals between a and b, (b) a weakly
dominates b, and (c) b weakly dominates a. For the remainder of this proof, we assume that the number of
states is n.

(a) Suppose that there are preference reversals between a and b. Since we know from Lemma 6.2 (b) that
span(P,.p) has dimension n — 1, there are n — 1 linearly independent beliefs p1, ..., pp—1 € P,p. Moreover,
there must be some state z with a ;) b. As [z] ¢ Pyp, we know from Lemma 6.2 (a) that [x] ¢ span(Pssp),
and hence the beliefs py,...,pn—1, [z] are linearly independent. Fix some number o < u(a, ), and find the
unique utilities {u(b, s) | s € S} such that u(b, z) = a < u(a, z) and u(b, px) = u(a,pg) forall k € {1,..n—1}.
By Lemma 6.3 it then follows that u represents 7 .

(b) Suppose that a weakly dominates b. Choose a utility function u such that, for every state s, we have
u(a, s) > u(b,s) when [s] € P,vp, and u(a,s) = u(b, s) when [s] € P,p. It then follows by Lemma 6.2 (c)
that Py = Py(a)—u(p)- Since every belief p is either in Py.p or Pywp, it follows that Py = Pya)y>up). We
thus conclude that the utility function u represents 7~ .

(c) This proof is similar to that for (b). The proof is hereby complete. |

The following result guarantees the existence of a line of beliefs with certain properties.

Lemma 6.5 (Line containing three indifference beliefs) Consider a conditional preference relation -
that has preference reversals for all pairs of choices, and satisfies the regularity axioms. Then, for every
three choices a, b, c, there is a line of beliefs that contains full support beliefs papy, Pac, Poe Where the DM is
indifferent between the respective choices, and that contains a belief where the DM is not indifferent between
any of these three choices.

Proof. Suppose first that there is a full support belief p € P,y N Py~. Then, by transitivity, p € P,.. We
can then choose a line of beliefs through p that contains a belief where the DM is not indifferent between
any of the three choices. Such a line will satisfy the statement in the lemma.

Assume next that there is no full support belief in P, N Py.. By transitivity, there will be no full
support belief in Py N Py o Pyoe N Py either. Let AT(S) be the set of full support beliefs. Then, the
sets Pyp, Pae and Py will be pairwise disjoint on AT(S). As, by Lemma 6.2 (a), these indifference sets
are the intersections of hyperplanes with A(S), it must be that one of these indifference sets is “in between”
the other two. Suppose, without loss of generality, that P,.. is in between P,.; and P,~.. By Lemma 6.2
(b), there is a full support belief p,, € Py~p and a full support belief pye € Pyc. Let I be the line of beliefs
that goes through p.; and pge. As the set Py is in between P, and P,~., there must be a belief pp. € Py
on the line [ between p,, and py.. Moreover, pp. is a full support belief, since py, and p,. are full support
beliefs. Finally, the full support beliefs p,, and p,. can be chosen such that [ contains a belief where the DM
is not indifferent between any of the three choices. The line [ thus satisfies the requirements of the lemma.
This completes the proof. |
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The following result provides a geometric characterization of three choice linear preference intensity.

Proposition 6.1 (Characterization of three choice linear preference intensity) Consider a condi-
tional preference relation 7 that has no weakly dominated choices and that satisfies the regularity axioms.
Then, 77, satisfies three choice linear preference intensity, if and only if, for every three choices a, b, ¢ it holds
that span(Pyp) N span(Pp.) C span(Py~c).

Proof. Consider a conditional preference relation 77 that has no weakly dominated choices and satisfies the
regularity axioms. Since we exclude equivalent choices, it must be that 7~ has preference reversals between
every pair of choices.

(a) Assume first that - satisfies three choice linear preference intensity. Consider three choices a, b and c.
We must show that span(Pyp) N span(Pyc) C span(Pa~.). Take some g € span(P,p) N span(Pp...). We
distinguish two cases: (1) > ,.gq(s) # 0, and (2) > .gq(s) =0.

Case 1. Assume that )  _5q(s) # 0. Then, there is some number A # 0 such that ¢ := Ag satisfies
Y scs d(s) = 1. Moreover, § € span(P,~p) N span(Py..) also. By Lemma 6.5 there is a line [ that contains
full support beliefs poy € Pyb, Dbe € Pome and pae € Pyee. Then, there is some € € (0,1) small enough such
that (i) the vectors pl, := (1 — €)pap + €4, D, := (1 — €)ppe + ¢ and p’ := (1 — €)pac + €4 are all in A(S),
and (ii) the line I through p/, and pj. contains a belief p;,, € Py~.. Since pl, — p. = (1 —€) - (Dab — Pbe),
we conclude that the lines [ and I’ are parallel. Moreover, the lines [ and I’ can be chosen such that they
contain beliefs where the DM is not indifferent between any of the three choices. Hence, by preservation of
strict preference, p/,. is the unique belief in P,.. on the line I. Also, the lines [ and I’ can be chosen such
that the probability of no state is constant on [ or I’.

Recall that ¢ € span(P,~p). Thus, we conclude that p/, € span(P,;) N A(S). By Lemma 6.2 (a) it
follows that p/, € P,p. As ¢ € span(Py..) it can be shown in a similar way that p,. € Py..

Recall that p' := (1 — €)pac + £¢. We will now show that pl,, = p’. Suppose first that p,, = ppe. Then, by
transitivity, pac = Pab = Dbe- Moreover, by definition of p/, and pj, it follows that p/, = p;., and hence by
transitivity we must have that pj,, = p/, = pj.. Thus, p’ = (1 — €)pac + €4 = (1 — €)pap + €4 = D,y = Dlye-

Suppose now that p,p # ppe- Then, by transitivity, the beliefs pup, ppe and pg. are pairwise different. By
definition of p/, and pj_., we then have that p/, # p;.. Hence, by transitivity, the beliefs p/,, p;. and p{,. are
pairwise different. By three choice linear preference intensity, we have for every state s that

(Pab(5) = Poe(3)) - (Pac(s) = Phe(5)) = (Pap(8) = Phe(5)) + (Pac(s) — poe(s)). (6.3)

Note that, by definition, (p,(s) — p}.(s)) = (1 — €)(Pas(s) — pre(s)). Since the beliefs pgp, ppe and poc are
pairwise different, the beliefs p/,, p} . and p/,, are pairwise different, and no state has constant probability on
the lines [ and I', it follows together with (6.3) that (pl,.(s) — p}.(s)) = (1 — €)(Pac(s) — pPre(s)), and thus

Pac(8) = (1= €)(Pac(s) = Poe(s)) + Phe(s) = (1 = €)pac(s) + £4(s) = p/(s).

