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Abstract

In the first chapter, a solution concept for two—person zero—sum
games is proposed with players’ preferences only assumed to satisfy
Independence. To each player, there is a set of admissible strategies
assuring him minimum guarantees. Moreover, rationality requires
players to reject non—admissible strategies from any further consider-
ation. Additional knowledge assumptions allow iterated elimination
of non—admissible strategies. This leads to a pair of strategy sets, one
for each player, whose cross product are the consideration equilibria.
Consideration equilibria always exist and include Nash equilibria if
any. Further, consideration equilibria and Nash equilibria (or, min-
imax strategies) coincide if players’ preferences additionally satisfy
Continuity. Three examples are analysed for illustration.

The second chapter investigates the implications of additivity
type axioms in economic theory. In several areas of microeconomic
theory, axiomatic characterizations have been provided for the re-
spective objects of study to possess lexicographic structures. We
introduce the concept called graded halfspace which is an abstrac-
tion of “lexicographic structures”. Then, we formulate and establish
a geometric result called the Decomposition Theorem. This result
characterizes graded halfspaces as the convex cones which are ele-
ments of some partition, of a given Euclidean space, consisting of
a pair of mutually reflecting convex cones and a subspace. Thus,
the Decomposition Theorem formalizes the following intuitive idea:
an “object” defined over a convex “domain” is additive, if and only
if, it has a lexicographic “structure”. To illustrate this geometric
approach, we present four applications ranging over decision theory,
social choice, convex analysis and linear algebra.

In the third chapter, we consider pre—norms on the Euclidean
space which are functions that satisfy the definition of a norm ex-
cept that a vector and and its reflection through the origin may have
different values. Then, we characterize those binary relations on the
Euclidean space which admit a pre—norm as a (utility) representa-
tion. The notion of the dual of such a binary relation is introduced.
For any such binary relation, its second dual — the dual of the dual
— 1is identical to itself. Further, such a binary relation is self dual
if and only if it is “spherical” — the Euclidean norm is a repre-
sentation. The duality theory allows us to generalize the Holder’s
inequality to arbitrary pre—norms. Binary relations which admit a
norm as a representation are also characterized. We specialize our
theory to characterize binary relations which admit a p—norm as a
representation. Thus, the classical inequalities due to Minkowski
and Holder follow as corollaries of the general theory.
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CHAPTER 0

INTRODUCTION

This thesis is on some aspects of individual and collective decision mak-
ing. Within the context of individual decision making, two particular
themes receive focus. First, the Independence axiom of expected util-
ity theory. Second, characterization of preferences—over the Euclidean
space—which admit norms as utility representations. Within the con-
text of collective decision making, one objective is to revisit the foun-
dations of two—person zero—sum games, and the second is to explore
the setting of Arrovian aggregation. Thus, the three chapters—in the
order of their appearance—are entitled as follows:

1. Two—Person Zero-Sum Games without Expected Utility Prefer-
ences: A Proposal.

2. Additivity over Convex Domains is Equivalent to Lexicographic
Structures.

3. Preferences with Norms as Representations.

At a methodological level, we investigate the implications of convexity
and linearity for decision making problems. A brief overview of each of
the three chapters follows.



AN OVERVIEW OF CHAPTER 1

Solutions concepts in game theory, such as Rationalizable Strategies
and Nash Equilibrium, depend in part for their existence on the as-
sumption that players’ preferences satisfy Continuity. They also require
some plausible behavioral assumption such as Independence. However,
the axiom of Continuity is at best a technical condition.

We consider two—player games, where players’ pure action sets are
finite but they may play any mixed strategy. We assume that the pref-
erence >; of each player ¢, on the set of lotteries over all pure strategy
tuples, satisfies Independence. In fact, we assume only a weaker version
of the Independence axiom of VON NEUMAN & MORGENSTERN (1944)
which we propose in chapter 2. Then, we define a two—person game to
be zero—sum if, one player’s loss is another’s gain:

P19 <= q2D.

Next, we introduce the notion of “admissible set” of player i. A
subset of strategies A; for player ¢ is said to satisfy property B if, for
any strategy x; of player ¢ which is not in A;, the following holds:

(2], x5) =i (x1,79) for all 2] € Ay and all x5,

where z; is any best response of player j to x;. Thus, playing from
A; ensures some minimum guarantees to player i. Observe, this idea
of minimum guarantees is embodied in the Minimax Strategies of VON
NEUMANN (1928). Note, the entire simplex of all mixed strategies of
player ¢ satisfies property B vacuously. We show that all subsets of
the simplex which satisfy property B form a nest whose intersection is
nonempty and also satisfies property B. In other words, there exists a
unique smallest nonempty set of strategies which satisfies property B.
We call it the admissible set of player i and denote it by A!.

We place superscript of ‘1’ to indicate that we shall now treat the
admissible sets as if they are the simplices and obtain admissible sub-
sets A? thereof. This is possible because admissible sets are shown to
be convex and compact. Thus, to each player ¢ there is a nested se-
quence Al D A? D ... of compact convex sets obtained via the iterated
eliminiation of non—admissible strategies. The rectangle of surviving
strategy tuples AT® x A3° are the consideration equilibria. Such equilib-
ria always exist and are interchangeable. Further, if Continuity holds
additionally, then they are precisely the Minimax Strategies (or, Nash
Equilibria) for which the Minimax Theorem holds.

2



AN OVERVIEW OF CHAPTER 2

Additivity type axioms are commonplace in economic theory. For in-
stance, consider the axioms such as Independence in expected utility
theory, Cardinal Measurability & Unit Comparability in the theory of
interpersonal comparison of utilities in social choice and so on. These
axioms are of normative or ethical appeal depending upon the context
under consideration.

Often, in conjunction with some technical condition such as Conti-
nuity, additivity is shown to characterize some linear real-valued func-
tion. Some important examples are the Expected Utility Theorem of
VON NEUMANN & MORGENSTERN (1944), Generalized Utilitarianism
of HARSANYI (1955) or D’ASPREMONT & GEVERS (1977), and so on.
Our objective is to drop the supporting technical conditions such as
Continuity and to focus on the consequences of the additivity type ax-
iom(s) alone. We find that additivity, when the domain is convex, is
equivalent to a lexicographic structure.

As our first example, we revisit the classical result due to HAUSNER
(1954) which says that preferences that satisfy Independence are char-
acterized by the fact that they admit a lexicographic expected utility
representation. We weaken the classical Independence axiom. To state
our weakening, we first recall the original version. Suppose p, ¢ and r
are any three lotteries, and o € (0,1). Then,

p-q <= apd(l—-a) r=a-¢d(l—a)-r

Then, our version of Independence can be stated as follows. Suppose
p, q and r are any three lotteries. Then,

prq = (Yae(O))|ap@(l-a)-r-aqdl-a)r].

Observe, the “ = 7 part is the same. However, whereas the original
version declares p = qif a-p® (1 —a)-r >=—dominates a-¢® (1 —«)-r
for even one o € (0,1), our version does not. The latter requires
a-p®(l—a)-rto=—dominate a-q¢® (1 — ) -7 for every o € (0,1) in
order to conclude that p > ¢. Thus, our axiom is logically weaker than
the original Independence. However, we find that for binary relations
that satisfy transitivity and completeness, our version is also neces-
sary and sufficient for the existence of lexicographic expected utility
representations. Thus, we achieve a logical strengthening of Hausner’s
theorem. Moreover, it is normatively more appealing.

3



After expected utility theory, we consider social choice theory. Here
we obtain lexicographic extensions of Generalized Utilitarianism which
were characterized by HARSANYI (1955). We achieve this under the
key normative axiom which is Cardinal Measurability & Unit Com-
parability. Strengthening this axiom to Non—Comparability results in
the following two characterizations. First, the additional assumption
of Strong Pareto enforces serial dictatorships. Second, the milder ad-
ditional assumption of Weak Pareto enforces weak dictators — Ar-
row’s Impossibility Theorem. Of course, requiring Continuity and Weak
Pareto additionally under the Unit Comparability assumption charac-
terizes Generalized Utilitarianisms.

We next consider the problems of existence of linear representations
for weak orders on convex subsets of the Euclidean space. Thus, we
generalize Theorem 4.3.1 of BLACKWELL & GIRSHICK (1954) to arbi-
trary convex subsets. Their axioms, namely Invariance and Continuity,
achieve the characterization of linearly representable weak orders over
arbitrary convex sets. However, Continuity and Invariance imply Con-
vexity — every upper and lower contour set of the weak order is convex.
Then, Invariance and Convexity characterize those weak orders which
admit lexicographic extensions of linear representations.

Our last application is to obtain a simple proof of the characteri-
zation of finite dimensional ordered vector spaces over the reals due to
HAUSNER & WENDEL (1952). Before we close the overview of chap-
ter 2, we must point out that our approach to the applications is via
a common method. We introduce the notion of “graded halfspaces”.
Given any orthonormal collection of vectors, let the first “slice” be the
open halfspace generated by the first given vector such that the origin
is on the boundary of the halfspace. Then, the boundary is a subspace
of dimension one less and contains the remaining given orthonormal
vectors. Thus, we may recursively generate a list of slices with progres-
siveli collapsing dimensions. Then, the graded halfspace generated by
the given orthonormal vectors is the union of these slices.

Graded halfspaces are an abstraction of lexicographic structures.
For instance, the strict upper contour set of the standard lexicographic
order on the Euclidean plane is a graded halfspace. We provide a geo-
metric characterization of graded halfspaces which we call the Decom-
position Theorem. It is the application of the this result that allows us
to achieve the characterizations that we claimed in the above applica-
tion domains. This result formalizes the qualitative claim: additivity
over convex domains is equivalent to lexicographic structures.



AN OVERVIEW OF CHAPTER 3

In this chapter, we are concerned with the characterization of those
weak orders on the Euclidean space which admit some norm as a util-
ity representation. Of particualar importance are the Minkowski norms
|-]l, which further contain as a special case the Euclidean norm |||
CHAMBERS & ECHENIQUE (2020) characterized preferences based on
the Euclidean norm — “spherical preferences”.

It is perhaps plausible to percieve their work as a response to the
question that has manifested owing to decades of work in political
economy and social choice in the context of spatial voting or voting
over multiple issues. For instance, consider MCKELVEY & WENDELL
(1976). In these applications, it has been assumed that individuals of
the society have preferences which admit the Euclidean norm as a rep-
resentation.

However, many authors such as WENDELL & THORSON (1974),
BORDER & JORDAN (1983) and ZHOU (1991) have correctly argued
that norms beyond the Euclidean are also equally important. Fur-
ther, it has been established (see ENELOW ET AL. (1988) for instance)
that empirical testing of the voting model equibrium analysis strongly
depends on the correctness of specification of individuals’ preferences.
Thus, we find that obtaining decision theoretic foundation for arbitrary
norms, and p—norms, is essential.

As a starting point, we generalize our question by introducing ob-
jects called “pre—norms”. These are real-valued functions over the Eu-
clidean space which satisfy all defining properties of norms except for
the symmetry condition that a vector and its reflection through the ori-
gin must result in the same value. It is then immediate, if a weak order
admits a pre—norm as a representation, it must satisfy Homotheticity,
Convexity!, increasing marginal returns (we call this, “Scale Monoton-
icty”) and Continuity. Our first main result is that the converse is also
true. The key is that these axioms imply, the weak lower contour sets
are compact and contain the origin in their interior.

We obtain p—norms essentially by additionally requiring the axiom
of Separability due to DEBREU (1959). We also develop a “duality
theory” which is analogous to the relation of the Utility Maximixation
Problem vs. Expenditure Minimization Problem in consumer choice.
One of the key findings of “duality” is that a preference is dual to itself
if and only if it is “spherical”.

LAll weak lower contour sets are convex
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CHAPTER 1

TWO—-PERSON ZERO-SUM GAMES WITHOUT EXPECTED
UTILITY PREFERENCES: A PROPOSAL

1. INTRODUCTION

TWO-PERSON ZERO-SUM GAMES occupy a central position in game
theory as they model situations of bilateral conflict. VON NEUMANN
(1928) published his Minimax Theorem which provides a basis for how
players should play. This foundational result was established assuming
existence of expected utility representations. However, expected utility
representations exist if and only if preferences of the players satisfy the
Independence axiom and the Archimedean property (or, Continuity)
as was shown by VON NEUMANN & MORGENSTERN (1944).

While Independence is normatively appealing in decision theory,
Continuity is a technical condition needed for existence of numerical
representations. HAUSNER (1954) showed that if Independence holds,
then preferences admit lexicographic representations. Despite being
non—Archimedean, lexicographic preferences are natural in modeling
competing firms or bilateral trade—each party has multiple decision
criteria and a priority over these.? For applications, see CHIPMAN
(1960, pp. 221), FIsHBURN (1970, pp. 110) and THRALL (1954). The
Archimedean property is not applicable in such models.

2Concrete examples are presented in the subsection below which may be read at this stage.



Additionally, THRALL (1954) shows that the set of maximizers of
such a preference over any convex and compact set is a convex and
compact set. Using this, he argues, “This discussion illustrates the
fact that non—Archimedean utilities are perfectly satisfactory for game
theory”. Several later writings, such as FERGUSON (1958, pp. 20-21)
and LUCE & RAIFFA (1957, pp. 27), indicate that this had become an
accepted fact in game theory. For instance, AUMANN (1964, pp. 453)
writes, “It will still be possible to solve maximization problems and
games under exactly the same conditions as before”.

Unfortunately, FISHBURN (1971) demonstrated that the Minimax
Theorem does not hold for non—Archimedean preferences. Therefore,
he concluded, “The impression remains that game theory without the
Archimedean axiom is rather barren”. Our contribution is to propose
a solution concept, which we call the consideration equilibrium, for the
class of all two—person zero—sum games. Its existence requires only the
Independence axiom of the players’ preferences. Further, consideration
equilibria are precisely the Minimax strategies, which are also the Nash
equilibria, when preferences additionally satisfy Continuity:.

We briefly outline the solution concept. Let the two players be 1
and 2. Suppose, there is a set A; of mixed strategies of player 1 with the
following property: if player 1 considers playing any x; not in Ay, then
there is some play xs of his opponent such that playing any z} in A;
instead of x1, no matter what his opponent plays, is strictly preferred
by player 1. Thus, strategies in A; assure some “minimum guarantee”
for player 1 against any play of his opponent. The smallest such set of
strategies, denoted A7, shall be called admissible. It extends the notion
of a minimum guarantee irrespective of the opponent’s play which is
the basis of the concept of value in the classical minimax theory due to
VON NEUMANN (1928).

Instead of the defining property of A; as above, we may consider
the following property: if player 1 considers playing any x; not in A;
and xo is player 2’s best response against xy, then player 1 strictly
prefers that he plays any z} in A; where his opponent plays any best
response. These two properties are equivalent. The set A] of admissible
strategies of player 1 is non—empty and unique. Likewise, there is a
unique non—empty set of admissible strategies, say A5, of player 2.

In order that A} x A3 be a solution concept, the following property is
desirable: for any (z1,x2) and (2}, 2}) in A} x A}, players are indifferent
between (x1, z2) and (2], 25). Otherwise, what should players play from
A7 x A5?7  Unfortunately, this property does not hold for A x Aj.
However, iterated elimination of non—admissible strategies ensures that
this property holds. This elimination affords a justification along the
lines of BERNHEIM (1984) and PEARCE (1984).

10



We briefly outline the logic behind the elimination. First, A} and
A3 are convex and compact sets. Moreover, suppose that it is common
knowledge between players 1 and 2 that each player ¢ shall play from
A7. Then, it is as if the sets A} and A3 are the simplices of all mixed
strategies of players 1 and 2. That is, the “context” of consideration
changes from all pairs of mixed strategies to those in (A}, A%). Thus,
to justify the elimination it remains to argue: it is common knowledge
between the players that each player 7 shall play from A.

Let player 2’s conjecture about player 1’s play be x1. Suppose, 1
is not in Aj. Thus, if player 1 knows that this is player 2’s conjecture
about player 1’s play, then player 1 knows that player 2 will play some
best response xo. However, playing any x) in Aj is strictly preferred
by player 1 when player 2 is to play xo. This is known to player 2.
Thus, if 21 is not in A7, then “player 1 shall play x,” is not a plausible
conjecture by player 2 about player 1’s play. Hence, the elimination of
non—admissible strategies is justified.

The context comprising A(S7) and A(Sy)—mixed strategy spaces
of players 1 and 2—1led to the admissible strategy sets A} and A5. Now,
the context is the pair (A}, A3). Thus, there exist unique non—empty
sets of admissible strategies A7* and A3*, for players 1 and 2, with
respect to the context (Aj, A3). Hence, a nest A(S;) 2 AF D A D ...
obtains for each player i. Denoting by A% the intersection of A}, A",

. etc., the set of consideration equilibria is A® x AS°. The solution
concept thus embodies the following reasoning by the players.

“Starting with all of our mixed strategies as the context, if you
do not restrict your strategy considerations to your admissible
set with respect to this context, then so will I thereby making
you strictly worse than had you considered any strategy in your
admissible set. Thus, we both must restrict our considerations
to our admissible sets which, therefore, become the new context
with respect to which we look for admissible sets thereof ... and
so on. Hence, we must not consider strategy tuples which are
not consideration equilibria. Further, each of us is indifferent
between any two consideration equilibria. Hence, we may play
any consideration equilibrium.”

Our solution concept generalizes the theory of von Neumann in
the following respects. First, consideration equilibria always exist and
form a convex and compact set. Second, each player is indifferent be-
tween any two consideration equilibria. Third, if the game has a Nash
equilibrium, it is also a consideration equilibrium. Fourth, if players’
preferences admit expected utility representations, then consideration
equilibria coincide with Nash equilibria.
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The admissible sets and consideration equilibria are shown to arise
as solutions to finite lists of linear programs. This is because a pref-
erence satisfies Independence if and only if it admits a lexicographic
expected utility representation as shown, for instance, in HAUSNER
(1954), BLUME ET AL. (1989) and CHATTERJEE (2022).

The rest of the article is organised as follows. The framework is
in section 2. Sections 3 and 4 present the concepts of admissible sets
and consideration equilibria. Section 5 presents the applications. The
comparative statics are presented in section 6. The procedure for the
computation of admissible sets and consideration equilibria is described
in section 7. Proofs omitted from the main text are supplied in the
Appendix. We close this introduction by presenting some examples.
However, their “solution” will be deferred until section 5. This is be-
cause the general framework and our solution concept shall have to be
presented first as done in sections 2 to 4.

Some Eramples

The objective of subsection is as follows. We substantiate the case,
stated in the second paragraph of the overview above, that it is natural
to write zero-sum games as models for situations of strategic inter-
action of agents whose preferences arise from a priority over multiple
criteria. We do so by presenting three examples as follows. Note, in
such games a single “numerical payoftf” corresponding to an outcome
is insufficient. However, lexicographic expected utilities are a natural
choice to model such preferences of the players.

ExAMPLE 1: Two firms 1 (“Player I”) and 2 (“Player II”) are about
to engage in a competition (Figure 1). Firm 1 has two strategies which
are “Execute a hostile price—cut” (7") or “Poach top talent of firm 2”
(B). Also, firm 2 has two strategies which are “Counter firm 1’s move
to poach talent, if any” (L) or “Match firm 1’s hostile price—cut, if any”
(R). The firms may randomize over their respective pure strategies, or,
they may even jointly randomize.

Each firm strictly prefers a higher market share than less. However,
if two plays result in the same market share, then each firm is better
off with a larger pool of top talent. Thus, each firm has a lexicographic
preference. To describe such preferences over all joint randomizations,
it is enough to specify “lexicographic payoffs” to each player for every
possible play involving pure strategy tuples. Further, if the sum of
firms’ market shares and their total talent size can each be taken as a
constant, then the game is zero-sum. Thus, it is enough to only specify
to firm 1’s lexicographic payoff for pure strategy tuples.

12



The ordered pair in each cell of Figure 1 represents firm 1’s payoffs
with the order reflecting the priority over the two criteria: (1) market
share of the firm, and (2) if two plays lead to same market share of the
firm, then size of the firm’s top talent. Thus, the play (7, L) gives firm
1 an advantage in market share as 7' means “Execute hostile price—cut”
but L means “Counter firm 1’s move to poach talent, if any”. That is,
the first component of the ordered pair corresponding to the play (7', L)
is 1. However, if firm 1 chooses B which means “Poach top talent of firm
2” or firm 2 chooses R which means “Match firm 1’s hostile price—cut”,
then the first component of the corresponding ordered pair is 0 as firm
1 gains no advantage in market share.

Player II
9 1—gq
L R

p T | (1,0) (0,0)

Player I
l—p B| (0,0) (0,1)

FIGURE 1: Two competing firms.

Moreover, the play (B, R) gives firm 1 an advantage in size of its top
talent as B means “Poach top talent of firm 2” but R means “Match
firm 1’s hostile price—cut”. Thus, the second component of the ordered
pair corresponding to (B, R) is 1. However, firm 1 chooses T which
means “Execute hostile price-cut” or firm 2 chooses L which means
“Counter firm 1’s move to poach talent, if any”, then firm 1 has no
advantage in its size of top talent. Thus, the second component of the
corresponding ordered pairs are 0.

Observe, when firm 2 considers “Match firm 1’s hostile price—put,
if any” (the strategy R), it does not consider “Counter firm 1’s move
to poach talent, if any” (the strategy L). Further, if firm 1 consid-
ers deploying the strategy “Execute hostile price—cut”, then it knows
that firm 2 has the option to play “Match firm 1’s hostile price—cut”.
Moreover, the strategies of the firms are such that whereas firm acts by
making a move, firm 2 only acts by being responsive.

Thus, we have the following questions. Is it the case that firm 1 ends
up playing the strategy “Poach top talent of firm 2” (that is, B) and
firm 2 ends up playing the strategy “Match firm 1’s hostile price—cut”
(that is, R)? In other words, is (B, R) an “equilibrium” of this game?
If yes, is the “equilibrium” unique? W

13



EXAMPLE 2: A financial institution (“Player I”) and the rest of the
financial market (“Player II”) interact as follows. There is an asset A,
about which the market is “Optimistic” (L) or “Pessimistic” (R), this
market sentiment determines whether the value of A; will rise or fall.
The institution guesses what the market feels about this asset. Also,
there is another profitable asset A, which the financial institution either
“acquires” or “does not acquire”. The rest of the market has no control
over the asset Ay’s possession. Thus, the strategies of the financial
institution are “Buy A; and buy As” (T') or “Short sell A,” (B), where
short selling is to bet against the asset A,.

Player II
q 1—gq
L R

p T (1,1) (0,1)

Player I
l—p B| (0,0) (1,0)

FIGURE 2: Betting against the market.

If market participants are “Optimistic” then “Buy A; and buy Ay”
pays off to the financial institution as A; is then valuable. However,
if the other market participants are “Pessimistic”, then “Buy A; and
buy As” is worse for the financial institution as the asset A;’s valuation
drops. Moreover, a limited quantity of the asset A; implies a loss to
the other market participants if and only if it is a gain to the financial
institution. Further, as regards asset Ao, the financial institution gains
or not according as it plays “Buy A; and buy As” or “Short sell As”,
respectively. Again, the financial institution gains if and only if the
rest of the market loses. Finally, both parties find profits or losses of
trading in asset A; to be their top priority. The results of holdings
of asset A, matter only when comparing two situations which lead to
indifference as regards their profits from trading in asset A;.

As in Example 1, each cell in Figure 2 represents the lexicographic
payoffs to the financial institution for the corrseponding play of pure
strategy tuples. Thus, if the financial institution plays “Buy A; and
buy As” and the market plays “Optimistic”, the payoffs to the finan-
cial institution are (1,1) as A; becomes valuable, and A, is anyway
valuable. Likewise, if the financial institution plays “Short sell A;” and
the market plays “Pessimistic”, the payoffs to the financial institution
are (1,0) as A; loses value and A, is not acquired. For the remaining
payoffs, note that the financial instution’s guess is wrong.
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Observe, the first components of the ordered pairs define a game
of “matching pennies” which is known to have (7 @ 1B, 1L ® 1R) as
the unique Nash equilibrium. This raises the following questions. Does
the above game—as it is—have a Nash equilibrium? Is our solution
concept able to predict some play in this game? If yes, then is indeed
the prediction (7@ 1B, 1L ® 1R)? W

ExAMPLE 3: The bilateral conflict between two nations 1 (“Player
[”) and 2 (“Player II”) are defined by their strategies, and the resulting
outcomes, as follows. There are three outcomes which, in the decreasing
order of priority to nation 1, are the following:

1. “Have nuclear technologies”.
2. “Surround 2 with allies”.
3. “Achieve international collaborations if 2 does”.

It is then plausible that nation 2’s preferences are such that we have
a zero—sum game. The strategy sets of nations 1 and 2 are {T', B} and
{L, M, R}, respectively. The description of each pure strategy is some
combination of sentences from the following list:

S11 = “Attempt to develop nuclear technologies”.

Stz = “Attempt to form allies that surround 2”.

Stz = “Do not make international collaborations”.

Sta = “Make international collaborations”.

St = “Trust that 1 will not develop nuclear technologies”.
St2 = “Enforce sanctions on 17.

Stz = “Influence 1’s potential allies that surround 2”.

St = “Do not make international collaborations”.

Sts = “Make international collaborations”.

Then, the description of each pure strategy is as follows:

T = Si1 and Sy and Sys.

B = SLQ and 51’4.

L = SHJ and SII,3-

M = Sii4 and (if Sp; then [Sio and Sig)).
R = SH,5 and (if 8171 then SII,Z)-

Thus, strategy B of 1 admits the interpretation, “Attempt to form al-
lies that surround 2, and, do not make international collaborations”.
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Now, we come to the question of lexicographic payoffs under vari-
ous plays by 1 and 2. For instance, consider the play (7, L). By the
description of T" and L, we have a conjuction of sentences St; and S
as part of the outcome. Then, the definition of St; and Sy ; imply that
1 will face no hindrance in its attempt to develop nuclear technologies
which is its top priority. As a result nation 1 gets a payoff of 1 as
is reflected by the first component of the ordered triple in the cell in
Figure 3 which corresponds to the pure strategy pair (T, L).

Player IT
q r 1—(qg+r)
L M R

p T (1,0,0) (0,0,0) (0,1,1)
1—p B/ (0,0,0) (0,1,1) (0,1,0)

Player I

F1GURE 3: Bilateral conflict.

Moreover, since there is conjunction of sentences Srs and Spz as
well under the pair (7, L), it follows that though 1 attempts to form
allies that surround 2, it fails because 2 influences those potential allies
in this outcome. Since forming allies with those that surround 2 is 1’s
second priority, the second component of the ordered triple in the cell
corresponding to (7', L) is 0. Further, the play (7', L) also involves the
clause Sp3 which means that 1 does not form any international collab-
orations. As this is third in the priority of 1, we have 0 as the third
component of the ordered triple in the cell corresponding to to the
play (T, L). Having specified the lexicographic payoffs to 1 under the
play (T, L), we observe that as the game is zero—sum the lexicographic
payoffs to 2 thus stand specified in the obvious manner. Likewise, we
obtain the remaining ordered triples in Figure 3.

Now, consider the play (B, R). Since St is not part of the definition
of B, nation 1 will have no access to nuclear technologies. However,
since B has St2 and R does not have Sty 3, nation 2 will end up being
surrounded by 1’s allies. Moreover, since St is a part of B and Sy 5 is a
part of R, both the nations end up making international collaborations
under (B, R). In particular, even though 1 is able to surround 2 with
its allies, there is no further consequence of this to 2. Is it possible that
(B, R) is an “equilibrium” of this game? If yes, then is it unique? Does
this game admit some Nash equilibrium? B

We now proceed to the general framework and the abstract theory.
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2. FRAMEWORK

Let the set of players be N := {1,2}. Typically, we shall denote the
two players by ¢« and j. Each player ¢ has a non—empty and finite set
S; of pure strategies. Let A(S;) denote the set of all mixed strategies
of player i each of which is a lottery over the set S;. Also, A(S; x S5)
is the set of all lotteries over S; x Ss.

On several occassions, we shall talk of “randomly choosing one out
of several lotteries”. Given lotteries p1,...,px € A(S; x S3) and a
randomization device which randomly results in one out of K out-
comes, where the kth outcome obtains with probability aj, we have a
compound lottery over S; X So by running the lottery p; if the ran-
domization device results in its kth outcome. This compound lottery
shall be denoted by a1 - p1 ® as - po & ... - pg or @leak - pr. We
assume this compound lottery to be equivalent to the unique (simple)
lottery which randomly selects a typical action pair (s1,$2) € S1 X S
with probability Zszl axpr(s1, $2)-

If x1 € A(Sy) and x5 € A(S2) are mixed strategies of players 1 and
2, then we denote by (x1, z5) the lottery over S; x Se which selects any
(s1,82) by independently selecting s; and so according to z; and zo,
respectively. Therefore, the probability that the pair (sq,$2) obtains
is x1(s1)x2(s2). Now, if player 2’s mixed strategy is x2 but player 1
ramdomly selects his mixed strategy to be either x] or x7*, with the
probability of the former being «, then we essentially have the mixed
strategy tuple (o -z @ [1 — o] - 7%, z9).

Each player i has a preference 7—; which is a complete and transitive
binary relation over A(S; x S3). Further, -; satisfies our weakening
(Theorem 2 of subsection 3.2 in CHATTERJEE [2022]) of Independence
due to VON NEUMANN & MORGENSTERN (1944).

INDEPENDENCE: For any p,q,r € A(S1 X S9), p =i q if and only if
(Vae (0,1))[a-p@l—a]l - r=a-qgd[l—0a] r].

A two—person zero—sum game is any tuple (N, (S;)ien, (ZZi)ien) such
that, for every p,q € A(S] X Ss):

PT1q <= qZ2D

Thus, one player’s loss is the other’s gain. Further, if the preferences
=1, 7o admit expected utility representations uy, us : A(S; X S3) = R
respectively, then without loss of generality we have: uy = —u; if and
only if p 721 ¢ <= q 772 p. Hence, we have a natural generalization of

the classical definition of two—person zero—sum games.
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3. ADMISSIBLE STRATEGIES

Admissible strategies shall be defined with respect to some context. A

contezt is a pair (C1, Cs) where C; is a non—empty and compact subset
of A(S;). Given a context (Cy,Cy), for each player i, let 7% (Cy, Cs)
be the class of non—empty closed A; C C; with the following property.

PROPERTY G: For every z; € C; \ A;, there exists x; € C; such that
(27, 25) =i (x4, 25) for any x; € Ay and any «; € Cj.
Here, >, denotes “strict preference”. Notice, C; belongs to the class

/% {C1, Cy) vacuously. For the interpretation of “A; € &%(Cy,Cy)”,
Figure 4 shows a context where C; = A(S;) for each player i.

Zo

01 = A(Sl) 02 = A(SQ)
FIGURE 4: A set A; in &/C(A(S)), A(S)).

The mixed strategy x; of player 1 is not in A; C A(S7). Also, 2] is
an arbitrary strategy in A;. Thus, “A; € Z“(A(S1), A(S2))” holds, if
and only if, there exists some mixed strategy xo of player 2 such that
player 1 strictly prefers the play (2], z5) to the play (x1,x9) for every
possbile strategy xf, of player 2. Thus, player 1 has some “minimum
guarantees” if he considers playing strategies from A; irrespective of
the strategy his opponent chooses to play.

This is on the lines of the minimax theory of VON NEUMANN (1928).
In that theory, the maximin strategies assure players that they receive
at least the value irrespective of their opponents play. However, this
assured utility level is the highest that can be assured. To incorporate
this additional feature, we consider the following.

DEFINITION 1: A set A; C C; is admissible with respect to the context
(C1,Cy) if A; € ZC(Cy,Cy), and A; C Al for every AL € o/5(Cy,Cs).
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That is, an admissible set in a context is one which is minimal in the
sense of set—inclusion among all sets which satisfy property G in that
context. For instance, if A} is a typical set that satisfies property G in
the context (Cy,Cs) and A; is admissible, then the fact that A; C Al
implies the following: for any x; € A \ A, there exists x; € C; such
that (z, %) =; (2, ;) for all ¥ € A; and all 2; € C;. Thus, the “min-
imum guarantee” assured to player ¢+ by playing mixed strategies from
his admissible set A; is “as high as it can get”.

To see the justification for player ¢ to consider playing from his
admissible set, we consider the following alternate perspective. For
strategy x; € C; by player i, let x; € C; be a best response in C; of
player j if: (z;,z;) Zi (2, 2}) for every 2 € C;. Given the context
(C1, Cy), denote by /P (C1,Cs) the class of all non—empty compact
sets A; C C; with the following property.

PROPERTY B: For every x; € C; \ A; and any best response x; in Cj,
(), %) =i (w5, 35) for any x} € A; and any best response x’; in C; to x}.

In contrast to property G which considered arbitrary beliefs by a
player about his opponent, property D considers best responses in the
context under consideration. The first result is as follows.

PROPOSITION 1: For any context (Cy,Cy), @C(C}, Cy) = B(Cy, Cs).

PrROOF: Fix A; € #%(Cy,Co). Let z; € C;\ A; and z; be a best
response in C; of player j. For any arbitrary z} € A;, let 2, be a best
response in C; of player j. By property G, there exists 27 € C; such
that (2, ¥%) =; (2, 27). Also, (i, 7;) Z; (zi,2}) as x; is a best response
in C;. By defintion of two-person zero—sum game, (z;,7}) Zi (v, ;).
By transitivity of =, (x;,x;) =i (zi, ;). Thus, A; € ZP(C1,Cy).

Fix A; € oP(Cy,Cy). Let z; € C; \ A; and x; be a best response
in Cj. Fix an arbitrary z} € A; and 2; € C;. Thus, (2, 7}) Z; (2}, 7))
where @ is any best response in Cj to x}. Since the game is zero—sum,
(2}, 2%) Zi (@, x7). By property B, (zj,27) =; (z;,2;). Transitivity of
Zi implies (z},2}) =; (zi, ;). That is, A; € %01, Co). A

Just as Definition 1 defines “admissibility” based on property G, it
is possible to define an analogous notion based on property B. In light
of the proposition above, both the notions must coincide. Henceforth,
we shall write “@%(C1, Cy)” for both “aZ¢(C}, Cy)” and “aZP(Cy, Cy)”.

The following lemma asserts convexity of elements in o7 (Cy, Cy).
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LEMMA 1: Let (C1,Cs) be a context. For any i € N, if C; is convex
and A; € o (Cy,Cy), then A; is conver.

PROOF: Assume A; € o/ (C4, Cy) and suppose: A; is not convex. Thus,
for some® 2}, 21* € Ay and a € (0,1), 28 =a- 2] B[l —a] - 27" & A;.
Note, z{ € C} as (] is convex. Since A; € @ (C1, Cy), by property B
of Ay with respect to (C}, Cy), there exists x5 € Cy such that:

(1, 22) =1 (2f, x3) for all (z1,x9) € Ay x Ch.

In particular, (zf,z3) =1 (¢, z3) and (27", x3) =1 («{, x5) hold. By
Independence, (z§,x3) =1 (a-x{®[1—a-z7%, x3) as (z7], 23) =1 (xf, z2).
Similarly, (a-2 ®[1—a] 2", 23) =1 (28, 23) as (21", 23) =1 (2F,73) by
Independence. Then, the transitivity of =7 implies (¢, x3) =1 (x, z3).
However, > is asymmetric. Thus, we have a contradiction. Hence, our
supposition must be wrong. Therefore, A; is convex. B

For existence of admissible sets, consider the following result.

THEOREM 1: Let (Cy,Cy) be any context. If A;, AL € o7,(Cy,Cy), then
A; C Al or Al C A;. Further, admissible sets exist for each player
which are unique, non—empty and compact. If Cy and Cy are conver,
then so are the admissible sets.

PROOF: Suppose, A;, A. € o7 (Cy,Cy) are such that A; \ A, # @ and
A\ A # 2. Fixa; € A\ AL and 2 € A\ A;. Since x} € C; \ A,
r; € A and A; € #(Cy, Cy), there exists 2; € C; such that:

(@i, 27) = (x5, 2) for all a7 € Cj. (1)

Moreover, since x; € C; \ AS, 2} € Al and A, € 47 (Cy, Cs), there exists
x; € C; such that the following holds:

(27, 27) =i (w4, 25) for all 7 € Cj. (2)

In particular, (1) implies (@;,x;) =; (z},2}). Likewise, (2) implies
(z}, %) =i (w5, ;). Transitivity of 2Z; then implies (z;,7;) =; (%, ;)

which is a contradiction. Thus, we have established:

3For p,qg € A(Z) and a € (0,1), a-p® [l — ] - g € A(Z) is defined as the lottery over Z which
selects with propbability ap(z) + [1 — a]q(z) any basic prize z € Z.
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Let? Af .= N{A; : A; € &(C1,C5)}. Since each member of the class
o7;(Cy, Cy) is non—empty, (3) implies that the intersection of finitely
many members of <7 (Cy,C5) is non—empty. Further, each element of
22;(Cy,Cy) is compact. Thus, the set A} is non-empty and compact.
Clearly, Af C A; for every A; € «%(Cy,Cy). Hence, to conclude that
A is the unique admissible set for player 7, with respect to the context
(C,Cy), it is enough to argue that A! satisfies property G.

For this, fix any z; € C; \ Aj. Also, let x; € Af and 2, € C; be
arbitrary. Since z; € C; \ A7 and A} is the intersection of all members
of %<Cl, 02>, there exists Al € foi<Cl, 02> with z; € C; \ AZ Flll"thel",
z, € A; as o, € A C A;. By definition of o7 (Cy,Cy), there exists
z; € Cj such that (z},2}) =; (v;,7;). Thus, A7 € #(C1,Cy). This
proves: Af is admissible with respect to the context (Cy, Cy).

It remains to argue: A7 is convex if C and (9 are convex. However,
Lemma 1 shows that every element of o (Cy, Cs) is convex. Further,
A7 is the intersection of all elements of o7 (C1, C). Hence, Aj is convex.
Symmetric arguments work for the admissible set of player 2. B

That is, the collection o7 (Cy, Cy) of sets satisfying property G (or
B), with respect to the context (Cy,Cy), form a nest of compact sets
whose intersection is the unique minimal element which also satisfies
property G (or B). Define for each player i the set:

A3 (Cy, Co) = ({5 : 5 € #(Cy,Ca)}

Therefore, Af(Cy,Cs) is the admissible set of player i. Thus, if players
consider playing from C7 x Cs, then it makes sense for player i to
restrict consideration to within the set AX(C1, Cy) as it is the minimal
set satisfying property G (or B) with respect to (Cy, Cy).

4. CONSIDERATION EQUILIBRIA

The definition of the term “context” and theorem 1 imply that the pair
of admissible sets with respect to a context form a context in its own
right. However, if it makes sense for players to restrict consideration
to admissible sets, then the pair of these admissible sets is as if the
new context. Thus, players may further restrict their consideration to
the resulting admissible sets with respect to this new context. That is,
starting with the pair of simplices of all mixed strategies, players may
consider eliminating non—admissible strategies iteratively.

4For any collection {4, : a € @/} of sets, (N{Aq : @ € &/} is the intersection of its members.
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DEFINITION 2: A sequence of contexts {{C1j, Co) bren is tight if,
Cip = A(S;) for each i € N, and
2. For every k € N, Cj 41 = A (C 1, Cay) for each i € N.
If there exists a unique tight sequence of contexts {(CY;, C5 ) bren, then
define the following pair of sets:
X = m Ci  for eachi e N.

A consideration equilibrium is any strategy tuple from A x A.

“Tightness” means iterated elimination of non—-admissible strategies
starting with the full simplices as the context. Thus, Figure 5 illustrates
admissible sets, with respect to the present context, forming the next
context as required by definition 2. Theorem 2 addresses questions of
existence and structure of consideration equilibria.

(C1 g, Co)

Crit1 = A5 (Cix, Cog) Co 1 = A5(Cik, Cog)

FIGURE 5: Next context as pair of admissible sets in present context.

THEOREM 2: There exists a unique tight sequence of contexts and the
consideration equilibria form a unique, non—empty, compact and convex
set. Further, if z7,27" € AT and x5, 25" € AS°, then:

(2], 25) ~; (277, 25) for each player i.

PROOF' A unique tight sequence of contexts exists by Theorem 1. Also,

+ k41 1s a non—empty and compact subset of Cf & for each k € N. Thus,
AOO is non—empty and compact. Additionally, convex1ty of C7) for each
k € N, and the definition of A%, implies the convexity of A;?O.
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Thus, it remains to argue: if 7, 27" € A and x5, 25" € AT, then
(x7,x3) ~; (a7, x5*) for each player ¢ € N. This follows from Proposi-
tion 7 which is stated and proved in section 7. Il

Theorem 2 generalizes the result of VON NEUMANN (1928) that all
minimax strategies are interchangeable. In particular, the choice of one
out of all consideration equilibria is not an issue.

Our justification for the solution concept is based on the role of
property G or property B and minimality in the definition of admissible
sets. Thus, given any context, players should restrict further attention
to their admissible sets of strategies. The following result sharpens the
basis for not considering non—admissible strategies. For this, it will be
useful to keep figure 5 in perspective which illustrates a context and
the corresponding admissible sets of the players.

THEOREM 3: Let (C,Cy) be any context. Assume i and j are the
distinct players. Consider x} € C; and suppose the following hold:

1. 7 conjectures © will play x.

2. 1 knows j’s conjecture.

3. j knows that © knows j’s conjecture.
4. If zF ¢ A3 (Cy,Cy), then:

(a)
(b) @ knows (a).
)

(¢) i will play a best response in C; to i’s conjecture.

J will play a best response in C; to j’s conjecture.

(d) 7 knows (b) and (c).
Then, j knows that © and j know x} € A7 (Cy,Cy).

PROOF: Let j conjecture that i plays z}. Suppose that =} ¢ A7 (Cy, Cs).
By 4(a), j will play some best response C;, say x;, which ¢ knows as 4(b)
holds. However, (z;,x;) >; (z}, z;) for any x; € A7 (C, Cy) by property
B and Proposition 1. Hence, i shall play some x}* € Af(Cy, Cs) as 4(c)
holds. Since this is known to j as 4(d) holds, we have a contradiction to
the fact that j’s conjecture of i’s play is z}. Thus, z} € A (Cy,Cy). By
1, j knows z} € AX(Cy,Cy). Also, i knows xf € AX{(Cy,Cy) by 2. By 3,
j knows that ¢ knows z} € A¥(Cy,Cy). Since j knows z} € A*(Cy, Cy),
we have: j knows that j knows xf € AX{(Cy,Cy). A
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A remark is in order. Suppose that z] is j’s conjecture about i’s
play. Further, let (C},Cs) be any context such that z} is in the corre-
sponding admissible set A (C}, Cs). Then, assumption 4 of Theorem 3
holds vacuously. Thus, no logical inconsistency arises from the use of
Theorem 3 to justify the proposed solution concept.

However, assumption 4 requires “maxmization” and its knowledge
in only a conditional sense. The solution concept requires that each
player takes the following stance about his strategic considerations with
regard to his opponent’s strategic considerations.

“If you do not restrict your considerations given the context,
then so will I. Then, if I think that your play will be outside
of your admissible set, I too will play my best response to it
within the context. Since I must then assume that your play is
your best response in the context, I find that your play must be
within your admissible set which is a contradiction.”

Moreover, any such reasoning by a player is irrelevant if his conjecture
lies in the admissible set, of his opponent, to begin with.

Thus, both players realize that their own conjecture about their
opponent’s play must be restricted to the admissible sets of their oppo-
nent. It is the implausibility of assuming maximization by the opponent
without first restricting consideration to admimssible sets is what drives
the iterated elimination in the solution concept. PEARCE (1984) argues
that Nash equilibrium is not the only sensible way for the players to
behave based on rationality. Our point is that it makes sense for the
players to only consider plausible conjectures while maximization. The
following proposition asserts that if the game admits a Nash equilib-
rium, then it must be a consideration equilibrium.

PROPOSITION 2: Any Nash equilibrium is a consideration equilibrium.

PROOF: Let (x7],23) be a Nash equilibrium. Clearly, for each i € N,
ri € Cfy as Cfy = A(S;). Suppose, there exists & € N such that
(z1,23) € Cf x (5, and (27, 73) ¢ Cf ;4 X C5, 1. Assume, without
loss of generality, 27 ¢ C7;,,. Recall, C7;,, = A*(C;,C3,) for each
i € N. Thus, there exists xo € Cy, ., such that: (z1,23) =1 (27, 72)
for any z1 € Cf, ;. Further, (27,23) Z2 (27, 22) as (z7,23) is a Nash
equilibrium. Then, (z7, z9) 721 (2], 23) as the game is zero—sum. Thus,
(z1,25) =1 (27, 23) for all 1 € Cf, ;. However, this contradicts that
fact that x7 is a best response in A(S1) to z35. Thus, 27 € C7; for every
k € N. Hence, x] € A° by definition of A°. B
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The next proposition says that the proposed solution concept re-
duces exactly to the minimax strategies, which are also precisely the
Nash equilibria, when preferences that satisfy the Independence axiom
are additionally known to satisfy Continuity. Therefore, the concept of
consideration equilibria indeed generalizes the classical theory.

PROPOSITION 3: Suppose, players’s preferences satisfy Independence
and Continuity. Then, a strategy tuple is a Nash equilibrium?®, if and
only if, it s a consideration equilibrium.

PROOF: Since 7—; satisfies Independence and Continuity, the Theorem
of VON NEUMANN & MORGENSTERN (1944) on existence of expected
utility representations and the definition of two—person zero—sum game
allow us to conclude: there exists Uy, Us : A(S; X S2) — R such that
U, = —Uj, and U; is an expected utility® that represents’ >—; for each
i € N. Further, by the Minimax Theorem of VON NEUMANN (1928),
there exists a unique value v € R such that the sets:

My = {x] € A(Sy) : U (2], x2) > v for all xo € A(Ss)}, and
My = {z; € A(Sy) : Us(x1,25) > —v for all x; € A(S1)}

are the minimax strategies of the players 1 and 2, respectively. Note,
the above description of M; and M, is equivalent to the more familiar
one which is as follows: (x},x3) € M; x My if and only if,

(], 22) 71 (27, 23) 71 (w1, 23) for all (zq,x2) € A(S7) X A(S))

Clearly, the set of all Nash equilibria is M; x M. Without any loss of
generality, we shall argue: M; = A for each @ € N.

Let 7 € A(Sy) \ M. Thus, there exists 9 € A(S;) such that
v > Uj(1,29). Fix any ] € My and zf, € A(Sy). Then, Uy (2], 25) > v
holds. Since U; is a representation of 721, we have: (21, x%) =1 (x1, z2).
That is, M, satisfies property B with respect to (A(S1), A(Ss)) as the
context. Further, M; is convex. To see why, let x], 27" € M;. Fix an
arbitrary xo € A(S2). Then, Uy(x7],z2) > v and Uy(x7*,22) > v. If a €
(0,1), then® Uy (a2t ®[1—al-23*, 29) = alUy (2}, 22) +[1 — a]Uy (27, 29)
as Uy is an expected utility. Hence, Uy(a - 27 & [1 — o] - 2%, z9) > v if
a € (0,1). Since zg € A(S) is arbitrary, we have: a-2] @[l —a]-z7* €
M for every o € (0,1). That is, M is convex.

5With Independence and Continuity, existence of a Nash equilibrium is guaranteed.

8The map U : A(Z) — R is an expected utility if: U(p) =Y, , p(2)U(z) for any p € A(Z).

"The map U : A(Z) — R represents the preference = over A(Z) if: p = q¢ < U(p) > U(q).