As this holds for every state s, we conclude that pl,. = p’. Thus, the belief p’ = (1 — €)pac + €4 is in Pye.
As such, § = %p’ +(1- %)pac € span(Py~.), which implies that q € span(P,~.) also.
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Case 2. Assume next that Y .qq(s) = 0. Let V := {v € R¥ | 3 _qv(s) = 0}. We distinguish two
subcases: (2.1) span(Pap) N span(Poc) € Vo, and (2.2) span(Pyp) N span(Po.) C V.

Case 2.1. Assume that span(P,p)Nspan(Py.) € Vp. Then, there is some r € span(P,p)Nspan(Py...) with
Y scsT(s) # 0. Hence, we know by Case 1 that r € span(Py~.). Moreover, as q,7 € span(Pyp)Nspan(Py.),
we conclude that ¢ — r € span(P,~p) N span(Py~.) also, with } (g —r)(s) # 0. Hence, by Case 1, also
q—r € span(P,c). As ¢ = r+(q¢—r), and both r and g—r are in span(Py~.), it follows that ¢ € span(Pyc).

Case 2.2. Suppose that span(P,p) N span(Py.) C Vp. It can be shown that span(Pyp) N span(Py.) =
span(P,p) N Vp. To see this, note first that span(Pyp) Nspan(Py.) C span(Pyp) NV, since span(Pyp) N
span(Py~.) € Vy. Moreover, we also know that span(P,p) # span(Pp~.), since otherwise span(Py~p) N
span(Py~.) would contain beliefs in P,., which would clearly not be in Vj. Since, by Lemma 6.2 (b),
span(P,p) and span(Py...) are linear subspaces of dimension n—1, it follows that span(P,~s)Nspan(Pp...) is
a linear subspace of dimension n—2. Now, consider the linear subspace span(P,~;)NVy. Clearly, span(P,p) #
Vo, since span(P,~p) contains beliefs in P,.; which are not in Vj. Since span(P,.p) and Vj are linear
subspaces of dimension n — 1, it follows that span(P,~p) N Vp is a linear subspace of dimension n — 2. Since
span(P,p) Nspan(Py..) C span(Pyp) N Vp and both linear subspaces have the same dimension, n — 2, both
spaces must be equal. Hence, span(Pyp) N span(Py~.) = span(P,wp) N Vp.

Moreover, it must be that span(P,p) N span(Pa~.) € Vj also. To see this, assume on the contrary
that span(Pyp) N span(Pay~c) € Vo. Then, it would follow from Case 2.1 that span(P,p) N span(Py.) C
span(Py~.), and thus span(P,p) N span(Pyc) C span(Pyp) N span(Py.) C Vo. This would be a contra-
diction. Hence, we conclude that span(P,p) N span(Py~.) C Vy. It can then be shown, in the same way as
above, that span(Pyp) N span(Py~.) = span(Pyp) N V.

By combining the latter two equalities, we get

span(Pyp) N span(Pyc) = span(Pyp) N Vo = span(Pyp) N span(Pyc),

which implies that span(P,p) N span(Py~c) C span(Pyc). As q € span(P,p) N span(Pp~.), it follows that
q € span(Pg~.). This completes the proof of (a).

(b) Suppose now that span(P,p) N span(Py~.) C span(Py~.) for all three choices a, b, c. We must show that
= satisfies three choice linear preference intensity. Consider two parallel lines of beliefs [,1’ that (i) contain
beliefs where the DM is not indifferent between any two choices from {a, b, ¢}, (ii) where [ contains indifference
beliefs pay € Pamps Poc € Poe and pae € Pa~e, and (iii) I’ contains indifference beliefs p, € Pyp, ). € Poc
and p),. € Py~c. Let g be the line through pgy, and pl,, let Iy, be the line through py. and pj., and I, the
line through p,. and p/,.. Note that all these lines belong to the same two-dimensional plane: the plane that
goes through [ and [’.

Assume first that the lines lqp, lpc and lqc are all parallel. Then, there is a vector ¢ such that p/, = pes+4,
Phe = Pbe + ¢ and pl,. = pac + q. As a consequence, for every state s,

(pab(s) _pr(S)) : (piw(s) _pg;c<3>) - (pab(s) _pbc<s)) ’ (paC<3> _pbc(s)) - (p:zb<s) _p;)c(s)) ' (paC(S) _pbc(s)>'

Hence, the formula for three choice linear preference intensity is satisfied.
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Assume next that the lines l4, lp. and [, are not all parallel. Without loss of generality, we suppose
that [, and [y, are not parallel. Since these two lines lie in the same two-dimensional plane, they must
intersect at a unique vector ¢. Since ¢ lies on lqp, which goes through pe, and pl, in P,.y, we conclude
that ¢ € span(P,~p). Similarly, as ¢ lies on I, it follows that ¢ € span(Py..). Since we assume that
span(Pyp) N span(Pyc) C span(Py...), we conclude that g € span(Py~.) too.

Let V be the two-dimensional plane that goes through the lines [ and !’. Since, by condition (i) above, I
and [’ contain beliefs where the DM is not indifferent between a and ¢, it follows that span(Pa.) NV = lge.
As q € span(Py~.) NV, we conclude that ¢ lies on the line 4.