8For p,q € A(Z) and a € (0,1), a-p® [l —a]-q € A(Z) is defined as the lottery over Z which
selects with propbability ap(z) + [1 — a]q(z) any basic prize z € Z.
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Further, we have: M; C A(S]) is closed. To see this, fix an arbitrary
x9 € A(Sy). Since the map U; is an expected utility and the set S is
finite, the map z; € A(S1) — Ui(x1,2) is continuous. Thus, the set
M (zg,v) = {x1 € A(S1) : Up(z1,22) > +v} is closed in A(S7). Also,
note that the following equality holds:

M, = ﬂ {Ml(azz,v) DXy € A(Sg)}.

Thus, M; C A(S;) is closed. Since A(S}) is compact, it follows that
M is compact. Thus, we have: M € o/ (A(S1), A(S2)).

We now argue: My = A7(A(S1), A(Ss)). Suppose, not! Theorem 1
implies that there exists non—empty, convex and compact A; C M,
which satisfies property B. Let z; € M; \ A;. Fix an arbitrary
$2 € A(Ss). Thus, Uy(x1,z9) > v by definition of M;. Let | € A; and
xl, € Ms. Then, Ul(xl, xh) > v and Us(2), x5) > —v by definition of M;
and Mo, respectlvely However, Uy = —U; and Us (2], 25) > —v implies
Ur (2, 75) < v. That is, Ul(xlpil?/z) = v. Thus, Ui(z1,29) > Ui(z7, 25).
Since Uj represents 71, we have: (x1,z9) 721 (2], x5). Since x5 € A(Ss)
was arbitrary, we have a contradiction to property B of A;. Thus, we
have: M; = A7(A(S1), A(S2)). Similarly, My = A5(A(S1), A(S2)).

By definition 2, C7; = A(S;) and Cfy,, = Aj(CT,, C5,) for all
k € N. Thus, M; ;‘2 Since Uy = —U; and U; represents 77, if
(x7,x3) and (:z:1 , X ) are in My x My, then (x],x3) ~; (27", x3*) for
each ¢« € N. Thus, C7, = Cf, for all k > 2. To see why, assume
k > 2 is such that C’*k = M for each © € N. Suppose, A; C Ciy is
non—empty, compact, convex and satisfies property B with respect to
the context (C7,,C5,) = (M, Ma). Let 71 € Cf, \ Ay and 2} € Ay
Fix x9, 2, € My arbitrarily. Since x; € M; and zy € My, we have:
Ui(x1,29) > +v and Us(xy,x9) > —v. As Uy = —Uy, U(xy,x9) = 0.
Similarly, U;(2},25) = v. That is, Ui(xy,x9) = Uy(2],25). Since Uy
represents 1, we have (1, z2) ~1 (2'ry). This contradicts property B
of A; with respect to the context (M, M2> Thus, C7 ), = A1(C};, C34)-
That is, C7, " = C7 ), which implies: C7, ;| = M1 By a similar argu-
ment, C’2 k+1 = M, holds. As Cry = M; for all k > 2, by definition 2
we obtam = A for any player i € N. W

We make one final remark. In the light of Proposition 3, Theorem 3
thus provides epistemic conditions for the classical solution concepts in
the setting with continuous preferences. Further, it makes explicit the
knowledge assumptions that are sufficient for consideration equilibria.
This exercise is in the spirit of AUMANN & BRANDENBURGER (1995)
and PoLAK (1999) for the Nash equilibrium. Ideas in the above proof
are generalized in section 6 without assuming Continuity.
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5. APPLICATIONS

We analyse the examples from subsection 1.1 to evaluate whether the
predictions of play as the consideration equilibria are reasonable.

ExAaMPLE 1: We revisit the example of two competing firms 1 and
2 which are labelled as “Player I” and “Player II”, respectively. We
briefly recall the setup which is represented in Figure 1. Firm 1 has
two strategies which are “Execute a hostile price—cut” (7') or “Poach
top talent of firm 2”7 (B). Also, firm 2 has two strategies which are
“Counter firm 1’s move to poach talent, if any” (L) or “Match firm
I’s hostile price—cut, if any” (R). Each firm strictly prefers a higher
market share than less. However, if two plays result in the same market
share, then each firm is beter off with a larger pool of top talent. We
do not repeat the justification of the values in the ordered pairs.

Player II
q 1—gq
L R

p T | (1,0) (0,0)

Player I
l—p B| (0,0) (0,1)

FIGURE 6: Two competing firms.

The first component of the ordered pair in each cell of Figure 6
specifies the value of the first Bernoullian u} of player I. Hence, for
mixed strategies p- T @ (1 —p)- B and g- L ® (1 — q) - R (henceforth,
simply referred as p and q) of players I and II, the resulting expected
utility to player I is u{(p,q) = pq. Similarly, the expected utility to
player I according to the second Bernoullian is u#(p, ¢) = (1 —p)(1—q).
As the game is zero—sum, the corresponding expected utilities to player

IT are ul;(p,q) = —pq and v (p,q) = —(1 — p)(1 — q).

The initial context is (Cf,,Cfy;) comprising of the full simplices

t1 = {p € [0,1]} and Cfj, = {q € [0,1]}. Based on uj, the best
response in Cf, of player I to any ¢ > 0 is p = 1 resulting in uj; and u
expected utilities —g and 0, respectively, to player II. Also, if ¢ = 0 then
any p € [0,1] results in uf; and u¥ expected utilities 0 and —(1 — p),
respectively, to player IT. As (uj}, uf) is a lexicographic expected utility
representation of player II’s preference, he must restrict all his further
considerations to the singleton {¢ = 0}. Hence, player 1I’s admissible

set given the present context is: Af(CY, Cfi,) = {q = 0}.
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To compute player I’s admissible set A;(C},, C}; ), with respect to
the present context, we begin with the followirfg observation. Suppose,
some 0 < pg < 1 does not belong to Aj(Cy,,Cf;). If p > po is in
Af(Cty, Cfy ) then the best response to p, of player Il in Cfj;, is ¢ =0

which results in ui and u? expected utilities of 0 and 1 — p to player I.
Likewise, the u and u? expected utilities to player I are 0 and 1 — py
when player II plays his best response ¢ = 0 in Cyp; to po. As p > py,
it follows that p cannot belong to Aj(Cy,,Cj;,) because (uj,u?) is a
lexicographic expected utility representafion of player I's preference.
That is, p € A{(Cty, Cypy) implies that p < pg. Since Aj(Cyy, Cfy) is
a non—empty convex and compact subset of {p € [0, 1]}, there exists
p* < po such that A7(CY,,Cfi;) = [0,p.]. Now, consider the strategy

= 0 of player I. Clearly, any ¢q € [0, 1] results in u{ expected utility of 0
to player I. As u%(p,q) = (1—p)(1—¢q) and p = 0, player I's u? expected
utility is O if player IT plays ¢ = 1. Since py < 1, it follows that p =10
belonging to Aj(Ct L1 IIl> 0,p.] and py ¢ A*< L1 I*I,1> = [0, p.]
contradicts the fact that AJ(CY1, Clry) = [0,p4] satifies property B as
required of the admissible set (this is Theorem 1). Thus, 0 < p < 1
implies that p € A7(Cy,, CI*I 1) =10, ps]. As the admissible set must be
compact, we have: A*( 11 Chy) = [O p«] ={p €[0,1]}.

According to definition 2, the pair of admissible sets with respect
to the present context serve as the next context. Hence, we must now
set Cfy = {p € [0,1]} and Cfj, = {q = 0}. Since Cfj, is a singleton, it
followé that player H’s admissible set with respect to the new context
is Cipo; that is, Af(Cfy, Cfyy) = {q = 0}. Since Cyj, = {g = 0}, the u;
expected utility of player I is 0 for any p € Cf, = [0,1]. Also, if p =0
then player I's u? expected utility is 1 because ¢ = 0 is only strategy of
player I in Cfj,. Further, if p > 0 then player I's u? expected utility
is 1 — p which is strictly less than 1. Thus, the singleton {p = 0} is
the admissible set of player I with respect to the new context because
(uf,u?) is a lexicographic expected utility representation of player I's
preference; that is, Af(C},, Cf;,) = {p = 0}. Since both admissible sets
are singletons, further iterations as required by definition 2 shall not
lead to any elimination. Hence, the surviving sets are A = {p = 0}
and AY = {q¢ = 0}. That is, the strategy tuple (B, R) is the unique
consideration equilibrium of the game.

Thus, we find that the unique consideration equilibrium involves
firms 1 and 2 playing the strategies “Poach firm 2’s top talent” and
“Match firm 1’s hostile price—cut, if any”, respectively. Hence, firm
1 ends up poaching firm 2’s top talent but does not execute hostile
price—cuts ensuring that they equal market shares. Our observations,
in the Introduction, are therefore confirmed. W
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Now, the above game admits a unique consideration equilibrium.
Further, this equilibrium is arguably the obvious prediction one would
make about reasonable play in such a situation. However, this is the
first of a series of examples in FISHBURN (1971) to illustrate that Nash
equilibrium may not exist in a game if the Archimedean property ceases
to hold. Thus, Fishburn made the following remark.”

“However, due to the lack of an equilibrium point,
we can still find ourselves going in circles, as in pure
strategy cycles of Archimedian zero—sum games with no
pure-strategy equilibrium.”

However, a consideration equilibrium exists and must therefore be
free from the problem of “going in circles”. This is because, in any
further consideration, those strategies of the previous context which
could have resulted in “going in circles” are eliminated because present
consideration is limited only to admissible strategies. Recall that the
admissible strategies of a player are those which serve him the best if
his opponent were to play a best response (property B). The basis for
restriction to only admissible strategies is mutual conditional threats of
playing best responses in case the opponent does not restrict himself.
We now proceed to analyse the second example.

EXAMPLE 2: Consider the game between the financial institution and
the other participants of the financial market. The market is either
“Optimistic” (L) or “Pessimistic” (R) about asset A; thereby deter-
mining its valuation as high or low. The financial institution guesses
this by playing “Buy A; and buy As” (T") or “Short sell A;” (B), where
Ay is a valuable asset which can be acquired or not only by the financial
institution. Also, profits or losses from trades in A; are valued before
that of Ay by both the parties.

The mixed strategies for players I and II, as indicated in Figure 7,
arep-T@®(1—p)-Band q-L®(1—q)-R. The first component of the
ordered pair in each cell specifies the value of player I's first Bernoullian
for the corresponding outcome. Likewise, for the second components.
Thus, ui(p,q) = pq + (1 — p)(1 — q) and u?(p,q) = p are the first and
second expected utilities of player I defining a lexicographic expected
utility representation, (ul,u?), of player I's preference. Because the
game is zero—sum, ul;(p, q) = —[pq+ (1 — p)(1 — ¢)] and ui(p,q) = —p
are the two expected utilities of player II.

9The first sentence of the last paragraph of section 3 of FISHBURN (1971).
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Player II

p T (1,1) (0,1)

Player I

FIGURE 7: Betting against the market.

With Cf, = {p € [0,1]} and Cfj; := {q € [0, 1]}. defining the initial
context (Cfy, Cypq), we proceed to show that player I's admissible set
with respect to this context is Aj(C{,,Cf,) = {p = 1/2}. For any
p € [0,1], let Q@*(p) be the set of best responses in Cfj, of player IL
Thus, Q*(p) € Qi(p) = argmin o yjui (p, q). Noting that uj(p,q) =
2(p —1/2)q + (1 — p), we obtain:

0 if p>1/2;
Qi(p) =4q00,1] ifp=1/2
1 if p<1/2.

For every p € [0, 1], evaluating u{(p, q) for any q € Q*(p), we have:

l—p ifp>1/2;
min u(pg) =3 1/2  ifp=1/2;
= D if p<1/2.

Since 1—p < 1/2, we have p, = 1/2 as the unique element in {p € [0, 1]}
such that, for every p # p,, there exists ¢ € Q*(p) C C7 1 that satisfies:

ut (pey ') > up (p, q) for all ¢' € Cfy ;.
Since (uf, u?) is a lexicographic expected utility representation of player
I's preference, the singleton {p = 1/2} satisfies property B (or, G). By
definition 1, it follows that Af(Ct,, Cypy) = {p = 1/2}.

To compute player II’s admissible set Ap(Cy,, Cf;), we begin with
the following observation. Define p’ := 1 — p and ¢q. Then, ui(p,q) =
pd + (1 —p)(1 —¢)—1. That is, u{(p,q) = ui(p'’,¢) — 1. Also,
ui(p',q) = ui(¢,p). Thus, ui(p,q) = ui(¢,p) — 1. Hence, by the
previous argument, we have: Aj(Cy,,Cf;) = {q¢ = 1/2}. Note, in the

analysis thus far, no appeal has been made to u? or u%.
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Finally, as each of the two admissible sets is a singleton, further
iterations as required by definition 2 lead to no updation of these sets.
Thus, A = {p = 1/2} and Ay} = {¢ = 1/2}. Therefore, the pair
(%T o %B : %L &) %R) is the unique consideration equilibrium. Observe,
this analysis did not depend on the specification of u? or uZ. Note, our
suspicions in the Introduction are indeed confirmed. W

The reader may have noted that the game defined only by the first
components of the ordered pairs of the cells in Figure 7 is the stan-
dard “chicken game”. It is well-known that (7@ 1B, (3L @ 3R) is the
unique Nash equilibrium (or, Minimax strategy tuple) of the chicken
game. It seems plausible that if further levels in players’ lexicographic
expected utilities do not feature into the analysis of consideration equi-
libria of a game, then the consideration equilibria should coincide with
Nash equilibria.!® Such is indeed the case. Lastly, Example 2 does not
admit any Nash equilibria as shown in FISHBURN (1971).

ExXAMPLE 3: We now revisit the game describing the bilateral conflict
of nations 1 and 2. Recall, 1 cares in decreasing order of priority about
(1) having nuclear technologies, (2) surrounding 2 with its allies, and
(3) making international collaborations. The situation is zero—sum and
thus lexicographic payoffs of 2 stand specified the moment the same are
specified for 1. Figure 8 is resulting matrix game indicating the payoft
triples of 1 for every play of pure strategy tuples.

The interpretation of the matrix game, for the game illustrated in
Figure 8, is the same as was in Examples 1 and 2 except for two dif-
ferences. First, player II now has the pure strategy M available in
addition to L and R. Second, each player has three expected utilities
representing lexicographically his preference. Thus, the mixed strate-
gies for players I and II, as illustrated in Figure 8, are p- T @® (1 —p)- B
and g- L®r-M @ (1 —[qg+7]) - R, respectively, where p € [0,1] and
the pair (q,7) € [0,1]? satisfies ¢ +r < 1. Hence, the three expected
utilities for player I, for this mixed strategy pair, are u;(p;q,r) = pq,
ui(p;q,r) = (1=p)r+[1—(g+r)] and wi(p; ¢,7) = (1—p)r+p[l—(g+r)].
As the game is zero—sum, the three expected utilities for player II are

1(. R 2 (0. 2. 3 (. _
U’H(p 4, 74) - _uI (p 1 4, T): U’II(p 4, T) - _ul (p 4, T) and uII(p 4, T) -
—ui(p;q,r). Hence, (ui,uf,ui) and (ufj,ud,us;) are a lexicographic
expected utility representations of the preferences of players I and II,
respectively. Now, we proceed to analyse this game.

10This is not the same as Proposition 3. The point of that proposition is that consideration
equilibria coincide with Nash equilibria if players’ preference satisfy Independence and Continuity.
Here, we are arguing that despite having discontinuous preferences, if players’ higher expected utility
levels do not feature in the analysis of the consideration equilibria, then the proposed solution concept
should reduce to the classical solution concept
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Player 11

q r 1—(q+r)
L M R
» T | (1,0,0) (0,0,0) (0,1,1)
1—p B/ (0,0,0) (0,1,1) (0,1,0)

Player I

F1GURE 8: Bilateral conflict.

With Cf, == {p € [0, 1]} and Cf, = {q € [0, 1]}, the initial context
is (Ct 1, Cy ). To compute players” admissible sets with respect to the
this context, observe the following. If p = 0, then u; (p;q,7) = 0 for all
(g,7) € [0,1]? such that ¢ +r < 1. Also, if p > 0, then minimization
of the u; expected utility implies ¢ = 0 resulting in the ul expected
utility to be 0. Hence, for any p > 0, we have u?(p;q,7) = 1 — pr and
ui(p;q,m) =1+ p(l —2r) by the lexicographic process as ¢ must be 0.
Likewise, for p = 0, we have uf(p;q,7) = 1 — ¢ and v}(p;q,r) = r for
every (¢,r) € [0,1]? such that ¢ +r < 1.

Suppose, there exists 0 < py < 1 which does not belong to player
I's admissible set Aj(Ct;, Cfpy). Then, we argue: p > py implies p ¢
A3{(Ct,, Cfr 1) Note, the U2 expected utility is minimized at r = 1 for
both p and po thereby resulting in expected utilities 1 — p and 1 — py,
respectively. As p > po implies 1 —p < 1 — py, if p € AF(C,, Cl1 ),
then we shall have a contradiction to the fact that admissible sets must
satisfy property B. Hence, p > po implies p ¢ A (C}{,Cji1)-

Since admissible sets must be non—empty, convex and compact by
Theorem 1, it follows from the last conclusion: there exists a unique
0 < p. < 1 such that Af{(Cf,,Cfr;) = {0 < p < p.}. Now, the
minimum u? expected utility is 0 for the strategy p = 0 as is enforced
by ¢ = 1 which as argued in the previous paragraph can be considered
for the case “p = 0” as per the lexicographic procedure. Thus, for any
p > p., the minimum u? expected utility, which is 1 — p, is strictly
greater. This contradicts the fact that the admissible set must satisfy
property B. Thus, our supposition that some 0 < py < 1 exists which
does not belong to player I's admissible set must be wrong. Hence,
the admissible set must include {0 < p < 1}. As admissible sets are
compact, we have: Aj(Ct,,Cf ) = {p € [0,1]}.

We now compute player II's admissible set. Observe, for any (¢, r) €

11(Cf 1, Cpy), it must be that ¢ = 0 because the minimum uj; expected
utility is 0 if ¢ = 0, as enforced by any p € [0, 1], in comparison to the
minimum u{; expected utility of —q if ¢ > 0 enforced by p = 1.
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Having concluded that ¢ = 0, recall that the uj; expected utility
is 0 for all p € [0,1] and r € [0,1]. Also, u4(p;q,7) = pr — 1 and
ud(p;q,r) =2p(r—1/2)—r for all (p,r) € [0,1]> when ¢ = 0. Then, the
minimum u? expected utility is —1 for any r € [0, 1] which is enforced by
every p € [0,1] if r = 0 and by p = 0 if r > 0. Hence, u;(p;q,7) = —p
if (¢,7) = (0,0) and ud(p;q,r) = —rif (¢,r) € {0} x (0,1].

Suppose, 0 < rg < 1 is such that (¢,r) = (0,79) & Af(Cyy, Chiy)-
Then, r > ry implies that the pair (0,r) is not in A (C{,, Cfp,). For
otherwise, ud(p;q,r) = —r < rg = ud(p; q,70) which would contradict
the fact that admissible sets satisfy property B. Since an admissible
set is also non—empty, compact and convex, it follows that 0 < r, < 1
exists such that Ap(Cyy, Cfiy) = {(¢,7) : ¢ =0;0 <r < r.}. However,
the minimum u}; expected utility for r = 0 is —1 enforced by p = 1
and the minimum u}; expected utility for » = 1 is clearly —1. That
is, the pair (¢ = 0,7 = 0) is in the admissible set and it is a strategy
of player II which together with the strategy p = 0 of player I is an
outcome which is indifferent, according to player II, to the outcome
consituting the strategy (¢ = 0,7 = 1) by player II and the strategy
p = 1 by I. This contradicts the fact that the admissible set satisfies
property B. Hence, our supposition must be wrong. Thus, the set
{(¢;7) ¢ =050 <r <1} C AF(Cty, Cpp,p). Since an admissible set is
compact, we have: Aj(Ct,Cy) ={(¢,7) :¢=0;0<r <1}

The new context is (Cf, Cf; ) where Ct, == {p € [0, 1]} and Cf, =
{(¢,7) : q=0;r € [0,1]}. Thus, the game reduces to that in Figure 9.

Player II
r 1-—r
M R

p T (0,0) (1,1)

Player I

F1GURE 9: Bilateral conflict — the reduced game.

In this reduced game, player I's first and second expected utilities are
wi(p,r) =1—p)r+(1—7r)=1—prand wi(p,r) = (1—p)r+p(l—r),
respectively. Since the game is zero—sum, player II's first and second
expected utilities can be taken as wi(p,r) = —w{(p,7) and wi(p,r) =
—w#(p,r), respectively. Thus, preferences of players I and IT admit
(wi (p,7),wi(p,r)) and (wii(p,r), wiz(p,r)) as lexicographic expected
utility representations, respectively.
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If p > 0, the minimum w; expected utility of player Iis 1 —p which
is enforced by r = 1. However, the minimum w{ expected utility of
player I is 1 if p = 0 which is enforced by any r € [0,1]. Therefore,
the singleton {p = 0} satisfies property B with respect to the present
context. Hence, Aj(C},, Cj;5) = {p = 0}. Because this set is already a
singleton, there shall be no updation in further iterations as demanded
by definition 2. Hence, we conclude: A® = {p = 0}.

Next, wii(p,r) = pr — 1 and wi(p,r) = 2p(r — 1/2) — r where
(p,7) € [0,1]%2. Thus, by an argument identical to that in paragraphs
0 and 0, we have: Aj(CY,,Cl,) = {r € [0,1]}. That is, there is no
updation of player II's admissible set in this iteration. We proceed to
the next iteration as follows.

Now, the context is (Cy3, Cf;3) where Cf3 = {p = 0} and Cfj 3 =
{r € [0,1]}. It only remains to compute player II's admissible set
with respect to this context. With p = 0, we have w{;(p,r) = —1 and
wi(p,r) = —r for all r € [0,1]. Thus, player II's admissible set with
respect to this context is {r = 0} which is a singleton. Hence, we have:
Ay = {r = 0}. Since we had already concluded that A = {p = 0}, it
follows that the game has a unique consideration equilibrium which is
the strategy tuple (B, R).

To interpret the final prediction, which is (B, R), we recall that the
pure strategies B and R were defined as logical combinations of clauses
St1 to Si4 and St to Stis, respectively. For convenience, we reproduce
the descriptions of B and R as follows:

B = 51 and S14.
R = SII,5 and (lf SI,l then SILQ).

Further, the involved clauses are as follows:

Sta1 = “Attempt to develop nuclear technologies”.
St2 = “Attempt to form allies that surround 2”.
Sta = “Make international collaborations”.

Sm2 = “Enforce sanctions on 1”.

St = “Make international collaborations”.

Thus, in the unique consideration equilibrium, nation 1 does not
end up developing nuclear technologies but its allies surround nation 2.
Moreover, both nations do form international collaborations. H

As FISHBURN (1971) shows, this game admits no Nash equilibrium.

Note that these are all the examples in that article. Moreover, observe
that lexicographic expected utilities have testable implications.
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0. COMPARATIVE STATICS

In this section, we formalize and establish the following claim: consid-
eration equilibrium makes “sharper predictions” than Nash equilibrium
in the game obtained if agents’ preferences are the “finest continuous
coarsening” of their respective original preferences. In this statement,
we have introduced the term “finest continuous coarsening” of a given
preference which intuitively is the continuous preference which “best
approximates” the given preference. Recall that S is the set S; X 59
of all pure strategy tuples in the two—person game. All preferences are
defined over A(S). We begin with the following definition.

DEFINITION 3: The preference 72** refines the preference =* if,
pr"q = p>"q

For instance, consider ~* and ~~** defined as follows. Fix K € N
and let Uy : A(S) — R be an expected utility for each k € {1,..., K}.
Let —** be the preference defined by:

pZ"q = [Uilp),...,Uk(p)] 21 [U1(q),- -, Uk(q)],

where > is the lexicographic order over R¥. Also, let =* be defined
as: p 2" q < Ui(p) > Ui(q). Then, the definition of > implies
p=*q = p =" q; that is, 72" refines 7Z*. Observe, “refines” is a
transitive binary relation over the class of all preferences on A(S).

DEFINITION 4: Let & be any class of preferences over A(S). Then,
= 4s the finest in & if 7" is in &2 and refines Z* for all e P.

Having defined the term “refines”, we say “~** is finer than 7—*”
or “~~*1is coarser than =" if —** refines 7=*. Assume that I'* and I"**
are the two—person zero—sum games (N, (S;)ien, (Z))ien) and T =

(N, (Si)ien, (ZZF)ien), respectively. Observe the following.

~1

PROPOSITION 4: Z7* refines 2%, if and only if, 725" refines 2Z3.

PROOF: Assume that 727" refines =}. Let p,q € A(S) be such that

p >5 q. Since I'* is a zero—sum game, it follows that ¢ >~] p. As >7*

refines >7, we have ¢ >~7* p. Since I'** is a zero—sum game, it follows

from ¢ >7* p that p >=5* ¢. Thus, we have: p >=5 ¢ = p >5* q. That
*

is, 75" refines 7—5. Therefore, we have shown: if ~i* refines 7Z7, then
~3* refines 7Z5. The converse follows by a symmetric argument. B
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The proposition justifies the use of the phrase “I'** refines I'*” to
stand for the phrase “I'* and I'** are games where 2Z'* refines Z* for
some player 7. Thus, we shall say “I'** is finer than I'*” or “I'* is
coarser than I if I'** refines ['*. Now, we are ready to state the
basic comparative static result which is as follows.

THEOREM 4: Let I'* and I'** be two—person zero—sum games and
(C1,Cy) be any context. Suppose I'** refines I'*. Then, for each i € N:

i (C1, C2) C Al (Ch, Co),

where A7p.(Ch, Ca) and Aj1..(C1, Ca) are admissible sets of player i in
games I'" and T'**, respectively.

PROOF: Let ¢ € N and consider an arbitrary A; C C; such that A;
satisfies property G when the preferences of players 1 and 2 are 2~} and
=%, respectively. That is, fixing an arbitrary x; € Cj, there exists a
z; € Cj\ A; such that: (z},2}) =7 (z;,7;) for all (z},2}) € A; x Cj.
Since I'** refines I'*, it must be that Z* refines 2Z*. Then, by definition
3, we have: (v, 27) =7 (z;, ;) implies (¥, x}) =" (z;,z;). Thus,

(2}, @) =7 (w4, 25) for all (2, 27) € A; x ¢;.
That is, A; satisfies property G with respect to the context (Cj,C5)
where the preferences of players 1 and 2 are 727" and 775", respectively.
Hence, we have the following:

A5 (Cy, Co) C 5. (Ch, Cs),

7

where 5. (C1, Cy) and #/5..(C1, Cy) are the classes of sets satisfying

7

property G holds with respect to (C,Cy) corresponding to player @
when his preferences are 77 and =2/, respectively. Now, the definition
of admissible sets implies the following:

Ajr- = ﬂ {A; € %,GF*<C1, C5) }, and
Az’,F** = m {AZ € JZ{Z,CI':** <Cl, CQ>}
Hence, the last set-inclusion implies: A;p..(C1, Ca) C Ajr.(C1,Cy). B

Theorem 4 says the following: the finer are the players’ preferences,
the smaller'! are their admissible sets with respect to any context.

1This is in terms of set-inclusion. That is, a set U is “smaller than” another set V iff U C V.

36



We return again to our discussion of an arbitrary preference ~~**
which refines another preference ~*. Recall our terminology allows us
to state this equivalently as 72* is coarser than ~~**. If in addition ~~* is
continuous'?, then =* is a continuous coarsening of =**. For instance,
consider the example following definition 3 where 7~** is the preference
which admits the lexicographic expected utility representation via the
K—tuple of expected utilities Uy, . .., Uk, and =~* is the preference which
admits U as its expected utility representation. Since preferences that
admit expected utility representations must be continuous by the the
theorem due to VON NEUMANN & MORGENSTERN (1944), it follows
that ~* is a continuous coarsening of 7=**.

Now, for the arbitrary given preference 7=**, the preference which
declares any two alternatives to be indifferent is trivially a continuous
coarsening. Therefore, we want to formulate the notion of the “finest”
among all continuous coarsenings of 7Z**. Let 6~ be the class of all
continuous coarsenings of any preference >~ which is non—empty as it
contains the trivial preference. Also, recall the term “finest” from def-
inition 4. We now claim that there exists a unique “finest continuous
coarsening” of 7. Define ¢ and ~¢ over A(S) as follows:

—C = U{ e 6t and  ~C = ﬂ{ ~ e 6}
Also, define ¢ := = | J ~¢. The key result is as follows.
THEOREM 5: =—° is the unique finest continuous coarsening of 7.

The proof is supplied in subsection A.1 of the Appendix.’® Consider
the example of lexicographic expected utility preferences.

COROLLARY 1: Suppose that ==** admits a lexicographic expected utility
representation through Uy, ..., Uk and assume Uy is non—trivial. If 7=*
1s the preference defined to have the expected utility Uy as one of its
representations, then =* is the finest continuous coarsening of 7-**.

The proof is in subsection A.3 of the Appendix but the intuition is
as follows. The closure of any weak upper (lower) contour set of the
preference ~~** is a closed halfspace which is precisely the corresponding
weak upper (lower) contour set of the preference >~*.

12For any binary relation - over A(S), we shall follow the standard practice of denoting by >~
and ~ the strict and indifference components, respectively, of . Formally, their definitions are as
follows: (1) p>=qiff (pg; notgp),and (2)p~qiff (p2Zq; ¢ p). A preference 7
is continuous if, p > ¢ implies that there exists ¢ > 0 such that p’ > ¢’ for every p’ € B(p,¢e) and
q € B(q,¢e). Here, B(p, ¢) is the open ball in A(S) of radius & centered at p.

BBHowever, we believe that Theorem 5 and its proof are of independent interest.
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Notwithstanding the discussion of the above example, Theorem 5 is
applicable for any general preference 7~ to begin with. In particular, =
may not satisfy Independence. The precise consequence of additionally
assuming Independence of ~~ is captured by the following.
PROPOSITION 5: If the preference = satisfies Independence, then its
finest continuous coarsening =-¢ also satisfies Independence.

PROOF: Since 7~ satisfies Independence,'* for some K € N there exists
expected utilities Uy : A(S) — R for all k € {1,..., K} such that:

pzZq ift [Uip),...,Uk(p)] >r [Ui(q), ..., Uk(q)]

Assume, without loss of generality, Uy is not trivial. Thus, =¢ admits
Uy as an expected utility representation. Therefore, =¢ satisfies the
Independence axiom. W

Theorem 5 and Proposition 5 allow us to naturally talk of the “finest
continuous coarsening” of any given two—person zero—sum game [' in
which player i’s preference is 77; that satisfies Independence. Thus, the
game ['“ is the finest continuous coarsening of I' if, each i’s preference
is 7=¢ instead of 7Z;. Then, we have the following.

PROPOSITION 6: Suppose I' is a two—person zero—sum game and let
['¢ be its finest continuous coarsening. Then, the set of consideration
equilibria of T' 1s a subset of the set of minimax strategies of 1'°.

PRrROOF: The set AT X AJ} of all consideration equilibria of I is
a subset of Ajp X Azr where A’ ir 1s the admissible set of player i
in the game I' with respect to the context (A(S7),A(Ss)). Further,
the game I' is finer than its finest continuous coarsening I'“. Let
M re x Myye be the set of all minimax strategy pairs of the game
I'“. Further, let A’ re be player ¢’s admissible set in the game I'* with
respect to the context (A(S1), A(S2)). Then, Proposition 3 implies that
1re X Ajpe since players’ preferences in FC satisfy Independence and
Continuity. Moreover, Theorem 4 implies A% x A5, C A} re X Aj e
Thus, Ajp x A5 C MLFC X Myre which completes the proof. W

Thus, we have formalized the claim: consideration equilibria make
finer predictions than Nash equilibria when players’ preferences are the
finest continuous coarsening of their respective original preferences.

14The statement that “a preference admits a lexicographic expected utility (LEU) representation,
if and only if, it satisfies the Independence axiom” is provided in the next section.
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7. COMPUTING EQUILIBRIA

The objective of this section is to characterize admissible sets with a
view towards computation. We begin with a representation theorem
for preferences which are assumed to satisfy only our Independence
axiom. HAUSNER (1954) characterized the existence of lexicographic
expected utility representations using the original Independence axiom;
also see BLUME ET AL. (1989). Our axiom is weaker and the stronger
characterization is in CHATTERJEE (2022).

To state this theorem, we introduce some concepts. Let Z be a finite
non—empty set whose elements are the basic prizes. A lottery over Z
is any map p : Z — [0,1] with ). _, p(2) = 1. Let A(Z) be the set of
all lotteries. Any map U : A(Z) — R is an expected utility (EU) if, 1
Ulp) =>.c,p(2)U(2) for all p € A(Z). If 7Z is a preference over A(Z),
then the list of some K € N expected utilities (U : k=1,...,K) is a
lezicographic expected utility (LEU) representation of 77 if:

pZq = [Uip),...,Ux(p)] > [Ui(q), -, Uk(q)]

where > is the lexicographic order over R, Then, Hausner’s theorem
as adapted to this setting'® can be stated as follows.

THEOREM (Existence of LEU Representations): A preference satisfies
Independence, if and only if, it admits an LEU representation.

To apply the above theorem to our setting, we recall that basic
prizes are all pure strategy tuples which constitute the set S; x S,.
Since players’ preferences 1 and 25 over A(S] x Sy) are assumed to
satisfy Independence, we obtain K € N and an LEU representation
(Uig:k=1,...,K) of z; for each player i € N such that:

Uy =—Uyy forevery ke {l,...,K}.

Note, the same K is used for each player as must be because the
game is zero—sum. Further, the requirement that Uy = —U,; , for each
k € {1,...,K} is based on the fact that the game is zero—sum and
because of the observation that any positive affine transformation of
an expected utility is also an expected utility representing the same
preference. The characterization of player i’s admissible set Af(Cy, Cs)
with respect to any context (C7,C5) shall be casted in terms of the
LEU representations of players’ preferences.

15For the degenrate lottery d,, € A(Z) with support {z.}, we write U(z.) instead of U(d,,).
6 HAUSNER (1954) considered abstract mizture spaces.
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Before embarking on the characterization, we proceed to establish
an “indifference property” of admissible sets. The insights are then
generalized leading up to the desired characterization. Consider an
arbitrary context (Cy,C5) such that Cy and Cy are convex. Also, let
k. € {1,..., K} be the unique smallest element such that U, is not a
constant map over C; x Cy for some player i. With A (C1, Cy) as the
admissible set of player ¢, consider the following definitions:

i .
' ReC, xgmelgj Uik, (i, 25), (4)
U, Iiei??é}lc,Cﬁ lglelél’j 1,k (:U’L) I']), ( )
Bt = {xz eCi: U@k;*(xi,xj) > v for all 2 € Cj}. (6)

With the above definitions in place, the basic result is as follows.

PROPOSITION T7: For each player i, v' = v’, A¥{(Cy,Cy) C B' and Uy,
is constant over Aj(Ch,Cy) x A3(Cy, Cy).

PROOF: Note that both v* and v’ are well-defined real numbers. This
rests on two observations. First, each of the two sets A (C1, Cs) and
C; is non—empty and compact. Second, the map:

r; € A(S;) = min Uy, (v, 75)

JZJ'EC]'

is continuous. This follows from Berge’s Theorem of Maximum.!” To
see why, note (a) the map (z;,x;) € A(S;) x A(S;) = Ui (xi,x;)
is continuous, and (b) the constant map x; € A(S;) — C; is a com-
pact—valued and continuous correspondence.

Observe, (z;,x;) =; (v, x;) if Uiy, (75, 25) > U (2}, 7)) by the def-
inition of k.. Since A {(Cy,Cy) C C, it follows from (4) and (5) that
v' > v, We shall first argue: v* = vi. Suppose, v' > v.. By (4), there
exists z; € C;\ Af(C1, Cy) such that: U;, (z;, ;) > o' for every z; € C}.
Further, (5) implies that there exists x; € A;7(C1,Cy) and z; € C; such
that Uy, (2}, ;) = v. Thus, v’ > v} implies:

(21, 75) = (], 2) for every x; € Cj.

Since x; € C; \ A {(Cy, Cy), the above conclusion is a contradiction to
the fact that Aj(Ci, Cy) satisfies property G begin the admissible set
with respect to the context (C7, Cs). Thus, we have: v' = vl.

17See, for instance, Proposition A4.7 on page 476 of KREPS [2013].
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Now, we shall show that A¥(C,Cy) C B’. Since A*(C},Cy) is the
smallest non—empty compact set that satisfies property G, it will be
enough to argue: B’ is a non-empty and compact set that satisfies
property G. From (6), observe that B = (\{B'(z;) : z; € C;} where
B'(z;) == {z; € C; : Uy, (z;,x;) > v'}. By continuity of the map
z; € C; v Uiy, (i, 25), the set B'(z;) is a closed subset of Cj. Thus,
the compactness of C; implies: B' is compact. The non-emptiness of
B follows from (4) and the following observation:

B’ = {z; € C;: miél Ui (zi,z;) > vi}

z;€0;

We now argue: B’ satisfies property G. Fix an arbitrary x; € C;\ B'.
From (6), it follows that there exists z; € C; such that U, (z;, ;) < v’
Further, consider an arbitrary (zj,2)) € B' x Cj. Again, (6) implies
that Usg, (¢}, 25) > o', That is, U, (2}, 25) > Usp, (2i,2;). Hence,
(@, ) =i (i, ;) for all (z7,2) € B' x C}. Thus, B’ satisfies property
G. Therefore, Af{Cy,Cs) C B’ holds.

Finally, we argue: U, is constant over Aj(Cy,Cy) x A5(Cy, Cy).
We recall that Uy, = —Uj,. Since C) C R and Cy C R*2 are convex
and compact, by the Minimax Theorem of VON NEUMANN (1928):

max min Usy, (71,72) = min max Usy, (21, x2), and

29€Cqy z1€C] ’ 21€C1 £9€Cy ’

min max Us, (21, 22) = — max min Uy g, (21, T2)

r1€C .1?2602 r1€C 1‘2602 ’
where the latter follows trivially from Usj, = —Ujz,. Combining the
above with definitions of v! and v? as in (4), we obtain: v! = —v%

Now, let 1 € Aj{(C1,C5) and zo € A3(Cy,Cy) be arbitrary. Since

A3 (Cy,Cy) C B! for each i, it follows that Uy, (z1,72) > o' and
Us g, (21, x2) > v?. However, Us, = —Ui ), implies —? > Uk, (21, x9).
By v! = —v% vl > Uyy, (21, 29). Thus, Uy, (21, 79) = v'. That is,

Uy 1, is constant over Aj(CY, Cy) x A5(Ch, Cy). A symmetric argument
applies for Us,. This completes the proof. W

To get some intuition, recall the definition of the admissible set.
The key idea is to obtain the minimal set for a player such that if some
strategy outside of that set is deployed then, for some play of the oppo-
nent, this player is strictly worse off than had he considered playing any
strategy from within the set irrespective of what his opponent played.
For an expected utility preference, this corresponds to von Neumann’s
value which is the best minimum guarantee to the player.
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Proposition 7 asserts the contancy of the first non—trivial Bernoul-
lian over the context in the resulting admissible set. However, to char-
acterize the admissible set in question, it is necessary to “trim” further
the resulting intermediate sets using the remaining Bernoullians in lex-
icographic expected utility representation. The description of these
further “trimmings” is follows.

Without loss of generality, let (C, Cy) be any context that admits a
unique smallest k. € {1,..., K — 1} such that U;,+1 is not a constant
map over C; x Cy for some player i. We associate the list M(C, C5)
consisting of pairs ((Bj,v}) : j € N) for each 0 < k < K — k,, where
B] C C; and v € R, which is iteratively defined as follows. Fix an
arbitrary player i. Let Bj := C; and v be constant value of the map
Ui, over C1 x Cy. Now, suppose that, for some 1 < k < K — k,, the
pairs ((B/,v]) : j € N) have already been defined for every 0 <1 < k.
Then, denote by vi the list (v} : 0 < < k) and define the set:

A(g;i,vﬁﬁv) — {a;j € Cj Uiz, z;) = vli for all 0 <1 < k} (7)

for any x; € B,i_l. Then, define U,i€ € R and B,i,g C B,i_l as follows:!®

U]i = sup min U, j,+x(2i, z;), and (8)
xiGB}i_l ‘IjEA(x%V}c)
B;i’g = {x@ € B, ,: min Uik, +1(zi, ;) > Vi — g}, (9)

r;€EA(w4,V7,)
Also, define™ Bj, == .., cl(Bj,.). Then, the following list:
M(Cy,Cy) = ((B,vi) :0< k<K —k,;i€N)

is unique, if it exists, with anest C; = B D B} D ... D B}'(_k* for each
player i. We call M(C},Cs) the mazmin system associated with the
context (C,Cy). Admissible sets are characterized as follows.

THEOREM 6: Let (C,Cs) be a context with Cy and Csy convex. Then,

the maxmin system M(C1,Cq) associated with (Cy,Csy) erists and is
unique. Further, By, = Ai(Cy,Cy) for each i.

The proof of this result is technical and is, therefore, supplied in
subsection A.2 of the Appendix. This concludes our presentation.

184U, k(@i ;)" stands for Uy g (@1, 22) or Us g (21, 22) according as (i, ) is (1,2) or (2,1).
YFor any subset A C A(S;), we shall indicate by cl(A) the closure of A relative to the topology
on A(S;) inherited from the standard topology of R%:.
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APPENDIX
A.1 Proof of Theorem 5

To make this subsection self-contained, we briefly recall the definitions
and the claim. For any given preference z over A(S), let - be the
class of all continuous coarsenings of 2. Thus a typhcal element of
¢+ is any continuous preference Z* such that = >~ refines 2*; that is,
p=*q = p>*q. Then, the binary relation 7=¢ corresponding to =~
was defined as 7Z¢ == = J ~¢, where >=¢ and ~° were defined as:

:U{ =t cgi} and ~° :=ﬂ{ ~rte %?;}'
The result we prove here is Theorem 5 from section 6 restated as follows.

THEOREM 5: =€ is the unique finest continuous coarsening of 2.

We show that 7Z¢ is a preference which is continuous and is refined
by 2. Further, we argue ¢ refines every element in €. Finally, we
prove that ~~¢ is the unique such preference.

PROOF: The proof of Theorem 5 is organized via the following steps:

Step 1: We argue: the relations >=¢ and ~¢ are asymmetric and
symmetric, respectively.?’ First, we show: =¢ is asymmetric. Assume
p =¢ q holds. By definition of >C there exists 22*€ %- such that p >~* q.
By definition of - and 5*€ 6%, it follows that 2 “refines =*. Thus,
p =% q implies p > q. That is, p >¢ ¢ implies p > q. Suppose q>=°p
holds. Then, we have g > p. However, this contradicts the asymmetry
of > because 7~ is a preference. Hence, p =“ ¢ = not ¢ = p. That
is, =¢ is asymmetric. Second, we observe: ~¢ is symmetric. This is
because ~¢ is the intersection of symmetric binary relations.

Step 2: We argue: 7Z¢ is complete. Suppose, p,q € A(S) are such
that neither p =¢ ¢ nor ¢ = p hold. Thus, the definition of ¢ implies
none of p = ¢q, ¢ = p or p ~¢ ¢ hold. Since p =¢ ¢ does not hold,
the definition of >=¢ implies p >=* ¢ fails for all **E ¢-. Also, since
p ~¢ g does not hold, the definition of ~¢ implies p ~* ¢ for all >*€ -
Hence, p 22* ¢ fails to hold for every Z*€ 46-. However, each >*€ CK>
is a preferenee. Thus, failure of p =~ o~ q 1mp11es qg >=* p. Hence, the
definition of >¢ requires ¢ = p Wthh is a contradiction. Thus, p EJC q
or ¢ ¢ p holds. That is, the relation =¢ is complete.

20Formally, we wish to establish (1) (p>=°q = not ¢ =p), and (2) (p~°q = q¢~°p).
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Step 3: We argue:?! if P and I are respectively the asymmetric and
symmetric components®? of =¢, then P = =¢ and I = ~¢. We begin
with some observations. Note, P[]/ = & by definition of P and I.
Also, P|JI = ¢ because Z¢ is complete as shown in step 2. Thus,
{P, I} partitions 7—¢. Further, P and I are respectively asymmetric and
symmetric. Next, >=¢ and ~¢ are disjoint. To see why, suppose p > ¢
and p ~“ ¢ hold. By definition of ¢, there exists Z*€ %~ such that
p =" q. Also, by definition of ~¢, p ~¢ ¢ holds. This contradicts the
fact that =" and ~* are disjoint as 2, being in ¢, is a preference.
Also, ¢ = = |J ~¢ by definition of 7z Thus, {>¢ ~¢} partitions
~¢ Moreover, >=¢ and ~¢ are respectively asymmetric and symmetric
from step 1. Hence, to complete the proof of the claim in this step it
is enough to establish the following general result:

LEMMA: Let X be a non—empty set. Suppose that U,y are two
asymmetric binary relations on X and &1, Sq are two symmetric
binary relations on X such that A1 (61 = @ = Ay (S, and
9[1 U61 = Q[Q UGQ Then, Q[l = 9[2 and 61 = 62.

For proof, suppose x,, z* € X satisfy (z,,2*) € ; and (z,,z") & As.
Then, 2, (JS; = A |J S, implies that (z,,2*) € G2. Because G, is
symmetric, we have (z*,x,) € &y. Then, 2 (&1 = Az | G2 implies
(x*,2,) € A1 G1. However, (z*,z.) ¢ 2y because (x.,z*) € A; and
20, is asymmetric. Thus, we obtain (z*,z,) € &;. Then, the symmetry
of &; implies that (z,,2*) € &;. Hence, we have (z,,2*) € 2; and
(x«,2*) € &;1. That is, A; ()61 # @ which is a contradiction. Thus,
our supposition is wrong. That is, 2; C 2. By a symmetric argument,
we obtain 2y C 2(;. Hence, 2A; = Ay. Clearly, 6; = (2 JS1) \ /Uy as
24 ﬂ S = @. Similarly, &; = (QLQ UGQ) \Q[Q Thus, &; = G,.

Step 4: We argue: ~¢ is transitive. Let p,q,r € A(S) be such that
p =¢ q and q ¢ r. We are required to show that p ¢ r. From the
definition of —¢, it is enough to prove each of the following:

1. Cross-transitivity of (= ~): (p>“q; ¢~‘r) = p>°‘r.
2. Cross—transitivity of (~¢ =) : (p~“q; ¢>=r) = p=°r.
3. Transitivity of ~“: (p~“q; g~‘1) = p~°r.

4. Transitivity of =¢: (p>=“q; ¢=r) = p>=°r.

21 This step justfies, =¢ and ~¢ are indeed the asymmetric and symmetric components of .
**That is, (1) pPq <= (pZ°q; not ¢ Z°p), and (2) plg <= (pZ°q; ¢ Z°p).
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For 1., assume p >=¢ q and q¢ ~¢ r. The definition of >=¢ and p >¢ ¢
imply that there exists a preference Z*€ %% such that p ~* ¢q. Also,
the definition of ~¢ and ¢ ~¢ r imply ¢ ~* r. Since 7=* is a preference,
cross—transitivity of (>=*, ~*) holds. Thus, p =* ¢ and ¢ ~* r imply
p =% r. Since Z*€ 6%, the definition of >~ and p =* r imply p = r
That is, (p =“q; ¢q~°r) = p=°r as required.

For 2., assume p ~¢ ¢ and ¢ =° r. The definition of =“ and ¢ >=°r
imply that there exists a preference 7€ 6% such that ¢ =" r. Also,
the definition of ~¢ and p ~¢ ¢ imply p ~* ¢q. Since 7=* is a preference,
cross—transitivity of (~*,>*) holds. Thus, p ~* ¢ and q =" r imply
p >=* r. Since ?V*E %>, the definition of ~“ and p =* r imply p = r
That is, (p~“q; ¢ >=“r) = p >=°r as required.

For 3 assume p ~° q and ¢ ~° r. Let Z*€ ¢~ be arbitrary. By
deﬁmtlon of ~¢and p ~¢ ¢q, p ~* ¢ holds. Slmllarly, we have g ~* r.
As =" is a preference, ~* is transitive. Then, p ~* ¢ and ¢ ~* r imply
p ~* r. As Z*€ 6= was arbitrary, we have p ~¢ r by definition of ~¢
That is, (p~“q; ¢ ~“r) = p ~°r as required.

For 4., assume p =¢ q and ¢ >=° r. Suppose p =¢ r does not hold.
Since ~—¢ = >¢|J ~¢ by definition and 7Z¢ is complete as shown in step
2, the supposition that p >¢ r does not hold implies that at least one
p~“r, r~“porr >=°pholds. Since ~¢ is symmetric from step 1, we
have: p ~¢ r iff r ~° p. Moreover, if r ~¢ p holds, then ¢ >=¢ r and
cross—transitivity of (=¢ ~¢) imply ¢ >=¢ p. However, this contradicts
the asymmetry of =¢ as shown in step 1 because p >¢ ¢ holds. Thus,
neither p ~° r nor r ~¢ p holds. Hence, r >=° p must hold.

Now, p =¢ q and the definition of >C imply that there exists 5*€ 6%
such that p =" q. Also, by definition of %%, it must be that > refines
=*. Thus, p =* ¢ 1mphes p > q. That is, p =¢ q implies p > q. Sim-
ilarly, q >C r implies ¢ > r. But > is transitive as =~ is a preference.
Hence, p =% and ¢ > r imply p > r. Now, recall we also have r >=¢ p
from the last paragraph. Also, » =¢ p implies r > p. Moreover, >
is asymmetric as it is the asymmetric component of the preference .
But p = r and r > p constitute a contradiction to the asymmetry of >.
Thus, our supposition that p >=¢ r fails to hold must be wrong. Hence,
we obtain p >=¢r. That is, (p>=“q; ¢ >=“1r) = p >=°r as required.
This completes the argument for transitivity of ~—¢.

Step 5: We argue: ¢ is continuous. Assume p ¢ ¢ holds. Then,
there exists Z*€ ¢~ such that p ~* ¢q. By definition of 6%, 2Z* is a con-
tinuous preference. Then, p >* ¢ implies that there exists € > 0 such
that: if p’ € B(p,¢) and ¢’ € B(q,¢€), then p’ >=* ¢/. Since >*€ %%, the
definition of =€ implies: p’ =¢ ¢ for every p’' € B(p, e)and ¢ € B(q, £).
Hence, 7=¢ is a continuous preference.

45



Step 6: We argue: - refines ~—°. Assume p >=¢ ¢ holds. Then, by
definition of = there exists ~* such that p =* ¢. Also, the definition
of 6~ implies that =7 refines Z*. Thus, p =" ¢ implies p >~ ¢q. Hence,
p>=°q = p > q holds. That is, =~ refines ¢ as required.

Step 7: We argue: if Z*€ €%, then ¢ refines ;7. For this, assume
Z'€ ¢- and p =" q. Then, the deﬁmtlon of ¢ 1mphes P >q Thus,
p =" q = p >°qholdsif Z*€ ¢-. Hence, from Definition 3, we
obtain: if ~* then ¢ refines i*

Step 8: We argue: Z¢ is a finest continuous coarsening of 7. From
steps 2 and 4, we have ¢ is complete and transitive. That is, ~¢ is a
preference. Also, from step 5, we have =¢ is continuous. Moreover, step
6 shows that 7 refines the continuous preference 2Z¢. Thus, Z°€ 6= b
the definition of the class €-. That is, 2Z¢ is a continuous coarsening of
>. Finally, step 7 shows that ¢ reﬁnes every continuous coarsening of
i. That is, ¢ is finer than every continuous coarsening of >~. Hence,
~~¢is a finest continuous coarsening of 7.

Step 9: We argue: if =! and =2 are finest continuous coarsenings of
>, then =! and =? coincide. For this, assume that each of =! and =2
is a finest continuous coarsening of »~. Since =! is a finest continuous
coarsening of 7=, it follows that >1€ %-. Moreover, 7 being a finest
continuous coarsening of 77 must refine every element of €. Thus, 7
refines ~!. That is, p =' ¢ = p =2 ¢ holds. Interchanging the
positions of the superscripts “1” and “2”, in this argument, leads to:
p>=2q = p>!q. Hence, we obtain: p ~' ¢ < p>2¢.

Now, we argue: p =' q <= p =? q. Suppose p ! ¢ holds but
p =% ¢ does not hold. Since =2 is a preference, it follows that the
failure of p =% ¢ implies ¢ =2 p holds. Further, ¢ =2 p implies ¢ = p.
However, by definition of =!, ¢ =! p implies p =! ¢ does not hold.
Since we have a contradiction, our supposition must be wrong. Thus,
p =t q = p=? qholds. Interchanging the superscripts “1” and “2”,
in this argument, allows us to conclude: p =2 ¢ = p =! ¢q. Hence,
we obtain: p =! ¢ <= p =? ¢. That is, ! and =2 coincide.

Observe that step 8 shows that 7=¢ is one preference which is a
finest continuous coarsening of the given preference 7~. Moreover, step 9
shows that any two finest continuous coarsening of the given preference
>~ must be identical. Thus, we have established: the preference ¢ is
the unique finest continuous coarsening of the preference ~~. Thus, the
proof of Theorem 5 is complete. Il
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A.2 Proof of Theorem 6

PrROOF: Consider an arbitrary 1 < k < K — k.. By (8), each of
the sets By . is non—empty. Thus, {cl(B; ) : ¢ > 0)} is a family of
compact non—empty sets and satisfy the finite intersection property.
Hence, Bj is a non—empty and compact subset of Bl | which is clearly
convex. Thus, to show that Af(C},Cs) C By, it is enough to show that
B is admissible with respect to the context (Cy,Cs). This is because
Aj(Ch, Cy) is the smallest admissible set in the context (Cp,Cy). For
this, we must argue: Bj satisfies property B. .

Assume, as part of the induction hypothesis, that B , satisfies
property*® G. Now, fix x; ¢ B, 2} € Bi and 2, € Cj arbitrarily. If
z; ¢ Bj_,, then from Bj C B _, it follows that (z},2) »; (z;,z;) for
some z; € C;. Hence, assume x; € B,i_l. Because x; € BZ\B,i_l, there
exists € > 0 such that ; € Bj_, \ cI(Bj.). Since By C cl(B;,), we
have: z; € Bl |\ B,i’e. By (9), N, A (2,,v1) Ui ko +x(Ti, Tj) < vl — €.
Then, there exists z; € A(w;, v},) with Uj g 4n (24, 2j) < v — €.

We may assume that Ui7k*+l($;,$9) = v, for each 0 < [ < k; that
is, 7 € A(x},vi). For otherwise, there exists 0 < I, < k such that
Ui g, +1(2, 2) = vf for all 0 <1 < I, and U, 4, (), %) > v . This is so
as B! satisfies property B for all 0 <[ < k by the induction hypothesis
and by definition (8). Then, (x;, x%) =; (7, 7;) anyway.

We argue: U i x(2}, ©) > Ui, +x(2i, 25). Choose 0 < &’ <. Since
x; € By, it follows that xj € By .. Thus, (9) and «; € A(}, v},) imply
Ui g, +1(2}, 25) > v, — €. Since €' < &, U px(af, 25) > U, yr(2i, 75).
Since z; € A(z;,v},) and 2y € v, we have: (x},2)) =; (25, 2;). That is,
Bj, satisfies property G. Thus, A7 (C1,Cy) C B;.

In particular, Aj{(C1,Cy) C By _, holds. However, we must also
establish: B}(_k* = A7 (Cy,Cy). Because the list U 41,..., Uik is
a lexicographic expected utility representation of player i’s preference
over (7 x (5, by arguments as above it is enough to establish the
equality of the following two quantities:

vl = sup min U, g(x;, x;), and (10)
xiGAf<Cl,C2> ijA(xi7le(—k*)

Vg_p =  sup min U, (i, %)), (11)
wEBi_, .,  TEA@LVi )

where (11) is (9) of section (7) reproduced with k := K — k.. However,
since A;(C1,Cy) € By, , (10) and (11) imply: v, > v

23Recall, property G is equivalent to property B as shown in Proposition 1.
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To show that v}, = vl holds, suppose: vj_, > v.. Then, from
definitions (10) and (11), there exists z} € Bj_, _; \ Af(C1, Cy) such
that, for every x; € Af(Cy, Cy), the following holds:

min Uir(x;,z;) > min Ui i (i, ;). (12)
T EA (T} Vi) T EA (T, Vi)

Let 2% € Az}, vi_;. ), i € Af(C1,Cy) and z; € A(x;, vie_, ) satisfy:

Ui i (], x;‘)

min Uir(z;,;), and
ijA(x;‘,v’K_k*)

Ui,K(xiaxj) = min. Ui,K(xi,xj).
€AV 4, )
Therefore, inequality (12) implies U; i (@7, 5) > U; i (2, 7;). Moreover,
Ui e, 125, 2F) = vl = Uy, 11(z;,x;) for every 0 < 1 < K — k, because
zh € Az}, vie_;. ) and z; € Az, Vi_, ) (see (7) in section 7). Also,
Uii(xf,x?t) = Uiy(zi,z;) for all 1 < [ < k, because U;; is constant

over (' >j< (s for all [ < k, by the definition of k.. Then, since the list

*

Uii,...,U; i is a lexicographic expected utility representation of player
i’s preference Z;, we obtain: (z],z}) =; (v;, ;). However, note that z;

is a best response of player j in C; to 27. Thus, we have a contradiction
to the fact that A;(Cy, Cs) satisfies property B. B

A.3 Proof of Corollary 1

PROOF: Let 7=** be a preference over A(S) that admits the following
lexicographic expected utility representation via the expected utility
functions Uy, ..., Uk with Uy is non—constant. Also, let ~* be the finest
continuous coarsening of ~** which exists and is unique by Theorem
5. Fix an arbitrary p in the (relative) interior of A(S). Then, the
closure of weak upper contour set U-«(p) of p according to :Z** is the
intersection of A(S) and the closed halfspace H (p, Uy) passing through
p and orthogonal to U;. Since —* is the finest continuous coarsening
of —*, it follows that A(S)(H(p,U;) is subset of the weak upper
contour set Us-«(p) of p according to 2Z*. A similar set—containment
must hold with respect to the weak lower contour sets of p. Thus, it
is a necessary condition on =" that it admits U; as one of its expected
utility representations. For sufficiency, observe that 7—* if defined such
that U; is one of its expected utility representations, then ~* must be
continuous and it must be refined by 7Z**. B
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CHAPTER 2

ADDITIVITY OVER CONVEX DOMAINS IS EQUIVALENT
TO LEXICOGRAPHIC STRUCTURES

1. INTRODUCTION

In a number of models covering disparate areas such as decision the-
ory, social choice theory and linear algebra, axioms variously labelled
additivity, independence and invariance are used. They are typically
deployed in conjunction with a continuity axiom in order to establish
fundamental results such as the Expected Utility Theorem and Utili-
tarianism. While the additivity or independence or invariance axioms
are restrictions on behavior and aggregation, continuity is a technical
assumption often with no independent justification.

Our goal is to investigate the consequences of dropping the con-
tinuity axiom entirely and to focus exclusively on the additivity type
axioms. We show that in convex domains, additivity is equivalent to
“lexicographic structures” — loosely speaking the application of the
lexicographic criterion. The key to our approach is a geometric result
which we call the Decomposition Theorem for Graded Halfspaces. By
applying this result to the aforementioned areas, we are able to refine
and extend existing results.



We briefly describe our findings for the application domains that we
consider. Our first application domain is expected utility theory. The
classical result due to VON NEUMANN & MORGENSTERN (1944) is the
Expected Utility Theorem. They introduced the Independence axiom
which requires of any preference on lotteries, over a finite set of basic
prizes, the following: for any three lotteries p, ¢, and any a € (0, 1),
p > ¢ holds if, and only if, the a—randomization of p and r is strictly
preferred according to > over the a—randomization of ¢ and r. Then,
Independence and Continuity was shown to characterize preferences
which admit an expected utility representation.

However, Continuity is a technical assumption whereas Indepen-
dence is a plausible assumption on decision making behavior. HAUS-
NER (1954) showed that Independence alone characterizes preferences
that admit a lexicographic expected utility representation. Moreover,
the lexicographic criterion is natural as a model of decision makers in
many contexts. For instances, applications in portfolio theory are dis-
cussed extensively in FISHBURN (1969, 1974). Thus, Hausner’s result
is both sharp and useful for economic modelling.

However, notice the “if” implication of the Independence axiom. It
requires that the preference relation declares p > ¢ even if one a ex-
ists such that the a—randomization over p and r dominates via > the
a-randomization over ¢ and r. We weaken the Independence axiom,
stated above, as follows. The ranking between p and r will be con-
cluded to be p = r if every a—randomization over p and r dominates
the corresponding a-randomization over ¢ and r. The “only if” part
of the original Independence is retained as such.

We believe our axiom to be normatively more appealing. Subsec-
tion 3.2 provides a full dicsussion. Further, our version of Independence
is logically weakly weaker. Moreover, we introduce affine local orders
in subsection 3.2 which are binary relations on the simplex. They sat-
isfy our Independence axiom but may not be complete. However, by
additionally requiring completeness, our axiom implies the existence of
lexicographic expected utilities (Theorem 2 of subsection 3.1) thereby
strengthening Hausner’s result. BLUME ET AL. (1991a) use Hausner’s
theorem to extend ANSCOMBE & AUMANN (1963) to lexicographic
probabilities used in BLUME ET AL. (1991b) for a theory of equilib-
rium selection in games via “higher order theories”.

Despite its normative appeal, the classical Independence axiom has
received criticisms in the decision theory literature due to the failure
of the Expected Utility Hypothesis to accommodate Allais type para-
doxes. However, NIELSEN & REHBECK (2022) experimentally find
that people learn to follow Independence. In section 3.3, we sharpen
the analysis of SEGAL (2023) in this direction.
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Our second application domain is social choice theory. In the wel-
farist approach, to arrive at a social ranking over alternatives from
individual preferences an aggregator considers only the vector of util-
ities associated with alternatives. One prominent class of such rules
is Generalized Utilitarianism. Any rule in this class is defined by a
system of weights—one for each individual-—such that an alternative
a socially dominates another alternative b, if and only if, the weighted
sum of individual utilities from a is at least as high as the weighted sum
of individual utilities from b. For a social welfare functional to satisfy
Welfarism, the axioms of Binary Independence of Irrelevant Alterna-
tives and Pareto Indifference must hold. Moreover, ethical assumptions
such as Weak Pareto or Strong Pareto are also considered for the clas-
sification of various aggregators.

In addition to these Welfarism assumptions, the characterization of
various aggregators are in part based on assumptions about how the ag-
gregators process information inherent in the profile of individual utility
functions. In particular, the questions of interest are (1) “whether the
rule processes only the ordinal component or the cardinal component of
individual preferences?”, and (2) “to what degree does the rule assume
individuals’ utilities to be comparable?”.

One such assumption is Cardinal Measurability & Unit Compara-
blity (CMUC). The classical result of HARSANYI (1955) is that any
rule which satisfies the Welfarism axioms, Weak Pareto and CMUC, in
conjunction with Continuity, must be a Generalized Utilitarianism. Of
course, the converse also holds. Note that the assumptions in Harsanyi’s
characterization—except for Continuity—are principles of an ethical
and normative nature. We find that CMUC in conjunction with the
Welfarism axioms characterizes lexicographic extensions of Generalized
Utilitarianisms — there exists a [ist of weight systems which is used
according to the lexicographic criterion.

Lexicographic extensions fail to satisfy Continuity, if and only if, the
list of weight systems has more than one element. Thus, the additional
assumption of Continuity simply collapses the lexicographic extension
to almost a Generalized Utilitarianism. We say “almost” because ac-
cording to our definition of lexicographic extensions, weights may be
negative. Thus, Harsanyi’s result follows as a corollary when one just
additionally assumes Weak Pareto.

We next strengthen the measurability—comparability requirement to
Cardinal Measurability & Non-Comparability (CMNC). Our result is
that the Welfarism axioms, Strong Pareto and CMNC characterize Se-
rial Dictatorships. Moreover, weakening Strong Pareto to Weak Pareto
characterizes the weak dictatorships. Thus, we are able to recover the
Impossibility Theorem due to ARROW (1963).
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Our third application domain is linear representations. The prob-
lem considered by BLACKWELL & GIRSHICK (1954) is as follows: what
subclass of complete and transitive binary relations on R" admit some
“linear representation”? A linear representation is a mapping of all
vectors x in R” to corresponding numbers A - x, where A is some fixed
vector and “u - v” is the standard inner product, such that:

Ty = A >Ny

The fundamental result is Theorem 4.3.1 (in their book) which is
known as the Blackwell-Girshick Theorem. They introduce an axiom
called Invariance which says, © =~ y iff x + 2z =~ y + z. Further, they
consider the axiom of Monotonicity which requires: x >> y implies
x > y. Then, their result characterizes complete and transitive bi-
nary relations (orders) on R"” which admit linear representations with
positive A as those which satisfy—in conjunction with Continuity—the
axioms of Monotonicity and Invariance.

We briefly indicate the role of this result in applications. The
result was developed in BLACKWELL & GIRSHICK (1954) to study
two—person zero—sum games with obvious focus on the Minimax The-
orem. Moreover, this result was used in statistical decision theory to
study the class of minimax estimators from the point of view of a game
between a statistician and nature. However, since the publication of
this result, it has become a prominent tool in microeconomic theory.
For instance, D’ASPREMONT & GEVERS (1977,2002) and ROBERTS
(1980a—c) contain several characterization theorems in social choice the-
ory based on the Blackwell-Girshick Theorem.

Howover, the Blackwell-Girshick Theorem was originally developed
for orderings over the full Euclidean space and requires Monotonicity
in its proof in an essential way. One class of problems in the theory
of mechanism design that has called for generalizations of this theo-
rem to restricted domains is the characterization of dominant strategy
incentive compatible mechanisms which are positive affine maximizers.
The fundamental result of ROBERTS (1979) has been improved upon in
MisHRA & SEN (2012) for which the latter authors extend the classical
result to any open convex subset of R".

Our contribution in the context of Blackwell-Girshick Theorem is
twofold. First, we provide a generalization of the theorem to arbitrary
convex subsets of R" using only Invariance and Continuity. The only
price paid is that A may be negative — additionally assuming Mono-
tonicity recovers non—negativity. Note, convex subsets may ail to be
open or closed, and their closure may have an empty interior. Also,
there are convex sets which are not Lebesgue measurable.
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Our second contribution is a generalization of the classical result
when Continuity is dropped. We consider Convexity as an assumption
on the ordering. Convexity of the ordering requires every weak upper
and lower contour set to be a convex subset of the ambient convex
space. Continuity and Invariance imply Covexity. However, the con-
verse does not hold. In fact, our characterization result shows that an
ordering satisfies Invariance and Convexity, if and only if, the ordering
admits a representation which is the lexicographic extension of linear
representations. Again, we develop this result in the setting where the
ambient space is an arbitrary convex subset of some R".

Our fourth, and last, application is to linear algebra. A finite di-
mensional ordered vector space V' is a vector space which is isomorphic
to some R" and has an order > defined over it such that > is “compat-
ible” with vector space operations. For instance, if x,y € V are such
that x > y and the scalar & > 0 then az > ay. Further, if x > y
then x + 2z = y + z. A lexicographic function space is the space of
all real-valued functions on [n] := {1,...,n} endowed with the linear
order >, which makes it an ordered vector space such that only those
functions on [n] dominate the constant function which is zero on [n]
whose first non—zero value is positive.

HAUSNER & WENDEL (1952) showed that every n—dimensional or-
dered vector space V' admits a an ordered basis which makes V' linearly
isomorphic to %, by preserving the order structure. This characteri-
zation of ordered vector spaces is often known as the Hausner—Wendel
Theorem, and it plays a fundamental role in mathematics. Moreover,
this result is the basis of the characterization of lexicographic expected
utilities in HAUSNER (1954). We are able to provide a short proof of
the Hausner—Wendel Theorem.

In each of the above applications, the “object” of study is defined
over a convex “‘domain” and it satisfies some “additivity” property.
While the “object” in all of these applications have been shown to pos-
sess a “lexicographic structure”, observe, the limited role of Continuity
type axioms when assumed additionally. Therefore, a natural conjec-
ture in qualitative terms is as follows:

Is “additivity” of an “object” over a convex “domain” equivalent
to the “object” possessing a “lexicographic structure”?

The answer is in the affirmative! Formally, we shall introduce the
concept of “graded halfspace” which is an abstract representation of
any “lexicographic structure”. Then, we state and prove what we call
the “Decomposition Theorem” which characterizes graded halfspaces.
This shall be a formal expression of the above statement.
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We briefly explain the concept of a “graded halfspace”. Consider
a finite dimensional vector space over the reals. Any open halfspace
whose boundary contains the origin shall be called a slice of this vector
space. Pick any slice of the given vector space. Then, the boundary
of this slice is a subspace with dimension one less. Pick any a slice
of this subspace. Thus, we have a halfspace, of the boundary of the
previous slice, which is open relative to the topology inherited by the
boundary of the first slice from the ambient vector space. The union
of the resulting subsets, with a prespecified number of iterations of this
procedure, is a graded halfspace. For instance, in the lexicographic order
on the two—dimensional Euclidean plane, the strict upper contour set
of the origin is a graded halfspace having two slices.

We now outline the statement of the Decomposition Theorem. For
this, we begin by observing that a graded halfpace is a convex cone
(not containing the origin). For any given subset of the ambient vector
space, let its reflection be the subset obtained by reflecting through the
origin every point of the set. Observe that the reflection of a graded
halfspace is also a graded space. For instance, in the example with
the lexicographic order over the two-dimensional Euclidean plane, the
strict lower contour set of the origin is also a graded halfspace and it is
the reflection of the strict upper contour set.

Mutually reflecting graded halfspaces must be disjoint. Moreover,
the deletion of these graded halfspaces, from the ambient space, leaves
a subspace. In the present example, the indifference set of the origin
remains after deletion of the strict upper and lower contour sets from
the two—dimensional Euclidean plane. Clearly, the indifference set of
the origin, according to the lexicographic order, is a subspace of the
ambient two—dimensional Euclidean plane.

That is, a graded halfspace and its reflection are a pair of mutually
reflecting convex cones which together with a subspace form a partition
of the ambient vector space. Our Decomposition theorem asserts that
the converse also holds. The statement is as follows:

DECOMPOSITION THEOREM — The cones in any partition of
an Euclidean space, consisting of a pair of mutually reflecting
convex cones and a subspace, is a graded halfspace.

This statement formalizes our qualitative conjecture as follows. First,
graded halfspaces are an abstraction of “lexicographic structures” of
“objects”. Second, “additivity” yields the convex cones and subspaces
on which the Decomposition Theorem applies. Additional qualifica-
tions, which are “mutually reflecting” and “partition”, make the con-
nection tight enough as required by graded halfspaces.
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The rest of the article is organized as follows. Section 2 presents
the Decomposition Theorem and its proof sketch. Each of sections 3
to 6 consider one application domain. Proofs omitted from the main
text are presented in the Appendix. We close this section with some
coments about the background.

The Background

To characterize the “lexicographic structure”, the usual method is
to inductively invoke the Separating Hyperplane Theorem(s) because of
the two ingredients—the convex “domain” and the “additive” object to
be characterized. However, no precise connection beyond this is shared
by these characterizations. For instance, compare KRANTZ ET AL.
(1971), BLUME ET AL. (1989) and YOUNG (1975). Notwithstanding
this, some vague connection has been suggested. Consider the following
words?*! from FISHBURN (1970).

“The purpose of this section is to note an affinity between
additive utilities and lexicographic utilities.”

They exemplify the above intuition. In fact, in FISHBURN (1969), the
expected utility theories of VON NEUMANN & MORGENSTERN (1944)
and ANSCOMBE & AUMANN (1963) are extended to the multivariate
setup but not to a theory of lexicographic expected utilities. However,
the Decomposition Theorem makes the connection precise.

2. DECOMPOSITION THEOREM

2.1 Framework and Main Result

To state the Decomposition Theorem, we must first define the con-
cept of “graded halfspaces”. We begin with some preliminaries. Any
C CR™is a* cone if, ax+ By € C for any x,y € C and a, 8 > 0. For
any subspace W, C R™ let U, := (w* ¢ W, : k=1,...,K) be a list
of orthonormal vectors. For each k € {1,..., K.}, let U* be the set of
w € W, such that (u,w) = 0 for all [ < k and (u*, w) > 0. We call
U* the kth slice generated by the vectors in U,.

24See the opening line of section 4.3 on page 48.
25Notice, what we simply call a “cone” is often called a “convez cone”.
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DEFINITION 1: The graded halfspace induced by U,, denoted by Hy_,
15 the union of slices generated by U,.

That is, Hy, = Ule U”. For illustration, consider Figure 1 in
which we take R? as the subspace W, (of, say R?). There is a list of
two orthonormal vectors U, = (ul,u?). The shaded region U! is the
open halfspace, in W, of all vectors which make an acute angle with
respect to ul. Thus, Ul is the first slice generated by U,.

Fi1GURE 1: A Graded Halfspace.

The second slice U? is the set of all vectors which are orthogonal to
u! and make an acute angle with respect to u2. That is, U? is the ray
without the origin along the direction of u?. Observe, the second slice
is an open halfspace of the boundary of the first slice which in turn is
an open halfspace of the ambient subspace W,. The number of vectors
in the list U, can be anything up to the dimension of W,. Note, the
strict upper (or, lower) contour sets of the origin 0, with respect to any
lexicographic preference over R?, must be a graded halfspace.

Notice that any graded halfspace is (convex) cone. For any A C W,,
let —A:={xe€W,:—x € A}. That is, —A is the “reflection through
the origin” (henceforth, “reflection”) of the set A. Observe that the
reflection of the graded halfpsace Hy,, induced by the vectors in U,,
is the graded halfspace H_y, induced by the list of reflected vectors
~U, =W :k=1,... K). Thatis, H y, = —Hy,. Thus, Hy, and
H_y, are a pair of mutually reflecting cones and are disjoint.

As can be seen from Figure 1, since 0 ¢ Hy, and H_y, = —Huy,,
we have 0 ¢ H_y,. Moreover, 0 is the only point in W, which is not
in at least one of Hy, or H_y,. Note, {0} is a subspace of W,. This
situation is perfectly general: W, \ (Hy, UH_y,) = Oy, is the subspace
orthogonal to the given list of vectors U,.
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In fact, in the above example, if U, = (ul) instead, then the graded
halfspaces Hy, and H_y. are the open halfspaces, in W, = R2, that
consist of all vectors which make an acute angle with the vectors ul
and u2, respectively. Then, W, \ (Hy. U H_y,) is the subspace Oy._ of
vectors perpendicular to ul.

Thus, given any list of orthonormal vectors U, in the subspace
W, C R™, the graded halfspaces Hy, and H_y, are a pair of mutually
reflecting cones such that the triple (Hy,, H_v,, Ou, ), where Oy, is the
subspace of W, orthogonal to U,, is a partition of the ambient space

W,. Our Decomposition Theorem asserts the converse.

THEOREM 1: Let W, be a subspace of R™. Let U,, V. be nonempty
cones in W, and S, be a subspace of W, such that (U, Vi, Ss) form a
partition of W, and V, = —U,. Then, with K = dim(W,) — dim(S,),
there exists a unique list U, = (u* : k = 1,2,..., K) of orthonormal
vectors in W, such that U, = Hy,, V., = —Hy, and S, = Ovy,.

FIGURE 2: A triple (U, V4, S.).

That is, each cone in the partition, via a subspace and a pair of
mutually reflecting convex cones, of a vector space must be a graded
halfspace. For intuition, consider Figure 2 which shows two cones, U,
and V,, not containing the origin. The cones U, and V, are reflections
of each other: x € U, iff —x € V.. Notice, each of the cones has an
open ray as part of it but another closed ray which is not part of it.
Further, S, = {0} is a subspace such that (U,,V,S,) is a triple of
pairwise disjoint non—empty subsets of W, := R?. However, (U,, Vi, S,)
fails to be a partition of W,. But one way to turn this triple into a
partition is to “expand” the cones U, and V, while maintaining the
property V, = —U, such that the “white spaces” in Figure 2 are “filled
out”. Then, U, becomes the graded halfspace shown in Figure 1!
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2.2 Sketch of the Proof

This subsection gives a technical overview of Theorem 1. The reader
interested in applications may skip it without any loss of continuity.
Theorem 1 rests on two geometric lemmas which are presented below.
However, some elementary mathematical preliminaries are needed for
their statement. We begin by stating these preliminaries.

Let Jgn be the standard topology on R™. For any W, C R™, let
Jw, =AW, NA: A€ Tgn} be the subspace topology on W,. The
set Bm(w,g) ={w € W, : ||[w — w| < e}, where w € W, and
e > 0, is the open ball relative to W, centered on w with radius . If
the “ambient space” (W,, Jy.) is clear from the context, the qualifiers
“relative to W,” or “relative to the subspace topology of W,” shall be
often dropped. We shall also abuse some notation as specified next.
Let A C W,. A° = W, \ A is the complement of A relative to W,.
Further, A°, A, A’ and JA are the interior, closure, limit points and
boundary of A, respectively, relative to Jyy,.

LEMMA 1: Let W, be a subspace of R™ and T be a proper subspace of
W,. Then W, \ T, is path—connected, if and only if, the codimension of
T, in W, is higher than 1.

The intuition behind the above result is as follows. W, is isomorphic
to a Euclidean space of dimension at most n as it is a linear subspace
of R™. Now, if a hyperplane is deleted from an Euclidean space, then
clearly the resulting set is not path connected as it is the union of two
disjoint open halfspaces. However, if the deleted proper linear subspace
is not a hyperplane then, for any two points in the resulting set, there
is a path joining them that “goes around” the deleted subspace. The
key result used to prove Theorem 1 is as follows.

LEMMA 2: Let W, be a linear subspace of R™. If U,, V, are nonempty
cones in Wy and S, a linear subspace of W, with (U., Vi, Si) forming
a partition of W, and V, = —U,, then there exists a unique u € W,
such that ||ul| = 1 and the following hold:

1L.U.NV,={weW,: (uw)=0}

2. U ={weW,: (uw) >0} =-V".
3. U, =U,NV, =9V..

4. S, CU. NV,

5. OU, is a subspace of W, with codimension 1.
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The key insights underlying Lemma 2 are as follows. As U, and V,
are (convex) cones, so must be U7, U, V,? andV,. Moreover, V, = —U,
implies V., = —U; andV, = —U,. Thus, T, =U, NV, is a cone with
T, = —T.. Hence, T, is a subspace of W,. Since (Ui, Vi, Si) partitions
W, and S, is a subspace of W,, S, is a proper subspace of W, implying
that the cones Ug and V. are non—empty. Further, T, = 0U, = 9V,
and S, is a subspace of T,. Then, (U, V?,T.) partitions W,. Since U;
and V> are cones, they are path—connected.

However, U2 U V2 = W, \ T, is not connected as T, = 0U, = 9V..
Then, lemma 2 implies that the codimension of the subspace T, in W,
is 1. Thus, orthogonal projection of any vector from U; onto T, when
normlized to unit length, say u, satisfies:

T.=1,={weW,: (uw) =0}

Also, P, :={w € W, : (u,w) > 0} and N, = {w € W, : (u,w) < 0}
are cones such that (P;, NV,, ) partitions W,. Since T, = I, it follows
that U UV = P, UN,. As each of U], V.°, P, and N, is a cone with
Uu;nNvye =0 =P, NN,, P.NU; # @ implies U, = P, and V. = N,.
Thus, U, = {w € W, : (u,w) > 0} = —V,° which is point 2 claimed by
the lemma. Also, UMV, =T, ={w € W, : (u,w) = 0} as claimed in 1
of the lemma. We have already seen that T, = 0U, = 9V, and S, C T,
which are points 3 and 4, respectively. Since T, has codimension 1 in
W, and T, = OU,, point 5 is established. That is, u is the vector which
must exist as claimed by Lemma 2.

Theorem 1 is proved via induction on the dimension of subspace W..
For this, we begin with a linear subspace W, C R™ and a partition of
it (U, Vi, Si) as in the hypothesis of Theorem 1. Then, Lemma 2 gives
a vector u € W, with ||u|| = 1 such that OU, = 9V is the subspace
of W, which is perpendicular to u. This follows from parts 1 and 3 of
Lemma 2. By parts 3 and 4, it follows that the subspace OU, contains
the subspace S,. Then, the construction of the list U,, and the graded
halfspace Hy,, proceeds as follows.

We set ul := u and take U? as the first open halfspace of the graded
halfspace Hy, as in the conclusion of Theorem 1. Notice, U is indeed
an open halfspace of W, is guaranteed by part 1 of Lemma 2. Now
take OU, as the next linear subspace whose dimension is exactly one
less than that of W, by part 5 of Lemma 2. With S, C 90U, = 9V,
and that u!l is perpendicular to OU,, the induction proceeds until the
remaining set is the original linear subspace S, itself. The formal proofs
of the two lemmas and Theorem 1 are provided in subsections A.1.1-3 of
the Appendix. We must point out that these arguments do not appeal
to the “Separating Hyperplane Theorem(s)”.
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3. EXPECTED UTILITY THEORY
3.1 Lexicographic Ezxpected Utilities

We introduce a normatively appealing weakening of the Independence
axiom of VON NEUMANN & MORGENSTERN (1944). In conjuction with
transitivity and completeness, it characterizes lexicographic expected
utilities (Theorem 2) strengthening the result of HAUSNER (1954). In
subsection 3.3, implications to decision theory are discussed.

Let Z be a finite and non—empty set whose elements are the basic
prizes. A lottery is any map p : Z — Ry such that ) . _,p(z) = 1.
Let Z(Z) be the set of all lotteries. For p,q € Z(Z) and 0 < a < 1,
a-p@® (1 —a)-qis the compound lottery that randomly results in
either p or ¢ with probabilities a or 1 — «, respectively. This compound
lottery shall be identified with the lottery over basic prizes that selects
any z € Z randomly with probability ap(z) + (1 — a)q(2).

A preference is any complete and transitive binary relation - over
ZL(Z). An expected utility (EU) is any map v : Z(Z) — R that satisfies
the following: if p,q € £ (Z) and « € [0, 1] then,

u(a-p®[1—al-q)=au(p) + (1 —a)u(g).

Let &(Z) be the set of all EUs over .Z(Z). If - is a binary relation,
its expected utility (EU) representation is any u € &(Z) such that:

pzq iff u(p) > u(q)

Let the asymmetric and symmetric components of 7~ be denoted by
> and ~, respectively. The Independence axiom is as follows.

INDEPENDENCE-0: Let p,q,r € L(Z) and « € (0,1). Then:
p=q iff ap®@(l—a) r=a-¢qd(1l—a)-r

This axiom, and the following Archimedean property, hold for any
binary relation 7~ which admits an EU representation.

ARCHIMEDEAN: If p,q,r € L(Z) satisfy p = q = r then, there exists
a,f € (0,1) such that a-p® (1l —a)-r=q=a-pd(1—a)-r.

The first milestone of expected utility theory is,
VON NEUMANN-MORGENSTERN THEOREM: A binary relation = is a

preference that satisfies Independence—0 and the Archimedean property,
iof and only if, it admits an expected utility representation.
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In HERSTEIN & MILNOR (1953), the above theorem is generalized
in two ways. First, they introduced the abstract notion of a “mixture
set” over which the binary relation - is defined—the set of lotteries is
but one example. We shall restrict attention only to the set of lotteries.
Second, they relaxed Independence to the following.

INDEPENDENCE—1: Let p,q,r € £ (Z) and o € (0,1). Then:
p>=q implies a-p®(l—a) - r=a-qgd(1—a)-r.
Thus, the second milestone of expected utility is,

HERSTEIN-MILNOR THEOREM: A binary relation - is a preference
that satisfies Independence—1 and the Archimedean property, if and only
iof, it admits an expected utility representation.

Observe, this result is an improvement over the first because the
reverse implication required by Independence-0 has been dropped in
Independence—1. It is possible to see how this result improves upon the
first in another manner. For this, consider the following.

INDEPENDENCE—2: Let p,q, 7 € £ (Z) and o € (0,1). Then:
L.Ifp=qthena-p®(1l—a) - r=a-q®d (1l —a)-r, and
2. If p~qthena-pd(1—a) - r~a-qd(1—a)-r.

When the binary relation 2 is complete, Independence—2 turns out
to be equivalent to Independence—0. Also, Independence—1 is simply
obtained by dropping the second of the two implications assumed in
the statement of Independence—2.

The forms of “Independence” are regarded normatively appealing
from a decision theoretic point of view. However, the Archimedean
property (equivalently, Continuity) is harder to justify beyond serving
as a techinical condition. Of course, this axiom is accepted widely as a
technical condition without which there is no hope for any well-behaved
numerical representation. Notwithstanding the widespread use of the
Archimedean property, there is a class of preferences which does not
satisfy the Archimedean property and yet is perfectly natural as a model
of the decision maker. These preferences admit “lexicographic expected
utility” representations. It is natural when the decision maker can be
envisioned as one who decides using multiple criteria with a priority
over these criteria. We now define the concept of lexcigraphic expected
utility representations of preferences.
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A lexicographic expected utility (LEU) representation of the binary
relation 77 is any K—tuple of EUs (u; € &(Z) : k =1,..., K) satisfying:

pq iff [w(p),...,ux(p)] >r [wi(q), ..., uk(q)],

where > is lexicographic order over R®. A binary relation that admits
an LEU representation must be a preference that satisfies each of the
above versions of Independence. However, they may fail to satisfy the
Archimedean property. Thus, the third milestone in expected utility
theory is the following result from HAUSNER (1954).

HAUSNER’S THEOREM: A preference - satisfies Independence—2, if
and only if, it admits a lexicographic expected utility representation.

Hausner proved this theorem in the setting of mixture spaces based
on the characterization by HAUSNER & WENDEL (1952) of ordered
real linear spaces. Observe that just Independence—1, in addition to
the Archimedean property though, is sufficient for the existence of EU
representations according to the Herstein—-Milnor Theorem. Thus, the
insight of Hausner that the strengthening as Independence—2 alone is
sufficient for existence of LEU representations is remarkable. As has
been observed?® by Peter C. Fisburn:

“In the major development in lexicographic expected utility,
Hausner [63] assumes ... the following hold(s):

A2z ~y = A+ (1 =Nz~ dy+ (1 =Nz

With this background in place, we introduce the following axiom.

INDEPENDENCE—3: Let p,q,r € L(Z). Then, p = q if and only if:
(Vae (0,1))[a-p@(l—a) r=a-qgd(l—a) r].
Then, our main result in this section is as follows.

THEOREM 2: A preference - satisfies Independence=3, if and only if,
it admits a lexicographic expected utility representation.

In the next subsection, we argue that Independence-3 is normatively
appealing and it is logically strictly weaker than either Independence—0
or Independence—2. In subsections 3.4 and 3.5, we obtain Theorem 2
from the Decomposition Theorem (that is, Theorem 1).

26See paragraph 5 in page 1464 of FISHBURN (1974).
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3.2 The Independence Hierarchy

We elaborate on the strength and normative appeal of Independence—3
as an axiom. For this, we begin with Independence—0. Consider the
lotteries p, ¢ and r. Also, fix any « in (0,1). Note, the interpretation
Joofa-p@®(l—a)-rand a-q¢® (1 — ) -r is as follows:

“The lottery a-p@® (1 — «) - r results by tossing a coin, whose
probability of showing “heads” is «, to choose one of p or r
according as it shows “heads” or “tails”. Likewise, the lottery
a-q® (1 —a)-risimplemented using the same coin.”

Then, the forward implication required by Independence—0 affords an
interpretation J; which is as follows:

“If the coin toss leads to “heads”, comparing a-p@® (1 —«)-r
with a - ¢ ® (1 — «) - r tantamounts to comparing p with g.
If the toss leads to “tails”, comparing a - p & (1 — «) - r with
a-q®(1—a)-r tantamounts to comparing r with itself. However,
the probability a of “heads” is strictly positive! Thus, if p is
strictly preferred to ¢ then o - p @ (1 — «) - r must be strictly
preferred toa- ¢ @& (1 —a) - 1.7

As 77 is plausible, the conditional with p > ¢ as hypothesis in each
version of Independence has normative appeal. Thus, the normative
defense of Independence—1, in particular, is accomplished. However, the
comparison of the remaining implications remains. The interpretation
J5 of the reverse implication of Independence—0 is as follows:

“Pick an arbitrary coin with a given probability a of showing
up “head” in a toss. If the toss leads to “heads”, comparing
a-p®(1—a)-r with a-g® (1 —«)-r tantamounts to comparing
p with g. If the toss leads to “tails”, comparing a-p® (1 —a) - r
with a - ¢ @ (1 — «) - r tantamounts to comparing r with itself.
However, « is strictly positive! Thus, if - p@® (1 — «) - 7 is
strictly preferred to a- ¢ ® (1 — «) - r then p must be strictly
preferred to ¢.”

Observe, J, requires that p be strictly preferred to ¢ even if one
coin, with a given probability « of “heads”, results in a-p® (1 —«) - r
being strictly preferred to a- ¢ ® (1 — «) - . Now, consider the reverse
implication of Independence—3 whose interpretation Jz follows.
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“Suppose the lottery a - p @ (1 — «) - r is strictly preferred to
a-q®(1—a)-r for every coin whose probability « of showing up
“heads” in a toss is strictly positive. Then, this strict preference
must be attributed to a strict preference for p over q.”

A comparison of Jy and J3 points out the following. First, J3 holds
whenever Jj holds. It follows that logically Independence—0 is at least
as strong as Independence—-3. Second, Independence—3 is arguably more
appealing than Independence—0 to a decision maker from a normative
point of view. For comparing Independence-3 with Independence—0,
one approach involves the following observation.

PROPOSITION 1: Assume that 7~ is a complete binary relation. Then,
Independence—0 and Independence—2 are equivalent.

PROOF: Let 77 be complete. With p,q,r € Z(Z) and o € (0,1), let
s=a-p@®(l—a)-randt=a-q¢® (1l —a) r. Assume p ~ q. By
Independence—0, s > t implies p > q. As > and ~ are disjoint, s > t is
false. Similarly, ¢ > s does not hold. Since - is complete, s ~ ¢ holds.
Thus, Independence—0 implies Independence—2.

Assume s > t. By Independence-2, p ~ ¢ implies s ~ t. As > and
~ are disjoint, s > t implies p ~ ¢ does not hold. As = is complete,
either p > q or ¢ > p holds. By Independence-2, if ¢ >= p then ¢ > s.
Then, s > t contradicts the asymmetry of >=. Hence, p > ¢ holds.
Thus, Independence-2 implies Independence-0. H

Thus, if the binary relation 2~ is complete, logically Independence—2
is at least as strong as Independence-3. Moreover, it is arguable, for
some decision makers, that the second implication in the statement of
Independence-2 is a strong assumption.

To see this, we may change the point of view by requiring that the
decision maker is modelled by an asymmetric binary relation > over
Z(Z) as the primitive. Further, ~ shall mean absence of >. Formally,
we now define ~ over Z(Z) as follows:

pr~q iff (notp>q; notq>p).

Notice, ~ is symmetric. Then, >~ defined as > U ~ is complete.
This establishes the formal equivalence between the two approaches
where one has - as the primitive and the other has > as the primitive.
Also observe, = is transitive iff = is negatively-transitive.?

2TLet R be a binary relation over X. Then, R is transitive if, (vRy ; yRz) = xRz. Also, R
is negatively—transitive if, (not xRy ; not yRz) = not zRz.
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From this point of view, consider a decision maker who is able to
rank lotteries p and ¢ according to > if they are “close enough” but
not if they are “far part”. Then, the following may hold:

p-q = |apd(l-—a) r>a-q®(l—a) r]
for all o € (0,1) but the implication:
p~qg = [a-p@(l—a)-rwoz-q@(l—oz)-r}

will fail to hold if o € (0,1) is “small enough”. Thus, Independence—2
ceases to hold. However, note that the following implication may still
continue to hold for such a decision maker:

(Vae (0,1)) ] a-p®d(l—a)-r-a-qd(l—a)-r] = p>q

This is because if the hypothesis in the above conditional holds, the
lotteries p and ¢ must be “close enough”. That is, Independence—3 has
appeal for such decision makers. Thus, a rigorous formulation of such
binary relations will imply that Independence-3 is (1) logically strictly
weaker and (2) more normatively appealing than Independence-0 and
Independence—2 under the assumption of completeness. To fix ideas,
we begin by presenting a simple example.

EXAMPLE 1: Let Z = {21, 25} have two basic prizes. Fix 0 € (0,1/1/2).
A lottery p € £(Z) is any map p : Z — R such that p(z1)+p(z2) = 1.
Define?® the binary relations =4 and ~y over .Z(Z) as follows:

poq iff (llp—dql2<6; p(z1) > q(z) ), and
pr~gq iff (notp>—9q; notq>—9p).

Let =g as >4 U ~y. Observe, >y is asymmetric and ~y is symmetric.
Note, 7y is complete. Also, notice the following:

proq if (|lp—glla>60 or p=gq).

Let pi, g, 7 € ZL(Z) satisty pi(z1) = 1, ¢.(21) = 0and r.(z1) = 1/2.
Note, ||ps — ¢.]l2 = V2 > 0. Thus, p. ~g ¢.. Also, let a, == 6/+/2 and
pick any a € (0, ). Let s, = a-p,®(1—a) -1 and t, == a-qH(1—a) 1.
Thus, s.(z1) = (1+a)/2 = t.(z2) and s.(20) = (1—)/2 = t.(z1). Note,
s.(21) > t.(21) as a > 0. Also, ||s, —t.]|2 = av/2 < 0 as a < a,.. Hence,
Se =g ts. That is, a-p, ® (1 — ) 1y =g @+ ¢ D (1 — ) - ro. Therefore,
D« ~g qx implies: g does not satisfy Independence—2.

28We denote by ||-||2 the Buclidean norm over RZ. Thus, |[p — qll2 = (X ,c4 Ip(2) — q(z)|2)1/2.
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However, 4 satisfies Independence—3. For this, consider arbitrary
lotteries p, ¢ and r in .Z(Z) that satisfy the following:

apd(l—a) r=ga-qd(1—a)-r foral ac(0,1).

Let s, = a-p®(l—a)-rand t, = a-g® (1 —a)-r for any a € [0, 1].
Note, s4 =gt implies ||sq —ta|l2 < 0. Observe, ||sq —tall2 = @|lp—ql|2-
As s, ¢ t, for all @ € (0,1), we have ||p — ql|a < 0. Further, s, > t,
implies s,(z1) > ta(z1). Note, so(21) = ap(z1) + (1 — a)r(z1) and
ta(z1) = aq(z1) + (1 — a)r(z1). Thus, if @ € (0,1) then: s,(z1) > ta(21)
iff p(z1) > q(z1). Since s, =g t, for all @ € (0, 1), we have p(z1) > q(z1).
Then, ||p — ¢ll2 < 0 and p(z1) > q(#1) imply p >4 ¢q. That is,

(Vae (0,1))[a-p@(l—a) r=pa-qg®(l—a)- 1] = psq.