As g lies on lgp, lpe and lqc, the beliefs pgp, Poc, Pac lie on I, the beliefs pl,, p,. and p),. lie on I, and the
lines [ and I’ are parallel, there is a unique number A such that p/, = (1 — X)g + Apap, pp. = (1 — X)g + Appe
and pl,, = (1 — A)q + Apac. Hence, for every state s we have that

(Pab(5) = Poe(5)) - (Pac(s) = Phe(5)) = A+ (Pab(s) = Pre(s)) - (Pac(s) = poe(s)) = (Pap(8) = Phe(5)) - (Pac(s) = Pue(s))-

Thus, the formula for three choice linear preference intensity is satisfied. We therefore conclude that -
satisfies three choice linear preference intensity. This completes the proof. [ ]

In our last preparatory result, we characterize the span of an indifference set P, in case of an expected
utility representation.

Lemma 6.6 (Span of indifference set under utility representation) Consider a conditional prefer-
ence relation 77, with an expected utility representation u. Suppose there are preferene reversals between
choices a and b. Then,

span(Pyp) = {q € R® | u(a,q) = u(b,q)}.

Proof. Let A := {qg € R% | u(a,q) = u(b,q)}. We first show that span(P,.;) C A. Take some q €
span(Py~p). Then, by Lemma 6.1, there are pi,ps € P, and numbers Aj, A2 such that ¢ = Aip1 + Agpe.
As u(a,p1) = u(b,p1) and u(a,p2) = u(b,p2), it follows that u(a,q) = wu(b,q), and hence ¢ € A. Thus,
span(P,p) € A. By Lemma 6.2 (b) we know that span(P,.p) has dimension n — 1. Since A is a linear
subspace with dimension n — 1 also, and span(P,~p) C A, it must be that span(P,p) = A. This completes
the proof. [ |

We are now ready to prove Theorem 3.1.

Proof of Theorem 3.1. (a) Suppose first that =~ has an expected utility representation u. From Lemma
6.4, we know that - satisfies the regularity axioms.

To show three choice linear preference intensity it suffices, in view of Proposition 6.1, to show that
span(Pap) N span(Py~.) C span(P,~.) for all three choices a, b, c. Take some ¢ € span(Pyp) N span(Pp.).
Then, by Lemma 6.1, there are ptllb,pzb € Py, pic,pgc € Py, and numbers Ai, Ag, i1, 9 such that ¢ =
MNP 4+Aap?y = pph.A1eph,. Asu(a,pl,) = u(b, pl,) and u(a, p?,) = u(b, p?,), it follows that u(a, q) = u(b, q).
In a similar fashion, it follows that u(b, q) = u(c, q), and hence u(a, q) = u(c, q). By Lemma 6.6 it thus follows
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that g € span(Py~.). Hence, span(P,p) N span(Py~c) C span(Py.), which implies by Proposition 6.1 that
7~ satisfies three choice linear preference intensity.

We finally show four choice linear preference intensity. Consider a line of beliefs [, and four choices
a, b, c,d such that there is a belief on the line where the DM is not indifferent between any pair of choices
in {a,b,c,d}. Moreover, let paup, Dac, Pads Pbe, Pod and peq be corresponding indifference beliefs on this line.
Consider some state s. If the probability of s is constant on the line [, then the formula for four choice linear
preference intensity holds trivially.

We therefore assume from now on that the probability of s is not constant on [, so that every belief on
[ is uniquely given by the probability it assigns to s. Suppose that p,p = pae- Then, by transitivity, it must
be that puy, = pac = Pue, and the formula for four choice linear preference intensity would hold trivially.
Similarly, the formula would trivially hold if p,p = pad OF Pac = Pad-

We now assume that pup, Pac, Pad are pairwise different. Then, by transitivity, pp. is different from pg
and pgc, the belief pyg is different from pgy, and p.g, and the belief p.q is different from p,. and pyq.

Consider two arbitrary, but different, beliefs p1,p2 on [, and define

Au(a) = u(b)) = (u(a,pr) = u(b,; p1)) = (u(a, p2) — u(b, pa))-

As there is a belief on the line where the DM is indifferent between a and b, and another belief on the line
where the DM is not, we must have that A(u(a) —u(b)) # 0. In a similar way, we define A(u(a) —u(c)) and
A(u(a) — u(d)).
By applying the arguments from Section 4.3 to expected utility differences, instead of preference intensity,
it follows that
A(u(a) — u(b)> _ pac(s) _pbc(s)
A(u(a) —u(c))  Pav(s) = Pue(s)
Recall that also A(u(a) —u(c)) # 0. Moreover, since pqp # ppe and the belief on the line is uniquely given by

its probability on s, we have that pu(s) # ppe(s). Thus, the two ratios above are well-defined. In a similar
fashion, it follows that

A(u(a) —u(c)) _ pad(s) — ped(s) A(u(a) —u(b)) _ pad(s) — Poa(s)
A(u(a) = u(d))  Pac(s) = Pea(s) A(u(a) —u(d))  pab(s) = pra(s)’

As, by definition,

(6.4)

(6.5)

Au(a) = u(b)) _ Alu(a) —u(b))  Alu(a) = u(c))

Au(a) —u(d))  Au(a) —ulc)) Alu(a) —u(d))’
it follows by (6.4) and (6.5) that the formula for four choice linear preference intensity obtains. Thus, 7
satisfies four choice linear preference intensity.

(b) Suppose that 7 satisfies the regularity axioms, three choice linear preference intensity and four choice
linear preference intensity. If there are only two choices, then we know from Lemma 6.4 that there is an
expected utility representation. We therefore assume, from now on, that there are at least three choices.
To show that 77 has an expected utility representation, we distinguish two cases: (1) P,y = P.q for
every two pairs of choices {a,b} and {c,d}, and (2) P,y # Pe~q for some pairs of choices {a,b} and {c,d}.
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Case 1. Suppose that P, = P..q for every two pairs of choices {a, b} and {c,d}. Let A := P, for some
pair of choices {a,b}. Note that A # A(S), as we assume that no two choices are equivalent under - . Since
we also assume that no choice weakly dominates another choice, there will be preference reversals between
all pairs of choices. Let = be a state where [z] ¢ A. Hence, [z] ¢ P, for every two choices a and b. By
transitivity, we can order the choices ci, co, ..., cx such that

Cc1 >'[x] Co >—m c3 >-[x] >-[x] CK -

Choose numbers v1, ..., vg with v1 > vo > ... > vg.