For the converse, let p, ¢ and r be lotteries with p >4 ¢q. Pick an
arbitrary o € (0,1). Let s, = a-p®(l—a)-rand t, = a-qH(l—a)-r.
Note, p =g g implies ||[p—q||2 < 0. Since ||sq—ta||2 = a||[p—q||2, we have:
|Sa — tall2 < 0 for all a € (0,1). Further, p =y ¢ implies p(z1) > q(21).
Since so(21) = ap(z1) + (1 — a)r(z1) and to(21) = aq(z1) + (1 — a)r(z1),
we obtain: s,(21) > ta(z1) for all @ € (0,1). This proves the converse.
That is, 7~y satisfies Independence-3. B

The binary relation 7~y constructed in the above example satisfies
Independence-3 but not Independence—2. Further, note that 7y is com-
plete. Thus, by Proposition 1, =y does not satisfy Independence-0.
Moreover, observe that the following holds.

PROPOSITION 2: Assume that 7 is a binary relation over £(Z). Then,
Independence—0 implies Independence—3.

PROOF: Let p,q,r € L (Z) satisty: a-p@®(1—a)-r = a-qB(1—a)-r for
all @« € (0,1). Fix an arbitrary a, € (0,1). Then, a,.-p® (1 — ) -7 >
a, - q @ (1 — ) -7 holds. By Independence-0, p > ¢ follows. That is,
the reverse implication of Independence—3 holds.

To establish the forward implication of Independence-3, let p > ¢
and a € (0, 1) be arbitrary. Then, a-p@® (1 —a)-r>=a-gd(1—a)-r
by Independence—0. Since o € (0, 1) is arbitrary,

(Vae (0,1))]a-pd(l—a)-r-a-qd(l—a) r]

holds. That is, the forward implication of Independence—3 holds. Hence,
Independence—0 implies Independence—-3. B
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Propositions 1 and 2 together establish that, under the assumption
of completeness, Independence—0 and Independence—2 are equivalent
to each other but are logically at least as strong as Independence-3.
However, Example 1 shows that Independence—0 and Independence—2
are in fact strictly stronger than Independence—3. While Example 1
has served its formal purpose, it is desirable to have a more general
class of such binary relations which are in addition plausible models of
decision makers. With this aim, we proceed as follows.

DEFINITION 2: An affine screening criterion s any non—constant map
f:Z(Z) = R such that:

flarp@[l—a]l-q)=af(p)+[1—alf(q)

for any p,q € Z(Z) and « € [0, 1].

The numerical value f(p) for the lottery p, by the screening function
f, is as if a psychological “cost” incurred by the decision maker due
to the contemplation necessary for comparing an arbitrary lottery to
a reference lottery. The additional requirement of an“affine structure”
on f captures “expected values” for random choice between lotteries.
Denote by .# the set of all affine screening criteria.

DEFINITION 3: A filter is any map ¥ : % — R, such that:

ff=af +8 implies 9(f) = ad(f).
forany f,f € F and (o, ) € Ry x R,

The answer to “Is f(q) < f(p) + 9(f)?” dictates the feasibility of
contemplation about ¢ given the reference p. Suppose f' = af + 5.

o 97 2 a3 ). Define Ry over (7)o ) I
pRyq iff (VfeZ)[ flp) < flo) +9(f)].
Also, let Sy be the relation on .Z(Z) defined as:
pSyq it (3re L(Z))[pRyr; qRr ).

Note, Sy is symmetric. An affine order is a total order =y on Z(7)
such that = satisfies?® Independence-3.

29Note, p ~q q iff (not P =0 q; notq=qgp ) Moreover, =g is defined as =y U ~y.
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DEFINITION 4: The affine local preorder induced by the filter 9 and the
affine order > is the binary relation =y over £ (Z) such that:

poq ff (p#q;pSeq;p=0q).

The affine local order induced by the affine preorder >y is the binary
relation g which is =y U ~y where ~y is as follows:

pr~gq iff (notp=yq; notqg=gp).

(1,0,0)

FI1GURE 3: An affine local order.

Some remarks are in order. First, Theorem 2 implies that > is an
affine order, if and only if, there exists EU maps u1 ..., u|z such that
(1) u1(2) = 1 for all z € Z, (2) (u1,...,ujz) are linearly independent
as vectors in R?, and (3) the following holds:

p=oq it [ui(p),...,uz(p)] >r [wi(q),...,uz/(q)],

where > is the strict component of the lexicographic order >; on R
Observe, (2) is critical for = to be a total order.

Second, to see what definition 4 entails, consider Figure 3. Each
affine screening criterion f defines a family of parallel straight lines,
with f perpendicular to them, with f a constant on each. For instance,
[, and [} restricted to £ (Z) are the sets {¢' € Z(Z) : f({') = f(r)}
and {¢' € ZL(Z) : f(¢') = f(r) +9(f)}, respectively. Let S,y be the
subset of lotteries p which satisfy f(p) < f(r)+9(f) for every f. Thus,
pSpq because p and ¢ are in S, y. Then, p =y ¢ iff p =¢ ¢. Observe, >
is a total order over £ (Z) but >y is local in nature.
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Notice, the set S,y is shown to be compact in Figure 3. This need
not be so for an arbitrary filter ¥). However, a “continuity” requirement
on ¢ is sufficient to ensure the compactness of the resulting set S,y
for any lottery r. To formulate this notion of “continuity”, we begin
by specifying a natural notion of convergence for seuences of affine
screening criteria. For this, consider any .#—valued sequence (f,,) and
any f. in .#. Then, we say that (f,) converges to f, if:

lim f,(p) = f.(p) for every p € Z(2).
We shall write “f,, — f.” for the phrase “f,, converges to f,.”. Then,
a filter ¥ is continuous if, lim, . V(f,) = U(f.) for every F—valued
sequence (f,) and f, in .# satisfying f, — f.. The set S,y is compact,
for any lottery r, if 9 is continuous. For any x > 0 and any filter 9, let
the map & - 9 from Z(Z) to R, be defined as follows:

(k- 0](f) = rO(f) forall fe Z.

PROPOSITION 3: Let ¥ be a filter and = be an affine order on £ (Z).
If =y is the affine local order induced by V¥ and = then:

1. >y 15 acyclic.
2. 7y satisfies Independence—3.

3. If ¥ is continuous then there exists kg > 0 such that 7,9 violates
Independence—0 and Independence—2 for all k € (0, ky).

Propositions 1, 2 and 3 show that Independence-3 is indeed strictly
weaker, under completeness, than Independence—0 or Independence—2.
Thus, our characterization (that is, Theorem 2) of preferences which
admit lexicographic expected utility representations is stronger than
Hausner’s theorem. Moreover, affine local orders are not covered by the
class of binary relations which admit “coalitional expected multi—utility
representations”. The latter is the most general class of binary relations
satisfying Independence—2 as was shown in HARA ET AL. (2019). The
proof of Proposition 3 is in section A.Il.1 of the Appendix.

We close this subsection with one remark. While our reason for
introducing the class of affine local orders has been to show that our
version of Independence is strictly weaker than the classical version, we
believe that they are natural as models of decision makers. The recent
work in choice via screening sets or attention filters, as considered in
MANZINI & MARIOTTI (2007,2014) and MASATLIOGLU ET AL. (2012)
for instance, motivates this point of view.
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3.3 Decision Theoretic Implications

The Independence axiom of VON NEUMANN & MORGENSTERN (1944),
further investigated in MARSCHAK (1950), SAMUELSON (1952) and
HERSTEIN & MILNOR (1953), is at the foundation of expected utility
theory. However, the Expected Utility Hypothesis has been criticised
due to the preference reversals as in ALLAIS (1953). Therefore, some
authors have weakened Independence; see CHEW (1953), CHEW ET AL.
(1987), CHEW ET AL. (1991), DEKEL (1986) and QUIGGIN (1982) for
instance. Some authors such as MACHINA (1982) have abandoned it
altogether notwithstanding its normative appeal.

However, few authors have considered retaining Independence but
relaxing other axioms such as completeness, transitivity or Continu-
ity. For instance, AUMANN (1962) relaxed completeness to characterize
“one-way” representations and HAUSNER (1954) relaxed Continuity.
More recently, completeness was relaxed by DUBRA ET AL. (2004) to
obtain a sharper “two-way” characterization. Further, HARA ET AL.
(2019) considered adding these axioms progressively but their analysis
largely retains the completeness axiom.

Allais type paradoxes have highlighted the “preference reversal phe-
nomenon”; see GRETHER & PLOTT (1979), HoLT (1986), KARNI &
SAFRA (1987), POMMEREHNE ET AL. (1982), SLoviC & LICHTEN-
STEIN (1983) and TVERSKY ET AL. (1990) for instance. Further,
violations of transitivity have been investigated by TVERSKY (1969),
LOOMES ET AL. (1991) and REGENWETTER ET AL. (2011) for in-
stance. The original findings of these two strands in the literature have
been questioned and re—examined later.

In AZRIELI ET AL. (2018), a theoretical analysis has been provided
of how experiments must be conducted for testing the validity or vio-
lations of axioms such that incentive and other problems are properly
taken into account. Based on this analysis, NIELSEN & REHBECK
(2022) found in their experiments that violations of assumptions such
as transitivity or Independence are “mistakes” by individuals which
they correct once explained. This suggests that perhaps preference re-
versals and Allais type paradoxes should be re-examined by conducting
experiments designed along the above lines.

Even if Allais type paradoxes persist, then it is the Expected Utility
Hypothesis but not just the Independence axiom which comes under
question. This point has been emphasized by Uzi Segal for instance.
The Reduction Axiom was relaxed in SEGAL (1988,1990). Moreover,
a weaker and non—testable version of Independence has been proposed
in SEGAL (2023) which together with Continuity (and Monotonicity)
is equivalent to the Expected Utility Hypothesis. In what follows, we
sharpen the analysis in SEGAL (2023) via our Theorem 2.
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Let us briefly recall Segal’s analysis. He considers a complete and
transitive binary relation ~~, with > and ~ as its asymmetric and sym-
metric components, respectively. Further, he introduces the following
weakening of the classical Independence axiom.

WEAK INDEPENDENCE—-Q: For every p,q,r € Z(Z), if p ~ q then:
(Jaec(0,1))[apd(l-a) r~a-qg®(1—a)-r].

Observe, this axiom is non—testable. Further, Continuity is non—testable
but Monotonicity is testable. Segal proves the following.

THEOREM (SECAL, 2023): Let 77, satisfy completeness and transitivity.
Then, = satisfies Monotonicity, Continuity and Weak Independence—0,
if and only if, 7~ admits an EU representation.

With this result in place, he argues that Allais type paradoxes imply
a violation of the Expected Utility Hypothesis. However, this does not
violate Weak Independence—0 but does falsify the combination of all the
assumptions in the above theorem. In particular, the non—testability of
Weak Independence—0 anyway makes it irrefutable. Furthermore, this
axiom retains the normative appeal of classical Independence.

However, Continuity is another non—testable axiom in the above
theorem and note that the conjunction of more than one non—testable
axioms can result in testable implications. Furthermore, Continuity
is an axiom which is not in the spirit of Independence — the latter
being a “cancellation” property whereas the former is a “regularity”
condition with technical motivations. Our objective will be to sharpen
Segal’s conclusion but based only on “cancellation” type axioms. To
this end, we begin by introducing the following axiom.

WEAK INDEPENDENCE—1: For every p,q,r € £ (Z), if p = q then:
(Jae(0,1))[a-pd(l-—a) r=a-qg®(l—a)-r].

Three observations follow. First, this axiom is a Segal type version
of Independence. Second, it is non—testable. Third, the conjunction of
Weak Independence—0 and Weak Independence-1 (henceforth, “Weak
Independence”) is also non-testable. To see why, observe that the
asymmetry of > and the symmetry of ~ implies that at most one of
p = q or p ~ q holds for any p,q € Z(Z). Thus, there is no instance
where the antecedents in the implications of Weak Independence—0 and
Weak Independence—1 hold simultaneously. In other words, when one
axiom binds, the other does does not.
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Dropping Continuity necessitates some other axiom that retains its
flavor just enough so that lexicographic expected utility (LEU) repre-
sentations exist which also suffer from Allais type preference reversals.
Further, we constrain such axioms to be “cancellation” type statements.
One such axiom is as follows.

GLOBAL MONOTONICITY: For every p,q,vr € ZL(Z), if p = q then:

(HO‘E(071))[04'1?@(1—04)-r>a-q@(1_a).r}
¢
(Vae(0,1))[apd(l-a) r=a-q®(1—a)-r].

Observe, this axiom is testable. The result is as follows.

THEOREM 3: Assume 7 satisfies completeness and transitivity. Then,
>~ satisfies Weak Independence and Global Monotonicity, if and only if,
= admits an LEU representation.

PROOF: Necessity of the axioms is obvious. For sufficiency, assume 2
satisfies Weak Independence and Global Monotonicity in addition to
completeness and transitivity. We argue: - satisifies Independence-3.
Then, Theorem 2 (subsection 3.1) completes the proof.

First, fix any p,q,r € Z(Z) such that p > ¢. Since p > ¢, Weak
Independence-1 implies a-p® (1 —a) -r = a-q® (1 — «) - r for some
«a € (0,1). Then, p > ¢ and Global Monotonicity implies:

(Vae(0,1))[apd(l-a) r=a-q®(1—a)-r].

To complete the proof, we now fix any p,q,r € Z(Z) such that
the above statement holds. We must argue: p = ¢. Suppose, not!
Thus, either ¢ = p or p ~ ¢ holds by completeness. If ¢ > p holds
then Weak Independence—1 implies, there exists a € (0,1) such that
a-¢gd(l—a) - r>=a-pd(l—a)-r. This contradicts the asymmetry
of »=. Hence, p ~ ¢ must hold. Then, Weak Independence—0 implies,
there exists a € (0,1) such that a-p® (1 —a) r~a-¢gd (1 —a)-r.
However, this is also a contradiction because > is asymmetric and ~ is
symmetric. Thus, our supposition must be wrong. H

Observe, Global Monotonicity is testable and recall Weak Indepen-
dence is not. Further, both are “cancellation” properties inherited from
classical Independence. Then, Allais type paradoxes may refute Global
Monotonicity but not Weak Independence. Thus, Theorem 3 dissects
Independence into irrefutable and refutable components.
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However, this raises the following question: what aspect of Continu-
ity, together with Weak Independence and Monotonicity as in SEGAL
(2023), condenses Global Monotonicity? For an answer, two further
“cancellation” type axioms are introduced as follows.

INWARD MONOTONICITY: For every p,q,v € ZL(Z) and for every
€ (0,1), if p > q then:

[04*'p@(l—a*)-r>a*-q@(l_&*).r]
4
(Vae(a,))[apo(l-a)-r=aqo(l-a)r].

Consider the implication in the above axiom. The universal quantifier
is in its consequent (as opposed to its antecedent). Hence, this axiom
is testable. The second axiom is as follows.

OUTWARD MONOTONICITY: For every p,q,r € £ (Z) and for every
€ (0,1), if p > q then:

(Vo€ (a,1))][a-po(l-—a) r=a-qd(l—a) r]
4
[ p®(1—) 10, ¢d(l—a)) r].

In contrast to the Inward Monotonicity, this axiom is non—testable as
the universal quantifier now is in the antecedent (as opposed to the
consequent) of the implication. The result is as follows.

THEOREM 4: Assume = is complete and transitive. Then, 7 satisfies
Weak Independence, Inward Monotonicity and Outward Monotonicity,
if and only if, = admits an LEU representation.

PROOF: Necessity of the axioms is obvious. For sufficiency, let
be complete and transitive, and satisfies Weak Independence, Inward
Monotonicity and Ouward Monotonicity. We argue: - satisfies Global
Monotonicity. Then, Theorem 3 completes the proof.

Fix any p,q,r € £(Z) such that p = ¢, and assume there exists
a; € (0,1) such that oy -p® (1 —aq) -7 = a1 -¢® (1 —aq) - r. That
is, A ={aec (0,]):a-pd(l—-—a)-7>a-¢gd(l—a)- r}is
nonempty. Let a, := inf A. Suppose a, > 0. By Inward Monotonicity,
(e, 1) € A. Outward Monotonicity implies [a, 1) = A. Then, Weak
Independence-1 implies, a < «, for some a € A which contradicts
a, = inf A. Thus, a, = 0 proving Global Monotonicity. B
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All the axiom systems we have considered thus far are only as strong
as the conjunction of classical Independence with completeness and
transitivity. Further, every axiom which has been introduced is of the
“cancellation” type which ensures that they retain the normative ap-
peal of Independence. However, Global Monotonicity is too strong to
be compatible with the Allais paradox. In particular, those nonlinear
expected utility preferences characterized in DEKEL (1986) which are
consistent with the Allais paradox violate this axiom. Further, while
Inward Monotonicity is weaker than Global Monotonicty, it is also sub-
ject to the same criticism. Notice, no such axiom appears in Segal’s
theorem. Therefore, we introduce the following axiom.

AFFINE CONTINUITY: For any p,q,r € Z(Z) and any o, € (0,1), if
p=qand a, - p® (1 —ay) -r = a,-q® (1 — ) -r then there exists
e > 0 such that the following holds:

a>l—-¢ = apd(l—-a)r=a-qd(l—a)-r

Observe, this is a non—testable axiom and is weaker than standard
Continuity. Observe, it is satisfied by all preferences characterized in
DEKEL (1986). In particular, it is not refuted by the Allais paradox.
Further, this axiom is compatible with LEU preferences but Continuity
is not. Then, we obtain the following result.

THEOREM 5: Assume 7 is complete and transitive. Then, 7 satisfies
Weak Independence, Affine Continuity and Outward Monotonicity, if
and only if, = admits an LEU representation.

PROOF: Necessity of the axioms is obvious. For sufficiency, it is enough
to show that Inward Monotonicity holds for then Theorem 4 implies the
claim. So, fix any p,q,r € Z(Z) and «, € (0,1) such that p = ¢ and
- pB (1l —ay) - r>=a.®(1—a)- -r. Let AC [ay, 1) be the set of
those o such that the following holds:

od>a = dpo(l-d)r=ad-qop(l-a)-r

Affine Continuity implies A is nonempty. Let a,, = inf A. Clearly,
Qs > Q. The proof is complete if ., = .. Suppose, au, > a,. Then,
Outward Monotonicity implies - pD (1 — s ) 7 = Q- ¢D (1 — i) -7
By Weak Independence, a' -p@® (1 —af) -r = al - q® (1 — al) - r for
some a! € (0,ay,). Thus, Affine Continuity implies the existence of
e > 0 such that a,. —¢ € A. This contradicts the fact that o, = inf A.
Hence, a,, = a, proving Inward Monotonicity. H
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Since LEU preferences are equivalent to classical Independence as
shown by HAUSNER (1954), it follows that the above system of ax-
ioms is not stronger that classical Independence. Note, each axiom
is non—testable and is a “cancellation” type statement. Further, all
axioms except Weak Independence are satisfied by every preference
characterised in DEKEL (1986). However, preferences that admit LEU
representations are refuted by the Allais paradox.

Theorem 5 allows us to characterize preferences that admit expected
utility representations. In particular, we replace “monotonicty” as re-
quired by SEGAL (2023) with the following weaker axiom.

Excrusivity: For any p,q € £ (Z) and any o € (0, 1),
“(p~q) = —(ap®(l-a)-qg~q).
Notice that Exclusivity is testable. The result is as follows.

THEOREM 6: A binary relation satisfies completeness, transitivity,
Weak Independence—0, FExclusivity and Continuity, iof and only if, it
admits an expected utility representation.

PROOF: Necessity of the axioms is obvious. Our strategy for sufficiency
will be as follows. We show that Weak Independence—1 is implied by
Exclusivity, Continuity and Weak Independence—0. Observe, Affine
Continuity follows from Continuity. If Outward Monotonicity is shown
to hold, then Theorem 5 implies that the preference admits an LEU
representation. Note, the only LEU preferences satisfying Continuity
are those which admit expected utility representations. Hence, it is
enough to argue that Outward Monotonicity follows from the axioms.
This shall be done through the following steps.

Step 1 — We shall show that Weak Independence—0 and Continuity
imply the following: for any p,q € Z(Z),

pr~qg = (Voze(O,l))[p%oz-p@(l—a)-qwq]

Suppose p ~ ¢ and af € (0,1) satisfy ol -p@® (1 —al) - ¢ = p. Let
# be the class of all intervals I C [0, 1] which contain o' and satisfy:
a-p@®(l—a)-q = pforall « € I. Let I, be the union of the intervals in
& . Thus, I, is the maximal element in .# according to set—inclusion.
Continuity implies I, has a nonempty interior. Let a, = inf [, and
o = sup I,. Thus, a,,a* € [0,1] satisfy a, < o and I, = [a,, a”].
Define p, == a.p ® (1 — ay) - ¢ and ¢, = a*p ® (1 — a*) - q. Note,
a-pe®(1—a) g >pforal ae(0,1).
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Continuity then implies p, =~ p and ¢, = p. If at least one of p, > p
or q. > p holds, then Continuity would imply a contradiction to the
maximality of I, in .#. Hence, p, ~ p and ¢, ~ p. Transitivity implies
(1) ps ~ g, and (2) - p ® (1 — @) - g« > p for all @ € (0,1). Since >
is asymmetric but ~ is symmetric, py, ¢, € Z(Z) violate:

pe~qg = (Jae(0,1))[pi~a-p.d(l—a) ¢ ~q .

However, this contradicts Weak Independence—0. showing that our sup-
position is impossible. Similarly, there does not exist p,q € £ (Z) and
ol € (0,1) such that p~ gand p = o - p® (1 — af) - q. Hence, we have
established the claim made in this step.

Step 2 — We shall show that Weak Independence—0, Exclusivity
and Continuity imply: for any p,q € Z(Z),

p-q = (Vae(0,1))[p-ap®(l-a)-q¢-q].

Notice, the claim is that Weak Independence—1 holds. Fix any p,q €
Z(Z). Suppose a, - p ® (1 — aw) - q = p for some a, € (0,1). Then,
by Continuity, p > ¢ implies the existence of o/ € (0, ) such that
o - pd(1—-a)-g~p Bystepl a-p®d(1l—a) g~ pfor all
a € [o,1]. Note, a,, € [@/,1]. Thus, a, - p® (1 — ) - g ~ p. But > is
asymmetric and ~ is symmetric. Thus, we have a contradiction. Hence,
pa-p®(l—a)-qforall o€ (0,1). Similarly, a-p® (1 —«a)-q 7 q
for all a € (0,1). That is, the following holds:

prma-p@®(l—a) -qzq forevery a € (0,1).

Fix an arbitrary o € (0,1). Let r:==a-p® (1 — «) - ¢. Note, p = ¢
implies p ~ ¢ fails. Then, Exclusivity implies r ~ p fails. Since p = 7,
we obtain: p > r. Further, p > ¢ implies g ~ p fails. Then, Exclusivity
implies r ~ ¢ fails. Since r 7~ ¢, we obtain: r > ¢. Thus, we have:
p = r > q. Finally, note that a € (0, 1) is arbitrary.

Step 3 — We establish Outward Monotonicity. Fix p,q,r € Z(2)
and a, € (0,1). Assume a-p® (1 —a)-r>=a-¢® (1 —«)-r for all
a € (o, 1]. Let py = p@® (1 —a) -rand ¢ = - ¢ D (1 — ) - 7.
Then, Continuity implies p, = ¢.. We must argue: p, > ¢.. Suppose
not! Thus, p, ~ ¢, holds. First, we rule out some cases.

If p~randr > ¢, then steps 1 and 2 imply p, ~ p and ¢, ~ q.
Thus, p > q implies p, > q.. Hence, the case p ~ r > ¢ is ruled out.
Similarly, the case p = r ~ ¢ is ruled out. Also, the case p = r = ¢ is
ruled out by step 2 and transitivity.
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Thus, the cases that remain are (1) r = p > g and (2) p > q > 7.
Henceforth, assume r > p > ¢ (the other case is symmetric).

Suppose p = af - @ (1 — al) - ¢ for some af € (0,1). Clearly, such
an o' is unique. Define a; = a,al + (1 — o). Notice, a; € (0,1) as
ol a, € (0,1). Observe that p, = oy -7 @ (1 — o) - ¢. Then, 7 > ¢
and step 2 imply p, > ¢. Define ap = (1 — a,)/[zal + (1 — )]
Note, af, o, € (0,1) implies as € (0,1). Further, observe that ¢, =
as - pe @ (1 — ay - q. Since p, > ¢, step 2 implies p, = ¢, contradicting
P~ qi. Thus, p#a-r@ (1 —a)-qforall ae(0,1).

Suppose ¢ = a' - p @ (1 — al) - r for some af € (0,1). Clearly, o' is
unique. Recall, p, = a, - p® (1 — aw) - r where a,, € (0,1). By r > p
and step 2, we have 7 = p,. Observe that ¢, = ol -p, ® (1 —al)-r. By
r > p. and step 2, we obtain ¢, > p, which contradicts p, ~ ¢.. Thus,
we have: ¢ =a-p® (1 — «) - r for every a € (0,1).

Now, suppose r = ol - p@ (1 — al) - ¢ for some o' € (0,1). By p > ¢
and step 2, we have p > r which contradicts r > p. Thus, we have:
r#4a-p®(l—a)-qforall a € (0,1). Denote by Ay the simplex of
all lotteries ag - p @ as - ¢ @ a3 - r, where (a1, as, a3) € R, such that
a1 + as + ag = 1. Together with the conclusions of the previous two
paragraphs, we obtain: 4 is a 2-simplex.

For any s € Ay, let I(s) == {t € A : t ~ s}. Further, let Fy, I}
and F; be the “faces” of A defined by the respective pairs (r, q), (r,p)
and (p, q). Formally, Fy, F} and F; are defined as follows:

(0,1)},
(0,1)},
(0,1] }.
They are pairwise disjoint. Let F, == F} U Fy. Fix any s € Ag \ {¢,7}.
Continuity and steps 1-2 imply: there exists a unique (sz, sg) € Fr, X Fr
such that I(s) ={a-sp® (1 —a) sy :a€[0,1]}.

Let d and d. be the “direction vectors” of I(p) and I(p.). Since
r > p > ¢, Continuity implies p ~ s for some s € Fgr. Thus,
d # d.. Pick (a1,a9,a3) € Ry such that oy + as + a3 = 1, and
let 7 = g - px D g - g D g - 7. Let d be the “direction vector” of
I(r,). By Weak Independence-0 and Continuity d" = d. Similarly,
di =d,. Thus, d = d. which contradicts d # d,.. I

)
)
1

Y

Fr={a-r®d(1—a) q:«
Fr={aro(l—a) p:a
Fy, ={a-pd(l—a) q:«

Mm M M
o O O

We close this subsection with one final remark. All testability claims
made in this subsection can be formalised in the sense of CHAMBERS
ET AL. (2017). In particular, they outline all formal statements of a
particular form as testable by using the model theoretic framework as
proposed in CHAMBERS ET AL. (2014).

79



3.4 Geometry of LEU Representations

First, we “geometrize” the problem. Let ¢ : Z — N = {1,...,n} be
a bijection, where n == |Z|. Let (-,-) : R" x R” — R be the standard
inner—product over R”, 1 be the “all ones” vector and e; be the ith
standard basis vector of R". Then, A := {x € R"} : (x,1) = 1} is the
(n — 1)~dimensional unit simplex.

The enumeration ¢ induces the bijection p € Z(Z) — p € A,
where p = Y. (e;,p)e; with (e;,p) = [po ¢ '](i) for all i« € N.
Since the inner—product is bilinear, observe that the compound lottery
a-p® (1 —a)-qis mapped to the vector ap + (1 —«)q. The preference
= over Z(Z) induces a preference 72" on A as: p 2 q < p =" q.
Then, Independence—3 of - translates to that of 2" as follows:

p>-"q] iff (Vae(0,1))[ap+(l—a)r>"aq+(1—a)r]

The enumeration ¢ also induces a bijection of EUs to vectors in
R" as u € &(Z) — u € R", where u = ) . (e;, u)e; with (e;,u) =
[u o ¢~1](i) for every i € N. The bijections imply the crucial property:

u(p) = (u,p) for every u € &(Z) and any p € £ (7).

Let a := 1/n be the centroid of A, and Op = {x € R" : (1,x) = 0} be
the orthogonal subspace in R" to the vector 1. Let u, be the orthogonal
projection of u € R"” onto Oy. Thus, (p—q,u) = (p—q,u,) if p,q € A.
Further, p, := p —a is the orthogonal projection of p onto Oy because
(p,1) =1=(a,1). Then, (p —q,uy) = (p, —q,,ur). Thus, for any
P,q € A and u € R”, the following holds:

(p,u) > (q,u) iff (p;, —q,,u;)>0.

The statement “ there exists an LEU representation for 7~” can then
be rephrased as follows: there exist a K—tuple (uy € O1 : k=1,..., K)
of orthonormal vectors in O such that,

p>"q iff [(p, —aq,,w),...,(P. —4qy,ux)| > Ok,

where O is the origin of R® and > is the asymmetric component of
the lexicographic order >; over R¥. Note, the subscript L has been
dropped as each u; is assumed to be in Op from the outset.

Moreover, the u;’s are assumed to be orthonormal. To see why,
write u, = uﬁ + u}‘C where ué and u,”c, respectively, are the components
of u; perpendicular and parallel to the span of uy,...,u;_1. Assume,
(p* —qt,w) =0 foreach 1 <! <k—1. Then, (p, —q,,uy) =0, and
(P, —q,,u;) = (p, —q,,ui). Hence, we may assume u, = 0.
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Let the list (u; : £ = 1,..., K) of orthonormal vectors in Oy be
denoted by U. Recall, from subsection 2.1, the graded halfspace induced
by Uis Hy = Ulfle U*, where U” is the kth slice defined as:

U* = {weO;:(w,u)=0foralll <k, and (w,u;) >0}

forall k =1,..., K. Also, recall that the reflection of Hy through the
origin, — Hy, is the graded halfspace H_y. Also, let

Oy ={weO;:(w,u) =0forall k=1,..., K}
be the orthogonal subspace of U in Oy. Observe, if x € Oy then:
[(x,w1),...,(x,uk)] >1 0 iff x € Hy,
by the definition of >;. For any p € A, define the sets:

Up)={qeA:q>"p}, (“strict upper contour set of p”)
I(p) ={q€ A:q~"p}, (“indifference set of p”)
L(p) ={qe A:p>"q}. (“strict lower contour set of p”)

Then, ~* admits an LEU representation via the vectors in U iff:
Up)=An(p+ Hu), I(p)=AN(p+O0u), Lip) =AN(p+ H-vu).
Now, let W, := O1 and consider the following sets:

U*::{WEW*:a+tW>—*a forsomet>0},
‘/*Z:{WEW*13.>-*3+tW forsomet>0},
S*::{WEW*:a+tWN*a forsomet>0}.

Note, =" admits an LEU representation via U iff: U, = Hy,
V., = H_y and S, = Oy. Moreover, then the structure of the graded
halfspaces Hy and H_y imply: (U, Vi, Si) is a partition of W, where
U,, V. are cones satisfying V, = —U, and S, is a subspace. Hence, to
prove Theorem 2, from Theorem 1 it is enough to establish,

LEMMA 3: Suppose =" satisfies Independence=3. Then, (U, Vi, S,) is
a partition of W, where U,,V, are cones that satisfy V, = —U,, and S,
is a subspace. Further, U(p) = AN (p+U,), I(p) =AN(p+S5,) and
Lp)=AN(p+V.) forall p € A.

The formal proof is in subsection A.IL.2 of the Appendix. However,
a sketch is provided in the following subsection.
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3.5 Sketch of the Proof

We now present a geometric outline of the proof of Lemma 3. To begin,
consider Figure 4 which shows an embedding of the set of lotteries
ZL(Z), over a set Z of three basic prizes, in the three dimensional
Eucidean space. Thus, each point on the simplex A corresponds to a
lottery. A typical lottery is p whereas a is the centroid of the simplex.
It corresponds to that lottery which randomly selects any basic prize
with the same probability for every prize to be selected.

FIGURE 4: The simplex A and an expected utility vector u € RI4l,

Next, the vector u is a Bernoullian to be used in ascribing expected
utilities to various lotteries. For instance, the expected utility of the
lottery p according to the Bernoullian u is the inner product (u,p).
The collection of all vectors in RI4! which are perpendicular to the
vector of “all ones” 1 form a subspace denoted by Oj.

Of interest shall be the orthogonal projections, of the lotteries and
the Bernoullians, onto Op because: (u,p) > (u,q) iff (u,p —q) > 0.
Note, p=a+p, and q =a-+q, where p, and q, are the orthogonal
projections onto O7 of p and q. Thus, (u,p —q) = (u,p, — q,).
Moreover, with u; as the orthogonal projection of u onto Oy, u—u, is
perpendicular to p;, —q,. Thus, (u,p—q) = (u,,p, —q,). Further,
note that the orthogonal projection of a onto Oq is the origin 0. Hence,
all the action essentially takes place in the translation by —a of the
simplex A which is part of the hyperplane O;.
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Henceforth, the perspective is such that the eye is located at 1 and
looks in the direction of 0. Thus, the simplex A appears as shown in
Figure 5. To illustrate Independence-3, let p, q and r be arbitrary
points in A. If a € (0,1) then the line segment joining s, = ap +
(I —a)r and t, = aq+ (1 — a)r is parallel to the line segment joining
p and q. This is because s, divides the line segment joining r to p
in the ratio v : 1 — o which is the same ratio in which t, divides the
line segment joining the point r to q. Then, Independence-3 places
two requirements on the binary relation 7=* defined over A. First, if
p =" q then s, >=* t, for each a € (0,1). Moreover, if s, >=* t, for
every a € (0,1) then p =* q. Note, when using Independence-3 to
conclude p =* q, it is not enough that s, >=* t,, for some o € (0, 1).

(0,0,1)
: aq+ (1 —a)r
,//// lO
\ /’1/_,051
ap+ (1 —a)r -
(1,0,0) (0,1,0)

FIGURE 5: The Independence axiom and “Similar Triangles”.

First, we shall argue that 7=* is “consistent along any ray”. For this,
consider Figure 6 which shows two lotteries p and q defining the ray [
which emanates from q and passes through p. First, assume p >* q.
By Independence-3, every point on the “open line segment” with end
points as p and q is strictly preferred to q.

Let r be on the ray [ is such that p lies on the “open line segment”
whose end points are q and r. Suppose r ~* q. Then, p >* q implies
p >"* r. By Independence-3, every point on the “open line segment”
with end points as p and r is strictly preferred to r. Since r ~* q, every
such point is strictly preferred to q. Then, every point on the “open
line segment” with q and r is strictly preferred to q. Thus, r >* q
by Independence-3 which contradicts r ~* q. Thus, r ~* q is not
possible. Further, by the argument in the previous paragraph, q >* r
implies q >=* p. However, p >* q by assumption.
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Thus, if some lottery on the ray [ is strictly preferred to q then each
lottery on the ray, which is distinct from q, is strictly preferred to q. A
similar argument shows, if q is strictly preferred to some lottery on the
ray [ then q is strictly preferred to every lottery on the ray provided it
is distinct from q. Now, assume that some lottery, say p, on the ray
[ is such that p ~* q. Thus, neither p >~* q nor q =* p holds. Then,
for any lottery r on the ray [, it must be the case that neither r >* q
nor q =" r holds. For instance, note that r >=* q would imply p >* q
which is a contradiction. That is, if the decision maker is indifferent
between q and some lottery on the ray [ which is distinct from ¢ then
he is indifferent between q and every lottery on the ray. In other words,
any two lottery on the ray [ which are distinct from q must be ranked
consistently with respect to q.

(0,0,1)

(1,0,0) (0,1,0)

F1GURE 6: Consistency of =" along a ray.

We demonstrate “anti—consistency along reflected rays”. Consider
Figure 7 which shows p in A and two rays [; and /; emanating from
p which contain the points q and r, respectively. First, assume that
q =* p. Let « € (0,1) be such that aq + (1 — a)r = p and define
s =ap+ (1 —a)r. Thus, q >* p implies p >* s. Then, “consistency
along a ray” requires that if every point on the “open ray” [; is strictly
preferred to p then p is strictly preferred to every point on the “open
ray’ [o. The converse also holds by a similar argument.

Now, assume that q ~* p. Suppose r >=* p. Then, p >=* q by
the previous paragraph. Thus, both p ~* q and p >* q hold which
is impossible because ~* and >=* are disjoint. Thus, r >=* p fails.
Similarly, p >=* r fails. Hence, q ~* p implies r ~* p. We say, the rays
[y and [y are ranked anti—consistently with respect to p.
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Recall, U(p) and L(p) are the strict upper and lower contour sets
of any p in the simplex. By “consistency along a ray”, it follows that
U(p) and L(p) are made up of “open rays” which emanate from p
as the “origin”. Moreover, L(p) = —U(p) by “anti—consistency along
reflected rays”. Also, recall that I(p) is the indifference set of p. Then,
I(p) too is made up of rays emanating from p as the origin. However,
I(p) = —I(p) by “anti—consistency of reflected rays”. Because =* is
asymmetric and ~* is symmetric, the sets U(p), L(p) and I(p) are
pairwise disjoint. Moreover, since the union of >=* and ~* is complete,
they form a partition of the simplex.

(0,0,1)

\

s

[

(1,0,0) | (0,1,0)
s=ap+ (1 —a)r

FIGURE 7: Anti—consistency of =* along reflected rays.

Since we wish to invoke the Decomposition Theorem, we shall now
proceed to argue that each of the sets U(p), L(p) and I(p) is convex.
Coupled with the observations as in the previous paragraph, this will
imply that U(p) and L(p) are a pair of mutually reflecting (convex)
cones while I(p) is a subspace. Further, they partition the simplex
which, essentially, can be thought of as the hyperplane O;.

First, we argue that U(p) and L(p) are convex. Consider Figure
8 which shows a point p of the simplex. Also, let q and r be two
arbitrary points in U(p). That is, both q =" p and r >=* p hold.
Fix any a € (0,1). Let s .= aq+ (1 — a)r and t == aq + (1 — a)p.
Then, r =* p implies s =* t. Also, q =" p implies t =* p because
p = ap + (1 — a)p. Since >* is transitive, s =* t and t >* p imply
s =* p. Since s = aq + (1 — a)r where q,r € U(p) and a € (0,1)
are arbitrary, we have: U(p) is convex. By a similar argument, L(p) is
convex. Thus, U(p) and L(p) are (convex) cones.
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It remains to argue that I(p) is convex. For this, let q and r in L(p).
That is, both q =* p and r ~* p hold. Fix any a € (0,1) and let s :=
aq+ (1 —a)r. Since q ~* p and r ~* p, the symmetry and transitivity
of ~* implies q ~* r. Then, r and s are two points on the “open ray”
emanating from q which passes through r. By “consistency along a
ray”’, r ~* q implies s ~* q. Again, s ~* q and q ~* p imply s ~* p
because ~* is transitive. Since s = aq+ (1 —a)r where q,r € I(p) and
a € (0,1) are arbitrary, we have: I(p) is convex. Recall, I(p) = —1(p)
by “anti—consistency along reflected rays”. Hence, “consistency along
a ray” and convexity of I(p) imply: I(p) is a subspace.

(0,0,1)
: aq+ (1 —a)r
,/”/’/\}/a/
aq+ (1 —a)p ‘ § N /
(1,0,0) (0,1,0)

q-"p;r>"p

FIGURE 8: Convexity of U(p) :={q € A:q >* p}.

The conclusions thus far can be represented in a drawing such as
Figure 9. With the point p in the simplex as the “vertex”, two cones
have been drawn to represent the strict upper contour set U(p) and
the strict lower contour set L(p). Then, if a coordinate system is so
chosen that the vertex p becomes the “origin” then, the cones U(p)
and V' (p) must satisfy L(p) = —U(p) which is the algebraic experssion
of the geometric fact that U(p) and L(p) are “reflections” of each other
through the origin (or, the vertex). Hence, to any ray emanating from
p which passes through a typical point q in U(p), the reflected ray
through p is part of L(p). Likewise, the converse holds. In particular,
consider the two rays shown in “bold” which are part of the boundaries
of U(p) and L(p), respectively. Then, the former belongs to U(p), if
and only if, the latter belongs to L(p). However, these rays may not
belong to U(p) and L(p). Then, both rays are part of I(p).
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Notice, the subspace I(p) is shown to be the singleton {p}. Observe,
the “white spaces” in the simplex. This is indicative of the possibiity
that there are lotteries which are not comparable to p according to
either >=* or ~*. However, this is not possible because the relation ~*
satisfies the following;:

p~*q iff (notp»*q;notq>*p).

That is, for any q in the simplex, if neither q € U(p) nor q € L(p)
hold then q € I(p). Moreover, I(p) must be disjoint from the union
of U(p) and L(p). The asymmetry of >=* forces the two cones U(p)

and L(p) to be disjoint. Thus, the claim that “U(p), L(p) and I(p)
partition the simplex” has been established.

(0,0,1)

(0,1,0)

q-"p>"r

FI1GURE 9: The pair of cones and the subspace for p.

Thus, the cones U(p), L(p) and the subspace I(p) must “fan out”,
while maintaining L(p) = —U(p), to cover the whole simplex and must
do so without any “overlaps”. At this stage, recall Figure 2 which was
presented in section 2. Just as in Figure 9, the setting shown in Figure
2 involves two mutually reflecting cones and a subspace each pair of
which is disjoint. However, for them to “fan out” so as to cover the
whole plane implied that the cones must be graded halfspaces of the
form illustrated, for instance, in Figure 1. Moreover, the structure of
graded halfspaces then imply that the ranking of lotteries with respect
to p is according to lexicographic expected utilities.
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However, for this strategy to be complete, it must be ensured that
the expected utility maps that define the lexicographic expected utility
representations must not depend on the lottery p. That is, if p and
p’ are arbitrary lotteries then, the sets U(p’), L(p’) and I(p’) must
be translations of U(p), L(p) and I(p), respectively. Our strategy to
show this will be as follows. Recall, a is the centroid of the simplex.
For any arbitrary point p of the simplex, we shall argue that the sets
U(p), L(p) and I(p) are translations by the vector p — a of the sets
U(a), L(a) and I(a), respectively.

(0,0,1)

aq+ (1 —a)r

ap+ (1—a)r=a

1.0.0) &t A 010

FIGURE 10: U(p) is a subset of the translation of U(a).

For this, consider Figure 10 which shows the arbitrary lottery p
and the centroid a of the simplex. Also, let q be a lottery distinct from
p. Let [ be a ray emanating from p and passing through a. Pick any
point in the simplex on the ray [y such that a lies on the “open segment”
whose end points are p and r. That is, there exists an o € (0, 1) such
that a = ap + (1 — a)r. Now, draw the ray [y which emanates from
q and passes through r. Further, draw the ray [3 emanating from a
that is parallel to the segment with end points p and q. Observe, the
intersection of I3 with [ is aq + (1 — a)r by construction.

First, assume q >=* p. Then, aq+ (1 —a)r =* ap+ (1 — a)r. That
is, aq+ (1 —a)r =* a. Since q =* p, “consistency along a ray” ensures
that all points on the ray emanating from p and passing through q must
be strictly preferred to p. Also, since aq + (1 — a)r =* a, “consistency
along a ray” ensures that all points on the ray emanating from a and
is parallel to former. The argument thus far has shown that U(p) is
a subset of the translation, by the vector p — a, of U(a). To show
equality, we argue: aq + (1 — a)r =* a implies q >* p.
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For this, consider Figure 11. Assume s = aq + (1 — a)r >* a.
For any arbitrary 5 € (0,1), tg = fa+ (1 — §)p is on the “open
segment” with end points p and a. The ray /4 emanates from tgz and is
parallel to [3. The intersection of l; with the segment joining s and p
is vz = s+ (1 — B)p. Then, s =* a implies vg >* tg. Let [; intersect
lo at wg. Since [y is parallel to the segment joining p and q, we have
wg = s+ (1 — f)q. Since vz and wg are on [y, “consistency along a
ray” forces vz =" tg to imply wg =" tg.

(0,0,1)

s=aq+ (1l —a)r

a=ap+(l—a)r

ts = pBa+(1—-38)p

(1,0,0) Ez (0,1,0)

wg = s+ (1 - f)q
v = s+ (1-06)p

FIGURE 11: U(p) is equal to the translation of U(a).

Observe, tg = [1—5(1—a)|p+[B(1—a)|r because a = ap+(1—a)r
and tg = fa+(1—0)p. Also, ws = [1—F(1—a)|q+[5(1—a)r] because
s=aq+ (1 —a)r and wg = s+ (1 — 8)q. That wsz >* tg holds for
any arbitrary 8 € (0, 1) is equivalent to:

ya+ (1 —v)r =" yp+ (1 —~v)r forevery v € (a,1).

Of course, the above holds at v = a because s =* a. To see why
it also holds for any v € (0, ), let mg = fa + (1 — f)r and ng =
Bs 4+ (1 — f)r. Thus, s =* a implies mgz =" ng for any g € (0,1).
Also, mg = (af)p + (1 — af)r and ng = (af)q + (1 — af)r because
a=ap+ (1 —a)rand s = aq+ (1 — a)r. Since aff increases from
0 to a as 3 increases from 0 to 1, the above relation holds for every
~v € (0,1). Then, Indpendence-3 implies q >=* p as was required. Thus,
U(p) is equal to the translation, by p — a, of the set U(a).
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A similar argument shows that L(p) is the translation, by the vector
p — a, of the set L(a). Let us reconsider Figure 10. We already have
(1) g =" piff s =" a, and (2) p =* q iff a =* s. Thus, we must have:
q ~* p iff s ~* a. To see why, assume q ~* p. Suppose s >=* a. Then,
q >* p by (1) which is a contradiction. Thus, s =* a does not hold.
Similarly, (2) implies a >* s does not hold. Thus, s ~* a must hold.
Hence, q ~* p implies s ~* a. A similar argument implies the converse.
Hence, I(p) is the translation, by p — a, of the set I(a).

(0,0,1)

(1,0,0) (0,1,0)

FIGURE 12: Lexicographic expected utilities for ~—*.

Thus, for any arbitrary lottery p, the sets U(p), L(p) and I(p)
are translations by p — a of the sets U(a), L(a) and I(a), respectively.
This is equivalent to asserting that there exists a pair of cones U, V,
satisfying V., = —U,, and a subspace S, where (Ui, Vi, S,) partitions
Oq such that, for any p € A, U(p) = AN(p+U,), L(p) = An(p+ Vi)
and I(p) = AN (p+ Si). This proves Lemma 3.

To complete the picture, observe that the Decomposition Theorem
applies on the parition (U, Vi, S.). That is, there exists a list U of
orthonormal vectors in Oy such that U, is the graded halfspace that is
generated by U. Recall, a typical graded halfspace appears as is shown
in Figure 1 of section 2. Importing such a structure for U,, which
generates U(p) through translations by p, we obtain Figure 12 which
illustrates the strict upper contour set of the lottery p.

The list, shown here, consists of two orthonormal vectors u; and us.
Thus, lottery q, satisfies q; =* p because (u;,q; — p) > 0. However,
note that (uy,qy, — p) = 0. But, observe that (us,q, — p) > 0. Thus,
q, >* p. Equivalently, the maps p € A — (u;,p) and p € A — (us, p)
specify a lexicographic expected utility representation for 7—*.
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4. SOCIAL CHOICE THEORY

The second application is to the aggregation of individual preferences
into a social preference. The framework is as follows. Let A be the set
of alternatives; A is non—empty and |A| > 3. Also, let N = {1,2,...,n}
be the set of individuals. A utility profile v is a (u; € RA:1,... L)
where wu; is the utility function representing individual ¢’s ranking over
A. Let % be the class of all utility functions for an individual. Let &
be the class of all preferences® over A. A social welfare functional is a
map F : %" — %. For any u € %™, let F(u) and F(u) be respectively
the strict and indifference components of F'(u). For u € ™ and a € A,
let u(a) = (u;j(a) : ¢ = 1,...,n). Also, for u € " and a,b € A, let
F(u)|{qpy be the restriction of F'(u) to the set {a, b}.

DEFINITION 5: A lexicographic generalized utilitarianism s a social
welfare functional F which admits some A = A\ e R" : k=1,..., K)
such that \¥ # 0 and, for any w € %™ and a,b € A:

aF(u)b <= [\ -u(a),...,\* u(a)] > M- ub), ..., A5 - ub)],
where \¥-u(a) == >"1" | Mu;(a) and > is the lexicographic order on RY.

Additionally, if K is 1 and A € R"}, F'is a generalised utilitarianism.
Consider the following two axioms that F' may satisfy.

BINARY INDEPENDENCE OF IRRELEVANT ALTERNATIVES (BITA):
[u(a) = u'(a) 5 u(d) =v'(0) ] = [F(W)lfary = Fu)l{apy |
PARETO INDIFFERENCE (PI): [u(a) = u(b) ] = [aF(u)b].

Any social welfare functional that satisfies each of the above two
axioms is a welfarism. Another property is as follows.

STRONG NEUTRALITY (SN): If u,v’ € " and a,b,c,d € A then:
[u(a) =4'(c) ; wd) =u'(d)] = [aF(u)b < cF(u)d].
The key result characterizing strong neutrality is the following.

THEOREM OF WELFARISM: A social choice functional satisfies strong
neutrality, if and only if, it is a welfarism.

30A binary relation over A is a preference if it is complete and transitive.
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This result is well-known in the literature. It appears as Theorem
2.1 in BLACKORBY ET AL. (1984) for instance. Strong Neutrality of
a social welfare function implies that it admits a description through
a single complete and transitive binary relation over the space R" of
all utility n—tuples under any utility profile and any alternative. Thus,
information apart from individuals’ utility values to alternatives is not
relevant. The result appears in BLACKORBY ET AL. (1984) as Theo-
rem 2.2 and one formulation of this result is as follows.

REPRESENTATION LEMMA: Let F' be a social welfare functional that
satisfies strong neutrality. Then, there exists a complete and transitive
binary relation = (an “ordering”) over R™ such that:

aF(u)b <= wu(a) 7z u(b).
for any a,b € A and any u € U".

At this stage, we point out a matter regarding the terminology. Both
the terms “preference” and “ordering” refer to complete and transitive
binary relations. However, the term “preference” shall apply when the
binary relation is defined over the set A of alternatives. On the other
hand, the term “ordering” shall be invoked when the binary relation is
defined over the space R" of utility n—tuples.

We proceed to state some normative axioms that a given social
welfare functional may satisfy. For this, the notation for the standard
partial orders on n—vectors will be useful. Denote by >, > and > the
binary relations over R"” which are defined by:

x >y < (Vie N[z >y,
X >y &= (x>y;x#y),
x>y < (Vie N)[x; >y,

where x = (z1,...,2,) and y = (y1, . . ., y,) are arbitrary vectors in R".
Then, the axioms can be stated as follows.

WEAK PARETO (WP): [u(a) > u(b) ] = [aF(u)b].

STRONG PARETO (SP): [u(a) > u(b) ] = [aF (u)b].

CONTINUITY: Suppose {u*}ren is % "—valued and u* € U™ such that
limy o0 u*(a) = u*(a) for all a € A. Then, for any a,b € A,

(Vk e N)[aF(u*)b] = [aF(u*)b].
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We now come to the question: how “sensitive” is a social welfare
functional to the “informational content” of utility profiles? Formally,
we are interested in specifying the finest partition, given some social
welfare functional F', of the space of all " of utility profiles such
that F' is constant over partition elements. Since any such partition
is equivalently described by an equivalence relation over %", we must
specify the nature of the equivalence relation given the question. Since
elements of an utility profile are utility representations of individual
preferences, the equivalence relation over %™ will be defined through
classes of “monotone tranformations” of utility profiles.

Let @, the class of all n—tuples ¢ = (¢1,...,d,), where each ¢; is
a strictly increasing map on R. For any ¢ € &, and u € ", let pou
be the utility profile v’ € ", where u; = ¢; o u; for every i € N. The
equivalence relations of interest are described as follows.

DEFINITION 6: Suppose ® C &, is a subclass of transformations and
F 1s a social welfare functional. Then, F' is ®—invariant if,

F(¢pou)=F(u) forallue %" and ¢ € ®.

Suitable choices for @ in the above definition allow formalization of
different notions of “comparability” of utility levels across individuals
and of “measurability” of utility levels for each individual. For instance,
let ®eyue € @ consist of all ¢ = (¢1,...,¢,) € & corresponding to
which there exists a > 0 and (fy,. .., ,) € R" such that,

¢i(t) = at + 5; for all t € R,

for every ¢ € N. Now, consider the following definition.

DEFINITION 7: A social welfare functional F is cardinally measurable
unit—comparable if, F' is ®cyuc—invariant.

Observe, each ¢; of ¢ in Pomuc is a positive affine transformation.
Further, across individuals, ¢;’s have a common “scale” a but possibly
differing “offsets” f[;’s. Thus, ®cyuc—invariance of F' means that F
processes, at most, the “cardinal information” in each utility profile.
Moreover, the utility differences across individuals matter.

A social welfare functional F is null if aF'(u)b for any a,b € A and
every u € /". That is, F' ranks every pair of alteratives indifferently
under every utility profile. In the rest of this section, we assume social
welfare functionals to be not—null. Then, our first main result regarding
social welfare functionals is the following.
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THEOREM 7: A social welfare functional is a lexicographic generalized
utilitarianism, iof and only if, it is a welfarism that satisfies Cardinal
Measurability Unit—Comparability and is non—null.

PRroOF: For “sufficiency”, let F' be a ®cyjyc—invariant welfarism. The
Theorem of Welfarism and the Representation Lemma imply existence
of an ordering - such that, for any a,b € A and any u € Z™:

aF(u)b <= u(a) 77 u(b).
We argue: there exists (\* € R"\ {0} : k =1,..., K) such that
xZy <= [MNox. M x> My Ay

where > is the lexicographic order over R®, and A* - x denotes the
standard inner product of the vectors \¥ and x in R™. Then, substi-
tuting u(a) and u(b) for x and y, respectively, shows that F' satisfies
definition 5 as is required.

Let us “translate” the ®cyyc—invariance of F' to ~. For any ¢ in
bonvuc, uw € " and a € A, recall that g ou = (¢ 0 uy, ..., ¢, 0 uy)
and u(a) = (ui(a),...,uy(a)). Thus, we shall write:

(¢ 0 ul(a) = ([¢1 0 w(a), ... [dn o un](a)).

Then, aF(¢ou)b iff [poul(a) T [pou](b). Also, aF(u)b iff u(a) ZZ u(b).
By ®cyvuc—invariance of F', aF'(¢ o w)b iff aF'(u)b. Thus:

u(a) Z u(d) = |¢oul(a) Z [¢oul(b).

Now, pick any x, y and z in R". Also, let & > 0 be arbitrary. Define
B; = z; for every i € N, where z = (z1,...,2,). Fix distinct a,b € A
and construct an utility profile v € %™ as follows. Let u(a) = x,
u(b) =1y, and u(c) := 0 for every ¢ € A\ {a,b}. Also, for each i € N,
let ¢;(t) == at+ f; for every t € R. Then, ¢ :== (¢1, ..., ¢,) is in Peyuc.
Observe, [pou](a) = ax + z and [¢p o u](b) = ay + z. Then, because ¢
belongs to ®cmuc, for any x,y,z € R” and o > 0:

Xy &< ax+zZay+z. (1)

Consider, for any x € R", the three sets U(x) :={y € R" : y > x},
Lx) ={yeR':x>y}and I(x) ={y € R": y ~ x}. By (1), for
any x and y in R", we have: y =~ 0 iff x +y 77 x. Thus, y € U(0) iff
x+y € U(x). That is, U(x) = x+ U(0). Similarly, L(x) = x + L(0)
and [(x) = x+I1(0). That is, for any x € R", U(x), L(x) and I(x) are
translations by x of U(0), L(0) and I(0), respectively.
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By (1), if @« > 0 and y € U(0) then ay € U(0). Also, y;,y, € U(0)
implies y; +y, € U(0). Thus, U(0) is a (convex) cone. Similarly, L(0)
and 1(0) are cones. Moreover, y > 0iff 0 = —y. Thus, L(0) = —U(0).
Also, y ~ 0iff 0 ~ —y. Thus, I(0) = —1(0). Since I(0) is a cone and
1(0) = —1(0), I(0) is a subspace. Finally, note that (U(0), L(0), I(0))
paritions R" because (>, ~) partition 77 which is complete.

Thus, the Decomposition Theorem (Theorem 1 of section 2) applies.
Hence, there exists a list U = (uy,...,ux) of some K orthonormal
vectors such that U(0) = Hy, L(0) = —Hy and 1(0) = Oy, where Hy
is the graded halfspace generated by U and Oy is the subspace of R"
orthogonal to U. Let y € R" be arbitrary. Since U(y) =y + U(0), we
have: U(y) =y + Hy. Thus, by the definition of the graded halfspace
Hy (that is, definition 1 of section 2) and because U(y) is the strict
upper contour set according to 7~ of y, we have:

X~y < [ul(X_Y>77uK(X_Y)] >LOK7

where u* - x is the standard inner product of vectors in R”, > is

the lexicographic order over R® and O is the origin of R¥. This is
equivalent to the following:

XZy <= [u-x,...,ug-X| > [u-y,...,ux -yl (2)

because: uy - (x —y) > 0 iff ug - x > ug-y. Then, defining \;, == uy, for
every k= 1,..., K completes the proof. B

Then, generalized utilitarianism admits a characterization, which
appears as Theorem 7.1 in BLACKORBY ET AL. (1984), which is seen
to be an immediate consequence of the above theorem.

THEOREM 8: A social welfare functional is a generalized utilitarianism,
of and only if, it is a welfarism that satisfies Weak Pareto, Continuity
and Cardinal Measurability Unit—Comparability.

PROOF: We build on the proof of Theorem 7. In particular, recall that
(2) holds where uy, ..., ux are orthogonal. Thus, the ordering >~ over
R™ is continuous iff K = 1. Further, the social welfare functional F
satisfies Continuity iff 7~ is continuous. Hence, we must have K = 1.
Thus, it remains to argue that u; € R’!. Suppose u; ¢ R"}. Let i, € N
satisfy u; - e;, < 0 where e;, be the i,th standard basis vector. For any
e € (0,1), let x. == (1 —¢)e;, + > ;cn g,y €€ Thus, uy - x. < 0 for
all small enough ¢ > 0. Then, K = 1 and (2) implies 0 > x. which
contradicts Weak Pareto. Thus, u; € R},. W
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As in the above proof, axioms on a welfarism F' such as Weak Pareto
and Strong Pareto “translate” to properties of the ordering ~~ which
represents F' in the following manner:

XS>Yy = X>Y (Weak Pareto for 7)
X >y = X»-Yy (Strong Pareto for 77)

To see why, let us assume F' satisfies Weak Pareto. Let x,y € R”
be arbitrary such that x > y. Fix distinct a and b in A. Construct a
utility profile u € " as follows. Let u(a) = x, u(b) ==y and u(c) == 0
for all c € A\{a,b}. Thus, u(a) > u(b). Since F satisfies Weak Pareto,
we have aF(u)b. Also, aF (u)b iff u(a) = w(b). Thus, aF(u)b implies
u(a) > u(b). That is, x = y. This proves the “Weak Pareto for 27”.
Similar considerations establish “Strong Pareto for ~=”.

Now, we consider the following strengthening of the “invariance”
requirement on F. Let ®cyne € @ consist of all ¢ = (¢4, ..., ¢,) € Ds
corresponding to which there exists («;, 5;) € Ry x R for each i € N
such that, for every 1 € N,

¢i(t) = oyt + B; for all t € R,

Observe, in contrast to elements of ®cy\yc, now even the «;’s may
depend on the individuals’ identity. In fact, the subscript “CMNC”
(instead of the earlier “CMUC”) reflects “non—comparability” across
individuals. The following definition is in order.

DEFINITION 8: A social welfare functional F is cardinally measurable
non—comparable if, F' is Poyvinc—tnvariant.

Note, Pomuc € Pomne. Thus, any F which is ®oyne—invariant
must also be ®cyjyc—invariant. Thus, our Theorem 7 will be useful in
investigating the effect of ®cync—invariance on F. To that end, we

must introduce the following two definitions.

DEFINITION 9: A social welfare functional F' is a dictatorship if, there
exists 1, € N such that, for any a,b € A and uw € %",

ui (a) > u; (b)) = aF(u)b.

DEFINITION 10: A social welfare functional F' s a serial dictatorship
if, there exists a permutation iy,...,4, of the individuals N such that,
for any a,b € A and uwe U™,

A

(Fk € N) [ ui(a) =uy(b) if l < k; ui(a) > u(b) | <= aF(u)b.
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Two remarks are in order. “Dictatorship” as in definition 9 is a
weak notion: if the “dictator” 7, exhibits a strict preference for an
alternative over another then the two alternatives are socially ranked
according to his preference. However, definition 9 does not require the
converse. Second, the idea underlying definition 10 is that individuals
have been prioritized such that ¢; gets to be the “dictator” first but
if 21 exhibits indifference then i, gets to be the “dictator” ... and so
on. Moreover, note that definition 10 requires a “two—way implication”
in contrast to just the “one-way implication” as in definition 9. We
provide a characterization of serial dictatorships as follows.

An inspection of definitions 5 and 10 reveals that serial dictatorships
form a specifc subclass of lexicographic generalized utilitarianisms. As
already noted, ®cync—invariance is stronger than Pcnyc—invariance
with the latter characterizing lexicographic generalized utilitarianisms.
Serial dictatorships are characterized by ®cyvnc—invariance.

THEOREM 9: A social welfare functional is a serial dictatorship, if and
only if, it 1s a welfarism which satisfies Strong Pareto and Cardinal
Measurability Non—Comparability.

PROOF: For “sufficiency”, let F' be a welfarism that is ®cync—invariant
and satisfies Strong Pareto. Then, the Theorem of Welfarism and the
Representation Lemma imply the existence of an ordering - over R”
such that, for any a,b € A and u € ",

aF(u)b <= u(a) zZ u(b).

As Ponvue € Ponne, note 77 satisfies (2) as in the proof of Theorem
7. Thus, there exists K orthonormal uy,...,ux € R" such that:

XZY <= [u-%x,...,ux-X| > [w-y,...,ux -yl (3)

where > is lexicographic order over R¥. Also, note that because F
satisfies Strong Pareto, it satisfies Weak Pareto. Observe, to show that
F'is a serial dictatorship, it is enough to show: K = n, and there exists
a bijection o : N — N such that u, = e, forall k =1,... n.

Step 1: We argue: u; € R”.. Suppose i, € N satisfies u; - e;, < 0.
Let € € (0,1) and define x. == (1 —¢)e;, +> ;e\ (i, €€i- Note, x- > 0.
Then, as F' satisfies Weak Pareto, we have: x. > 0. Also, u; -e;, <0
implies that u; - x. < 0 for all small enough £ > 0. Then, 0 > x. by
(3). However, this is a contradiction to the asymmetry of . Hence,
u;-e; >0foralle=1,...,n. Thatis, u; € R.
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Step 2: We argue: u; = e; for some 7, € N. By normality of
u; and step 1, observe that it is enough to show: there does not exist
distinct ¢ and j in IV such that u; - e; > 0 and u; - e; > 0 hold. Thus,
suppose that i, and j, are distinct elements in N such that u; -e;, >0
and u; -e;, > 0. For ¢ > 0, let x, = —ce;, +e;, and y, == —e; +ce;, .
Then, u; - e;, > 0 and uy - e;, > 0 imply, respectively, u; - x. > 0 and
u; -y, < 0 for all small enough € > 0. Thus, (3) implies:

x. >0 and O0>1y.. (4)

Thus far, we have not appealed to the fact that F'is ®cync—invariant.
Now, we proceed to do so as follows. For each ¢ € N, define the map
¢ : R — R by the following rule:

oi(t) == kit forallt € R,
where k; is 1 /¢ or € or 1 according as i is 7, or j, or belongs to N\ {ix, ji }.
Let ¢* == (¢7,...,¢}). Since ¢! is a positive affine transformation for
every ¢ € N, we have: ¢* € ®cyne. Recall, ®cyne—invariance of F'
“translates” to an invariance property of =~ as follows:

xZy i o(x)Z oly)

for all x,y € R" and any ¢ € $cvne. In particular, since ¢* € ®cnne
with x. and 0 in R", we obtain:

X. 20 iff ¢"(x) Z ¢7(0). ()

Now, observe that the definition of x., y. and ¢* imply: ¢*(0) = 0 and
¢*(x:) = y.. Then, (5) implies the following:

x- 20 iff y. 0. (6)

However, (4) and (6) constitute a contradiction. Thus, there does

not exist distinct ¢ and 7 in N such that u; -e; > 0 and u; - e; > 0.
Therefore, u; = e;, for some 7, € N.

Step 3: We argue: there is an injection o : {1,..., K} = {1,...,n}
such that uy = e, for all £ € {1,..., K}. For this claim to hold, let
o(1) = i, where i, is as in the claim proven in step 2. Let N* := N\{i.}.
Thus, |[N*| = n — 1. Recall, F maps any u € " to some elment in Z.
Define F* : /"' — % as follows. For any u* € "', let u € %™ be
that utility profile where u; = u; for all « € N*, and u;, : A — R be
defined as u;, (a) = 0 for all @ € A. Define F*(u*) = F(u). We next
show that F™* satisfies the axioms required in Theorem 9 of F'.
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For Binary Independence of Irrelevant Alternatives of F™*, let a,b €
A and u*,v* € %" ! satisfy u*(a) = v*(a) and u*(b) = v*(b). Then, by
definition of the mapping u* € Z" ! +— u € %", we have u(a) = v(a)
and u(b) = v(b) because u;,(c¢) = 0 = v;,(c) for any ¢ € {a,b}. Since F
satisfies this axiom, we obtain: aF(u)b iff aF(v)b. However, F*(u*) =
F(u) and F*(v*) = F(v) by definition. Hence, aF*(u*)b iff aF (v*)b.
That is, ['™* satisfies this axiom.

For Pareto Indifference, let a,b € A and uv* € ™! be such that
u*(a) = u*(b). Then, by definition of the map u* € "1 +— u e %",
we have u(a) = u(b) as w; (a) = 0 = wu;, (b). Since F satisfies Pareto
Indifference, we have aF(u)b. That is, aF (u)b and bF(u)a. Further,
F*(u*) is F(u) by definition. Thus, aF*(u*)b and bF*(u*)a. That is,
aF*(u*)b. Hence, F* satisfies Pareto Indifference.

For Strong Pareto, let a,b € A and u* € "1 satisfy u*(a) > u*(b).
That is, (i) uj(a) > u;(b) for all © € N*, and (ii) uj (a) > u; (b) for
some iy, € N*, where N* = N \ {i.}. Now, by definition of the map
w* € U — u € U, we have u;_ (a) = 0 = u; (b). Thus, both (7)
u;i(a) > wu;(b) for all i € N, and (ii) u;, (a) > u;, (b) for some i, € N,
hold. That is, u(a) > u(b) holds. Since F satisfies Strong Pareto, we
have aF (u)b. That is, aF (u)b holds but bF(u)a does not. As F*(u*)
is F'(u) by definition, it follows: aF™*(u*)b holds but bF™*(u*)a does not.

That is, aF*(u*)b holds. Hence, F* satisfies Strong Pareto.

For Cardinal Measurability Non—Comparability, let a,b € A and
u* € %" '. Denote by ®y e the collection of all (n — 1)-tuples
¢* = (¢f : i € N*) such that, for each i € N*, ¢;(t) = a;t + f; for
all t € R with a; > 0 and ; € R. Fix an arbitrary ¢* € @gﬁlNC. Let
¢*ou* = (¢pfou; : i € N*). We must argue: aF™*(u*)b iff aF™*(¢* ou*)b.
With u € %™ corresponding to u*, let the n—tuple ¢ = (¢; : i € N) be
defined by ¢; == ¢f if i € N*, and ¢; (t) =t for all t € R. Now, observe
that ¢;ou; = ¢jow; forallt € N* as u; = u; and ¢; = ¢; for all ¢ € n*.
Moreover, ¢;, ou;, = wu;, as ¢;, is the identity map on R. Since u;, is the
zero map on A, we have: ¢ou corresponds to ¢*ou*. Thus, aF*(¢*ou*)b
iff aF'(¢owu). Also, aF™*(u*)b iff aF(u)b. Note, ¢ € Pcyne. Since F s
dopne-invariant, we have: aF(u?b iff aF'(¢ou)b. Thus, aF*(u*)b iff
aF*(¢* ou*)b. That is, F* is @y y¢invariant.

Since F* is a welfarism, let =~* be an ordering over R"~! such that:
aF™*(u*)b iff u*(a) Z* w*(b). With u € " corresponding to u* € Z",
note that F*(u*) is F'(u) by definition. Also, aF'(u)b iff u(a) 2= u(b).
Further, u; (a) = 0 = u;_(b) and u; = e;,. Then, (3) implies:

Xy e XWX > Uy, sy

for any x,y € R"! with >% as the lexicographic order on R*~1.
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Hence, the arguments in steps 1 and 2 imply: uy = e;, for some
j« € N* = N\ {i.}. Again, we let 0(2) = j.. Then, we iteratively
repeat the generation of (N*, F*, =%, >7) from (N, F, 72, >1), thereby,
assigning distinct values to (1), o(2), ... up to o(K). This results
in an injection o : {1,..., K} — {1,...,n} with the property that
uy = e, forallk=1,... K.

Step 4: We argue: K = n and o is a bijection from N to N.
Since o was already constructed to be an injection from {1,..., K} to
N ={1,...,n}, it is enough to show: K = n. Also, note that K € N is
such that uy,...,ug are orthonormal vectors in R". Since any system
of orthonormal vectors must be linearly independent and the dimension
of R" is n, it follows that K < n.

Suppose K < n. Consider any 7., € N \ 0({1, o K}) and define
x, = ¢€; . Clearly, x, # 0 and x, > 0. That is, x, > 0 holds. Since F
satisfies Strong Pareto, x, > 0 implies: x, > 0. Also, since u; = ey
for all k € {1,..., K}, the fact that i, € N \ 0({1, . .,K}) implies:
up-x, =0forall k=1,..., K. Then, x, ~ 0 by (3). However, x, > 0
and x, ~ 0 constitute a contradiction. Hence, K = n.

The proof of the theorem is complete. B

Observe, steps 1 and 2 in the proof of Theorem 9 do not require the
full force of the Strong Pareto axiom; Weak Pareto suffices. Also, steps
1 and 2 imply: u; = e;, for some i, € N. Then, representation (3) and
definition 9 immediately lead us to the following conclusion.

COROLLARY 1: Suppose a social welfare functional is a welfarism that
satisfies Weak Pareto and Cardinal Measurability Non—Comparability.
Then, it must be a dictatorship.

Obviously, the above conclusion continues to hold with any stronger
invariance requirement on F. Let ®oyne == .. Thus, ¢ = (¢1, ..., 0n)
is in ®onne iff ¢; is a strictly increasing for each i € N (the ¢;’s may
differ across i’s). Consider the following definition.

DEFINITION 11: A social welfare functional F' is ordinally measurable
non—comparable if, F'is ®oync—invariant.

Strengthening the invariance requirement in corollary 1 according
to definition 11 implies Arrow’s Impossibility Theorem as a further
corollary to our Theorem 9. Arrow’s result appears in this form as
Theorem 4.1 in BLACKORBY ET AL. (1984).
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9. BLACKWELL—GIRSHICK THEOREM

We consider a non—trivial binary relation - over a given non—empty
convex subset C' of an Euclidean space R". We shall say that - admits
a linear representation if, there exists3! A € R™ \ {0} such that,

xmy <= N-x> Xy forall z,y € R" (7)

The binary relation 2~ is a preference if it is complete and transitive.
Observe, if a linear representation exists then the binary relation must
be a preference. The asymmetric and symmetric components of >~ are
denoted by > and ~. Existence of linear representations is the focus
of this section. We begin with some axioms on 7.

INVARIANCE-1: If z,y € C' and z € R" satisfy x + z,y + z € C then,
Ty = r+z22y+ 2.
INVARIANCE—2: If x,y € C and z € R" satisfy v + z,y + z € C then,

Ty = Tr+2z2>y+2z2, and
r~Yy — r+z2~y+z.

Observe, if a linear representation exists then Invariance—1 holds.
Further, Invariance—1 and Invariance—2 are equivalent for a preference.
More specifically, observe the following.

PROPOSITION 4: Let 7~ be a binary relation over any C C R"™. Then,
1. Invariance—1 1mplies Invariance—2.
2. Invariance—2 and completeness imply Invariance—1.

PROOF: Let ~ be a binary relation defined over a set C' C R". Fix
any z,y € C' and z € R” such that x + z,y + z € C. First, assume =~
satisfies Invariance-1. Let # = y. Then, x =~ y by definition®? of »~.
Thus, x 4+ z = y + z by Invariance-1. Further, suppose y + z =~ x + z.
Then, y =~ x by Invariance-1. However, this is a contradiction to = > y
by the definition of >. Thus, y + 2z 22 x 4+ z does not hold. Hence,
xr + z > y + z by definition of >. That is, (z =y = z+ 2z >y + 2)
holds if 7 satisfies Invariance—1.

31Throughtout this section, by X -z we shall denote A'z! + ...+ A\"2" which is the standard
inner product of the vectors A = (A\',...,A\") and = = («!,...,2") in R™.
32The asymmetric component = of =~ is defined as: =y <= (a2 y; not y - x ). Further,

the symmetric component ~ of = is defined as: x ~y <= (z Zy; y 5 x ).
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Now, let x ~ y. Then, x 7~ y by definition of ~. Thus, x+2 7 y+ 2
by Invariance—1. Also, x ~ y implies y =~ x by definition of ~. Then,
y + z 7~ x + z by definition of Invariance-1. Hence, z + z ~ y + z by
definition of ~. That is, (x ~y = x+ 2z ~ y+ 2) holds if 7~ satisfies
Invariance—1. Hence, Invariance—1 implies Invariance—2.

Now, assume 7 satisfies Invariance—2 and completeness. Let z =~ .
Then, completeness of ~~ implies either x > y or x ~ y holds by the
definitions of > and ~. By Invariance—2, x > y implies x 4+ z > y + 2.
Further, x + z > y + z implies x 4+ 2 77 y + z by definition of >. Thus,
x > y would imply x4z = y+ 2. Again, by Invariance—2, x ~ y implies
x+ 2z~ y+z. Further, x+ 2z ~ y+ 2z implies x + z - y + z by definition
of ~. Thus, x ~ y would also imply x+z = y+ 2. Hence, x+2z Z y+2
holds. That is, (z 2y = x+ 2z 27 y + z) holds.

Finally, let x + 2z = y + z. Suppose x =~ y does not hold. Then,
y =~ x by completeness of 7=. Hence, y > x by definition of >. By
Invariance—2, y > x implies y+ 2z > x+ z. Thus, z+ 2z 77 y + 2z does not
hold by definition of >. Since this is a contradiction, we must conclude
that = 7~ y holds. That is, (x + z 2 y+ 2 = =z 77 y) holds. Hence,
Invariance—1 follows from Invariance-2 and completeness. H

Since 7 shall be a preference throughout this section, we shall not
make any distinction between the two versions. Henceforth, we shall
simply refer to either statement as “Invariance”.

Resuming the discussion on necessary conditions, note u(x) = \-x
defines a R—valued continuous utility representation 7 if (7) holds. Let
C be endowed with the restriction of the standard topology of R™.
Then, the following axiom is also necessary.

CONTINUITY: The sets {y € C 1y =z} and {y € C : x> y} are open
subsets of C' for every x € C.

Invariance and Continuity are clearly necessary for the existence of
a linear representation of the preference >~ over C. It was shown in
BLACKWELL & GIRSHICK (1954), which is their Theorem 4.3.1, if the
set C' is equal to R” then these axioms are also sufficient.

BLACKWELL—GIRSHICK THEOREM: Suppose = is a binary relation on
C = R". Then, 7= admits a linear representation, if and only if, 7~ is a

)~ ~Y

preference that satisfies Invariance and Continuity.
It has been used extensively in microeconomic theory, for instance,

in the minimax theory of games, foundations of utilitarianism in social
choice and Roberts’ type characterizations in mechanism design.
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A closer inspection of its proof, which is based on the “Separating
Hyperplane Theorem” of convex sets, has allowed adaptation when the
set C' is any open convex subset of R” instead of the entire Euclidean
space R". It is the ability to adapt this result to more general domains
which has in large measure made the result ubiquitous in applications.
We shall generalize the Blackwell-Girshick Theorem to arbitrary con-
vex subsets C' of R”. However, to state our result, we need to formalize
the intuitive idea of “a vector in R" whose direction is along a convex
set”. To that end, some preliminaries are in order.

DEFINITION 12: Let C' C R" be non—empty. A subspace generated by
C s a linear subspace Sy of R" that satisfies:

1. There exists xog € R"™ such that C C x¢y+ Sy, and

2. If x € R" and S 1s a linear subspace of R"™ such that C' Cxz + .S
then Sy 1s a linear subspace of S.

Some remarks are in order. Given any non—-empty C' C R", there is
the question of whether a subspace generated by C exists? Moreover,
if it exists then is it unique? The answers to both these questions is in
the affirmative which is formally stated as follows.

PROPOSITION 5: Let C' C R" be non—empty. Then, there exists a

unique Sc C R" such that S¢ is the subspace generated by C'. Moreover,
iof © € R" and xo € C then the following holds:

CCax+Sg < x—x9€ 8.

Note, all translations of S¢ which contain C' has been characterized.
In terms of geometric intuition, S¢ is the linear span of all vectors in
C' relative to some point in C' chosen to be the origin. The proof is
supplied in section A.III.1 of the Appendix.

DEFINITION 13: If o € R" and C C R" non-empty, xy is along C' if
xo € Sc where S¢ 1s the subspace generated by C.

When C' as in the above definition is an abstract subset of R", the
notion of a vector xy being “along” the set C is harder to intuitively
justify. However, if the set C' is convex then the above notion makes
geometric sense. Moreover, observe that if C' C R” is non—empty and
open then S = R". Then, the phrase “\ is along S¢” is equivalent to
“Xis in R™. Our generalization of the Blackwell-Girshick Theorem to
arbitrary convex sets is as follows.
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THEOREM 10: Suppose =~ is a binary relation over a convexr C C R™.
Then, there exists a unique A € R™\ {0} along C such that:

xoy <= A-x>Xy foralxzyeC,

if and only if, 7= is a non—trivial preference that satisfies Continuity

)~

and Invariance.

The proof of the above result is presented in section A.IIL.1 of the
Appendix. We introduce the following axiom, on the binary relation,
for the existence of lexicographic linear representations.

CoNVEXITY: Let C' be convex. If x,y € C and « € (0,1) then,
r-y = ar+ (1 —a)y > v.

This axiom is one of the standard assumptions on a preference in
many settings. We now relax Continuity by replacing it in Theorem 10
with Convexity. This guarantees the existence of a unique lexicographic
linear representation for an arbitrary convex set. Our characterization,
proven in section A.II1.2 of the Appendix, is as follows.

THEOREM 11: Suppose = is a binary relation over a convexr C C R™.
Then, there exists a unique list (A,..., \x) of orthonormal vectors
along C' such that, for any x,y € C,

x,ﬁy <~ [)\1'513’,...,)\[('33] > [Al'y,...,)\[('y],

where > is the lexicographic order over R, if and only if, == is a
non—trivial preference that satisfies Invariance and Convexity.

The above axiom may be reminiscent of the “Independence” from
section 3. Then, why is Invariance additionally required for existence of
lexicographic linear representations? To see why, note that the clause
“‘arpd(l—a)-r=a-q®(l—a)-r”, in “Independence”, allows r
to be arbitrary. However, in “Convexity”, r is equal to ¢ which is more
restrictive—that is, weaker—than “Independence”.

To place Theorems 8 and 9 in context, three remarks are in order.
First, standard versions of the Blackwell-Girshick theorem also require
“monotonicity” to substantially simplify proofs. Second, the existence
of (lexicographic) linear representations is not assured under the said
axioms for non—convex domains. Third, convex subsets exist which are
both nowhere dense and are not Lebesgue measurable. Thus, additional
assumptions such as “open subset” are restrictive.
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0. ORDERED VECTOR SPACES

Our last application of the Decomposition Theorem is a characteri-
zation of ordered (real) vector spaces. The landmark result in this
direction is by HAUSNER & WENDEL (1952) who considered arbitrary
vector spaces over the real numbers. We shall only consider finite di-
mensional vector spaces. So, let V' be an n—dimensional vector space
over R and > be a linear order®® on V. Elements of V are denoted by
x, Yy, ... and so on but the origin is denoted by 0. Scalars are denoted
by a, 3, ... and so on. Then, the pair (V| ) is an ordered vector space
if, the following properties are hold:

1. If z > 0 and A > 0 then Az > 0.
2. f x> 0and y > 0 then z +y > O.
3. x>y if and only if x —y > O.

In addition to the above defining properties, three simple but useful
consequences are now stated and proved as follows.

PROPOSITION 6: Let (V, ) be an ordered vector space over R. Then,
1. If x =y then x+ 2z >y + 2.
2. If x>y and X\ >0 then Ax = A\y.
3. x>0 1if and only if 0 = —ux.

PROOF: For the first property, observe that x > y iff x —y > 0 iff
(x+2)—(y+2) = 0iff v+ 2z > y + z. Now, for the second property,
suppose A\ > 0 and = > y. Then, x > y implies z — y = 0. Also,
r—y > 0and A > 0 implies A(z —y) > 0. That is, Ax — Ay > 0. Thus,
we have Az > A\y. Hence, x > y and A > 0 implies Az > A\y.

Next, suppose > 0. Then, z+(—z) = 0+(—=z). Since z+(—z) =0
and 0 + (—x) = —x, we have 0 > —z. That is, x > 0 implies 0 > —zx.
For the converse, suppose 0 >~ —z. Then, 0 + 2z > —x + x. Since
O+xz=2xand —z+ 2 = 0, it follows that z >= 0. That is, 0 > —=x
implies « > 0. Hence, x > 0 if and only if 0 > —z. B

In the rest of this section, we shall denote by [n] the set {1,...,n}.
Note that [n] is well-ordered by the restriction to [n] of the standard
order over R. The following definition is critical.

33A linear order on a set X is a binary relation over X which is weakly connected, asymmetric
and transitive. The standard order > on R is an example.
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DEFINITION 14: The lexicographic function space on [n] is the ordered
vector space (£, n), where £, is the vector space of all R—valued
maps on [n] and =, is the linear order on £, that satisfies:>*

[ >n 0, if and only if f(kf) > 0,
where ky = min{k € [n] : f(k) # 0} for every f € Z,.

Since any f € %, is naturally identifiable with a corresponding
unique n—tuple of real numbers, it is clear that .%, is an n—dimensional
vector space over R. That is, f € ., — z; € R" is the linear bijection
such that (xs,ex) = f(k) for all k € [n], where e; is the kth standard
basis vector in R". Observe, the linear order >, satisfies:

f>=ng ifandonlyif ;> x,

where > is the strict component of the standard lexicographic order
>, on R". Thus, definition 14 is justified.

For each k € [n], let fi, be the R-valued map over [n] defined
by: fen(i) = 11if i = k; otherwise, 0. Clearly, the n-tuple of maps
(fin,---, fan)is an ordered basis of .Z;,. For an arbitrary n—dimensional
ordered vector space (V,>) and an ordered basis & = (vy,...,v,) of
V', the linear bijection ¢4 : V — %, such that:

¢p(vk) = frn for every k € [n],

induces the linear order >4 on %, defined by:

vy iff ¢z(x) -2 02(y).

Thus, the moment an ordered basis % of V' is chosen, the map ¢4
implements a linear embedding of the vector space V into the vector
space .Z,. Recall, %, already has the linear order >, defined over it
which makes it an ordered vector space. Additionally, the linear order
>4 induced by the embedding ¢4 also makes .Z;, a (possibly different)
ordered vector space. A definition is in order.

DEFINITION 15: Let (V,>) be an n—dimensional ordered vector space
and A be an ordered basis of V.. Then, (V, =) is isomorphic to (.%,, =)
via the ordered basis AB if =z=>,.

Then, the fundamental result can be stated as follows.

34We denote by 0,, the map on the set [n] which takes the value 0 for all k € [n].
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HAUSNER-WENDEL THEOREM: Suppose (V,>) is an n—dimensional
order vector space. Then, there exists an ordered basis % of V such
that (V, =) is isomorphic to (£, =) via B.

The lexicographic function space (%, >,) on [n] is one example
of an n—dimensional ordered vector space. It is a basic fact in linear
algebra that any n—dimensional vector space over R, by the choice of
an arbitrary ordered basis, is essentially R". The above theorem claims
that every n—dimensional ordered vector space over R is essentially the
lexicographic function space on [n] through the choice of some ordered
basis. The objective of this section is to show that the above theorem
is a consequence of our Decomposition Theorem.

PROOF: Let (V,>) be an n—dimensional ordered vector space over R.
Fix an arbitrary ordered basis Ay = (v1,...,v,) of V. Let ¢4, be the
linear bijection from V' to R" that satisfies the following:

bz, (vr) =€, forallk=1,....n

with e being the kth standard basis vector of W, = R". Let >=* be
the linear order on R" induced by > under ¢4. That is,

=y ifand only if ¢z, (z) =" dz,(y).

Observe, (R, >=*) is an n—dimensional ordered vector space. Define
Us={x e W,:z =0}V, ={x e W,:0>"2z} and S, = {0}.
By the definition and properties of ordered vector spaces, U, and V,
are cones with V, = —U,. Clearly, S, is a O—dimensional subspace of
W,. Moreover, (U, Vi, S,) partition W,. Then, by the Decomposition
Theorem (Theorem 1 in section 2), there exists a unique orthonormal
basis U = (uy, ..., u,) of W, such that U, = Hy and V., = —Hy, where
Hy is the graded halfspace generated by U. Now, define the ordered
basis & = (wy, ..., w,) of V as follows:

wy, = ¢;3})(uk) forall k=1,...,n.

Also, define the map @ : R" — %, as follows. For each k € [n] let
Y (uy) be the function from [n] to R defined by: [¢(ug)](i) == 1if i = k;
otherwise, 0. Moreover, uniquely extend 1 linearly to all of R”. Thus,
1 is linear bijection from R" to .Z;,. Hence, ¥ 0 ¢z, is a linear bijection
from V' to .Z,,. Let >4 be the linear order indcued by > under 1o ¢4, .
Then, the definitions of a graded halfspace (definition 1 in section 2)
implies that »=g=>,. That is, (V,>) is isomorphic to (.%,, >=,) via the
ordered basis #4. This completes the proof. Il
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APPENDIX
A1l The Decomposition Theorem

PROOF OF THEOREM 1: We first prove “existence”. For any subspace
W, C R™, with U,, V, as cones in W, and S, C W, as a subspace,
such that (U, Vi, Ss) is a partition of W, and V, = —U,, let K be the
codimension of S, in W,. That is, K := dim(W,) —dim(S,). Let ST[K]
be the name of the following statement:

If U, is nonempty then there exists a list of K orthonormal vectors
inW,, Uy, =" k=1,... K), such that U, = Ule Uk, where:

UF = {wecW,: {u,w)=0if | <k, and (u*, w) > 0}.

The proof that ST[K] holds is by mathematical induction on K.

Basis — We argue that ST[0] is true. Observe, with K = 0, we
have dim(S,) = dim(W,). This is because S, is a subspace of W, and
has codimension K which is 0. Thus, U, = @ =V, as (U,,V,S,) is a
partition of W,. Thus, ST[0] is vacuously true.

Induction Step — Assume ST[K — 1] holds. If U, UV, = & then
ST[K] holds vacuously. So, we assume U, UV, # &. Since V, = —U,,
both U, # @ and V, # @. Hence, by Lemma 2, there exists a unique
w.. € W, \ {0} such that each of the following holds:

1. S, COU, =0V, =U.NV,={w e W, : (W, w) =0}
2. U ={w e W,: (u.,w) >0}
3. V2 =A{w e W, : (u.,w) <0}

Define u!l = u,./||u.||, Six == Sy and W,, = {w € W, : (ul,w) = 0}.
Also, let U,, = U, N W,, and V,, = V, N W,,. Clearly, U,, and Vi,
are (convex) cones in W,, and S,. C W, is a subspace such that
Vi = —Usi. Moreover, (U, Vis, Six) 1s a partition of W,,.

If U, UVi = & then W,, = S,. Also, W,, = 90U, implies U, = S..
Since U] C U, CU, and U, =U,\ Uy, U, \ U C 0U,. Also, S, = 90U,
and S, NU, = & implies U, = UY. Thus, U, = {w € W, : (ul,w) > 0}.
Since V, = —U,, V. = {w € W, : (ul,w) < 0}. Moreover, S, = W.,,
implies S, = {w € W, : (ul,w) = 0}. Thus, K =1 and ST[K] holds.
That is, if U, U Vi, = @ then: ST[K — 1] implies ST[K]. Henceforth,
we shall assume that U,, UV,, # @.
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AsV,, = —U,, U # D and V,, # &. Observe, W, is a subspace of
W, with codimension 1. Then, K’ := dim(W,,) — dim(S,,) = K — 1 as
Sy = Six. By ST[K — 1], there exists a list of K., orthonormal vectors

in W, Uy, = (u*, :k=1,...,K) such that U,, = Uiil U . where:
U ={we W, :{u, w=0if1<Il<k and (u* w) >0}

for 1 <k < K'. Let u¥ :=u"_! for 2 < k < K. Thus, UF¥, = U! for
1 <k < K’ because W,, = {w € W, : (ul,w) = 0}, where:

Ur={weW,:{u, w)=0if1 <l<k, and (u*,w) > 0}

if 2 <k < K. Since Uy, = UX,UF, and UF = UM if 1 < k < K,
from K = K’ + 1 we obtain: U,, = UfZQ Uk, Let U! .= U?. Recall,
Uo = {w € W, : (ul,w) > 0}. Thus, if we show U, = U? U U,,
then U, = i, UF follows. Now, U,, = W,, N U, and W,., = 9U,
imply U,, = (0U,) N U,. Also, U, C U, and 0U, = U, \ U imply
U N\U? = (0U,) NU,. Thus, Uy = U, \ U?. Then, U, = U2 U (U, \ UY)
as U? C U,. Hence, U, = U U U, as required. That is, ST[K] holds.
This completes the induction step and the proof of “existence”.

We now prove “uniqueness”. Let Ul = <u>1,<k eW.:k=1,...,Ky)
and U2 = (u}* € W, : k = 1,..., K>) be two lists of orthonormal
vectors. For each [ € {1,2} and 1 < k < K], define:

Ubr ={weW,: (u,w)=0if1 <j <k, and (u'*, w) > 0}.

Let Ul = 5:11 UM for | = 1,2. We argue: U! = U? implies Ul = U2
Suppose, Ul = U? and Ul # U?% Assume K; < K,. Since Ul # U?,
exactly one of the following cases must hold:

1. For some K < Kj, u}k’K =+ uz’K and ui’k = ui’k if k<K —1.

2. wy¥ =ul¥ for each k € {1,..., K} and K; < K.

LK 2K 1,K 2K
In case (1), (uy",uy™) < 1; else, uy™ = uy” by Cauchy—Schwarz.
LK 2K . .. 1,K LK 2K 2K
Also, w :== wy’" —uy" implies (u", w) = 1—(uy",uy” ) = —(uy™, w).

Thus, (ut™, w) > 0 and (2%, w) < 0. As (U™, w) £ 0, w ¢ UZF if
K+1<k<K, Also, (uz’k,w> <0if 1 <k < K implies w ¢ U+
if 1 <k < K. Thus, w ¢ U2. By orthonormality of the vectors in
UL, U? and that ul® = u?* for 1 < k < K, we have: <ui’k,w> =0
if 1 <k < K. Thus, (uy™, w) > 0 implies w € UP"™ C U!. That is,
w € U]\ U? which is a contradiction to U} = U2. Thus, the first of the
two cases is ruled out.
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In case (2), let w := u> 1+ By orthonormality of Ul and that
wh=uwif1 <k <K, (uf w)=0for1<k<K; andl e {1,2}.
Thus, w ¢ U for 1 <k< K, and1<1<2 In particular, w ¢ Ul
However, (u2X1+! w) = 1 > 0. Hence, together with (u2* w) = 0 for
1 < k < K, we have: w € U>™ !, That is, w € U2 which contradicts
Ul = U2?. Thus, the second case is also ruled out. This completes the
proof of “uniqueness”. M

A.1.2 Proof of Lemma 1

PROOF: Let T, C W, be a subspace of codimension at least 2. We
shall argue: W, \ T, is path connected. Let R, := Oy, C W, be the
subspace orthogonal to 7. Fix two arbitrary points x,y € W, \T.. Let
PR (x) and P®(y) be the orthogonal projections of x and y onto R,,
respectively. Define mp : [0,1] — W, as: m(t) == x + t(P*(x) — x) for
every t € [0,1]. Since x € W, \ T%, ax + (1 — a) P (x) € W, \ T, for
every a € [0,1]. Thus, m([0,1]) € W, \ T.. Further, m; is continuous
with 71(0) = x and (1) = P™(x). Likewise, 75 : [0, 1] — W, defined
by, m(t) ==y + t(P(y) —y) for all t € [0, 1], is continuous, satisfies
m5([0,1]) € W, \ T. Further, m(0) =y and (1) = P (y).

Let wi,ws € R, be linearly independent and define ¢ : R? — R,
by: (a1, ) = a;wi + aswy for every (ay, az) € R% Thus, v is linear
homeomorphism. Then, the path connectedness of R? \ {0} implies:
there exists a continuous map 7 : [0, 1] — R, \ {0} such that m(0) =
PR (x) and mo(1) = P (y). Since T, N R, = 0, m([0,1]) € W, \ T...
Now, consider the map 7, : [0, 1] — W, defined as follows:

m(3t) ; if0<t<1/3.
m(t) =< mBt—1) ; if1/3<t<2/3.
m(3—3t) ; if2/3<t<1.

Clearly, 7, is continuous, m.([0,1]) € W, \ T, with m.(0) = x and
m.(1) =y. Thus, W, \ T\ is path connected.

Now, let 7. C W, be a subspace with W, \ T, path connected.
By W, \ Tix # @, the codimension of T, in W, is at least 1. Suppose
the codimension is 1. Thus, T is a hyperplane in W,. Let w, be
satisfy |[w.|]| = 1 and (w,,w) = 0 for all w € T,. Pick x,y € W,
such that (x,w,) > 0 and (y,w.) < 0. Let = : [0,1] — W, \ T\ be
continuous with 7(0) = x and 7(1) = y. Then, f : [0,1] — R, defined
by f(t) == (w(t), w,) for all t € [0, 1], is continuous with f(0) > 0 and
f(1) < 0. By continuity of f, (7 (t.), w,) = 0 for some ¢, € (0,1). Thus,
7(ts) € T, which contradicts 7([0,1]) C W, \ T.. B
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A.L.3 Proof of Lemma 2
PROOF: We write B(w,¢) for Bm(w, e). First, we show “existence”.