For choice ¢1, set u(cy, ) = vy, and set the utilities u(cy, ) for states s # x arbitrarily.

By Lemma 6.2 (b) we know that span(A) has dimension n — 1, where n is the number of states. Let
{p1,...,Pn_1} be a basis for span(A). As [z] ¢ span(A), we know that {p1,...,pn_1,[z]} is a basis for RS,
For every choice ¢, with k& > 2 find the unique utilities u(cg, s) such that

u(ck, p1) = u(er, p1)s oo, u(Crs Pn—1) = u(c1, pn—1) and u(cg, ) = vg. (6.6)

We will show that the utility function w represents 7~ .

Take two choices a, b with a >[;; b. Then, by construction of the utility function, we have that u(a,pg) =
u(b,p) for all k € {1,...,n — 1}, and u(a,z) > u(b,z). As {p1,...,pn—1} is a basis for span(P,~p), we know
that py,...,pp—1 are linearly independent. It thus follows by Lemma 6.3 that u represents 7~ on the pair of
choices {a,b}. As this holds for every pair of choices {a, b}, we conclude that u represents - .

Case 2. Suppose that P, # P.q for some pairs of choices {a, b} and {c,d}. Then, there must be some
choices a, b, ¢ such that P,.. # Pp.. To see this, suppose on the contrary that P,~. = Py for all three
choices a,b,c. Then, take two arbitrary pairs of choices {a,b} and {c,d} where {a,b} N {c,d} = 0. By
assumption we would then have that P,y = Py = Pewy, and hence P, = P..4 for all pairs {a,b} and
{¢,d}. This would be a contradiction. Hence, P,.. # Py~ for some choices a, b, c.

Now take some choice d different from a,b and c, if it exists. Then, either P,q # Pywq O Pyoq # Peq-
To see this, suppose on the contrary that P,.q = Pyq = P.wq. Define A := P,.g = Pypog = P.y.
Since, by transitivity, Py~q N Pyog € Pyop and Poog N Pewg € Py, it follows that A C P,y N Py..
Thus, span(A) C span(P,wp) N span(Py~.). However, since P,.. # Py. we have, by transitivity, that
Py # Pyc. As, by Lemma 6.2 (b), both span(P,~p) and span(Py..) have dimension n — 1, it must be that
span(P,p) N span(Pp~.) has dimension n — 2. However, A has dimension n — 1, and hence it cannot be that
span(A) C span(Pyp) N span(Py~.). We thus obtain a contradiction, and conclude that either P,q # Py~d
or Pyg 7£ Ped.

Based on the two insights above, we can order the choices ¢y, ¢, ..., cx such that Peyoe; # Peyoc,, and
for every k > 4 either Pp e, 7# Pejrcy OF Prpney 7 Peynes- Let the utilities for ¢; and cp be given as in the
proof of Lemma 6.4. For the other choices, we define their utilities according to the following procedure:

Utilities for cs: By Lemma 6.2 (b), there are n — 1 linearly independent beliefs pi,...,pn—1 € Prgmc,-
Choose a belief p,, € Pryc, \Pegocy - Note that this is possible since Peyee; # Pegecy, and because of Lemma
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6.2 (a) and (b). By Lemma 6.2 (a), p, ¢ span(P.s~c, ), and hence pi, ..., pp—1, pn are linearly independent.
Find the unique utilities {u(cs, s) | s € S} such that

u(es, pm) = u(er, pm) for all m € {1,...,n — 1}, and u(cs, pn) = u(ca, pp)- (6.7)

Utilities for cy, ..., ci. For every k > 4, inductively define the utilities for ¢; as follows. From above, we
know that either P, ~c, # Pey~cs OF Peyney # Peyres- Suppose that P, ~c; # Pei~c,- Like above, we can
choose linearly independent beliefs pi, ..., pn—1, pp, Where p1,...,pn—1 € Peyne, and pp € Prep ey \Pejnoe, - Find
the unique utilities {u(cg, s) | s € S} such that

u(ck, pm) = u(er, pm) for all m € {1,...,n — 1}, and u(ck, pn) = u(ca, pn)- (6.8)

If P, e, # Pep~csy, the utilities can be defined analogously,
We will now show that these utilities represents the conditional preference relation 7= .

We prove, by induction on k, that u represents 7~ on {ci, ..., cx}. For k = 2 we know this is true, in the
light of the proof of Lemma 6.4.

Suppose now that k > 3, and that u represents - on {cy,...,cx_1}. We must show that u represents 7
on all pairs {ck, ¢y, } where m € {1,....k — 1}.

We start by showing that u represents 7 on {cg,c1}. Assume, without loss of generality, that P, ., #
P, ~c,. Then, by (6.7) and (6.8) we know that u(cg,pn) = u(c2,pn). As pp € Prprcy\Peyme,, We may
assume, without loss of generality, that p, € P, «c,. As p, € P, ~c,, it follows that p, € F.,..,, and hence
u(c2,pn) > ulci,pn). As, by (6.7) and (6.8), u(ck,pn) = u(cz,ppn), we conclude that u(ck,pn) > u(c1,pp)-
Thus, p, € P, ¢, is such that u(cg, pn) > u(c1, pn). Together with (6.7) and (6.8), we conclude from Lemma
6.3 that u represents - on {cy, c1}.

We next show that u represents 27 on {cg, ca}. As Peey 7 Pejrocy, it follows by transitivity that P, ., #
P, ~c,- Hence, it follows by Lemma 6.2 (a) and (b) that span(P., ~c,) N span(P:, ~c,) has dimension n — 2.
Take a basis {q1, ..., gn—2} for span(P, ~c,) N span(Pe,~c,). By Proposition 6.1 we know that span(Pe,~c,) N
span(Peymcy) € span(Py, ~c,), and hence the vectors qi, ..., gn—2 are all in span(P,,~c,). As each of these
vectors g, is in span(Pe,~c, ), it follows by Lemma 6.1 that ¢, can be written as g, = Air; + Aar2, where
A1, A2 € R and 71,72 € P, . Since u represents - on {cg,c1}, we know that u(ck,71) = u(cq,71) and
u(ek, m2) = u(c1, r2), which implies that u(cg, gm) = u(c1, gm). AS g is also in span(Pe, ~¢, ), and u represents
2 on {c1,c2}, it follows in a similar way that u(c1, gm) = u(ce, ¢m). Hence, we conclude that

u(ck, gm) = u(ce, ¢m) for all m € {1,...,n — 2} and u(ck, prn) = u(ce, pn), (6.9)

where the last equality follows from (6.7) and (6.8). Moreover, as p, ¢ P ~c,, we know that p, ¢
span(Pey~e, ) N span(Pe, ~c,), and hence the n — 1 vectors above are linearly independent.