Step 1 — We claim: (U2)¢ =V, and (V°)° = C
suppose w € (U2)° and w ¢ V,. As w € (U?)S, for some g1 > 0,
B(w,e) £ U.ife € (0,e1). By U.N(V,US,) = @, B(w,¢)N (SUV)zéQ
if e € (0,e1). By w € W, \V,, for some & > O B(w,e) C W, \ if
e€(0,e9). AsW,\V, CVE B(w,e) CVSiife € (0,52) As (Us, Vi, Si)
partitions W,, B(w,e) C U, U S, if € € (0, &2).

Suppose w ¢ U,. Let ¢ € (0,e2). Since w € B(w,e) C U, U S,,
w ¢ U, implies w € S,. Also, B(w,e) € S, because S, is a proper
subspace of W, as S¢ = U, UV, is non—-empty. Then, B(w,e) U, # &.
Let wi; € B(w,e) NU,, 0w = w; —w and wy = w — dw. Note,
wy € B(w,e). Observe, wy ¢ S,. Else, w,wy € S, implies ow € S,.
Then, w,ow € S, implies w; € S, contradicting U, N S, = @. Thus,
wy € B(w,e) \ Si. Aswy ¢ S, and wo € B(w,e) C U, US,, wy € U,.
By wi,wy € U,, w = (1/2)[w; + W] € U,. Thus, w € U,.

Let e3 == inf{||w' — w|| : w' € S.}. Suppose, e3 = 0. Let {w] }en
be S,—valued with lim,,, ||W/,,—w|| = 0. As S, is closed, w € S,. But,
w € U, and U,NS, = @ imply w ¢ S,. Thus, €, ;== min{ey, e9,e3} > 0.
As e, < €3, B(w,e,) NS, = &. By e, < g1 and B(w,e,) NS, = O,
B(w,e,)NV, # @. By e, < 9, B(w,e,)NS, = @ implies B(w,¢,) C U..
Thus, U, NV, # @—a contradiction. Hence, (U;) CV.,.

ForV, C (UQ), let w €V, and suppose w € U?. Then, —w € V?
as U° = —V° by U, = —V.. As w €V, for some V,~valued {Wi tren
with limg o ||[Wr — W|| = 0. As U, = —Vi, {—Wp}ren is U.—valued
and converges to —w. Since —w € V> there exists k., € N such that
—wi € V2 forall k > k.. AsVS CV,, —wy € Vi if k > k.. Thus,
wyi, € Vi and —wy, € V.. Then, 0 = wy, + (—wy,) € Vi contradicting
V.NS,#@as0ecS,. Thus,V, C (V.2)e. Hence, (U?)° =V..

U.. For (U9) CV,,

Step 2 — We claim: T, :=U, NV, is a subspace. Since U, and
V, are cones, U, and V, are closed cones. Then, aw € T, if a > 0
and w € T,. Also, T, = =T, as V, = —U, impliesV, = -U,. Thus,
aw € T, if a € ]Randw € T,. Now, let wi,wy € T, CU,. Get
U,~valued {wj}ren and {wj}ren with hmk_m Hwk — wi|| = 0 and
limy o [[W; — Wo|| = 0. AsU, is a cone, Wk + w2 cU., if k € N. Also,
limy o0 || (W} + W2) — (W1 + wo)|| = 0. ASU is closed, wi + wy €U.,.
Similarly, w; + wo € V,. Thus, wi + wo € T}, if wy, wy € To.

Step 3 — We claim: oU, = 0V, = T,. As 0U, =U\U? =UN(U2)°
and (U7)¢ =V, by step 1, OU, = T,. Similarly, 0V, = T,
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Step 4 — We claim: S, is a subspace of T,. As U? C U, and
Ve C V., we obtain U2 UV? C U, UV.. Thus, (U.UV.)" C (U7 UVE)".
As (U., Vi, S,) partitions W, S, = (U, U V,)". Hence, S, C (U°UV?2)".
As (U U VR = (U2) N (V2), step 1 implies S, CU, NV, = T;.

Step 5 — We claim: U7 # @ and V. # &. Let the intersection
of all subspaces of W,, which contain U,, be Z,. Clearly, Z, is the
smallest subspace of W, containing U,. As V, = —U,, V, C Z,. Since
W, is finite dimensional, Z, is a closed subset of W,. Thus, U, andV,
are contained in Z,. Hence, T, =U,nNV, C Z,. By step 4, S, C Z..
Since (U, Vi, S,) partitions W,, W, C Z,. Hence, Z, = W,. That is,
W, is the minimal subspace of W, which contains U,.

Let P:={w, e W,:k=1,..., K} be a set of (distinct) vectors in
U, which is maximally linearly independent . Thus, U, is contained in
the linear span of P. However, W, is the minimal subspace of W, that
contains U,. Hence, K = dim(W,). Moreover, U, is a cone containing
P. Thus, the open set { Zle Wy (Q, ..., qp) € Ri&} is contained
in U,. Hence, U; # @. Similarly, V.2 # @.

Step 6 — We claim: OU, = T has codimension 1 in W,. Observe,
U, CU,=0U,UU; =T,UU;. Similarly, V, C T, UV?. Also, S, C T..
As (U, Vi, Si) partitions W,, W, = T, U (U2 U V?). Also, T, = 90U,
implies T, NU; = @. Similarly, T.NV,° = &. Thus, T,.N(U;UV?) = @.
Hence, Uy UV, = W, \ T,. Now, U NV, =& as U, NV, = &. Thus,
W, \ T is not connected. Hence, W, \ T is not path—connected. Also,
if OU, = W, then OU, = U, \ U implies U, = &. However, step 5
implies U] # &. Thus, U, is a proper subspace of W,. Then, lemma
1 implies that T, has codimension 1 in W,.

Step 7 — We claim: there exists u € W, with ||u|| = 1 such that
oU, ={w e W, : (u,w) =0} and U = {w € W, : (u,w) > 0}. As
U; # @, pick wy € U;. Let wy € OU, be the orthogonal projection of
w onto the subspace OU,. Note, wy # wy as OU, N U = @. Let u ==
(wo —w1)/||wo — wi]|. Then, T, =0U, = I, = {w € W, : (u,w) =0}
by step 6. Consider the cones, P, == {w € W, : (u,w) > 0} and
N, ={we W, : (u,w) <0}. As (U2,V?,T,) and (P, N,, I,) partition
W, USUV?, = P,UN, with U NV, =@ and P, N N, = &. Also, U,
Ve, P, and N, are each connected being cones. Observe, wy € U. N P,.
Thus, U] = P, and V.. = N,. This proves “existence”.

For “uniqueness”, observe: uy,uy € W, with ||u;|| = 1 = ||juy|| and
{weW,: (u,w) >0} ={w e W, : (u,w) > 0} implies u; = uy. W
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AIL1 Affine Local Orders

Our objective is to prove Proposition 3. However, we first “geometrize”
the problem as follows. Let n == |Z] and ¢ : Z — N :={1,...,n} be
an enumeration (i.e., a bijection with V) of the set of basic prizes. Let
e; be the ith standard basis vector of R”. Then, .Z(Z7) is in a bijection
with the (n — 1)-dimensional unit simplex A := {x € R" : (x,1) = 1},
where p € Z(7) is mapped to p € A such that:

(p,ei) = [po¢ '](i) for all i € N.

Let O1 = {x € R" : (x,1) = 0} be the subspace of R" orthogonal
to the “all-ones” vector 1. Also, define a :== 1/n. Note, a € A and
A C a+ Oq. To each affine screening criterion f € .%# associate the
corresponding vector f € R” such that:

(f,e;) = [f o ¢ t](i) for all i € N.

Now, the definition of “affine screening criterion” requires that, if
p,q € Z(Z) and o € [0,1] then f(a-p @ [1 — ] - q) is must equal
af(p) + [1 — a]f(q). Thus, by the definition of p € Z(Z) — p € A
and f € . — f € R", the bilinearity of the standard inner product on
R™ implies the following the crucial property:

f(p) = (f,p) for all f €. and p e L(Z).

We begin by translation of the structure of an affine local order to
the “embedding space” R". For this, consider any filter ¥). Define the
subset S C O corresponding to ¢ as:

S=){xe€0::(fx) <d(f)}.

feF

Being the intersection of closed halfspaces, S is a closed convex subset
of Op. Further, 0 € S because ¥(f) > 0 for every f € .#. However,
observe that S may fail to be compact.

Now, we characterize the relation Ry. First, let p,q € £ (7) satisfy
pRyq. That is, f(p) < f(q) + V(f) for all f € F by the definition
of Ry. Hence, p € AN (q+.S5). Second, assume p,q € £ (7) satisty
peAN(q+S). Fixany f € #. Then, (fip—q) < J(f). Thus,
f(p) < f(q) +9(f) for each f € .#. Hence, pRyq. Thus, pRyq iff
p € AN(q+S). Then, the definition of Sy implies:

pSyq iff (3X€A>[p,q€Aﬂ(X+S)].
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Let ¢ be a total order on Z(Z). Let > over A be defined as:
p = q iff p >0 q. Define ~ over A as: p ~§ q iff p ~¢ ¢. Further,
assume - satisfies Independence—-3. This is equivalent to:

p-;q iff (Vae(0,1))[ap+(1—a)r>=jaq+(1—a)r].

Now, let >y be the affine local preorder on .Z(Z) induced by ¢ and >.
Also, define >} over A as: p >} q iff p >y ¢q. Further, define ~ over
A as: p ~j qiff p ~y ¢. Then, we have:

p =y q iff (EIXeA)[p#q;p,quﬂ(erS); pH’;q}.

Observe, p ~5 q iff (not p >} q ; not q =} p ). Let 2} be defined
as =5 U ~j. Note, =5 and ~ are, respectively, the asymmetric and
symmetric components of 2Z%. Also, p 77y ¢ iff p 27} q. Now, we present
a set of basic lemmas as follows.

LEMMA A.IL.1(a): The relation 7% satisfies Independence—3.

PROOF: Assume p,q,r € A and p >} q. Pick an arbitrary a € (0,1).
Let s, == ap+(1—a)r and t, = aq+ (1 —a)r. Note, s, # t, asp # q
because p = q. Also, p >} q implies p >; q. Further, p =; q implies
Sa =( ta. Now, s, and t, are in A because A is convex. Note, p >} q
requires, there exists x € A such that p and q are in AN (x+ S). Let
X, = ax + (1 — a)r. Convexity of A implies x, € A. Since p € x+ S5,
let y € S such that p = x+y. Recall, 0 € S and S is convex. Thus,
y, = ay € S. Since s, = X, +¥,, we have: s, € AN (x,+ 9).
Similarly, t, € AN (x4 + 5). As x, € A, we obtain: s, > t,. Since
a € (0,1) was arbitrary, we conclude:

p -} q implies (Vo € (0,1) )[ap+ (1 —a)r =5 aq+ (1 —a)r |.

For the converse, let s, = ap + (1 — a)r and t, = aq+ (1 — a)r
for each a € (0,1). Assume, s, >} t, for every a € (0,1). Then,
Sa >~ ta for every a € (0,1). Hence, p > q obtains. Further, p # q
because s, # t, as required by s, > t,. Fix a (0,1)-valued sequence
(cv,) such that lim, o o, = 1. Define s, = s, and t, = t,, for all
n € N. Then, for any n € N, there exists x,, € A such that s, and t,
belong to A N (x, +.5). Since A is compact and each sequence (x,),
(sp) and (t,) is A—valued, it is without loss of generality to assume
that there exists x,, s, and t, in A such that lim,,_,||x, — x.|2 = 0,
lim,, 00|, — Ss||2 = 0 and lim,, . [|t,, — t«||]2 = 0. Since lim,, , a;,, = 1
and lim, ||, — s«||2 = 0, the definition of s, implies s, = p. By a
similar argument, we obtain t, = q.
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We argue: s, € AN(x,+.95). Definey, =s,—x,, andy, =s,—X,
for each n € N. Then, lim,,,|[s, —s«|[2 = 0 and lim,,, ||x, —X«|[2 = 0
imply lim, 00 |ly,, — ¥.ll2 = 0. Now, the sequence (y,,) is S—valued as
s, €x,+5andy, =s, —x, forall n € N. Then, y, € S because S is
a closed set. As s, = x,+Yy, by definition of y,, we obtain: s, € x,+ 5.
Since s, € A, we have s, € AN (x, + 5). Likewise, t. € AN (x. +9).
Thus, p,q € AN (x, + 5) because s, = p and t, = q. Then, p # q
and p >, q imply p >} q. The converse has been proven. B

LEMMA A.IL.1(D): =} is acyclic.

PROOF: Suppose p,q,r € A satisfy p >} q, q > r and r >} p. Then,
the definition of >} and p >} q imply p >; q. Similarly, we obtain
q >, r and r >; p. However, p >~ q and q > r imply p >; r because
>~ being a total order, over A, is transitive. Thus, both p > r and
r >, p hold. However, this contradicts the asymmetry of >{. Hence,
(p>5q;q>=jr)implies (notr>5p). W

Let © be the class of all filters and ©, be the subclass of continuous
filters. Also, let F':= {x € Oy : ||x||] = 1}. Recall, a filter 9 € O is a

map v : ¥ — R, that satisfies:
F'=af+8 implies 9(f) = av(f)

if f,f' € Z and (o, ) € Ry, x R. Thus, the map f € F — f e R"”
induces a correspondence 9 € © +— 0, where 6 corresponding to 1 € ©
is a map from F' to R, defined as follows:

0(f) = J(f) forevery fe F.

Note, ¥ € O, iff 6 is a continuous map, where F' inherits from the
standard topology on R". Observe, for any ¥ € ©, the set S defined as
Nferix € O1: (£,x) <U(f)} can also be expressed as:

S=(){xe0::(tx)<a(f)}.
feF

Since ||-||2 is continuous, the set F' is closed; it is obviously bounded.
Thus, F'is compact. Then, 6 achieves both a minimum and a maximum
over F' by continuity. For any 9 € ©., define ky as:

Ky = [v/n - max H(f)]_l.

feF
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Define k- S := {kx : x € S}. Then, observe that:

keS=(1{x€01:(fx)<[x-0)(D}.

feF

LEMMA A.IL.1(c): If k € (0, ky) then %, violates Independence—2.

PROOF: Let M be a non—empty proper subset of N and set m = |M]|.
Consider the following two vectors in R".

1 1
p::EZej and q::n_m Z e;.

JjeM JEN\M

Note, (p,1) = 1 and (p,e;) > 0 for every ¢ € N. That is, p € A.
Likewise, q € A. Fixany k € (0, kg). Suppose, there exists xy € A such
that p and q belong to AN(x¢+x-5). Let fy := (p—q)/||p—q||2. Thus,
fy € F. Further, |[p—q||3 =m-[1/m*+(n—m)-[1/(n—m)?]. That is,
Ip—allz = n'/2/[m(n—m)]*/2. Since f; € F and p € xo+~x-S, we have:
(fo,p — x0) < [k-0](fy). Also, fy € F and the definition of F' implies
—fy € F. Then, q € xg+ x-S implies (—fy,q —x¢) < [k-0](—fy). That
is, (fo, xo—q) < [r-0](—fy). Note, (fo, p—x¢)+ (fo,xo—q) = (fo,p—q).
Thus, (fo,p—q) < [c-0](f)) + [c-0](—fy) < 2k-max¢ep O(f). Then, k €
(0, k) implies (fy, p — q) < 2kg - maxgcp O(f) < 2/n'/? by definition of
ry. Observe, (fy, p—q) = [|[p—q|ls. Hence, n'/?/[m(n—m)]"/? < 2/n!/2.
That is, [m(n—m)]"/? > (n/2). However, by the Arithmetic-Geometric
Mean Inequality, we have: (n/2) = [m + (n —m)]/2 > [m(n — m)]'/%.
Thus, we have a contradiction. Hence, there does not exist xy € A
such that p and q belong to AN (xg + - S). Thus, neither p ~* 5 q
nor q >, 4 p holds. That is, p ~7 , q holds.

Recall, a .= 1/n. Now, m € {1,...,n — 1} implies ||p — alls > 0
and ||q —al|2 > 0. Note, 0 achieves a minimum over F' by continuity as
F'is compact. Clearly, minger 0(f) > 0. Let e, = min{1, pp, piq} where
pp = k-minger 6(f)/||p—al|2 and pq == k- -mingep 0(f) /||q—al|2. Thus,

€ (0,1]. Consider any € € (0,¢e4). Let p. :=ep + (1 — ¢)a and fix an
arbitrary f € F. Since ||f]| = 1 and p, —a = ¢(p—a), Cauchy-Schwarz
Inequality implies [(f, p. —a)| < ¢]|f]|2- ||p — a||2- Then, from ¢ € (0,¢,)
we obtain: (f,p, —a) < [k-0](f). Thus,p.€e An(a+k-S)asfeF
is arbitrary. Similarly, q. = eq+ (1 —¢)a satisfies q. € AN(a+x-9).
Further, p # q implies p. # q. as € > 0. Moreover, p. >} q. or
q. >, P. as > is a total order over A. Hence, p, =7 4 q. or q. >+ 4 P.
holds. Since p ~7 , q, Independence-2 is violated. B

Thus, each claim in proposition 3 has been established.
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AIL2 Proof of Lemma 3

Let us recall from subsection 3.4, ~* is a complete and transitive binary
relation over the (n — 1)-dimensional unit simplex in R" satisfying
Independence—3 (henceforth, simply “Independence”):

[p%"q} iff (VozE(0,1))[ozp—i—(l—oz)r%kozq—k(l—a)r}

Moreover, W, := Oy is the subspace of R” orthogonal to 1 and we
have its subsets Uy, V. and S, whose definitions are as follows:

U*::{wew*:a+tw>*a forsomet>0},
V*::{WEW*:a>*a—|—tw forsomet>0},
S*::{WGW*:a+tWN*a forsomet>0}.

Further, U(p), L(p) and I(p) are, respectively, the strict upper
contour set, the strict lower contour set and the indifference set of an
arbitrary p € A. Now, we proceed to establish Lemma 3.

PROOF: The argument involves the following steps.

Step 1 — We claim: for any p € A, if t1,t9 > 0 and w € W, satisfy
p+tiw e A and p+tow € A, then (p—l—tlw =" piff p+tow >~ p).
Let w € W, and assume 0 < t; < t9 such that p + t1w € A and
p + tow € A. First, assume p + tow =" p. Define o := t1/t5. By
Independence, p+t1w = a(p+tow)+ (1 —a)p =" ap+ (1 —a)p = p.
That is, p + tow =" p implies p + tyw >* p.

Assume p 4+ tyw =" p. Suppose p =" p + tow. Let a = t1/t5. By
Independence, p=ap+ (1 —a)p =" a(p+tow)+ (1 —a)p=a+tHw
contradicting p + tyw =" p. Thus, p >=* p + tow is not possible.

Suppose p + tow ~* p. Then, p + tyw =" p implies p + t1yw >*
p + tow. Fix an arbitrary t € (¢1,t2) and let o == (t — t1)/(t2 — t1).
Note, a € (0,1). Further, aty + (1 — o)ty = t. Thus, a(p + tow) +
(1 — a)(p + t;w) = p + tw. By Independence, p + t1yw =* p + tow
implies p + tw =" p + tow. Then, p + tow ~* p implies p + tw >* p.
As t € (t1,t3) was arbitrary, p + tw =* p for all t € (¢1,t3). Further,
p +t;w =" implies: p +tw >* w for all ¢t € (0,¢;]. Thus, p+tw >*p
for all t € (0,t3). That is, a(p+tow) + (1 —a)p =" ap + (1 — a)p
for all & € (0,1). By Independence, p + tow =* p which contradicts
p + tow ~* p. Thus, p + tow ~* p is also not possible. Since 2% is
complete, we have p+tow >=* p. That is, p+¢;w implies p+tow. The
converse was already established. Thus, p+tw =" p iff p+tow =" p.
Note, the assumption that ¢; < t5 is without loss of generality.
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Step 2 — We claim: for any p € A, if t1,t9 > 0 and w € W, satisfy
p+tiw e A and p+tow € A, then (p = p+tiwiff p >~ p—|—t2w).
Define the binary relation 2~** over A as follows: q =" r iff r 72" q.
Observe that ~—** is complete, transitive and satisfies Independence.
Moreover, its asymmetric component >** satisfies: q =" r iff r >* q.
Thus, the argument in step 1 implies the claim.

Step 3 — We claim: for any p € A, if t1,1t5 > 0 and w € W, satisfy
p+tiw € A and p + tow € A, then (p+t1W ~*piff p+ tow ~* p).
Let t1,to > 0 and w € W, satisfy p+ t;w € A and p + tow € A.
Assume, p+t;w ~* p. Suppose p+tow =" p. By step 1, p+t1w >* p
which is a contradiction. Now, suppose p >=* p + taw. By step 2,
p + t1w =" p which is also a contradiction. Then, the completeness of
~* implies p + tow ~* p. That is, p + t;w ~* p implies p + tow ~* p.
Interchanging the roles of ¢; and ¢, implies the converse.

Step 4 — We claim: for any w € W,, there exists € > 0 such that
t € (0,¢) implies a + tw € A°. Note, if w = 0 then every ¢ > 0 works.
So, assume w # 0. Let ¢ == (n-max {\(ei,wﬂ i=1,... ,n})fl, where
n = |Z|. Thus, € > 0. Pick an arbitrary t € (0,¢) and let p == a + tw.
Since a=1/n, (e;,p) > 0foralli=1,...,n. Thatis, p € R} . Also,
(p,1) =1 asa€ A and w € W, = Op. Thus, p € A°,

Step 5 — We claim: (U,, Vi, S,) partitions W,. Note, each of U,
V. and S, are subsets of W, by their definitions. Let w € W,. By step
4, a+tw € A for some t > 0. Since ~* is complete, exactly one of
a+itw >"a,a>"a+twora+tw ~* a holds. Accordingly, w belongs
to exactly one of Uy, Vi or S,. Thus, (U,, Vi, S,) partitions W,.

Step 6 — We claim: if w € R"” and ¢ > 0 such that a+tw € A
then w € W,. Note, (a+tw,1) =1 = (a,1) asa+tw and a are in A.
Since t # 0, (w, 1) = 0. That is, w € O1. Recall, W, = Oj.

Step 7 — We claim: U, and V, are (convex) cones. Let w € U,
and o > 0. Since w € U,, there exists ¢ > 0 such that a + tw =" a.
Define t, := t/a. Then, a + t,(aw) = a+ tw =" a. Thus, aw € U..
Hence, if w € U, and a > 0 then aw € U,. Now, assume wi, wy € U,.
Then, a + tyw; =" a and a + towy =* a for some t1,to > 0. Let
a = ty/(t; + t3). Thus, @ € (0,1) and at; = (1 — a)ts. Let t, = aty
and note t, > 0. By Independence, a(a+t;wy)+(1—a)(a+taws) =" a;
that is, a + t,(wy + ws) =" aa+ (1 — a)a = a. That is, wy + wy € U..
Thus, wy,wy € U, implies wy + wy € U,. Hence, U, is a cone.
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Step 9 — We claim: for any p € A and w € W,, if ¢1,t, > 0 satisfy
p+tiw € A and a + taw € A then each of the following hold.

p+tw>="p iff a+tow="a, (8)
p-"p+tw iff a>"a-+tyw, 9)
p+tiw~"p iff a+tow~"a. (10)

For a proof, assume throughout this step that p € A, w € W, and
ti,to > 0 satisfy p+t;w € A and a + tow € A. Moreover, assume
w # 0 and p # a. Otherwise, steps 1-3 imply the claim.

To show (8), let q € A satisfy a = ¢1p+(1—6;)q for some 6, € (0, 1).
This is possible by step 4 and because A is convex. Let t3 := #1¢; and
note t3 > 0. Then, a + tsw = 61(p + t1w) + (1 — 61)q.

Assume p + t1w =" p. Since 61 € (0,1), Independence implies
hp+tiw)+(1—01)q =" Op+(1—01)q. Asa=060;p+ (1 —61)q and
a+tsw=0(p+t;w)+ (1 —01)q, we have: a+ tsw =* a. By step 1,
a+ tow =" a. Since t; and t, are arbitrary, we obtain:

p+tip="p implies a+tow =" a.

Assume a + tow >* a. Then, a + t3w >* a. Consider an arbitrary
6 € (0,1) such that O(p+t;w)+(1—60)q =* Op+(1—0)q. Then, for any
0" € (0,0), Independence implies ¢ (p+t;w)+(1—-60")q =* 0'p+(1—6')q.
Also, by Independence: if 8'(p +t;w)+ (1 —60")q =* 'p+ (1 — 0')q for
every 0’ € (0,0), then (p +t;w)+ (1 —0)q =" Op + (1 — 0)q. That is,
if the set © C (0, 1], defined as follows:

©={0€(0,1:0(p+tiw)+(1—0)g>=*0p+ (1—0)q},

is non—empty then: © = (0, 6,] for some unique 6, € (0,1]. Observe,
6, € ©N(0,1) because a + tsw =* a. Hence, there exists a unique
6. € (0,1] such that © = (0, 6,].

Suppose 0, # 1. That is, (0.,1) # @ and © N (0,,1) = @. Pick an
arbitrary 6 € (0.,1). Let s == a.[0.(p+t1w) + (1 — 0,)q] + (1 — a)p
and r :== 0p + (1 — 0)q, where a,, = (1 —60)/(1 —6,). As 0 € (6,,1),
note a,, € (0,1). Further, s = r + tyw where t; = a,t;. Note, r =
a,[0.p + (1 — 0,)q] + (1 — ai)p by the definition of ... As 6, € © and
a, € (0,1), Independence implies s >=* r. That is, r + t;,w =* r. Let
ts .= 0t;. Then, r+tsw=0(p+tyw)+(1l—60)gasr =0p+ (1 —0)q.
Since t4,t5 > 0 and r 4+ t4;w =" r, step 1 implies r + t;w >* r. That is,
O(p+t1w)+(1—0)q =* Op+(1—0)q. Hence, 8 € O by the definition of
©. This contradicts © N (0., 1) = @. Thus, 0, = 1. That is, © = (0, 1].
Hence, p + t;w >=* p. Since t; and ty are arbitrary, the converse is
established. This completes the proof of (8).
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To show (9), define 7Z** over A by: q 7" r iff r =** q. Observe,
~** is complete, transitive and satisfies Independence. Moreover, its
asymmetric component =** satisfies: q =" r iff r =* q. Thus, the
argument for (8) establishes (9).

To show (10), first assume p + t;w ~* p. Suppose a + tow =" a.
Then, (8) implies p+t;w =* p. However, ~* and >* are disjoint. This
contradicts p+t;w ~* p. Thus, a+{ow >* a is not possible. Similarly,
(9) implies a >=* a + tow is not possible. However, the union of >=* and
~* is 7~*. Moreover, ~* is a complete binary relation over A. Thus,
a+ tow ~* a. Since t; and t, are arbitrary, we have:

p+tiw~"p implies a-+tow ~" a.

For the converse, interchange the role of p with a, and ¢; with t5. This
completes the proof of (10) and the step.

Step 10 — We claim: S, is a cone. Pick an arbitrary w € S, and
any « > 0. Since w € U,, there exists ¢t > 0 such that a 4+ tw ~* a.
Define t, == t/a. Then, a + t.(aw) = a + tw ~* a. Thus, aw € S,.
Hence, if w € S, and o > 0 then aw € S,.

Now, assume wi, wy € S,. Then, there exists t;,to > 0 such that
p; = a+t;w; ~* aand py = a+tows ~* a. Let ay == to/(t1 +t2) and
t. = 2t1ty/(t1 + t2). Note, o, € (0,1), t, > 0 and sty = (1 — au)te =
t./2. Define p = a + t,(w; + wy). Observe, a,p; + (1 — a.)py = P.
Define t,. = min{ty,ts,t.}. Clearly, t.. > 0. Define q; = a + t,..wr,
Qs = a+ tWo and q == a + t. (W) + Wo).

Suppose wi + wy € U,. Then, q >=* a by step 1. As p; ~* a, step
9 implies q; ~* a. Thus, q; + t.«W2 =q =" q;. Then, a4+ t,, w9 >" a
by step 9. By step 1, p, =* a. However, p, ~* a. This contradicts
the fact that >=* and ~* are disjoint. Hence, wy + wy ¢ U,. Similarly,
wy + wy & V.. That is, w; + wy ¢ U, U V..

Since wi,wy € S, and S, C W,, that W, is a subspace implies
wi + wo € W,. Moreover, (U,,V,,S,) is a partition of W, by step 5.
However, wi+wy ¢ U,UV,. Thus, w;+wy € S,. Hence, if wi, wy € S,
then wi; + wo € S,. Moreover, we have already shown: if a > 0 and
w € S, then aw € S,. Hence, S, is a cone.

Step 11 — We claim: S, is a subspace. Since S, has been shown
to be cone, it is enough to argue: S, = —S,. Assume w € S,. Thus,
a+ tiyw ~* a for some t; > 0. Also, by step 4, let to > 0 be such
that a — tow € A. Let ¢t :== min{t;, {5} and note that ¢ > 0. Further,
a+tw € Aand a—tw € A. Since a+ t;w ~* a and t > 0, step 3
implies: a 4+ tw ~* a. We shall now argue: —w € S,.
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Suppose a —tw >=* a. Then, a+tw ~* a implies a —tw =" a+tw.
As a € (0,1), Independence implies a(a — tw) + (1 — a)(a + tw) >~
ala+tw) + (1 —a)(a+tw). As a = 1/2, we have: a =* a. This
is a contradiction to the asymmetry of =*. Thus, a — tw >=* a is not
possible. Similarly, a >=* a — tw is not possible. However, =* is a
complete binary relation. Then, a — tw ~* a. Thus, —w € S,. Hence,
w € S, implies —w € S,. Note that —(—w) = w for any w € W..
Thus, —w € S, implies w € S,. Hence, w € S, iff —w € S,. Then,
-5, = {W eW,: —we S*} implies: S, = —S..

Step 12 — We claim: V, = —U,. First, we argue: —U, C V,. Let
w € —U,. That is, —w € U,. Thus, a + t;(—w) =" a for some t; > 0.
By step 4, pick to > 0 such that a + tow € A. Let t :== min{ty,t2} and
note that ¢ > 0. By step 1, a + t;(—w) =* a implies a + t(—w) >* a.
That is, a — tw >* a. Also, a + tow € A implies a + tw € A.
With « = 1/2, Independence implies a(a — tw) + (1 — a)(a + tw) >~
aa+ (1 —a)(a+tw). That is, a =" a+ t,w where t, == (1 — a)t > 0.
Thus, w € V.. Hence, we have: —U, C V..

Second, we argue: V, C —U,. Let w € V,. Thus, a »" a+ t1w
for some ¢t; > 0. By step 4, pick to > 0 such that a + t5(—w) € A.
Let ¢t := min{ty,t3}. and note that t > 0. Then, a + t(—w) € A.
That is, a — tw € A. Also, a =" a + t;w implies a >=* a + tw
by step 2. Let o := 1/2. By Independence, a >=* a + tw implies
aa+ (1 —a)(a —tw) >" ala+tw) + (1 — a)(a — tw). That is,
a+t.(—w) =* a where t, = (1 — )t > 0. Thus, —w € U,. That
is, w € —U,. Hence, V, C —U, holds. Thus, V, = —U..

Step 13 — We claim: U(p) = AN(p+U.), L(p) = AN (p+ Vi)
and I(p) = AN(p+S,) for any p € A. First, assume q € U(p). That
is,qe Aandq>*p. Let w:i=q—pandt:=1. Clearly, q=p + tp
where t > 0. Also, w € W, =0y as (p,1) =1=(q, 1). Thus, w € U,
by definition of U,. Further, q = p + w by definition of w. Hence,
p € p+U.. Since q € A, we have g € AN (p + U.). Hence, q € U(p)
implies q € AN (p + U,). That is, U(p) C AN (p + U,).

Now, assume q € AN(p+U,). Thus, q = p+t;w where t; :==1 >0
and w € U,. Since w € U,, a+ tow =* a for some t, > 0. By (8)
of step 9, we have: p + t;w >=* p. That is, q =* p. Thus, q € U(p).
Since q € AN (p + U,) is arbitrary, we have: q € AN (p + U,) implies
q € U(p). Hence, AN(p+U,) CU(p). Since U(p) C AN(p+U,) also
holds, we obtain: U(p) = AN (p + U,). The remaining two equalities
follow by similar arguments using (9) and (10) of step 9.

This completes the proof of the lemma. B
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A.IIL.1 Blackwell-Girshick Theorem for Convexr Sets

We prove Theorem 10 from section 5, and associated results, general-
izing the Blackwell-Girshick Theorem to arbitrary convex domains.

PROOF OF PROPOSITION 5: Let C' be a non—-empty subset of R". Let
% be the collection of every linear subspace S of R" for which there
exists a corresponding x € R” such that C' C x 4+ S. Note, R" € .¥ as
C CO0+R" Also, if S € .7 then dim(S) < n.

Fix zyp € C and S, € .. Also, let x, € R" be such that C' C z,+.5.,.
Then, C' C xy + Sy. To see why, let x € C be arbitrary. Define
Yo ‘= xo — Ty. Also, let y := x — x,. Since C C x, + S, both yg € S,
and y € S,. Then, y — yo € S, because S, is a subspace. Since
y— 1Yo =T — x9, we have x — xy € S,. Thus, x € xg+ S,. Since x € C
is arbitrary, we have: C' C zy + S,.

Let Sc be the intersection of all elements in .. Since each element
of .7 is a linear subspace of R", so must be S¢. Further, fix any x¢ € C.
Then, C C 2o+ S for all S € .. Then, C C xy+ S¢ as well. Thus,
Sc € .. Of course, Sc C S for any S € . by definition of Sc. That
is, S¢ is the unique subspace generated by C.

Now, let g € C and x, € R" such that C C x, + S¢. Then,
To = x4 + ys for some y, € S¢. That is, g — z, € S¢. Since S¢ is a
subspace, we have z, — x¢y € S¢. Finally, assume xy € C' and x, € R"
such that z, —xy € S¢. Let y, == g — x,. Then, ¢y = x, + y,. Further,
since S¢ € ., we know: C' C xy+ Sc. That is, C C (z, + ys) + Sc.
Since y, € Sc and S¢ is a linear subspace, it follows that y, + Sc = Sc.
Thus, (x4 + y«) + S¢ = z« + Sc. Hence, C C z, + Sc. B

For Theorem 10, we begin with some preliminaries. Fix a non—empty
C' C R". For any (m + 1)-tuple (z1,...,Zmns1) of vectors in C, define
zo =S¢t ap/(m+1) to be the centroid and the vectors (py, . . ., pmi1),
where p;. == x, — x(, to be the vertices.

LEMMA A.Ill.1(a): Let xy be the centroid and (pi,...,pm+1) be the
vertices defined by any (m + 1)—tuple (x1,...,Tmni1) of points in C. If
some m of the vertices are linearly independent, then every collection of
m vertices is linearly independent. Moreover, the collection of (m + 1)
vertices 1s linearly dependent.

PROOF: Fix any (m + 1)-tuple (z1,...,x,.1) of vectors in C. Let xg
be the centroid and the (m+1) vertices be (p1, ..., pm+1). Without any
loss of generality, we assume that (p1,...,p,) are linearly independent
and argue: (ps,...,pm+1) are linearly independent.
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First, note that ZZZT pr = 0 by the definition of xy and the p;’s.
In particular, the (m + 1) vertices are linearly independent. Moreover,
Pmt1 = — 9 peq Pi- Suppose there exists o, . . ., ayy41 in R, not all equal
to 0, such that Zzgl appr = 0. Let 81 == —au,11, and By == ap — ayniq
for all k£ = 2,...,m. Then, > 7", Bepr = 0. Since (p1,...,pn) are
linearly independent, we have: B = 0 for all £ = 1,...,m. That is,
ame1 = 0 and ap = ayyq for all £ = 2,...,m. This contradicts the
supposition that not all ay’s are 0. Hence, (po,...,pme1) is linearly
independent. This completes the proof. l

For the set C, let M, denote the set of all m € N for which some
(1,...,Tme1) in C induces a centroid and m + 1 vertices such that any
m of the vertices are linearly independent but all the m + 1 vertices are
linearly dependent. Since C' C R", the set M, C N is non—empty and
bounded above by n. Define m, = max M,.

DEFINITION A.IIL.1(b): Let C C R™ be non—empty. Any (m.+1)—tuple
(1,...,Tm.+1) of vectors in C is a coordinate system for C' if, every
collection of its m, vertices is linearly independent.

By definition, m, is the largest m such that any (m+ 1)—tuple in C
induces vertices such that any proper subcollection, but not the whole,
of it can be linearly independent. The above definition calls any such
(m.«+ 1)—tuple a “coordinate system” for C. The reason for this choice
of terminology is the following basic result about the representability
of any arbitrary element x of the set C.

LEMMA A.Ill.1(c): Let & = (x1,...,Tm,11) be a coordinate system
for C. Suppose xq is the centroid and (pi,...,pm,+1) are the m, + 1
vertices induced by X . Then, for any x € C, there exists vy, ..., Vp, 11

in R such that v = ¢ + Zzl:*fl V3D

PROOF: Fix a coordinate system 2~ = (x1,...,%y, 41) for C. Let x € C
be arbitrary. Let % = (y1, ..., Ym,+2) be defined as (1) y,,, 12 == x, and
(2) yp = zp forevery k = 1,...,m,+1. Let yp := ZL*IFQ Yr/(my+2) be

the centroid and (q1, . .., Gm,+2), With g == yp—yo for k =1,... ,m,+2,
be the vertices induced by %'. Then, the m, + 1 vertices (q1, ..., @n,+1)
are linearly dependent. For otherwise, lemma A.IIl.1(a) would imply
that every m, + 1 of the vertices are linearly independent with all the
ms—+ 2 being linearly dependent. This would contradict the maximality
of m, in in the set M,. That is, there exists a1, ..., @, +1 in R, not all

equal to 0, such that Z;n:*fl argr = 0.
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Let 2 induce the centroid z( = Zl:*fl xy/(my 4+ 1) and vertices

(p1y- -+ Pm,+1), where pp = x — x¢ for every k = 1,...,m, + 1. Then,
the following algebraic equality holds:

> g =) aupr — — 5 (@ = 20), (11)

where 0 = le*fl ay. Suppose 6 = 0. Then, ;n:"zrl arqr = 0 and (11)

imply S/ appr = 0. Observe, py.41 = — .o, pr by definition of
xo and the pg’s. Thus, we obtain: > )" (ax — @y, 4+1)pr = 0. Since
Z" is a coordinate system, the vectors in (pi,...,pm.+1) are linearly
independent. Hence, ay = ... = a;,,+1. Since § = 0, we obtain: a; =0
for all K =1,...,m, + 1. However, recall that not all of ay, ...,y 11

are 0. Hence, we have a contradiction. Thus, 6§ # 0. Then, (11) and

ZL:*ILI aqr = 0 imply the following:

my+1

My + 2)o
Tr=2xy+ Z%pk
k=1

Define vy, == (m, + 2)ay. /0 for every k =1,... ,m, + 1 to complete the
proof of the Lemma. W

Henceforth, we fix a coordinate system 2" = (x1,..., T, +1) for the
set C. Also, let xy be the centroid and (p1,...,pm.+1) be the vertices
induced by 2. Denote by W, the linear span of (p1,...,pm.+1). Also,
recall that S¢ is the subspace generated by C.

LEMMA AIIL.1(d): W, = Se.

PROOF: Since W, is the linear span of (p1, ..., pm.+1), Lemma A.II1.1(c)
implies that x € o+ W, for every x € C'. That is, C' C z(+.5,. Hence,
Sc C Si because S¢ is the subspace generated by C' (see Definition
12 in section 5). Also, note that the dimension of W, is m,. This is

because any m, elements from {py, ..., pn, 11} are linearly independent
but the set of all the m, 4+ 1 elements is linearly dependent.
Now, consider any p; where k € {1,...,m,}. Since xg + pr = =}

and xp € C, we have p, € S¢ because C' C zy + Sc. Thus, S¢ is a
linear subspace of R" containing the m, linearly independent vectors
(p1,---,Pm,). Hence, dimension of S¢ is at least m,. That is, S¢ is a
linear subspace of the linear subspace W, with the dimension of So at
least as much as the dimension of W,. Thus, W, = S-. R
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Recall, the notion of “subspace generated by C” was defined as the
intersection of those linear subspaces S such that C' C x+ .5 for some x
in R". This is an “extrinsic” description. The above lemma provides an
“Intrinsic” description of the same concept in terms of the (arbitrary)
coordinate system 2" for the set C. The following lemma, which builds
on the previous ones, shall be critical in the proof of Theorem 10.

LEMMA A.Ill.1(e): Let & = (x1,...,%Tm,+1) be a coordinate system
for C" and xq be the centroid induced by X . Then, for any x € C, there
exists A € (0,1) and A1, ..., Ay, 41 in Ry, which satisfy ZZL*ILI A =1
such that the following holds:

zo=Ar+(1=X) ) My

PROOF: Let the centroid and the vertices induced by the coordinate
system 2" be zy and (p1,...,Pm,+1), respectively. Fix an arbitrary
x € C. Then, by Lemma A.IIl.1(c), there exists v4,...,vp, 41 in R

such that x = zy + ZZL*ILI vipg. For any A € (0, 1), define:

() = 1 i N\ (m*l—l— 1 [1 i A(mil e 1” N A’/’“) (12)
k=1

for every k = 1,...,m, + 1. Note, limy_opur(A) = 1/(m, + 1) > 0.
Further, the map A € [0,1) — ur(A) € R is continuous. Thus, there
exists A* € (0,1) such that, for any A € (0,\*], ur(A) > 0 for all
k=1,...,m,+ 1. Define A} == pp(\,) for all k =1,...,m, + 1. Since
zo = S0 /(my + 1) and p = x4 — 20, from = = x4+ 7 veps
and (12) we find that the following equality holds:

my+1

zog=Na+ (1 -\ Z AL L.
k=1

Moreover, from (12) we obtain: 7" y(A\) = 1 for any X € (0,1). In
particular, 7" At = 1 holds. W

Geometrically, for every x € C, there exists a “weighted average”
Yy = le*fl Apxyp of the coordinate system 2 such that the centroid
xg is some “weighted average” Ax + (1 — A)y, of the points x and y,.

Finally, we shall also need the following technical result.

125



LEMMA AIIL.1(f): Let L C R be an interval of the form (0.0) or (0, 0]
for some 6 > 0. Suppose T C L satisfies the following:

1. (q€@++;t€7';qt€L) — qt €T, and

2. (3t.>0)(Fe>0)[(ts—e,ti+e) C 7.
Then, T = L.

PROOF: Let L be the interval (0,6) or (0,6] for some 8 > 0. It will
be enough to argue, L C 7. Assume t, > 0 and € > 0 are such that
(t. —e,ts +¢) C 7. First, let s € (0,6) be arbitrary.

Define o, = s/(t.+¢) and B, :== min{5y, B2}, where 8, == s/(t. —¢)
and By = 0/(t, +¢). Note, o, < fyas s >0 and t, +¢ > t, —e > 0.
Also, s < 6 and t, +¢ > 0 imply a < 5. Thus, a, < B,. Since Q is
dense in R, there exists ¢ € Q such that a, < ¢, < . Note, a, > 0 by
definition. Thus, a, < g« < B, implies ¢, € Q.

Let 74 == q(t« — €) and d, = q.(tx + €). Pick an arbitrary ¢, € L
such that v, < ty < 0.. Define t; = ty/q.. Thus, t; € 7 because
(tx —e,te +¢) C 7. Note, q.t1 =ty € L. Since g, € Q.4, t; € 7 and
g«t1 € L, we obtain ¢,t; € 7. Then, ty = ¢,t; implies ty, € 7. Since
to € L N (74, 04) was arbitrary, we obtain: L N (7, dx) C 7.

Note that £, < 1 by definition of 3,. Then, a, < ¢, < B, implies
a < @ < P1. Since a, = s/(tx +¢€), 1 = s/(ts —¢) and a, < g« < b,
it follows that q.(t. —¢) < s < q.(t. +¢€). That is, s € (74, d,). Also,
s € Lass e (0,0)and (0,0) C L. Thus, s € LN (7, 0,). As we
have already shown that L N (74, d.) C 7, it follows that s € 7. Since
s € (0,0) was arbitrary, we have: (0,60) C 7.

Recall, L is either (0,6) or (0,6]. If L is indeed the interval (0, &)
then we already have L C 7. So, we assume that L is the interval (0, 6].
Of course, since we have already established (0,0) C 7, it remains to
show that 6 € 7. Let to == 0/2. Since (0,0) C 7, we have t, € 7. Also,
let ¢ .= 2. Thus, ¢ € Q. and gto = 6. Then, # € L implies qt, € L.
Since ¢ € Q,, ts € 7 and ¢ty € L, it follows that gty € 7. As gty =0,
we obtain 0 € 7. Thus, L C 7 if L is the interval (0,6]. B

Roughly, the import of the above lemma can be described as follows.
The ambient space L is the interval (0,0) or (0,60]. Now, depending on
the problem at hand, suppose that a particular subset 7 C L has been
defined. If 7 has a non—empty interior then, for any arbitrary =z € 7,
there exists a neighborhood of & which is contained in 7. This is because
T is closed under the “multiplication from left” action of the subgroup
Q. which is dense in the group R, .. With these lemmas stated and
established, we are now ready to prove Theorem 10.
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PROOF OF THEOREM 10: We establish “sufficiency”. Let C be a
non—empty convexr subset of R"” and 77 be a non—trivial preference on
C. Since 7 is a non—trivial, it follows that > is non—empty. Further,
~ is non—empty by Reflexivity of =~. Fix 2" = (x1,...,Zm,+1) as the

coordinate system for C'. Then, z( = Z”:*Irl xy/(my+1) is the centroid
and (p1,...,Pm.+1), where pp ==z —xg forall k = 1,... m, + 1, are

the vertices induced by 2. For z € C, let U(x) ={y € C : y > z},
Lx) ={yeC:x»y}and I(x) ={y € C:y ~ z}. Recall, W, is the
ms—dimensional linear span of the vectors in (p1,...,pm,+1). Consider
the subsets U, V, and S, of W, defined as follows:

U, = {wEW*::co+tw>x0 for Somet>0},
Mk::{wEW*:xo>xo+tw forsomet>0}7
S, = {wEW*Zl‘o-i-th.%'o for somet>0}.

We assume that 7~ satisfies Continuity and Invariance. The argument
proceeds through the following steps.

Step 1 — We argue: if z € C, w € W, and t1,ts > 0 are such that
x + tqyw and x + tow are in C' then the following hold:

r+tiw=x iff z+tw=z (13)
r=x+tw iff z=x+tw (14)
r+tiw~x iff z+tw~z (15)

To prove (13), fix x € C, w € W, and t; > 0 such that x +t;w € C.
Consider an arbitrary to > 0 such that z 4+ tow € C. Observe, it is
enough to show: = + t;w > x implies x + tow > z. So, let x + tyw > x.
First, assume ¢ty = at; for some a € N. We have nothing to argue if
a = 1. So, assume a > 1. By convexity of C, x + btyw € C for every
b=1,...,a. By Invariance, z + tyw > x implies x + 2t;w > x + tjw.
Similarly, x 4+ btyw = x + (b— 1)tyw for all b = 1,... a. Transitivity of
> implies x + atyw > x. That is, x 4+ tow > = holds.