Since P, e, # Py, there is a belief p € P, e \Peyrc,. Assume, without loss of generality, that
P E Pesvey Asp € Ppney, it follows by transitivity that p € P, »¢,. As u represents 27 on {c,c1} and
{c1,¢2}, it follows that u(cg,p) = u(ci,p) and u(cy,p) > u(ca,p), which implies that u(cx,p) > u(ca,p).
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Hence, there is some belief p with P, ., and u(cg,p) > u(ca,p). Together with (6.9) and Lemma 6.3, we
conclude that u represents - on {cg, ca}.

We finally show that u represents 2~ on {cg, ¢, } for every m € {3, ...,k —1}. Take some m € {3,...,k—1}.
Then, necessarily, & > 4. To abbreviate the notation, we define span,, = span(P,,~.,) for every m,l €
{1,...,k}. We distinguish two cases: (1) spanyi Nspani, # spangs N Spang, or spanky N Spaniy, 7 spangs N
spansy,, and (2) spang N Spanim, = spangs N spans, and spangy N sPaniy, = spangz N SPAN3y,.

Case 1. Assume, without loss of generality, that spanki N spaniy, # spangs N spansg,. Since, by Lemma 6.2
(b), the four linear spans have dimension n — 1, it follows that the two intersections have dimension n — 2
or n — 1. Moreover, as the two intersections are different, we conclude that

A := span|(spangi N spaniy,)) U (spange N spanay,)]

has dimension n—1 or n. Moreover, we know from Proposition 6.1 that spang; Nspani, and spangs Nspana,
are both subsets of spang,,, and hence A C spanyg,, also. As ¢, and ¢, are not equivalent, A cannot have
dimension n, and thus the dimension of A must be n — 1.

Take a basis {q1,...,qn—1} for A, where every q; is either in spang; N spani, or in spangs N SPanzm,.
Suppose that ¢; is in spang; N spaniy,. As u represents 7 on {cg,c1} and {c1, ¢}, it can be shown in the
same way as above that u(ck, q;) = u(c1, q) and u(c1, q) = u(em, q), which implies that u(cg, q) = u(cm, ¢r).-
If ¢; is in spanga N spangy,, it can be shown in a similar way that u(ck, q) = u(cm, ) also. We thus see that

q € spangy, and u(ck, q;) = u(cm, q) for every I € {1,...,n — 1}. (6.10)

Since Pryrey # Pepmcy, €ither Pe e \Pepnen O Peyrco \Pejne,, must be non-empty. Assume, without loss
of generality, that P, ¢, \Pe.~c,, is non-empty. Take some p € P, ¢, \Pe,ne,,. Assume, without loss of
generality, that p € P, ,.. Asp € P, ~¢,, it follows by transitivity that p € P;,,,,. Since u represents - on
{ck,c1} and {c1, ¢}, we know that u(ck, p) = u(cr,p) and u(e1,p) > u(cm, p), and thus u(ck, p) > u(cm, p).
We have thus found a belief p € P, .., with u(ck,p) > u(cpm,p). Together with (6.10) and Lemma 6.3 we
conclude that u represents 2~ on {cg, cm}.

Case 2. Suppose that spang; N spani, = spangs N spang, and spangi N SPaniy, = spangz N SPAN3m,.

Claim. There are i,j € {1,2,3} such that for every triple a,b,c € {c¢;,¢;, cm, ¢} the sets Pyp, Py~ and
P, are pairwise different.

Proof of claim. We first show that P, ., # Pe,~c,,- Suppose not. Then, P ., = P ~c, and hence, by
transitivity, Pey~e; = Peprey, - Thus, spang Nspani, = spangi = Spanjm,. Since spang Nspani, = spanizN
spana, it follows that spanga N spanay, = spank,, which can only be if Pr, ~c;, = Pey~enn = Pej~enn - As such,
Py ey = Peyrern = Peyney, which contradicts the assumption that P, ~c; # Pepre,- Hence, P, ey 7# Pejrcp, -
By transitivity, P, ~c,, Pey~c,, and P, ~,, are pairwise different.

As a consequence, spang; N spani, has dimension n — 2. Since spangi N spani, = spangs N spans, it
follows that spanie N spang,, has dimension n — 2 also, which can only be if P, ¢, # Pey~e,,- Thus, by
transitivity, Pey~co, Peo~en and P, are pairwise different. As spangi N spani, = spangs N spangy,, it
follows in a similar way that P, ~cs, Pes~e,n, and P, ~,, are pairwise different also.
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Consider the sets A = {c1,c2,¢m,ck}, B = {c1,¢3,cm,c} and C = {ca, c3, cm, ¢ }. Suppose, contrary
to what we want to show, that in each of these sets there is a triple a, b, ¢ such that P,., = Pywe = Poc.
Since, by assumption, P, ~c; 7# Peo~c,, and we have seen above that P, ~c,, Pei~e,, and P, ~.,, are pairwise
different and P, ~c,, Pey~e,, and P, ~.,, are pairwise different, we must have in set A that P, ~c, = Pey~e,, =
P,

By a similar argument, we must have in set B that either P, ~c, = Pey~e,, = Peirem OF Pejney = Pegrc, =
P\ e, However, if Poi~c; = Peymen, = Pey~e,, then, by the insight above that P ¢, = Pei~e,,, it would
follow that P, ,~cy, = Pej~ecy, Which is a contradiction to the fact that P, ¢y, # Pej~ey. We must thus have
that Peirey = Pegne, = Peyroey,-

By a similar argument, we must have in set C that either P,e; = Peymen, = Pegmcn, O Pegres =
Peye), = Peyney- If Poyroey = Peyoc,y, = Pegne,, then, together with the insight above that Pe ¢, = Peync,,s
it would follow that P, ~c, = Pey~cs. This would contradict the assumption that Pr ey, # Peyreg- 1f
Peycy = Peyae,, = Peyne, then, together with the fact above that P. ~c; = Peyae,, it would follow that
Peincs = Peyrey- This would contradict the assumption that P c; 7# Peyes. We thus arrive at a general
contradiction, and hence there are i,j € {1,2,3} such that for every triple a,b,c € {c;,c;,cm,ci} the sets
P, .y, Pyc and Py are pairwise different. This completes the proof of the claim.

According to the claim, we can choose i,j € {1,2,3} such that for every triple a,b,c € {c;,c;j,cm,cr}
the sets Pyp, Py~e and Py are pairwise different. Define the set of choices D := {¢;, ¢j, ¢m, ¢}, and let

A = spang; N spanm,.

We show that A has dimension n — 2, that A C span(P,p) for all a,b € D, and that A = span(Pyp) N
span(Pe..q) whenever P, , # P.q.

Since by the choice of i, j we have that P, ., # Pr,~c,,, it follows that A has dimension n — 2. Note by
Proposition 6.1 that A C spany,,. Moreover, as we assume in Case 2 that spany;N\spani, = spany;Nspann,,
it follows that A = spang; N span;, N spany;, and thus we have by Proposition 6.1 that A C span;; also.
Hence, A C span(P,p) for all a,b € D.

Now, let Pyp # Pewg for some a,b,c,d € D. Then span(P,~p) N span(Pe..q) has dimension n — 2. As
A C span(Pyp)Nspan(P,.q) and A has dimension n—2 as well, it must be that A = span(Pyp)Nspan(Peq).

Let A1(S) := {p € A(S) | p(s) > 0 for all s € S} be the set of full support beliefs. We distinguish two
cases: (2.1) ANAT(S) is empty, and (2.2) AN A*(S) is non-empty.

Case 2.1. Suppose that AN AT(S) is empty. Recall from Lemma 6.2 (b) that each of the indifference sets
P,, where a,b € D, has a full support belief in AT(S), and thus P, N AT(S) is non-empty. Moreover,
recall from above that P, N P.wg = A whenever P,y # P.ug. As AN AT(S) is empty, it follows that
P,y N PoogN AT(S) is empty whenever P,y # P.q and a,b,c,d € D.

Let {Pi,..., Pr} be the collection of pairwise different indifference sets that remains if from {P, |
a,b € D} we remove all duplicate sets. Since 4,7 have been chosen such that for every triple a,b, c in D the
sets P, p, Py~ and Py are pairwise different, we know that R > 3.

As Pyp N Pog N AT(S) is empty whenever P, # P..q, it follows that the sets Py N AT(S),..., Pr N
AT(S) are pairwise disjoint. Moreover, we have seen that each of the latter sets are non-empty. Since
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span(Py), ..., span(Pg) are hyperplanes of dimension n — 1, we can order the sets Pi, ..., Pr such that P, N
AT(S), ..., Pr—1 N AT(S) are in between P; N AT(S) and Pg N AT(S). Take some p; € Py N AT(S) and
pr € PR N AT(S), and let [ be the line through p; and pg. Then, the corresponding line segment from p;
to pg is included in AT(S). As P,NAT(S),..., Pr—1 N AT(S) are in between Py N A1 (S) and Pr N AT(S),
the line [ contains for every r € {2,..., R— 1} a unique belief p, in P,. In particular, for every pair of choices
a,b in D, there is a unique belief p,, € P,~p on the line [, and the line [ contains a belief where the DM is
not indifferent between any of the choices in D.

Recall that for every triple a,b,c in D the sets P,p, Py and P, are pairwise different. As P, N
P..sNAT(S) is empty whenever P, # P..4, we must have for every triple a,b,c in D that pg, pse and
Dpe are pairwise different.

Let s be a state such that the probability of s is not constant on the line [. By four choice linear preference

intensity, we have that
pac(s) _pcd(s) _ (pab(s) _pbd(s))(pac(s) - Pbc(S)) (6 11)
Pad(8) = Pea(s)  (Pav(s) = Pbe(8))(Pad(s) — Poa(s))’ '
where a := ¢;, b := ¢j, ¢ := ¢;, and d := ¢;. Note that both fractions are well-defined since p,q # Ded» Pab 7 Poc
and paq 7 Pea- Moreover, as Pac, Pad, Ped are pairwise different, we have that pe(s) — pea(s) # Dad(s) — pea(s),
and hence the fraction on the lefthand side is not equal to 1. As such, the fraction on the righthand side is
not equal to 1 either. Let this fraction on the righthand side be called F. Then, by (6.11), p.q is the unique

belief on [ where

Peals) = & p“dl(;)_ 1p“c(8). (6.12)

Remember that A C span(P,..q4), that A has dimension n — 2, and that span(P.4) has dimension n — 1.

Let {q2,...,qn—1} be a basis for A. As p.q € P.q is not in A, we conclude that {p.4, g2, ...,qn—1} is a basis
for span(Pe.q).

Now, let Z* be the conditional preference relation generated by the utility function u. We have already

seen that u represents 7 on all pairs of choices in {a,b, ¢, d}, except {c,d}. In particular, we thus know that

(@, pap) = (b, Pab)s (@ Pac) = u(C, Pac)s w(a;Pad) = w(d, Pad), w(b,Pre) = u(c, ppc) and u(b, pra) = u(d, ppq)-

As we have seen in part (a) of the proof that =" satisfies four choice linear preference intensity, the unique
belief on the line [ where the DM is indifferent between ¢ and d under 7Z* is given by (6.12). Therefore,

U(C,pcd) = u(d; pcd)- (613)

7~ on {d,a} and {a,c}, it follows that
u(d,v) = u(a,v) and u(a,v) = u(c,v) for every v € span(Pyq) N span(Py~.). Therefore, u(c,v) = u(d,v)
for every v € A. In particular,