Now, assume t3 = t1/a for some a € N. By an argument as above,
if v = x+1tyw then x > xr+t;w. However, this contradicts x +t;w > .
Thus, x > x+tow is not possible. Similarly, x +tsw ~ x is not possible.
However, 7~ is complete. Thus, z 4 tow > x holds.

Next, assume ty = bty /a for some a,b € N with a # 1. Let t3 :== 1 /a.
Then, x 4+ tyw = x implies x + t3w = x. Also, to = bty where b € N.
Then, x + t3w > x implies x + tow > x. Thus, x + tow > x holds. Let
T={t>0:2+tw>zx}and L,,, ={t >0:2+tw e C}. Thus, we
have shown: (¢ € Q4 ;ter; gt € Ly, ) = qt € 7. Also, note
that L, is (0,6) or (0, 6] for some 6 > 0 as C' is convex.
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Now, we also show: (t. —¢e,t, +¢) C 7 for some t, > 0 and € > 0.
Then, Lemma A.IIL1(f) will imply 7 = L,,, which is equivalent to:
x + tow = x for all t5 > 0 such that = + tow € C. Let t, = t;/2. Thus,
Y« = x+t,w = x. By Continuity of 7, let € > 0 be such that the e-ball
B.(y,) in R" satisfies: z € CNB.(y.) = z > z. Since z,x+tw € C
and C'is convex, (t, —¢&,t, +¢) C 7. This proves (13).

To prove (14), define =* over C by: u " v iff v =~ u. Observe,
~* gsaisfies the axioms on ~~. Further, the strict component =* of ~—*
satisfies: u >=* v iff v > u. Moreover, by the argument for (13), we
have the equivalence: = + t;w >=* z iff x 4+ tow =" x. Thus, we obtain:
x = x + tyw iff z > = + tow. This proves (14).

To prove (15), assume x + tjw ~ x. Suppose = + tow > x. Then,
x + tow > x by (13) which is a contradiction. Thus, x + tow > x is
not possible. Similarly, (14) implies that = > x + tow is not possible.
However, 7~ is complete. Thus, x +tyw ~ x holds. That is, z+t;w ~ x
implies x + tow ~ x. The converse also holds because t; and ty are
arbitrary. This proves (15). The step is complete.

Step 2 — We argue: if v € C', w € W, and t1,t, > 0 are such that
x4+ tiw and xy + tow are in C then the following hold:

r+tw =z iff xy+tow = xg (16)
x=x+tiw iff x> a9+ tow (17)
r+tiw~z iff xy+tow ~ 1z (18)

Let x € C, w € W, and t,ty > 0 be such that x + t;w and xy + tow
are in C'. If w = 0 then the claim is trivial. If x = xy then step 1
implies the claim. Thus, we assume w # 0 and x # x.

To prove (16), note that since z € C, Lemma A.IIl.1(e) implies the
existence of A € (0,1) and A\y,..., Ay, 41 in Ry, such that ZZL:*;FI A =1
and zg = Az+(1—\)y;, where y; = Zl:*fl Mg Asxy, ...,y 1 € C,
the convexity of C' implies y; € C. Let yo = 2y + Ajw. Thus,
Yo = Mz + tyw) + (1 — N)y;. Since z + tyw,y; € C and A € (0,1), the
convexity of C' implies 1o € C. Also, let z1 := xg — x and y3 = yo — 21.
Thus, y3 = + Mtyjw. Since z,x+tw € C and A € (0, 1), the convexity
of C' implies y3 € C'. Since = + t;w > x implies x + Atjw = x by step
1, we have: y3 > x. Moreover, x + 21 = zy and y3 + z; = y3. Then,
y3 > x implies yo > xg by Invariance. That is, x¢o + At;yw > xy. Hence,
xo + tow = o by step 1. This proves the forward implication claimed
in (16). For the reverse implication, let z, := —z;. Then, observe that
xo+ 20 =z and ys + 290 = y3. By step 1, x¢ + tow > x¢ implies xy > o
because yo = xg + AMjw. Then, y3 > x by Invariance. By step 1,
x + tyw > x because y3 = x + Atyw. This proves (16).
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To prove (17), define Z* over C by: u =" v iff v =~ u. Observe,
~* satisfies the axioms on 7-. Further, the strict component >=* of ~—*
satisfies: u =" v iff v > u. Moreover, by the argument for (16), we
have the equivalence: x4+ tyw =* x iff xo+tow =" x¢. Thus, we obtain:
x > x + tyw iff 2y = z¢ + tow. This proves (17).

To prove (18), assume x + tyw ~ x. Suppose xg + tow = xy. Then,
xo + taw = xo by (16) which is a contradiction. Thus, xy + tow = g is
not possible. Similarly, xy > xq+ tow is not possible by (17). However,
>~ is complete. Thus, xo+ tow ~ xy holds. That is, x + t;w ~ x implies
xo + tow ~ xy. Interchanging the role of x with xy and t; with ts, in
this argument, implies the converse. This proves (18).

Step 3 — We claim: U(z) = C N (z+U,), L(z) = CN(x+ Vi)
and I(z) = C N (z+ 5,) for every x € C. We shall only argue that
U(x) = CnN(x+ U,). To show U(x) C CN(x)+ U, let yo € U(x)
be arbitrary. That is, yp € C' and y > x. Let w = yy — x and
t1 .= 1. By Lemma A.IIl.1(e), there exists A € (0,1) and Ay, ..., Ay, 41
in Ry, such that 37" A\ = 1 and 2o = Az + (1 — Ay, where
Y = Z;Irl Mo, As x1, ..., 2y, 41 € C, the convexity of C' implies
y1 € C. Let yo = Ayo + (1 — Ny1. Thus, y» € C by convexity of C.
Also, yo = xy + Mjw. Note, yp > x is equivalent to = + tjw > x by
the definition of w and t;. Also, x + tjw > x implies xg + \Mjw = xg
by step 2. Then, if we show that w € W, then w € U,. By Lemma
AIll1(c), y2 € C implies there exists vq,..., V11 in R such that
Yy = T + Zzl:"l“ vkpr. Thus, w € W, because w = (yo — x9)/(M1) and
W, is the linear span of (p1,...,pm.+1). Hence, w € U, and yy = x +w.
Since yy € C already, we obtain: yp € C' N (z + U,). As yp € U(x) was
arbitrary, it follows: U(x) C C'N (z + U.).

For the converse, let yy € C'N (x + U,) be arbitrary. Then, y, € C
and there exists w € U, such that yy = x + w. Let ¢; = 1. By lemma
AIll.1(e), there exists A € (0,1) and Ay, ..., Ay, 41 in Ry such that

Zﬁfl Ar = 1 and xyg = Ax + (1 — AN)yy, where y; = le*fl M. As
T1, .., Ty+1 € C, 1 € C by convexity of C. Let yo = Ayg+ (1 — N)y;.
Thus, yo € C by convexity of C. Also, yo = x¢ + Atjw. Since w € W,
and xg + Mjw € C, we have xy + AMjw > xg. By step 2, v + tjw > x
follows. Since t; = 1 and yy = = + w, we obtain yy € U(z). As
Yo € C'N (z + U,) was arbitrary, we have: C'N (z + U,) C U(z). Thus,
we have shown: U(z) = C N (z + U,) for every x € C. The arguments
for L(z) =CnN(x+V,) and I(x) = C N (z + S,) are similar.

Step 4 — We claim: (U, Vi, S) is a partition of W,. First, we shall
argue, if w € W,, there exists t > 0 such that z¢ 4+ tw € C. Because =~
is complete, this will imply W, = U, UV, U S,.
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Fix an arbitrary w € W,. Since W, is the linear span of the vertices
(p1y- -+ Pm,+1) induced by 2, there exists pi1, . .., fiy,+1 in R such that

w = le*fl pipr- Forevery k € {1,...,m,+ 1}, consider the R—valued
map ¢ on R, which is defined as follows:

my—+1

(1 —t Z ul> for all t € R.

Since each 1y, is continuous and lim; o Y% (t) = 1/(ms+1) > 0, there
exists t, > 0 such that ¢y (t,) > 0 for all k. Let Ay = (L) for every
k. Thus, \y > 0 for every k. Note, S277 4 (t) = 1 for any t € R,.
Thus, m*H A = 1. Recall, 2o = Zl:*fl zr/(mye+1) and pg =z — 20
for every 143 =1,...,m, + 1. Then, by definition of the ;’s:

Vu(t) = pnt + —

my+1
Ty + tw = Z Yr(t)z, for any t € Ry,

. 1 : _
In particular, zo + t,w = > + M. Since 2 = (21, .., Ty 41)

is a coordinate system for C, the pomts Z1y...,Tm,+1 are in C. Then,
because A1, ..., A\, 11 are in Ry and Zm*H A = 1, the convexity of C'

implies that Zm*+ Mexp € C. That is, xg+t,w € C. Since xo+t,w € C
and - is complete, at least one of xy + t,w > g or g > xg + t,w or
xo + tyw ~ o must hold. Then, w € W, and t, > 0 imply that w
belongs to at least of U,, V, or S,. Since w € W, was arbitrary, we
have: W, C U, UV, US,. Moreover, each of U,, V, and S, is a subset
of W, by definition. Thus, W, = U, UV, U S,.

We now argue: U,, V, and S, are pairwise disjoint. First, suppose
w € U,NV,. Since w € U,, there exists t; > 0 such that zo+ tyw = xy.
Since w € V,, there exists to > 0 such that xy = x¢ + tow. As t; and
ty are positive, xg 4+ tyw > xy implies xy + tow > x¢ by step 1. That
is, both xg + tow > xg and zy > x¢ + tow hold. This contradicts the
asymmetry of >. Hence, U, NV, = &

Now, suppose w € U, NS,. As w € Uy, there exists t; > 0 such that
xo + tiw = xg. As w € S, there exists t9 > 0 such that xy + to ~ .
As t; and ty are positive, xg 4+ tjw = xo implies xg + to = xg by step 1.
That is, both zg + tow = xg and xy + tow ~ xy hold. However, > and
~ are disjoint. Thus, U, N S, = &. Similarly, V., N S, = &.

As = is non—trivial, let g, y; € C satisfy y; = yo and set w = y; —p.
Thus, yo +w € U(yo). Then, yo+w € C N (yo + Us) by step 3. Hence,
w € U,. Thus, U, # @. Similarly, V, # &. Observe, 0 € S,.
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Step 5§ — We claim: U,, V, and S, are (convex) cones. We only
argue: U, is a cone. First, let w € U, and A > 0. Since w € U, C W,
and W, is a linear subspace, we have w' = Aw € W,. Also, there
exists ¢ > 0 such that xg + tw > xy as w € U,. Let ' := t/X. Thus,
xo + t'w' = ¢ as t'w’ = tw. Hence, w' € U,. Since w € U, and A > 0
are arbitrary, we have: (w cU,; A>0 ) — \w € U,.

Now, fix any wy, wy € U, and let w := wy + wy. Since U, C W, and
W, is a linear subspace, we have w € W,. Also, wy,ws € U, imply the
existence of t1,to > 0 such that x¢o + tyw; = xg and xy + tows = .
Let t, = min{ty,t5} and t,,. = t./2. Note, xy + tjw; > x( implies
xo+tiwy € C. Further, zy € C and z¢+t;w; € C imply xg+t,w € C
because C' is convex. By step 1, zg+tjw; > xp implies zy+ L wy > xp.
Similarly, xo+t.we € C' and x4+t we = x9. Moreover, x4+ t,w, € C
and zy + t,wy € C' by convexity of C. Observe,

1 1
o+ LW = 5(.@0 + t*wl) + 5(370 + t*'lUQ)

because t.. = t./2 and w = wy + w9 by definition. Hence, xg+t.w € C
by convexity of C'. Also, note that zg + tuw = (T + twwr) + tews.
Then, zy + t.wy = xg implies xg + tww = o + twwo by Invariance.
Recall, xg+t.wo = xo. Transitivity of > implies xg 4+t w > xo. Then,
w € W, and t,, > 0 imply w € U,. As w = wy + wy where wy, wy € U,
are arbitrary, we have: ( w, € Uy ;5 wy € U, ) = wy + wy € U,.
Thus, U, is a cone. Similarly, V, and S, are cones.

Step 6 — We argue: V, = —U, and S, is a subspace. First, let us
show that V, = —U,. Let w € U,. Thus, w € W, and there exists t; > 0
such that xo+tw > xy. Let x = xg+tiw. Note, xg+t;w > xg implies
x € C in particular. Then, by Lemma A.II1.1(e), there exists A € (0, 1)

and A1,..., Ay 41 such that ZZLZ*IH Ar = 1and zg = Az + (1 — Ny,
my+1

where y == ) . " A\pxp. Since x1,...,%Ty,41 arein C, y € C as C is
convex. Observe, y = xy + to(—w), where ty = At;/(1 — X), because
T =x0+ tw and o = Az + (1 — A)y. Note, to > 0.

Let t. = min{ty,t2}. Then, z¢ + t,w and zy + t.(—w) are in
C because zg,z,y,y € C and C is convex. Also, xg + t,w = xg
as xo + tyw = xy by step 1. Since (x¢ + t,w) + t.(—w) = zy and
xo + tyw = xg, Invariance implies xy = x¢ + t.(—w). Also, w € W,
implies —w € W, as W, is a linear subspace. Hence, —w € V,. That is,
—U, C V.. Similarly, —V, C U,. Hence, V, C —U,. Thus, V, = —U.,.
By a similar argument, S, = —S5,. Moreover, S, is a cone by step 5.
Hence, S, must be a subspace.
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Step 7 — We argue: there exists K € N and a list (A\1,...,A\g) of
K orthonormal vectors in W, such that:

x>_y¢>[)\lxa7)\Kx]>L[)\lyna)‘Ky]7 (19)

for any x,y € C, where > is the strict component of the standard
lexicographic order >; over R¥.

By steps 46, (U, Vi, S,) is a partition of the linear space W, such
that U,, V, are cones satistying V, = —U, and S, is a subspace. Then,
by the Decomposition Theorem (Theorem 1 of section 2), there exists K
and a list U := (\y,..., A\g) of K orthonormal vectors in W, such that
U, = Hy, V., = —Hy and S, = Oy, where Hy is the graded halfspace
(Definition 1 of section 2) generated by U and Oy is the subspace of
W, which is orthogonal to the vectors in the list U.

Fix an arbitrary z,y € C. Then, z = y iff x € U(y). By step 3,
Uy)=Cn(y+U,). Then, z = y iff, z = y + w for some w € Hy. By
definition of Hy, w € W, is equivalent to:

M- (z—vy),.... k- (z — y)] > Ok,

where Oy is the origin of RE. Note, \p - (x —y) > 0iff \p -2 > \p -y
for every k = 1,..., K. Hence, (19) follows from the definition of >.
Since z,y € C' are arbitrary, the step is complete.

Step 8 — We claim: if (Ay,..., A\g,) and (pq, ..., pg,) are two lists
of K1 and K3 orthonormal vectors in W, such that:

T=y = M-z, . g, 2] >F My, .., Ak -yl and  (20)
Ty = (e apr, @) > Y i Y (21)

for every z,y € C, where =} and =2 denote the strict components of
the standard lexicographic orders over R¥t and R*2  then it must be
that K1 = Ky = Ky and Ay = g for all k =1,..., K.

Let Ky := min{K7, K>}. Denote the set {1,..., Ky} by [Ky]. Now,
suppose A\, # i for some k € [Kj|. Then, define:

k. :=min{k € [Ko] : A # i }-
We claim the existence of wy,ws € W, with the following properties:
(a) Ak, -wp > 0and A, - wy < 0.
(b) g, - w1 <0 and py, - wy > 0.
(c) Forany j € {1,2}, A -w; =0 and pp - w; =0if 1 <k < k,.
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By the Cauchy-Schwarz inequality, |Ar, - pr.| < [[Ae 2 - o]l = 1
with equality iff \x, = £y, . First, consider the case when |\, -ug, | = 1.
Since A\, # pi,, we have A\, = —puy,. Define wy = A\, and wq = py,.
Clearly, properties (a) and (b) hold. Moreover, (¢) holds as the vectors
AL, ..., A, are orthogonal and A\, = py if 1 < k < k..

Now, we assume |\ - px.| < 1. That is, 1 — (Mg - pz.)? > 0. Then,
fix any € and ¢ in R, . Also, let wy = a\;, + Buk, and wy = —wy,
where «, f € R are defined as follows:

a= [0+ - )]/ [ = O - p)?], and
B=—[+0(\. )]/ [1— O - )]

Observe, A\;, - w; = 0 and pug, - w; = —. As 6 and ¢ are in R, and
wy = —wy, properties (a) and (b) obtain. Since A\, = puy if 1 < k < k,
and Aj, ..., A, are orthogonal, property (c) obtains because ws = —w;
where w, is a linear combination of only A;, and p.. Thus, we have
demonstrated the existence of wy, wy € W, as claimed.

In step 4, recall that we argued: if w € W, then there exists ¢ > 0
such that x¢g+tw € C. Then, as wy,wy € C, there exists t1,ty > 0 such
that zo + t;w; and xg + towy are in C. Thus, properties (a)—(c) imply
xo+tiwy = xg+towy and g+ tows = o+ tyw by representations (20)
and (21), respectively. However, the relation > is asymmetric. Hence,
our supposition that there exists k € [Kj| such that A\; # pp must be
wrong. That is, A\ = py, for all k& € [Kj].

It remains to argue: K; = Ky. Suppose K| < Ky. Let w = pg,11.
Clearly, w € W, as the vectors ui,...,ux, are in W,. Thus, there
exists ¢ > 0 such that xq 4+ tw € C. Note, since (pq,..., K, +1) are
orthogonal and A\, = uy for all k € [Ky|, representations (20) and (21)
imply x¢+tw ~ xy and xo+tw > x(, respectively. This contradicts the
fact that > and ~ are disjoint. Hence, the supposition that K; < K5
must be wrong. That is, K; < K5 is not possible. Similarly, Ky < K;
is not possible. Thus, K; = K5. This step is complete.

Step 9 — By steps 7 and 8, there exists a unique K € N and a
unique list (Aq, ..., Ax) of orthonormal vectors in W, such that:

Ty = M-z, A k2] 20 Ay, Ak ),

for any x,y € C, where > is the standard lexicographic order over R¥.
By Lemma A.II1.1(d), W, = S¢ where S¢ is the subspace generated by
the set C. Thus, the vectors A\q,..., Ag are in S¢.

To complete the proof, observe that K = 1 by Continuity of 7. W
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A.IIL.2 Lexicographic Linear Representations

PROOF OF THEOREM 11: Consider the existence claim in the state-
ment of Theorem 11 and step 9 in the proof of Theorem 10 (see section
AIIL1). Note, both Theorems 10 and 11 assume the Invariance axiom.
Thus, if step 9 continues to hold under the additional assumption of
Convexity of the binary relation, instead of Continuity as in the proof
of Theorem 10, then Theorem 11 is proven.

Observe, Continuity was referred to only in step 1 of the proof of
Theorem 10, in paragraph 4, to establish only the following:

(3t.>0)(Fe>0)[ (ts—e,ti+e) C 7. (22)

Of course, in addition to Continuity, (22) was established under the
additional assumption that C' C R" is convex and t; > 0 exists such
that = + t; > x. We shall now argue that (22) continues to hold when
Continuity is replaced by Convexity.

Recall, 7 = {t > 0: z + tw = x}. Clearly, t; € 7 and z + tyw € C.
Moreover, since C' is a convex subset of R”, it follows that x + tw € C
for every t € (0,t1). Let y := x + tyw. Since y = x, by Convexity of =
we have the following:

ax + (1 —a)y = x for every a € (0,1).

Since y = x + tjw, note that ax + (1 — a)y = z + [(1 — a)t1]w
for every av € (0,1). Thus, {t € (0,%1) : o +tw > 2} = (0,¢1). Let
te =1t1/2 and ¢ = t,. Hence, (t. —¢,t, +¢) = (0,%;). That is,

(te —e,te+e)={t € (0,t1) : x + tw > x}.

Therefore, (t, — ¢,t, +€) C 7 which proves (22).
Having established (22), we note that the other clause that had to
be established in step 1 of Theorem 10 was the following:

(¢geQiy;teT;qgtelyw) = qter, (23)

where L, ,, = {t > 0: x+tw € C}. However, observe that the proof of
(23) relied only the convexity of C' and the axiom of Invariance. Since
Invariance has been assumed in Theorem 11 as well, while maintaining
that C' is convex, (23) also continues to hold.

We now come to one final observation. To complete the proof of step
1 (and Theorem 11), it is enough to show that, for any z,y € C and
a € (0,1), z > y implies z > ax + (1 — a)y. For this, let z == a(zx —y).
Note, Convexity implies ' == (1 — a)r + ay = y. As 2’ + z = x and
y+ 2z =ar+ (1 — a)y, Invariance implies z > ax + (1 — a)y. B
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CHAPTER 3

PREFERENCES WITH NORMS AS REPRESENTATIONS

1. INTRODUCTION

1.1 An Overview

Norms over Euclidean spaces define natural weak orderings over the
vectors. We consider continuous weak orders on any given Fuclidean
space and ask the following question: what axioms characterize those
weak orders which admit some norm as a representation? Of particu-
lar interest is the subclass of pnorms. To place our question in proper
perspective, we now describe the background comprising of applications
involving preferences which admit norms as representations in various
aspects of economic theory.

Over a span of several decades, such preferences have been assumed
as the model of individuals comprising of the society in the theory
of strategic voting in spatial models or multiple issues. For instance,
McKELVEY & WENDELL (1976) generalize the results, on the major-
ity rule admitting voting equilibria, due to PLOTT (1967) and DAvis
ET AL. (1972) by assuming individuals to have arbitrary “quadratic”
preferences which subsume Euclidean preferences.



However, WENDELL & THORSON (1974) already recognized that
preferences other than the “quadratic” preferences are at least as im-
portant. They assume individual preferences admit some norm as a
representation and proceed to analyse the consequences in voting and
its equilibria. Similarly, BORDER & JORDAN (1983) recognize the need
to allow into consideration preferences that are more general than the
Euclidean preferences. They show that under strategy—proofness con-
sidertions, voting rules in spatial models must be driven by only “ideal
points” of individuals whose preferences are “star—shaped and separa-
ble”. As we shall observe at the end of section 4, these preferences
admit representations which are essentialy the p—norms except that
their “balls” may not be convex.

Further, ZHOU (1991) showed that Gibbard’s theorem on dictator-
ships holds in public goods problem for multidimensional Euclidean
spaces with quasi—concave preferences. More recently, GERSHKOV ET
AL. (2019,2022) have considered the problem of voting on multiple is-
sues. They emphasize the need to consider general norms as preferences
and show that dominant strategy incentive compatibility is equivalent
to the geometric property of “orthant monotonicity”.

Moreover, ENELOW & HINCH (1982,1984) and ENELOW ET AL.
(1986, 1988) show that empirical testing, via regression analysis, of pre-
dictions made by the theory on spatial voting heavily depends on the
correctness of the specification of the norm representing individual pref-
erences. For further examples of norms considered in strategic voting
for settings with spatial models, one may consider BARBERA ET AL.
(1993) and PETERS ET AL. (1993) for instance. Also, for “quadratic”
functionals that generalize the classical utilitarianism, one may con-
sider EPSTEIN & SEGAL (1992).

More recently, applications in matching theory have considered the
Euclidean norm such as the school choice functions generated by “ideal
points” as in ECHENIQUE & YENMEZ (2015). Just as WENDELL
& THORSON (1974), BORDER & JORDAN (1983) and ZnHou (1991)
have argued—in strategic voting over multiple issues—for consider-
ing individual preferences that admit arbitrary norm like representa-
tions, a similar argument applies for matching probems as considered
in ECHENIQUE & YENMEZ (2015) for instance.

Two further applications are as follows. Measurement theory con-
cerns itself with specific functional forms as representations for weak
orders. For instance, MACHINA & MULLER (1987) characterize weak
orders that admit polynomial representations up to some moments.
Second, FIELDS & Ok (1996) and MITRA & OK (1996) characterize
real-valued measures of income mobility as p—norms. Perhaps, such
problems can be based on orders as primitives.

140



The many applications which assume general norms as primitives
make it imperative to supply a decision theoretic foundation for prefer-
ences which admit norms as representations. However, KANAT (1977),
BOGOMOLNAIA & LASLIER (2007) and EcuIA (2011) show existence
of some “embeddings” in normed Euclidean spaces. Similarly, charac-
terizing those real-valued maps which are the Euclidean norm, as in
D’AcoSTINO & DARDANONI (2009) for instance, does not accomplish
the task set forth by the applications.

For Euclidean preferences, a decision theoretic foundation has been
provided in CHAMBERS & ECHENIQUE (2020). In measurement theory,
TVERSKY & KRANTZ (1970) give a foundation for the metric induced
by the Euclidean norm. However, they do so by considering a weak
order on R" x R" as the primitives, whereas, we must consider a weak
order on R" as the primitive. Thus, it is not possible to adapt their
foundation for our primitive as otherwise the axioms would involve dif-
ferences of vectors which are harder to justify normatively. Moreover,
axioms must involve only the universal quantifier from both the nor-
mative and falsifiability perspectives — see DEKEL & LiPMAN (2010)
and CHAMBERS ET AL. (2014) for instance.

We first generalize the notion of a norm to “pre—mnorm” and ex-
tend the scope of our question of existence of representations from
norms to pre-norms. For concreteness, we state the definition. A
pre—norm is any map f : R" — R, that satisfies (1) f(x) = 0 iff
r=0,(2) fla-x) = a- f(x) for every a > 0 and =z € R", and (3)
flx+y) < f(x) + f(y) for all 2,y € R™.

Thus, a pre—norm satisfies the definition of norms except for the
“symmetry” requirement: f(x) = f(—x) for all x € R". Property (2)
says that a pre-norm is a function which is homogenous of degree one.
Property (3) is the “Triangle Inequality”. One key element in our anal-
ysis is the following observation: any homogenous function satisfies the
Triangle Inequality if and only if it is a convex function.

Homotheticity requires that x > y implies a- = > « - y. Further,
Convexity requires all weak lower contour sets to be convex.?® More-
over, we introduce an axiom, which we call Scale Monotonicity, that
requires the weak order to exhibit increasing returns to scale. Denote
by P the class of all binary relations over R" which are weak orders that
satisty Continuity, Homotheticity, Convexity and Scale Monotonicity.
Our first result is that P is precisely the class of binary relations which
admit some pre—norm as a representation.

35We observe that in many standard settings, such as consumer choice theory, the axiom of
Convexity requires the weak upper contour sets to be convex. However, many problems in social
choice and othe settings involving geospatial preferences often require the weak lower contour set
to be convex. It is the latter axiom that we call Convexity.
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By definition, f is a pre—norm if it is homogenous function of degree
one which evaluates to 0 only at the origin, and satisfies the Triangle
Inequality. Thus, any pre—norm uniquely identifies a compact convex
subset Cy of R" which contains the origin in its interior. Here, Cf is
the set of all vectors whose f—value is atmost 1. Geometrically, the
pre—norm generates “open balls” which are all the scalings and trans-
lations of the interior of C.

Any pre—norm is a continuous map. If a binary relation > admits a
pre—norm as a represeentation, then > must be a weak order and satisfy
Continuity. Further, the weak lower contour sets of > must be convex
as Cy is convex. Also, Scale Monotonicity and Homotheticity should
obviously hold. Thus, binary relations which admit some pre—norm as
a representation must be in the class P. However, for “existence” of
pre—norms as representations, it must be shown that the weak lower
contour sets of > satisfy (1) compactness, and (2) the origin is in the
interior. Obtaining these properties from the axioms are the major
challenges in establishing our main result.

As a corollary to our main representation theorem, we obtain a
characterization of norms as representations. Within P, the subclass
of those binary relations which admit some norm as a representation
are characterized by an additional axiom called Reflection Symmetry
which requires —x to be indifferent to . This is so as a norm f is a
pre—that also satisfies f(z) = f(—=x) for any vector z.

We then move on to the characterization of p—norms. For this, we
consider any n—tuple 6 = (04, ..., 0,) of positive numbers and p > 1 to
define a map |||/, ,) : R" — R as follows:

- 1/p
2] (0,p) = ( g Qi\xi|p) for all z = (xy,...,z,) € R".
i=1

We call ||-||(g, p) the (6, p)-norm a special case of which is the p-—norm,
denoted by [|-||,, when all the 6;’s are equal to unity. Since the map
¢ € Ry — &P is monotone, a binary relation > which admits some
(A, p)—norm as a representation must satisfy the Separability axiom(s)
due to DEBREU (1959). Now, consider > which admits some norm as
a representation. Our second main result is, if > satisfies Separability
then > admits some (#, p)norm as a representation. Thus, we have a
characterization of those binary relations which admit some (6, p)-norm
as a representation.

Note, Debreu’s theorem on the existence of additive representations
does not alone characterize the particular functional form as required
by the definition of the (6, p)norm. We arrive at the suitable functional
equation from the combination of the axioms.
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To pin down those binary relation which are represented by some
p—norm, we additionally impose Permutation Symmetry which requires
an vector x to be indifferent to the vector z, obtained by permuting
the components of x. This completes the high—level description of our
results on the existence of representations.

We also develop a “duality theory” for binary relations represented
via pre—norms. This is possible because maximization of the support
function of a compact convex set is a homogenous functional which is
convex. Essentially, this duality theory is analogous to the relationship
of the Utility Maximization Problem and the Expenditure Minimization
Problem as in the classical theory of consumer choice.

Suppose > admits the prenorm f as a representations. As we have
outlined above, there is a compact convex set C'y with the origin in its
interior that is naturally associated to >. All weak lower contour sets
of > are scalings of C'y. Then, the support function T'(f) of C} is also
pre-norm. Then, the weak order induced by T'(f), which we denote by
=" is the dual of .

Thus, to each > in P the dual >* is also in P. Hence, every >
in P admits a second dual >=** which, by definition, is the dual of the
dual of >=. Our first main result on duality is that the second dual
of any binary relation in P must be itself. That is, “take dual” is
an idempotent operator on P. Further, we define a binary relation to
be self-dual if its dual is identical to itself. Our second main result
is: a weak order is self-dual iff it admits the Euclidean norm as a
representation — “spherical preferences”. Our third result is: dual of
the p—norm is the ¢g—norm, where 1/p+1/q = 1.

In functional analysis, any pair (p,q) such that 1/p+1/¢ = 1 are
called conjugate indices. They feature, for instance, in the statement of
Holder’s inequality which generalizes the Cauchy—Schwarz Inequality.
Holder’s inequality claims the following;:

-yl < lzllp - llylly,

where (p, q) are any pair of conjugate indices and x - y is the standard
inner product on R". Since the notion of conjugate index is seen to be
intimately related to the notion of dual of a weak order, we ask: does
the Holder’s inequality generalize to arbitrary pre—norms? We show
that the answer to this question is in the affirmative.

The rest of the article is organized as follows. Section 2 presents the
framework. Results for general pre—norms are presented in section 3.
The theory is specialized to (#, p)-—norms in section 4 which also obtains
the classical inequalities due to Minkowski and Holder as corollaries.
Proofs ommitted from the text are supplied in the Appendix.
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2. FRAMEWORK

Of interest shall be binary relations over R”, with n € N fixed, which
shall be typically denoted by . For any given > over R", we define
the corresponding binary relation ~ over R" as follows:

T~y < (nota:>y;noty>:c).

From the definition of ~, it is clear that ~ is symmetric.3® Then, define
the binary relation = over R" as follows:

Ty = (x%y or xwy)

Note, if = is asymmetric?” then =~ admits = and ~ as its asymmetric
and symmetric components, respectively. We say, > is a weak order if
>~ is asymmetric and negatively transitive.® The binary relation = is
called a preference if = is complete?® and transitive.* Then, observe
that > is weak order if and only if ~~ is a preference.

Let U be a given subclass of the collection of all maps from R" to
R. Then, a U—representation of >~ is any u € U such that

-y <= u(x) > uly).

Our primary objective is to axiomatically characterize binary relations
over R” which admit a U/—representation, where U is the class of objects
which we call “pre—norms”. Let O denote the “origin” of R".

DEFINITION 1: Any map f : R® — R is a pre—norm on R" if f satisfies
each of the following properties:

1. ) >0 for all z € R™.

flx
2. f(x)=04ff z=0.
3. flarz)=a- f(x) for all &« > 0 and x € R".
(

~~

4. f(x+y) < f(x)+ fly) for all z,y € R™

A pre—norm f is a norm on R" if condition 3 is strengthened as follows:

fla-x)=|al- f(x) forall« € R and x € R".

36 A binary relation R over X is symmetric if: xRy = yRz.

37A binary relation R over X is asymmetric if: tRy = not yRz.

38 A binary relation R over X is negatively transitive if: ( not xRy ; not yRz ) — not zRz.
39A binary relation R over X is complete if: ( xRy or yRx )

“0A binary relation R over X is transitive if: ( xRy ; yRz ) = zRz.

144



Let the classes of all pre-norms and norms over R"” be denoted by
N, and N, respectively. By definition of the terms “pre-norm” and
“norm”, it follows that NV C N,. In fact, this set—inclusion is proper
as there exists pre-norms on R" which are not norms—examples are
provided in section 3.

We now consider the standard notion of a “p—norm” over R". For
any 1 < p < oo, let the map ||-||, : R” — R be defined as follows:

|z, = (Z |xi\p)1/p for all z = (x1,...,2,) € R™.
i=1

It is a non—trivial result in the theory of normed linear spaces that
Minkowski’s inequality holds which states that, for any 1 < p < oo and
any x,y € R", the following holds:

Iz +yllp < llzllp + Nyl

Thus, Minkowski’s inequality asserts that the map |-||,, for any
1 < p < o0, satisfies condition 4 as in Definition 1. That the map |-||,
satisfies the other conditions in the definition of the term “norm” hold
is easy to observe from the definition of ||-||,. Thus, |||, is a norm over
R"™if 1 < p < oo. The maps |||, are called p—norms. Denote by N, the
set {||][, : 1 < p < oo}. Observe, N C N. In fact, this set-inclusion is
also proper. We shall demonstrate in section 4 that there exists norms
over R" which are not p—norms.

We must note that though here we have appealed to the fact that
Minkowski’s inequality holds, in order to conclude that p—mnorms are
indeed norms, our development in sections 3 and 4 will in fact lead to
Minkowski’s inequality as a corollary.

Another remark is in order. The standard proof that Minkowski’s
inequality holds rests on another non-trivial fact from the theory of
normed linear spaces which is the Holder’s inequality that generlaizes
the well-known Cauchy—-Schwarz Inequality. For any 1 < p < oo, the
unique number 1 < ¢ < oo such that 1/p + 1/¢ = 1 is called the
conjugate of p. Then, Holder’s inequality states that, if 1 < p < co and
q is the conjugate of p then, for any =,y € R™:

-y < [l llpllyll,

where © -y ==Y | x;y; is the standard inner product on R™.

In sections 3 and 4, we generalize the Holder’s inequality to any
pre—norm. Moreover, our conlcusion that the Minkowski’s inequality
holds will not rely on the fact that Holder’s inequality holds.
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3. GENERAL THEORY
3.1 The Basic Representation Theorem

Our basic result is a characterization of those binary relations > over
R™ for which some pre—norm on R" is a representation. A function
f:R"™ — R is homogenous (of degree one) if,

fla-x)=a- f(x) forall >0 and z € R".

Any pre-norm is a homogenous function. Let H be the class of all
homogenous functions on R". Recall, N, and N denote the class of all
pre-norms and norms on R”, respectively. Thus, N' C N, C H holds.
We begin with the following preliminary result.

PROPOSITION 1: Suppose f : R" — R, is an H—representation of the
binary relation > over R™. Then, g : R" — R s an H-representation
of = if and only if, there exists a > 0 such that g = a - f.

The primary content of the above proposition broadly is as follows:
homogenous maps of degree one that represent a given binary relation
are unique up to a positive multiplicative constant. However, there is
one caveat. Homogenous maps of degree one can possibly have a range
which includes both positive and negative real numbers. In fact, the
definition of H-representations does not exclude such possibilities. The
above proposition claims that uniqueness of H-representations up to a
positive multiplicative factor holds if at least one of the homogenous
maps has a non—negative (or, non—positive) range.

The proof of Proposition 1 is in section A.I.1 of the Appendix. We
come to the question of “existence” pre—norms as representations. The
following notation shall be used. For any binary relation > and x € R",
the sets Uo(z) = {y e R" 1y > x} and L, () = {y € R" : x> y} are
the strict upper and strict lower contour sets of x.

WEAK ORDER: >~ over R" is asymmetric and negatively transitive.
ConTINUITY: The sets U.(x) and L. (x) are open in R".
HOMOTHETICITY: (z>y;a>0) = a-z>a-y.
CONVEXITY: (zZy;0<a<l) = zZa-z+(1—a)-y.

SCALE MONOTONICITY: (2 #0;a>1) = a-z > z.
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Of the five axioms stated above, the first two are standard necessary
and sufficient conditions on the binary relation > to admit a continuous
R-valued representation. Recall that N, is the class of all pre-norms
over R" and N, C H, where H is the class of all homogenous functions
of degree one. Thus, the Homotheticity of > is a necessary condition
for > to admit some pre—norm as a representation. Then, our basic
representation theorem can be stated as follows.

THEOREM 1: A binary relation = on R™ admits an N,—representation,
if and only if, = is a weak order satisfying Continuity, Homotheticity,
Convexity and Scale Monotonicity.

Thus, the additional axioms of Convexity and Scale Monotonicity
characterize those binary relations which admit some pre-norm as their
representation. The “uniqueness” result is as follows.

PROPOSITION 2: Suppose the binary relation > over R" admits the map
f as an N,—representation and g : R™ — R as an H-representation.
Then, g = « - f for some unique o > 0.

Note, if f is an N,-representation of = then f is a pre-norm on
R"™. In particular, f must be an R,—valued map which is homogenous
of degree one (see Definition 1 of section 2). Now, consider g : R” — R
to be any H-representation of >=. Thus, ¢ is a homogenous function
of degree one possibly with a range comprising of both positive and
negative real numbers. However, Proposition 1 requires ¢ = « - f for
some o > 0. Thus, the only additional claim in Proposition 2 is that «
is unique. This follows from the facts that (1) f(z) > 0if 2 # 0, and (2)
both f and g are homogenous maps representing the same underlying
weak order. In particular, (1) is true as f is a pre-norm.

Thus, the only non—trivial claim in Theorem 2 is the “uniqueness”
of the multiplicative constant. The proof of this part of Proposition
2, and the proof of Theorem 1, is in section A.I.1 of the Appendix.
However, we indicate the proof strategy of Theorem 1.

Let > over R" satisty the axioms in Theorem 1. Fix an arbitrary
zo € R"\ {0}. Define C to be the closure of L, (zy). The axioms imply
that C' is convex and compact with O in the interior of C'. Then, the
map ||-||- : R" — Ry is defined as follows:

|z|l- =inf{x>0:2€r-C} forallzeR"
where k- C = {k-y:y € C}. Then, [|-||. is shown to be a pre-norm

that represents >. That is, ||-|| is an N,-representation of >.
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The foregoing discussion suggests a geometric structure induced by
any arbitrary pre-norm. It is of interest to formalize this geometric
interpretation for two reasons. First, it serves to provide examples of
binary relations which admit pre—norms as representations. Second, it
shall aid in the organization of the proof of Theorem 1. We cast this
presentation as the following characterization.

THEOREM 2: Let C be convex and compact subset of R™ such that O
is in the interior of C. Then, the map ||-||c : R" — R, defined as:

|z|lc =inf{xk>0:2€r-C} foralzecR"
where k- C :={k-y:y € C}, is a pre-norm on R™ and satisfies:
C = {x eR": ||z|lc < 1}.
Moreover, suppose f : R"™ — R, be any pre—norm on R" and define:
Cr={zeR": f(z) <1}.

Then, C is a convex and compact subset of R"™ with O in its interior.
Further, the map |-||c, is identical to f.

That is, there is a one-to—one correspondence between pre—norms
and convex compact sets with the origin in their interior. Next, we come
to the characterization of those binary relations which admit some norm
as a representation. Recall, a norm is a pre—norm f on R" that satisfies
the following stronger property than condition 3 in Definition 1:

fla-x)=|al- f(x) forall« € R and z € R".

It turns out that the following symmetry axiom, in addition to those
listed in Theorem 1, achieves the desired characterization.

REFLECTION SYMMETRY: & ~ —x.
Recall, the symbol N denotes the class of all norms over R". Thus,
the phrase “the norm f is a representation of =" is equivalent to the

phrase “f is an N -representation of =". The result is as follows.

PROPOSITION 3: The binary relation = admits an N—representation,
iff, = admits an N,—representation and satisfies Reflection Symmetry.

A “uniqueness” claim analogous to Proposition 2 clearly holds.
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3.2 Duality

In this section, we shall investigate the consequence of maximization
of any linear numerical objective over feasible sets which are the weak
lower contour set of those binary relations on R" which admit some
pre-norm as a representation.

Let P be the class of all binary relations over R"” which admit some
pre-norm as a representation. Fix any xy € R" \ {0}. Then, associate
with any > in P, the map f. : R" — R defined as follows:

fo(y) =max x-y for all y € R".

T

We begin with the following observation.
PROPOSITION 4: If > isin P then f. is a pre-norm.

The proof is almost obvious but is supplied, for completeness, in
section A.I1.2 of the Appendix. However, one may compare f. with the
profit function of a price~taking competitive firm whose objective is to
maximize profits. It is a standard exercise in microeconomic theory
that the profit function is a non—negative homogenous map of degree
one which is convex. Observe, these properties are almost equivalent
to asserting that the map is a pre-norm.

Since Proposition 4 says that to each > in P the corresponding map
f« is a pre-norm, we may now define a map (-)* : P — P which shall
assosiate to each > in P a “dual” (>)* in P. For notational brevity,
we shall write >=* for (>)*. The definition of (-)*: P — P is as:

v ="y = ful(x)> f-(y)

Note, the definition of the map f. rested on the choice of some =z
in R" \ {0}. Thus, before proceeding further, there is a need to argue
that >* is well-defined in the sense that its definition does not depend
on the choice of the zy from R” \ {0}. That such is indeed the case is
an immediate consequence of the Homotheticity of > which holds as >
admits a pre-norm as a representation.

We shall call =* the dual of >. We shall also write (>=*)* as >=**.
We shall call =** the second dual of ». With these preliminaries in
place, our first key result regarding duals is as follows.

THEOREM 3: If > is in P then =** is equal to .

That is, (-)* is an unary operator on P such that its composition
with itself is the identity map on P. Thus, (-)* is an involution.
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In words, for any binary relation on R” that admits some pre—norm
as a representation, its second dual is itself. We say that = in P is
self-dual if >=* is equal to >. Our second key result is as follows.

THEOREM 4: Let > be a binary relation in P. Then, =" equals >, if
and only if, = admits ||-||2 as a representation.

That is, among all binary relations on R" that admit some pre—norm
as a representation, the one which is self-dual is unique and it admits
the Euclidean norm as its representation.

Theorems 3 and 4 may remind the reader of the Holder’s inequality
from the theory of normed linear spaces. It generalizes the well-known
Cauchy—-Schwarz Inequality. It claims that the absolute value of the
inner product of any two vectors is bounded above by the product of
the p—norm of one vector with the g—norm of the other, where p,q > 1
are “conjugates” in the sense that 1/p + 1/¢ = 1. Thus, the conjugate
of the conjugate of p is p itself for any arbitrary p > 1. Moreover, the
conjugate of p > ¢ is itself iff p = 2. We show that this “parallel” is in
fact tight by generalizing the Holder’s inequality.

Recall, N is the class of all pre-norms on R". To each [ : R" — R,
on R", associate the map g5 : R — R} U {oo} defined as:

‘= max & - for all y € R".
9 (y) max -y Y

We say gy is the conjugate of f. The key result is as follows.

THEOREM 5: Suppose f is a pre-norm. Then, its conjugate gy is also
a pre-norm, and the map T : N, — N, defined as:

T(f)=gs forevery f e N,

satisfies: [T o T|(f) = f for every f € N.,. Further, for every f € N.,
T(f) = fif, and only if, f =||-||a. Moreover, the following holds:

vy < f(2)-[Tofl(y) forallzyeR"

The consequence of assuming f to be a norm is as follows.

COROLLARY 1: Suppose f is a norm on R" and T is as defined in the
statement of Theorem 5. Then, the following inequality holds:

-yl < f(z)-[To flly) forall z,y € R".

Thus, Holder’s inequality is generalized to any norm and its conjugate.
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Now that the notions of “dual” and “conjugate” for preferences in
P and pre—norms respectively stand formulated, we are in position to
explicitly describe the connection between the dual and the conjugate.
This is essential as preferences in P are precisely those which admit
some pre—norm as a representation. The result is as follows.

THEOREM 6: Suppose > is in P and >=* is its dual. Let f be an
N.—representation of =. Then, g is an N,—representation of =*, if
and only if, there exists o > 0 such that g = a- T(f).

We conclude this subsection with some remarks. Three classes of
objects have been under consideration. First, the class of all compact
convex subsets of R" which have the origin in their interior. Second,
the class of all pre—norms over R". Third, the class of all continuous
weak orders over R" which satisty Homotheticity, Convexity and Scale
Monotonicity. Theorems 1 and 2, of subsection 3.1, establish natural
correspondences between objects across these classes.

Subsection 3.2 defines the notion of “dual” for such weak orders and
“conjugate” for pre—norms. Theorems 3 claims that the second dual
of a weak order is equal to the weak order itself. Theorem 5 claims
that the conjugate of a pre—norm is equal to the pre—norm. Thus, the
“dualization” operator defined over the class of such weak orders and
the “conjugation” operator defined over the class of all pre-norms are
involutions. Moreover, Theorem 5 also claims that a pre—norm is equal
to its conjugate iff it is the Fuclidean norm. Thus, Theorem 4 claims
that a weak order is self—dual iff it is “spherical” — the indifference
curves are spherical in shape.

The precise connection of a weak order and its dual through a
pre—norm that represents the former and the conjugate of that pre-norm
is formulated in Theorem 6. Finally, we note that, within the larger
class of weak orders which admit some pre-norm as a representation,
the additional requirement of the axiom called Reflection Symmetry
pins down the class of those weak orders which admit some norm as a
representation. This is our theory for general pre-—norms.

4. STANDARD NORMS

The aim in the previous section was to characterize weak orders that
admit pre-norms, of which norms are special case, as representations.
Further, a duality theory was presented which culminated in three key
results. First, the second dual of any such weak order is itself. Second,
if a weak order is self-dual, it must be “spherical”. Third, the Holder’s
inequality generalizes to any pre-norm.
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The purpose of this section is to specialize to the case of p—norms
and a natural generaliztion of them. Such objects are important in
the theory of normed linear spaces and its various applications. Our
first set of results are characterizations of weak orders that admits such
norms as representations.

As the reader may know, the definition of the p—mnorm does not
make it immediate that they are indeed norms. In particular, it re-
quires proof that “Triangle Inequality” holds — this is the well-known
Minkowski’s inequality. Moreover, the Holder’s inequality is funda-
mental to the theory of normed linear spaces since it generalizes the
Cauchy—-Schwarz Inequality for p—norms. In the two subsections that
follow, we shall derive these inequalities based on the geometry of the
general theory in section 3 adapted to the special case of p—norms.