Recall that A = span(Pgq) N span(Py~c). As u represents 7

u(e, qr) = u(d, qx) for every k € {2,...,n — 1}, (6.14)

where {q2, ..., gn—1} is a basis for A. Moreover, we have seen that {p.q, g2, ..., gn—1} is a basis for span(P.q).
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Recall that A = span(Pe, ~c,) N span(Pz ~c,,) has dimension n — 2, and thus P ¢, # Pe,~c,,- Thus,
Pyq # Paye. We can thus choose some p € Pyog\Pyc. Assume, without loss of generality, that p € P,. ..
By transitivity, we then have that p € Pj .. Since u represents = on {d,a} and {a,c}, we know that
u(d,p) = u(a,p) and u(a,p) > u(c,p), and hence

u(d,p) > u(c, p) for some p € Py .. (6.15)

In view of (6.13), (6.14) and (6.15), it follows by Lemma 6.3 that u represents /7 on {c,d} = {ck, cm}-

Case 2.2. Suppose that A N AT(S) is non-empty. Then, there is some full support belief p* in A, with
p*(s) > 0 for all states s. As we have seen that A C span(P,~p) for all a,b € D, it follows that p* € P,
for all pairs a,b € D.

Since we have seen that A has dimension n — 2, the linear subspace A is contained in some hyperplane
containing the zero vector. Hence, there is some vector n € RS such that

nt.v=0forallve A (6.16)

Moreover, we can choose the vector n such that for every pair a,b € D there is some p € P,.; with
nt . p#£0.

In that case, there is for every pair a,b € D some p € P, with n* - p > 0. To see this, suppose
that a,b are such that n4 - p < 0 for every p € P,;. As there is some p € P, with n - p # 0, there
must be some p € P, with n* - p < 0. Since p* € AT(S), there is some A > 1 close enough to 1 such
that ¢ := (1 — A\)p + Ap* € A(S). Note that p* € A C span(P,p) and p € P,p, which implies that
q € span(Pap) N A(S) = P,up. At the same time we know, by (6.16) and the fact that p* € A, that
n . p* = 0. Since n - p < 0 and X > 1, it follows that n - ¢ = (1 = X) - (n*-p) + X (n? - p*) > 0. Thus,

for every a,b € D there is some p € P, with n? - p > 0. (6.17)

Let Pt :={p € A(S) | n* - p > 0}. Then, in view of (6.17),

P, NPT is non-empty for all a,b € D. (6.18)

Recall that P, N Peug = A for every a,b,c,d € D with P, # Peg. In view of (6.16) and (6.18) we
conclude that P, N P..qN PT is empty whenever P, # P..q. Hence, (P,p N PT) and (P..q N PT) are
disjoint whenever P, # P,..4. But then, the different sets in {P, | a,b € D} can be numbered P, ..., Pg,
with R > 3, such that P, NPT, ..., Pp_1 NPT are in between P; N P™ and Pr N P*. In a similar way as in
Case 2.1, it can then be shown that u represents - on {cg, ¢}

We thus conclude that u represents 7~ on {cy, ..., ¢x}. By induction on k, the proof is complete. [ |

6.3 Proof of Proposition 4.1

Proof of Proposition 4.1. Let u,v be two different utility representations for 2Z . To prove the statement,
we distinguish three cases: (1) there are two choices, (2) there are three choices, and (3) there are at least
four choices.
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Case 1. Suppose there are two choices, a and b. Since there are preference reversals on {a, b}, there is some
p* € Pysp. Define

a/ —
= . 6.19
o= S0 (6.19)

We show that
v(a,p) —v(b,p) = a- (u(a,p) — u(b,p)) for all beliefs p € A(S). (6.20)

As there are preference reversals on {a,b}, it follows by Lemma 6.2 (b) that there are n — 1 linearly
independent beliefs p1, ..., pp—1 in P,p. Moreover, by Lemma 6.2 (a) we know that p* ¢ span(P,p). Hence,
{p1,..., Pn_1,p*} are linearly independent, and thus form a basis for R®. As, by construction, v(a,py) —
v(b,pr) = a - (u(a,pr) — u(b,pr)) = 0 for all & € {1,...,n — 1} and, by (6.19), v(a,p*) — v(b,p*) = a -
(u(a,p*) — u(b,p*)), it follows that (6.20) holds for every p in the basis {p1,...,pn—1,p*}. Now, take some
arbitrary belief p € A(S). Then, p = A\1p1 + ... + \p—1Pn—1 + App™* for some numbers Aq, ..., A,. Thus,

n—1
vap) —vbp) = D M- (v(a,pr) = o(b.pr)) + A - (v(a,p%) = v(b,p%))
k=1

n—1
~ W (Z M- (u(a, pr) = u(b, pr)) + An - (u(a,p*) — ““”p*)))
k=1

= a- (u(a,p) - U(b,p)),
which establishes (6.20).

Case 2. Suppose there are three choices, a,b and c. Since, by assumption, there is a belief where the DM
is indifferent between some, but not all, choices, it must be that P,., # P..p. Let the number « be given
by (6.19). We show, for every two choices d, e € {a,b, c}, that

v(d,p) —v(e,p) = a- (u(d,p) — u(e,p)) for all beliefs p € A(S5). (6.21)

By the proof of Case 1, we know that (6.21) holds for the choices a and b. We now show that (6.21)
holds for the choices ¢ and a. Let p1,...,pn—1 € A(S) be a basis for span(P..,). Then,

v(c,pr) —v(a,pr) = a - (u(e,pr) —ula,pr)) =0 for all k € {1,...,n — 1}. (6.22)

Since P, # P.wp, there is a belief p, € P..p\P.ws. By Lemma 6.2 (a) we must then have that
pn & span(P..,), and hence {p1, ..., pn_1,Pn} is a basis for R%. As p, € P..;, it must be that

v(c,pp) — v(b,pn) = a - (u(e,pn) —u(b,pr)) = 0. (6.23)

Moreover, we know from Case 1 that
U(b,pn) - U(avp'fl> =a- (U(b,pn) - u(aapn)> (624)
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If we combine (6.23) and (6.24), we get

v(c,pn) —vla,pn) = (v(e,pn) — v(b,pn)) + (v(b, pn) — v(a, pn))
= a-(u(c,pn) —u(b,pn)) + - (u(b,p,) — ula,py))
= a-(u(c,pn) —ula,pp)). (6.25)

From (6.22) and (6.25) we conclude, in a similar way as in the proof of Case 1, that
v(c,p) —v(a,p) = a- (u(c,p) — u(a,p)) for all beliefs p.
In a similar fashion we can show (6.21) for the choices ¢ and b.

Case 3. Suppose there are at least four choices. By assumption, there is a belief where the DM is indifferent
between some, but not all, choices. That is, there are choices a, b, ¢, d such that P,., # P..q. Following the
proof of Theorem 3.1, it can then be shown that there are three choices a,b and ¢ with P.., # P.p. Let
the number « be given by (6.19). Then, we know by Case 2 that (6.21) holds for every d,e € {a,b, c}.

We now show (6.21) for choices d and a, where d is some arbitrary choice not in {a, b, ¢}. From the proof
of Theorem 3.1 we know that either Py, # Pjwp or Pjq # Pj.. Assume, without loss of generality, that
Pyq # Pjp. Then it can be shown in a similar way as for Case 2 that (6.21) holds for the choices d and a.

Now, take some choice d ¢ {a,b,c}, and some arbitrary choice e ¢ {a,d}. Since we know that (6.21)
holds for the choices d and a, and for the choices e and a, it follows that

v(d,p) —v(a,p) = a- (u(d,p) — u(a,p)) for all beliefs p

and
v(a,p) —v(e,p) = a- (u(a,p) — u(e,p)) for all beliefs p.

This implies that

v(d,p) —v(e,p) = (v(d,p) —v(a,p))+ (v(a,p) — v(e,p))
= a-(u(d,p) —u(a,p)) + o (u(a,p) — u(e, p))
= «a- (u(d,p) — u(e,p)) for all beliefs p.

Hence, (6.21) holds for every two choices d, e. This completes the proof. |

Funding and/or Conflicts of Interests/Competing Interests

The author declares that he has received no funding for this research, nor are there any conflicts of interest
or competing interests.

Data Availability Statement

The author declares that for this research no data have been generated or analysed.

34



References

Anscombe, F.J. and R.J. Aumann (1963), A definition of subjective probability, Annals of Mathematical
Statistics 34, 199-205.

Aumann, R.J. and J.H. Dréze (2002), Bayes rationality in games, Working paper.

Aumann, R.J. and J.H. Dréze (2005), Assessing strategic risk, Discussion paper 2005-20, Département
des Sciences Economiques de 'Université Catholique de Louvain.

Aumann, R.J. and A. Brandenburger (1995), Epistemic conditions for Nash equilibrium, Econometrica
63, 1161-1180.

Baccelli, J. and P. Mongin (2016), Choice-based cardinal utility: A tribute to Patrick Suppes, Journal
of Economic Methodology 23, 268—288.

Battigalli, P. (1997), On rationalizability in extensive games, Journal of Economic Theory 74, 40—61.

Battigalli, P., Cerreia-Vioglio, S., Maccheroni, F. and M. Marinacci (2017), Mixed extensions of decision
problems under uncertainty, Economic Theory 63, 827-866.

Baumol, W.J. (1958), The cardinal utility which is ordinal, The Economic Journal 68, 665-672.
Bernheim, B.D. (1984), Rationalizable strategic behavior, Econometrica 52, 1007-1028.
Borgers, T. and P. Postl (2009), Efficient compromising, Journal of Economic Theory 144, 2057-2076.

Brandenburger, A. and E. Dekel (1987), Rationalizability and correlated equilibria, Econometrica 55,
1391-1402.

Catonini, E. and A. Penta (2022), Backward induction reasoning beyond backward induction, Barcelona
School of Economics Working Paper 1315.

Fishburn, P.C. (1976), Axioms for expected utility in n-person games, International Journal of Game
Theory 5, 137-149.

Fishburn, P.C. and F.S. Roberts (1978), Mixture axioms in linear and multilinear utility theories,
Theory and Decision 9, 161-171.

Gilboa, I. and D. Schmeidler (1995), Case-based decision theory, The Quarterly Journal of Economics
110, 605-639.

Gilboa, I. and D. Schmeidler (2003), A derivation of expected utility maximization in the context of a
game, Games and Economic Behavior 44, 184-194.

Jagau, S. (2022), Additive context-dependent preferences, Manuscript.

35



[18]
[19]

[20]

[21]

22]

[23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

Kreps, D.M. and R. Wilson (1982), Sequential equilibria, Econometrica 50, 863-894.

Luce, R.D. and H. Raiffa (1957), Games and Decisions: Introduction and Critical Survey, Wiley, New
York.

Mariotti, M. (1995), Is Bayesian rationality compatible with strategic rationality?, The Economic Jour-
nal 105, 1099-1109.

Moscati, 1. (2018), Measuring Utility: From the Marginal Revolution to Behavioral Economics, Oxford
University Press, Oxford, UK.

Nash, J.F. (1950), Equilibrium points in N-person games, Proceedings of the National Academy of
Sciences of the United States of America 36, 48-49.

Nash, J.F. (1951), Non-cooperative games, Annals of Mathematics 54, 286-295.

Pearce, D.G. (1984), Rationalizable strategic behavior and the problem of perfection, Econometrica
52, 1029-1050.

Penta, A. (2015), Robust dynamic implementation, Journal of Economic Theory 160, 280-316.

Perea, A. (2014), Belief in the opponents’ future rationality, Games and Economic Behavior 83, 231
254.

Perea, A. (2020), A foundation for expected utility in decision problems and games, Epicenter Working
Paper No. 22.

Perea, A. (2024), From Decision Theory to Game Theory: Reasoning about the Decisions of Others
(online appendix), forthcoming at Cambridge University Press.

Savage, L.J. (1954), The Foundation of Statistics, Wiley, New York.

von Neumann, J. and O. Morgenstern (1947), Theory of Games and Economic Behavior, 2nd edition,
Princeton University Press, Princeton, NJ.

Wakker, P.P. (1989), Additive Representations of Preferences, Kluwer Academic Publishers, Dordrecht.

36