With this background in place, we now proceed to define the class
of objects called “p—norms” and a class of its generalization called
“(8, p)norms”. However, we first begin with some comments on the
notation. Throughout this section, we shall denote vectors in R" by
symbols such as z, y, ... and so on. Further, we shall often write x as
(x1,...,x,) to indicate the vector = as an n—tuple in R", where x; is
the ith component of x. A definition*' follows.

DEFINITION 2: Suppose 0 = (01,...,6,) € R}, and p > 1. Then, the
(0, p)norm on R" is the map ||-||g,p) : R" — Ry defined as:

1/p
]l 0,p) = (ZQ \:U#’) for every x € R".

Further, the p—norm is the map ||-||, == ||-|l@s,p) when § = 1,,.

Since our interest is to characterize binary relations > over R” which
admit some (6, p)—norm as representation, we begin by observing that
such a binary relation must be “separable” due to DEBREU (1960). To
see why, note that £ € R, — &P € R, is stricly increasing. Thus, if
|-[/(6,p) Tepresents >~ then so does H-er’p). Also, note that:

||x\|1(°97p) = Z hi(xz;) for every x € R",

where h; : R — R is defined as: h;(§) := 6;|¢|P for all £ € R. That is, >
admits an “additive” representation. Therefore, Hence, >= must satisfy
“separability” if it admits a (f, p)—norm as a representation.

“IWe denote by 1,, the n—tuple in R” whose every component is 1.
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To state this axiom, we use the following notation. We denote by N
the set {1,...,n} and indicate by I any typical subset of N. Now, any
= (21,...,7,) and y = (y1,...,y,) in R”, we shall write (z7, yn ) for
that vector in R" whose kth component is x; or y; according as k € 1
or k€ N\ I. Then, “separability” is as follows.

SEPARABILITY: (27, on\1) = (¥, @n1) <= (21,20 ) = (@], Ty 1)

All free variables are universally quantified over their respective
range. For instance, the above statement must hold for every I C N.
Next, observe that for > to admit some p—norm as a representation,
it is necessary that > exhibits indifference between any vector and the
one obtained by “permuting” its components. Denote by 0 : N — N a
typical bijection — that is, a permutation of N. Also, for any vector
r = (1,...,2,) in R" and any permutation of N, let x, denote that
vector in R" whose ith component is x,(; for every i € V.

PERMUTATION SYMMETRY: %, ~ .

Since the key result in this section is on the existence of (6, p)-norms
as representations, it must logically be demonstrated first that any
(0, p)—norm is indeed a norm if p > 1. However, we defer the proof of
this claim until later in order to arrive at the statement of the main
result. For now, we assume that n > 3.

THEOREM 7: The binary relation = on R"™ admits a (0, p)—norm as
a representation, if and only if, > satisfies separability and admits a
norm as a representation. Further, a norm f represents = iff, there
exists a > 0 such that f = ||| (g, p)-

Some remarks are in order regarding the claim of “existence” in
the above theorem. Observe, the characterization of > which admits a
norm as a representation has been provided, in subsection 3.1, via The-
orem 1 and Proposition 3. Thus, the non—trivial part is to pin down
those binary relations which admit a (¢, p)—norm as a representation.
The point of Theorem 7 is that the only additional axiom needed to
characterize such binary relations is separability.

COROLLARY 2: The binary relation > on R" admits a p—norm as a
representation, if and only if, = satisfies permutation symmetry and
the (0,p)-—norm represents = for some 6 € R" .. Further, a norm f
represents — iff, there exists o > 0 such that f = ||, )-
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The proof of the “existence” claim in the above corollary is easy
because > is assumed to satisfy permutation symmetry. Our proof of
Theorem 7 is involves reducing the problem, via application of Theorem
1 and separability, to the problem of solving a particular functional
equation. Concretely, we are interested in the characterization of all
continuous functions h : R, — R, which satisfy:

h(&n) = h(§)h(n) for every £,n > 0.

The complete proof of Theorem 7 is provided in section A.IL.1 of
the Appendix where we also the above problem. It is shown that a map
h:R,, — R, satisfies the above functional equation, if and only if,
there exists p > 0 such that h(§) = &P for all p > 0. While it is possible
to obtain this characterization from first principles, our approach is
to transform this problem to one of characterzing all solutions to the
well-known Cauchy functional equation.

We make two final remarks with regard to Theorem 7 and Corollary
2. In stating these two results we have relied on the assumption that
n > 3. This is because in Debreu’s charcaterization of weak orders that
admits addtively separable representations, the separability axiom is
sufficient for the case when n > 3. However, Debreu also provides a
charcaterization for the case of n = 2 by using a stronger axiom which
later authors have called “strong separability”. Our proof of Theorem
7 works under the assumption of “strong separability” for existence
when n = 2. Lastly, we point out that the only role of Convexity in
the proof is to conclude that p > 1. Otherwise, the function ||-||, is a a
representation of > for some unique p > 0. This is precisely the class
of “star-shaped preferences” as in BORDER & JORDAN (1983).

4.1 Minkowski’s inequality

We had deferred the proof of the claim that (6, p)—norms are indeed
norms on R". The only non—trivial part of the claim is to show that
the “Triangle Inequality” holds. We establish this claim in the present
subsection. However, before that we prove some general elementary
results which shall be of use in the final argument. For this, we need
the following definition.

DEFINITION 3: A map f : R"™ — R is subadditive if,
1. flaorz) =« f(z) for all a« > 0 and z € R",

2. flz+y) < f(x)+ fly) for all x,y € R™.
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LEMMA 1: A function is subadditive, if and only if, it is conver and
homogenous of degree one.

PROOF: Suppose f : R"” — R is convex and homogenous of degree one.
We argue: f is subadditive. It is enough to show: f(z+y) < f(x)+f(v)
for all z,y € R". Fix any z,y € R". Let o :=1/2 and p := 1/a. Also,
let z, == p-z and y, == p-y. Clearly, t+y = a-x,+ (1 — ) - y,. Since
f is homogenous of degree one, o - f(z,) = f(a-z,) = f(x). Similarly,
(1 —a)- f(ys) = f(y). Since f is convex:

flarz.+(1—a)-y) <o fz)+ (1 —a)- fy).

That is, f(x +y) < f(z) + f(y). Hence, f is subadditive.
For the converse, assume f is subaddtive. Then, it is homogenous
of degree one by definition. To show convexity of f, let x,y € R" and
€ (0,1). Define z, = o -2 and y. = (1 — a) - y. Because [ is
subadditive, f(zs+vys) < f(ze)+ f(ys). Asz+ye=a-z+(1—a)-y,
it follows that f is convex. This completes the proof. B

LEMMA 2: Suppose f : R" — R, is quasiconvex, homogenous of degree
one, and f(x) =0 iff x =0. Then, f is convezr function.

PROOF: Let z,y € R" and a € (0,1). Let z = a- -2+ (1 — ) - y.
Assume, without loss of any generality, f(x) > f(y). Note, if f(y) =
then y = 0 which implies f(z) = a- f(z) as f is homogenous of degree
one. Then, f(y) = 0 implies f(z) < a- f(z) + (1 — «) - f(y). Further,
if f(x) = f(y) then f(2) < af(z) + (1 —a)f(y) as f is quasiconvex.
Henceforth, we assume 0 < f(y) < f(z).

Observe, f(u-x) = f(y) for some unique p € (0,1). To see why,
note that o € [0,1] — a - f(x) € [0, f(x)] is a continous bijection,
and 0 < f(y) < f(x). Let x, = (1/u) -y and y. = p-x. Then,
Fu) = 1{y) implies f(y,) = F(y). Moreover, (- ) = f(y) inmplies
f(z,) = f(x) as f is homogenous of degree one.

Let Ay = o/[a+ (1 — a)u] and Xy = u(l — a)/[a+ (1 — a)p].
Note, A\, A2 € (0,1) as a, ;0 > 0. Let zo == Ay -2+ (1 — Ap) - zs
and Y = Ao -y + (1 — Xo) - yo. Then, x,, = 01 -2z and gy = O - 2
where 01 == 1/[a+ (1 — a)u] and 6y := pu/[a + (1 — a)u]. To see this,
recall that z, = (1/p) -y, vy« = p-x and z = a-z+ (1 — a) - .
Note, z = @+ Tus + (1 — @) - yss. Since f is homogenous of degree one,
f(2) = o flzn) + (1= a) - f(ye) a5 (1) T = 01+ 2, (2) Yuu = b5 - 2
and (3) z = @ Tu + (1 — @) - Yse. As [ is quasiconvex, f(z.) < f(x)
and f(y**) < f(y) as f(x) = f(l'*) and f(y) = f(y*) u
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THEOREM 8: If § € R",, and p > 1, then |||y, is a norm on R".

PROOF: Observe, it is enough to argue: |[-||(,,) is subadditive. Note,
|-l6,p) is clearly homogenous of degree one by definition. Thus, it is
enough to show that |||/, is convex by Lemma 1. For this, we appeal
to Lemma 2. That is, we argue: ||-||(,p) is quasiconvex.

Define the map f : R" — Ry by: f(z) == > " 0;|z;|? for all z € R".
Note, | - | : R — R, is a convex function. Further, p > 1 implies
¢ € Ry — &P is also a convex function. Since the composition of con-
vex functions is convex, it follows that £ € R — 6;|¢|P is a convex
function for every ¢t =1,...,n.

Let m; : R" — R be ith projection map. Since 7; is a linear func-
tional, we have: x € R" — 0;|x;|P is a convex function. Thus, f being
the sum of convex functions is convex. Since the map & € R, +» /P
is strictly increasing, it follows that z € R™ ~ [f(x)]"/? is quasiconvex.
Observe, [f(z)]V/? = ||z|\,,) for every x € R". That is, the function
|-l(6,p) is quasiconvex. This completes the proof. B

COROLLARY 3: Suppose 0 € Ry, and p > 1. Then, for any x,y € R",

1z +ylle.p) < lzllo.p) + 1Yll0.p):

This completes our presentation of Minkowski’s inequality.

4.2 Holder’s inequality

In the subsection on duality, we introduced the notion of “conjugate”
of any arbitrary pre—norm on R". To recall, let f : R" — R, be a
pre-norm. Then, its dual is the function T'(f) : R” — R, which is also
a pre—norm and is defined as follows:

T T) = max I - for every x € R".
[T(/))(w) = max oy for every

Theorem 8 of the previous subsection shows that the function |||,
is a norm if p > 1. Our immediate objective is to compute the dual of
the norm |||, for any p > 1. We conduct this analysis into two parts.
First, we analyse those p—norms where p > 1. Then, we consider the
l-norm. For any p > 1, the conjugate index of p is the unique ¢ such
that 1/p+1/g = 1. Note, p > 1 implies ¢ > 1. The first main result in
this direction is as follows.
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THEOREM 9: Suppose p > 1 and let q be its conjugate index. Then,
the congugate of the norm ||-||, is the norm ||-||,.

PROOF: Fix any x € R". We argue: max|,| <1 ©-y = |||y It is trivial
if x = 0. Further, observe that the norms ||-||, and ||-||, evaluate to the
same value for any vector x and (—xr,xn5\7), where (27, zy5\7) is the
vector obtained from z by inverting the sign of x;. for each k£ € I. Hence,
without loss of generality, let « € R'} \ {0}, and suppose y* € R"} \ {0}
satisfies (1) [ly*[|, = 1, and (2) @ - y* = max), <; = - y. Define the
Lagrangian £ : R" Xx R — R as:

L(y;A) =z-y+AX1—]y|,) foralyeR"and XeR.

Note, ||-||, is smooth over R} as p > 1. Thus, the “first-order
necessary conditions” hold. Also, we have:

0 A
L(y;\) =2 — ———
% il
Thus, there exists A* > 0 such that the following holds:

0
OY; ly=y*; A=x+

yffl foralli=1,...,n.

L(y;\)=0 foralli=1,... n.

Thus, pu* = )\*/Hy*Hép*l) implies: x; = p*(yf)P~ ! foralli=1,... n.
Fix any ¢ > 2. Then, yf = yi (a;/2:)"/""D. Thus, ()P = (y7)"(i/21)*
as ¢ = p/(p—1). Hence, [ly*||h = > (yF)P implies:

n

[y 15 = ()" + > (y7)(wi/21)".
=2
That is, |y*[|5 = (i)Pll=z)|2/zf. By y*ll, = 1, yi = (z1/]|x]lo)??.

Note, q/p = 1/(p—1) as ¢ = p/(p — 1). Recall, y = yj(z;/z1)"/ Y
for all 4 > 2. Thus, y; = (z;/|z||,)"/®~Y for every i = 1,...,n. Then,
x-y*=>"  xy implies the following:

n

* — 1+1 -1 _
zoy* = 1/l )V TS @ YO = (12 )P0
=1

As g =p/(p— 1), (1|2l )Y@V zlg = ]y PV = |z,
Thus, x - y* = [|z[|;. Recall, z - y* = max, <, z-y. B
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We remark that the concept of conjugate of a pre—norm, as defined
in the previous section, is rooted in the geometry as represented by
duality. However, the the definition of the conjugate index lacks any
motivation. Theorem 9 shows that the g—norm is the conjugate of the
p—norm, if and only if, ¢ is the conjugate index of p. However, this
result comes with one caveat that p > 1. Notwithstanding this caveat,
we note that the generalized Holder inequality, presented as Corollary
1 in subsection 3.2, now implies the classical version.

COROLLARY 4: Suppose p,q > 1 satisfy 1/p+1/q=1. Then,
-y < lzllp - [[zllq  for every x,y € R™.

For the case when p = 1, the standard approach is to show that (a)
lim, | 1 ||z]|, = ||=||1 and (D) [|z||eo = limy 1 o |24 exists. Thus, (b) and
Minkowski’s inequality imply that ||-|| is a norm. Further, Holder’s
inequality then implies the following:

[z -y < |[zfli- [yl for every z,y € R™. (1)
Moreover, (b) implies that |||/ : R" — R, satisfies:
2|00 = max {|z;| :i=1,...,n} for every z € R". (2)

Our approach will be to establish (1) directly. The strategy will be
to take (2) as the definition of ||-||,. We shall demonstrate, by direct
computation, that ||| is the conjugate of ||-||;. Then, the generalized
Holder’s inequality (Corollary 1) will deliver (1).

THEOREM 10: The norms ||-||1 are ||-|| are conjugates of each other.

PRrROOF: We will argue: max|,|,<; -y = ||z[/« for any € R". It is
trivial if z = 0. Consider any x € R"\ {0}. Let y* € argmax, <1 z-y.
Define I, == {i € N :x; >0} and I_ == {i € N : 2; < 0}. Then, we
have: |||, implies (i) yf > 0ifi € I}, and (ii) y7 <01if ¢ € I_. To see
why, assume iy € I, and suppose yi < 0. Let y™ = (y,...,y}) such
that y; == —y; and y;" = y; otherwise. Note, |ly*|l; = |ly*[|; implying
ly*lly < 1. Also, x - y* > 2 -y as z;,y; > 0> 2;,y;,. This contradicts
y* € argmax,, -y. Thus, y/ > 0if¢ € [;. A similar argument proves
y: < 0if i€ I_. Thus, (i) and (ii) hold.

Now, consider z* = (|x1], ..., |z,|) and y** = (|y;], ..., |y:|). Thus,
r*-y™ =x-y* by (i) and (ii). That is, 2% -y = max),|,<; v -y. Note,
ly*|l = [ly™|lx implying |[y**[[1 < 1. Thus, 2* - ™ < max),|,<1 * - y.
Hence, we have: max,|,<1 © -y < max)y,<1 " y.
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Let y™" € argmax,| < 2*-y. As 2" € R+, y; T >0 forallie N

Define vy~ = (yy,...,y, ), where y; = —y T if i € [_ and y; =y~
otherwise. Thus, z -y~ = 2% - y™" = max),,<; z*-y. Also, ||y~ || =
|y ]|y implying ||y~ |1 < 1. Thus, max,,<; -y > x -y . Hence,

* 3 .
max|,|, <1 € -y = max|y|,<i " -y. That is, we have:

max r-y = max " -y
lylh<1 lyll <1
Clearly, ||7]|oc = [|2*[|oo. Hence, if max,,<; 2" -y = ||2"|« then
max|y|,<i1 ¥ = [|]lc. Thus, we may assume x € R’} \ {0} without

any loss of generality. Henceforth, let z € R"™ \ {0}.

Let y* € argmax,,<; ©-y. Then, without loss of generality, we may
assume that y* € R”. To see why, define y™ = (yi",...,yl) as: y =y}
if y¥ > 0, and y;" == —y; otherwise. Clearly, |ly"]1 = |ly*||1 implying
|y*|li < 1. Further, z-y™ > z-y* as x € R}. Then, z-y* = maxy, -y
implies: y* € argmax|,|,<; < - y. Also, note that y*t e RY.

Henceforth, we assume y* € argmax,,<; « - y such that y* € R%.
Now, x # 0 implies ||z||; > 0. Let a :== 1/||z||y. Thus, y, = a-z implies
lyallh = Land @ - yo = (x - z)/||z]y = [[z]l3/|lz]l. Thus, z-yo > 2 -0
holds. Then, ||y, |1 = 1 implies y* # 0. Further, max,,<1 -y > 7-Yq.
Thus, y* € R} \ {0} and max)y|,<; -y > 0.

Observe, |ly*|i = 1. To see why, suppose |[y*||1 < 1. Let y, =
o-*/ly"llv. Then, [ly* = 1 and 2y = (z-4")/ ly"[lr. Since z-y* =
max|,|,<1 -y > 0 and ||y*||; € (0,1), we have: (z-y*)/|y*[1 >z -y"
That is, @ - yo > max),,<i @ - y, where ||y,|1 = 1. Clearly, this is a
contradiction. Thus, we have: |y*||; = 1.

Note, y* € R” implies ||y*|1 = >_;_;y;. Then, ||y*||; = 1 implies
Sy = 1. Clearly, y* = > |y - e;, where ¢; is the ith standard
basis vector of R"”. Thus, y* € V, where VV C R" is the convex hull of

{e1,...,e,}. Let 6 —max{x ei:i=1,...,n}. Thus, z -y < 0 for all
yeV. Hence x - y* < 0 implying: mauX”yH1 x-y <.

Also, note that ||e;||1 = 1 for every « = 1,...,n. Thus, = -¢; <
max|j,|,<1 @ -y for all s =1,... n. Hence, (9 < maXHyngl x -y because
0 =max{r-e :i=1,... ,n}. Thus, 6§ = max),|,<; = -y. Observe,
0 = ||7||. Hence, maxy,,<1 ©-y = ||z]|« if € R \ {0}. Thus, ||[|o
is the conjugate of ||||;. By Theorem 5, ||| is a norm and it is the

conjugate of ||-||;. This completes the proof. H.
Then, the generalized Holder inequality (Corollary 1) implies:

[z -yl < lzlli- ylle for all z,y € R".
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APPENDIX
A.IL1 The Basic Representation Theorem

LEMMA A.I.1(a): Let the map f: R™ — R be an H—representation of
the binary relation > over R™. Then, f(0) = 0.

PROOF: Let f: R" — R be an ‘H-representation of > on R". Pick an
a > 0 such that a # 1. Since f is a homogenous map and 0 = « - 0,

we have: f(0) = «- f(0). Then, f(0) =0 because o # 1. B

PROOF OF PROPOSITION 1: Suppose that the map f: R"” — R, is an
‘H-representation of the binary relation > over R". Consider the map
g : R" — R. Then, if there exists a > 0 such that ¢ = o - f then g is
also an H-representation of >. This is because as (1) a- f(x) > a- f(y)
iff f(x) > f(y), (2) f(x) > f(y) iff z > y, and (3) ¢ is homogenous of
degree one. To see this, note that (1) holds because o > 0, (2) holds
because f is an H-representation of >, and (3) holds because g = - f
and f is homogenous of degree one.

For the converse, assume that g : R” — R is an H-representation
of >=. There are two cases. First, assume f(z) = 0 for all z € R".
Then, x ~ y for all z,y € R™ as f is an H-representation of >. As
g is an H-representation of >, there exists # € R such that g(x) = 6
for all x € R". Fix any 9o € R” and oy > 1. Let 1 = ag - xo.
Then, g(x1) = ap - g(zo) as g is homogenous of degree one because
g is an H-representation. That is, 8 = «ay - 0 which is equivalent to
(1 — ap)f = 0. Since oy # 1, we have # = 0. Hence, g(z) = 0 for all
xr €R" Let a:=1. Thus, @ > 0 and g = « - f as required.

Note, f(0) = 0 = ¢g(0) by Lemma A.I.1(a). Now, assume z, € R"
satisfies f(z9) > 0. Note, f(xo) > 0 = f(0) implies xy > 0. Since g
is an H-representation of =, we have g(xy) > ¢(0). Then, g(0) = 0
implies g(xy) > 0. Observe that by this argument, for any = € R”, we
have: f(z) > 0iff g(x) > 0. In particular, the map f being R, —valued
implies that the map ¢ is R, —valued.

Let o = g(xo)/f(z0). Then, ag > 0 since f(xg) > 0. Now, we
argue: ¢g(x) = «ap - f(z) for all x € R". Fix an arbitrary z € R".
Then, f(x) > 0 iff g(x) > 0 implies: g(x) = ag - f(z) if f(z) = 0.
Henceforth, we assume f(z) > 0. Note, Ry; = {a - f(xg) : @ > 0} as
f(xg) > 0. Hence, f(z) € R, implies, there exists a, > 0 such that
f(x) = ay - f(xg). Then, x ~ «, - xy because f is an H-representation
of . Hence, g(z) = i, - g(x9) as ¢ is an H-representation of . Thus,
9(x)/g(xg) = ap = f(x)/f(zo). That is, g(z) = ag - f(x). The proof is
complete as x € R" is arbitrary.
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In the rest of the development, we adopt two standard notational
devices. First, if A and B are subsets of R" then A + B is the name
of the set {x +y : x € Aand y € B}. Second, if A is a subset of R”
and a € R then o - A is the name of the set {a -z : x € A}. Thus,
if A, BCR"and a,8 € R then ao- A+ - B is the name of the set
{a-x+ - -y:2 € Aandy € B}. Before proceeding to the proofs of
Theorems 1 and 2, we establish some preliminary results.

LEMMA A.1.1(b): Let k1,k9 >0 and C C R" be convex. Then,
lil-C—i—lig'C:(lﬁ—f—liQ)'C.

PROOF: First, we argue: (k1 + k2) - C' C k1 - C + Ky - C. For this, pick
an arbitrary x € C'. Then, k1 -2 € k1 - C and ko - x € Ky - C. Then,
Kl T+ ko o €Ky -C+kg-C. Since k1 - & + Ko - x = (K1 + K2) - 2, it
follows that (k1 + K2) - © € K1 - C + ko - C. Since z € C is arbitrary, we
have: if z € (k1 + k2) - C then 2z € k1 - C' + Ky - C. That is,

(/€1+H2)'Cg/€1'c+/€2~0.

Thus far, we have not appealed to the fact that x1,x9 > 0 or the
convexity of C'. Now, we proceed to establish the reverse set—inclusion.
So, let z; € k1 - C and z9 € Ky - C be arbitrary. Thus, z; = k1 - 21 and
29 = Ko Ty for some z1, x5 € C. Let o :== K1 /(k1+K2). Since Ky, ko > 0,
we have o € (0,1). Define z, = a-21 4+ (1 — a) - 9. Then, z, € C
because x1,x9 € C' and the set C is convex. Observe, the definition of
a and that z, € C implies: (ky -z + Ko - x3) /(K1 + K2) € C. Thus,
(K1 + K2) - Tw = K1 - 1 + Ko - 3. Also, since z, € C, it follows that
(K1 + K2) - xy € (K1 + K2) - C. That is, K1 - x1 + Ko - 9 € (K1 + ko) - C.
Hence, z1 + 20 € (k1 + K2) - C. Since 21 € k1 - C and zy € Ky - C are
arbitrary, z € k1 - C + ko - C implies z € (k1 + k2) - C. That is,

k1 C+ ke C C (k14 ko) C.
This completes the proof of the lemma. B

PROOF OF THEOREM 2: Let C be a convex and compact subset of R”
with 0 in the interior of C. Also, define ||-||c : R" — R, as:

|z|lc =inf{x>0:2€r-C} forallzeR"
where k- C == {k -y :y € C}. First, we show that ||-||c is a pre-norm

on R". For this, we must argue that conditions 1 to 4 in Definition 1
(of section 2) hold for the map ||-||c.
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To see why condition 1 holds, let x € R". Since 0 is in the interior
of C, there exists k > 0 such that x € k- C. Thus, ||z||c > 0. To see
why condition 2 holds, we begin by observing that ||0]|c = 0 because
0 € k-C for every kK > 0 as 0 € C'. Moreover, if x # 0 then, there
exists a corresponding x, > 0 such that x ¢ k- C for any 0 < Kk < K.
This is so as C' being a compact subset of R” must be bounded, say,
with respect to the norm |[|-||;. Thus, x # 0 implies ||z|[c > 0. This
shows that condition 2 holds. Condition 3 follows from the following
observation. If x € R" and a > 0 then,

re€r-C < a-z€(akr)-C forevery k> 0.

Thus, to establish the claim that ||-||¢ is a pre-norm, it remains to
argue that ||-|¢ satisfies condition 4. Consider any x; and xs in R™.
Pick any arbitrary k1, ko > 0 such that z; € k1 -C and x5 € ko - C. Let
Ty = o1 + 9. Thus, z, € kK1 - C + Ky - C. Since C' is convex, lemma
AJT1(b) implies: k1-C+ko-C = (k1 +k2)-C. Hence, x, € (k1+k2)-C.
Thus, inf{x > 0: z, € k- C} < K1 + Kko. That is, ||zi]lc < K1 + Ko
holds. Since k1, k9 > 0 are arbitrary subject to satisfying x1 € k1 - C
and x9 € Ko - C, the following obtains:

|zl < inf{/ﬁz1>0:x1Eml-C}+inf{/{2>O:x2GHQ-C}.

That is, [|lz1+ 220 = ||2:llc < [[a1]le + ||z2llc (recall, 2. = 21 +2,).
Hence, condition 4 of Definition 1 is established. Therefore, we have
shown: ||-||¢ is a pre—norm on R".

Now, we argue: C' = {z € R" : ||z||¢c < 1}. First, assume z € C.
Then, 1 € {k > 0 : x € k- C}. Hence, it follows that |[z]c < 1 as
|z||c = inf{x > 0: 2z € k- C} by definition. That is,

CC{reR: |zllc <1}.

For the reverse set—inclusion, assume zy € R" satisfies ||zo|lc < 1.
Suppose xg & C. As {x¢} and C are disjoint and convex compact sets,
the Separating Hyperplane Theorem implies that there exists p € R"
and o € R such that the following hold:

1. p-2o > a, and
2. prx<aforall zel.

First, note that o > 0. To see why, observe that 0 € . Thus,
p - xy < a must hold by (2). Since p-0 = 0, it follows that o > 0.

Moreover, p # 0. To see why, suppose p = 0. Then, p-xzy = 0 implying
a < 0 by (1). Hence, p # 0 and « > 0.
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Consider an arbitrary x > 0 such that xy € k- C. Thus, there exists
yo € C such that 29 = k- yo. Then, (2) implies p - yo < a because
yo € C. Since xg = K - ¥y, it follows that p-z9 = p - (k- yo) < ka.
That is, K > ks« == (p- xg) /. Also, (1) implies ., > 1. Hence, we have
shown that the set {x > 0: zg € k- C} is bounded below by k, with
K+ being strictly greater than 1. Since ||zg||c = inf{x > 0: 2y € k- C},
it follows that ||zg||c > 1 which is a contradiction. Thus, if z € R"
satisfies ||z||c < 1 then x € C. That is,

{z eR": |zllc <1} C C.

This proves the reverse set—inclusion. Thus, we have established
the first of the two parts of Theorem 2. Now, we proceed to prove the
second part of Theorem 2. For this, consider a prenorm f : R" — R,
and let Cy C R" be defined as follows:

O ={z eR": f(z) < 1}.

First, we show that C is a convex and compact set with 0 in the
interior of C'y. To show that Cy is convex, let 1, xo € Cy and o € (0, 1).
Let y1 == a-x1 and y9 == (1 — ) - x9. Since f is a pre-norm, f(a-x1) =
« - f(x1) by condition 3 in Definition 1. Also, f(z1) < 1 as z; € C}.
Thus, f(a-21) < a. That is, f(y1) < a. Similarly, f(y2) <1 — . Let
z, = a-x1+ (1 — a) - x2 and note that =, = y; + yo. Then, as f is a
pre-norm, we have f(x,) < f(y1) + f(y2) by condition 4 in Definition
1. Since f(y1) < a and f(y2) < 1 — a, we have f(x,) < 1. That is,
z, € Cr. Recall, . = a- 21+ (1 — a) - 29, where z1,29 € C} and
a € (0,1) are arbitrary. Thus, C is convex.

To show that C is compact and has 0 is in the interior of C', we
shall use proposition 0 of subsection 5.2 according to which f being
a pre-norm on R" is continuous with respect to ||-||;. Then, since C}
is the pullback under f of the closed set (—oo,1], it follows that C;
is a closed subset of R". Further, C} is bounded according to ||-||; as
it is clearly bounded according to f with f being equivalent to ||-||;.
Thus, Cf is compact by the Heine-Borel Theorem. Moreover, note that
B¢(0,1) = {z € R": f(z) < 1} is an open set with 0 € Bf(0,1) C Cy.
Since the topologies generated by f and ||-||; are identical, it follows
that 0 is in the interior of C}.

To complete the proof of the theorem, it remains to argue that the
function |||, : R" — R, defined as:

|zllc =inf{x >0:2€k-Cf} foralzekR"

satisfies: ||z||c = f(x) for all x € R". We proceed as follows.
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Observe, by the previous part of the claim of this theorem, the map
|-||c is a pre-norm on R™. This is because Cf is a convex compact set
with O in the interior of C'y. Moreover, ||-||¢ satisfies:

Cr={zeR":|z]lc <1}

Define, for any 6 > 0, the sets D¢(0,6) := {z € R": f(z) < 6} and
Dy, (0, 0) = {x € R": ||z]lc, < 0}. Thus, Ds(0,1) = Dy, (0,1) as

each is equal to Cy. Since both [-||c, and f are pre-norms,
D||-||cf (O, 9) = Df(O, (9) for all 6 > 0.

To see why, fix any ¢ > 0 and let x € Dj. le, (0,0) be arbitrary.
Thus, ||z||c, < 0. Let xy := (1/0) - x. Since ||- Hcf is a pre—norm, we
have ||$9H0f = (1/0) - ||z[[c, < 1. That is, my € D||.||Cf(0, 1). Hence,
g € Dy(0,1). That is, f(xy) < 1. Also, z = 6 - xp. Since f is a
pre-norm, we have f(z) = 60 - f(zg) < 6. Thus, z € D(0,0). Since
x € DH.”Cf(O, 0) is arbitrary, it follows that:

DH'”Cf (0,0) C D¢(0,6).

The argument to establish the above set—inclusion relied only on the
following two facts. First, the sets D||.|Cf(0, ) and D;(0,0) are equal.

Second, both [|-||¢; and f are pre-norms. Hence, a symmetric argument
implies the reverse set-inclusion. Therefore, the two sets D(0,6) and
DII-Hcf(O= 6) are equal for all 6 > 0.

Let BH.HCf(O, 1) be the set {x € R" : ||z||c;, < 1}. Then, it is obvious
that B”.Hcf(O, 1) = Uyep1 Dy o, (0,0). Moreover, recall that B(0, 1) is

the set {z € R": f(z) < 1}. Hence B¢(0,1) = Uy, D#(0,0). Since
Dy, (0,60) = D¢(0,6) for all 6 > 0 we have: B (0,1) = Bf(0,1).
o, / o, f

Then, DII-Hcf( ,1) = D(0,1) implies that the followmg holds:
DH'HCf (0,1)\ BH'HCf (0,1) = Dg(0,1) \ Bf(0,1).

That is, {z € R" : ||z|l¢, = 1} = {z € R" : f(z) = 1}. Thus,
|z|lc, = 1iff f(x) = 1. Then, for any 6 > 0, ||z|lc, = 0 iff f(x) =
To see why, let v € R" satisfies ||z|c, = 0 for some ¢ > 0. Then,
wg = (1/0)-x satisfies ||zg|lc, = (1/0) - ||z||c, = 1. Thus, f(zg) = 1. As
v =0-x9, f(x) =0 f(xg) = 0. That is, ||z[c, = 0 implies f(z) =
Similarly, the converse obtains. Also, |[z|c, = 0 iff z = 0 iff f(x) = 0.
As |||lc,; and f are Ry -valued, ||z|c, = f(z) for all z € R". W
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PROOF OF THEOREM 1: There are two parts. First, we establish the
existence of NV,—representations. So, let = be weak order over R" which
satisfies Continuity, Homotheticity, Convexity and Scale Monotonicity.
Since N, is the class of all pre-norms on R", we argue: there exists a
pre—norm f on R" such that f is a representation of >.

Throughout the rest of the proof, let xy € R™\ {0} be arbitrary but
fixed. Based on this chosen x(, we define the set C' C R" as:

C={zeR" 27z}
Moreover, we define the map |[|-||c : R" — R, U {oo} as follows:
|zlc =inf{x >0:2€x-C} forallzeR"

The strategy of our proof of existence entails showing that ||-||¢ is
a norm and that ||-||c is a representation of . To show that ||-||¢ is a
norm, we shall make use of Theorem 2 of section 3. For is, we shall have
to argue that the set C' is convex and compact with O in its interior.
This is where the major force of all the axioms is required. The proof
is organised via the following steps.

Step 1: We argue: C'is convex. Let x,y € C and o € (0,1). Since
>~ is complete, at least one of z 7~ y or y 7~ x holds. Without loss of
generality, assume x 7~ y. Let z == a-x + (1 — a) - y. Since > satisfies
Convexity, we have x 7~ 2. Also, ¢ 77 = as x € C. Hence, xy 7 z by
transitivity of ~. That is, z € C. Thus, C' is convex.

Step 2: We argue: if z € R"\ {0} then x > 0. Fix any z € R"\ {0}.
First, suppose x ~ 0. Pick an arbitrary o« > 1. Then, a- 2z > x by
Scale Monotonicity. By cross transitivity of > and ~, a -z > x and
x ~ 0imply -z > 0. Also, a-x ~ «-0 = 0. Thus, both a-x ~ 0 and
a -z > 0 hold. However, this is a contradiction since > is asymmetric
and ~ is symmetric. Hence, the supposition that x ~ 0 holds must be
wrong. That is, z ~ 0 does not hold.

Now, suppose 0 > z. Since > satisfies Continuity, there exists ¢ > 0
such that (1) e < 2|jz||;, and® (2) y € Bj.|,(0,¢) implies y = 2. Let
Yo = (/2||z||1) - #. Then, |lyo||1 = ¢/2. Thus, yo € By.|,(0,¢). Hence,
yo > x. Let og == 2||z||1/e. Then, x = ag-yy. Since ap > 1 and yy # O,
Scale Monotonicity implies « > y,. Thus, both x > yy and yy > x hold
which is a contradiction as > is asymmetric. Thus, 0 > x does not
hold. Since - is complete, we obtain: z > 0.

“2For any x € R and r > 0, let By, (z,r) = {y e R" : |ly — x|y < r}.
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Step 3: We argue: C'is closed in R”, and 0 is in the interior of C.
Recall, zp € R"\ {0} and C' = {z € R" : zy > x}. Now, observe that
{r e R": zp = x} = R"\ U_(xg) by completeness of =, where U, (x)
is the set {z € R" : x > x¢}. By Continuity of >, U.(xy) is an open
subset of R"”. Thus, C' is a closed subset of R".

Moreover, xy € R™\{0} implies z¢ > 0 by step 2. Thus, 0 € L, (),
where L. (z¢) is the set {x € R" : 2y > x}. By Continuity of >, the set
L. (xg) is open in R™. Further, L. (xy) C C since xg = x = 1z 2 .
Thus, 0 is in the interior of C.

Step 4: We argue: C'is compact. Note, C'is a closed subset of R" in
step 3. It is enough to show that C' is bounded. Thus, suppose C'is not
bounded. Thus, there exists a C—valued sequence {xj}ren such that
|xklli > k for all £ € N. Define y; := x/||xk||1 for every k € N. Let
K be the set {x € N : ||z||; = 1}. Thus, y; € K for any k¥ € N. Note,
K is a closed set as ||-]|; is a continuous map being a norm. Clearly, K
is bounded. Then, by the Heine-Borel Theorem, K is a compact set.
Thus, there exists a subsequence | € N — k; € N (that is, k; < k41 for
all [ € N) and y, € K such that lim;_||yx, — y«|[1 = 0.

Consider L = {\ -y, : A > 0}. Fix an arbitrary z, € L. That is,
z. = [A/(1+¢,)] -y, for some A, > 0 and €, > 0. Note, ||\ ysl1 = A
Let Iy € N satisfy k;, > A.. Since ||zxly > k for all & € N and
[l € N — k; € N is strictly increasing, it follows from k;, > A, that
|k, |1 > A« for all [ > 1. Now, fix any [ > ly. Define \; .= A\./||zk,||1-
Note that \; < 1 and recall yy, = /||y, |1. By Scale Monotonicity,
Ty, = N - xg,. Thus, zx, > A\ - yr,. Now, 2o o, as xy, € C. If xp > xy,
then xg > A - yg, by the transitivity of >. If xg ~ xy, then xo > A, - yy,
by the cross transitivity of ~ and >. That is, g > A\, -y, for all
[ > ly. Recall, limy,o||yr, — y«|[1 = 0. Thus, limy_,o0 || As - yr, — M- Y|1 =
0. Since > satisfies Continuity and xy > A, - yx, for all | > [y, from
Hmy oo || Ay, — Ae - yi|[1 = 0 we have 29 22 As-yu. As Ay = (14-¢4) -z,
and €, > 0, A\, - y, > x, by Scale Monotonicity. Then, xy 7= A, - . and
A+ Ui = T, imply zg > .. As x, € L is arbitrary, we have:

relL = xy> .

Fix an arbitrary x, € L. Thus, z, # 0 implying x, > 0 by step 2.
Also, zg > x,. By Continuity of >, there exists a, € (0,1) such that
Ty ~ a9+ (1 — ) -0 = a, - zg. By Homotheticity of >, we have
zo ~ (1/ay) - x.. Observe, since z, € L and a, > 0, it follows that
(1/c) - @y € L. Then, xy > (1/ay) - x, which is a contradiction. Thus,
C' is bounded. Hence, C' is compact.
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Step 5: We argue: ||z||¢ - o ~ x for any x € R"\ {0}. So, fix any
r € R"\ {0}. Since zy # 0, step 2 implies 2y > 0. By Continuity of
>, there exists € > 0 such that:

Yy E B”.Hl(o,é‘) = T > Y.

Let y, := (¢/2]|z||1) - . Then, ||y.[1 = /2. Thus, y, € By.,(0,¢).
Hence, zy > y,. Moreover, y, # 0 as |ly,|l1 > 0. Thus, y, > 0 by
step 2. Hence, we have xg > vy, > 0. By Continuity of >, there exists
8 € (0,1) such that 6-xy=60-xo+ (1 —0)-0 ~ y,. Scale Monotonicity
implies that this 6 corresponding to y, is unique. Now, observe that
r = (2||z]1/¢e) - yp. Thus, (20||z||1/€) - xo ~ = by Homotheticity of >.
Define «, = 20||z||1/e. Therefore, c, is the unique element in R, |
such that «a, - g ~ x. We shall now argue: a, = ||z|c.

Recall, C ={y e R": 2y Z y}. Thus, - C={y e R": - 2o Z y}
for any a > 0 because > satisfies Homotheticity. Since «, - ¢y ~ =,
Scale Monotonicity implies the following:

1. x € - C for all « > «,, and
2. x¢a-Cforal0<a<a,.

Thus, inf{a > 0: 2 € a-C} = a,. Hence, a, = ||z||c. Thus, a-zg ~
implies ||z||¢ - xo ~ x as required.

Step 6: We argue: ||-||c is an N,—representation of >. Note, C' is
a compact convex set with 0 in its interior by steps 1, 3 and 4. Then,
|-|lc is a prenorm by Theorem 2. It remains to argue:

=y <= |zlc > |yllc-

Fix any x,y € R". If atleast one of x or y is 0 then the above
equivalence is trivial. This is because, for any z € R", we have:

L. ||z]lc =0iff z=0,
2. ||z|lc > 0iff z € R™\ {0}, and
3. z>=0if z € R"\ {0}.

Henceforth, we assume x,y € R" \ {0}. By step 5, ||z||¢ - xo ~ =
and ||y||lc - o ~ y. Thus, x > y iff |z||c - zo > ||yllc - 0. Further, Scale
Montonicity implies: ||z||¢ - zo > [|y|lc - zo iff ||z||c > ||ly||c. Hence, we
obtain (z =y <= |lz]c > |lylc) as required.

167



With the proof of existence complete, we now proceed to show the
necessity of the axioms. So, assume > is a binary relation over R" and
f:R" - R, is a pre-norm such that:

-y = flz) > f(y).

Clearly, > satisfies asymmetry and negative transitivity. That is, >
is a weak order over R". Moreover, f being a pre—norm is a continuous
map. Thus, > must satisfy Continuity. It remains to show that >
satisfies Homotheticity, Convexity and Scale Monotonicity.

That > satisfies Homotheticity is an immediate consequence of the
fact that f being a pre—norm is a homogenous function of degree
one. Further, Scale Monotonicity of > follows from (1) f(x) > 0 iff
r € R"\ {0}, and (2) f(a-x) = a- f(x) for all @« > 0 and z € R". We
now show that > satisfies Convexity.

Assume x Z y and a € (0,1). Let z .= a -z + (1 — «) - y. We must
show that = 77 z. Equivalently, we shall argue: f(x) > f(z). Note that
x 7y implies f(x) > f(y). Let w = a-x and v == (1 — «) - y. Now,
f being a pre—norm is a homogenous function of degree one. Thus,
flu) =a- f(z) and f(v) = (1—a)- f(y). Since a <1and f(z) > f(y),
we have (1 —a)- f(y) < (1—«)- f(x). Thus, f(u)+ f(v) < f(x). Note,
z = u+ v holds. Since f is a pre-norm, we have: f(z) < f(u) + f(v).
Then, f(z) < f(z) as required. Thus, > satisfies Convexity. Hence,
the necessity of the axioms has been demonstrated.

PROOF OF PROPOSITION 3: Let > be a binary relation over R" and
suppose f : R" — R, is a representation of >. That is,

r=y = f(z)> f(y)

First, assume f is a norm. Then, f is a pre-norm as every norm
is a pre-norm by definition. Further, f satisfies f(—x) = f(z) for all
x € R". Thus, x ~ —z holds for all x € R". That is, > satisfies
Reflection Symmetry. Hence, if f is an N -representation of = then
f is an N,—representation of >=. Moreover, = must satisfy Reflection
Symmetry if it admits an N -representation.

Now, assume f is a pre—norm and > satisfies Reflection Symmetry.
Thus, f(x) = f(—=z) for all x € R". Fix any z € R” and a < 0. Then,
fla-x) = f([—a] - z). Further, f([-a]-x) =[-a]- f(z) as a < 0 and
f is a prenorm. Thus, f(a-x) = [—a] - f(z) if « < 0. Of course,
fla-z)=a- f(z)if @« > 0. That is, f(a-z) = || - f(x) for all « € R.
Hence, f is a norm. Thus, if [ is an N,-representation and = satisfies
Reflection Symmetry, then f is an N-representation.
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A.L.2 Duality

The proofs of the results stated in subsection 3.2 are supplied in this
subsection of the Appendix. The organization is as follows. First, we
prove Theorem 5. Then, this result and Theorem 1 from subsection
3.1, which asserts the existence of pre—norms as representations, will
be used to prove the remaining results of subsection 3.2. Throughout,
we shall use Theorem 2 from subsection 3.1 which asserts the connec-
tions between pre—norms and compact convex sets that have the origin
in their interior. However, we need four geometric results.

LEMMA A.1.2(a): Suppose K is a non—empty compact subset of R".
Then, the map fr : R" — R, defined as:

fr(x) =max xz-y for every x € R"
yeK

s a convex function which is homogenous of degree one. Additionally,
if 0 is in the interior of K then fx is a pre-norm.

PRrROOF: We note, at the outset, the map fx is indeed R—valued as
K is compact and, for any x € R”, the map y € R" +— z -y € R is
continuous. Further, the map fx is R,—valued as 0 € K implying:
fr(z) > x-0=0 for all z € R".

We now show: fg is a convex function. Let xp,x1 € R"” and a €
[0,1] be arbitrary. Let z, = a-x1 + [l — a] - 9. Pick any y € K.
Then, zo -y = afz1-y) + [1 — af(zo - y). Now, z1 -y < fg(z1) and
zo -y < fr(xy) by definition of the map fx. Thus, we have:

To -y S fr(z) +[1— 0o fg(z) forallye K.

Hence, fr(xzy) < a- fx(x1) + [1 — o] - fr(xp). Since zg,x; € R" and
a € [0,1] are arbitrary, fx is a convex function.

Now, fix any a > 0 and x € R". Let z, := a-x. Let y,,y« € K be
such that fx(z) = -y, and fx(zs) = To - Yss. Observe, x -y, > - Y.
and T, - Yux > To - Yx. Also, note that x, - yu > x4 - Y4 18 equivalent to
X Yss > T - Yy because v, = a-x and a > 0. Thus, z -y, = x - Y., Where
To * Yux = (T - Yur). Hence, fr(xq) = a - fx(z). That is:

frla-x)=a- fg(x) foralla >0 and xz € R".

Hence, fx is a homogenous function of degree one. To show that
fKx is a pre—norm, it remains to verify that fx satsifies condition 2 and
4 of Definition 1 (section 2). For this, we shall make the additional
assumption that 0 is in the interior of K.
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Of course, fx(0) = 0 by definition of fr. Let x € R™\ {0}. Since
0 is in the interior of K, there exists ¢ > 0 such that By ,(0,¢) C K.
Note, ||z||2 > 0 as ||-||2 is @ norm and = # 0. Define x. = (¢/2||x||2) - x.
Clearly, ||zc||2 = /2. Thus, z. € BH.||2(O,8). Since B||.||2(0,8) C K, it
follows 2. € K. Hence, fx(x) > x-x.. Now, x-x. = ¢||z]|2/2 > 0.
Thus, fr(x) > 0if x € R"\ {0}. Thus we have established:

fx(z) =0 iff x=0.

That is, condition 2 of Definition 1 has been verified.

Let x,y e R", == 1/2, p:= 1/ and z, := p-x and y, == pu-y. By
condition 3, fx(x.) = p- fx(x) and fx(y.) = p- fx(y). Note, a - pu =
(1 —a) -p=1 Thus, a fx(r.) < fx(z) and [1 —a] - fx(y.) = fx(y)-
Also, -z, +[1 —a]-y. =x +y. As fx is convex,

frla-ze+1—a]-y) <a- fr(r) +[1—a] fx(ys)

Thus, f(x +y) < f(z) + f(y) for all x,y € R". That is, fx satisfies
condition 4 of Definition 1 as well. Hence, fx is a pre-norm. W

LEMMA A.1.2(b): Let K C R" be compact with 0 in the interior of K.
Then, for any A > 0, the set Lk ) defined as:

LK,A1={$€RHIT?§1€8L[§< :1:~y§)\}

is compact and convex with 0 in the interior of L ).

PRrROOF: Fix any A > 0. Define the map fx : R" — R, as follows:

fr(x) =max z -y for every x € R".
yekK

By Lemma A.I.2(a), fx is a pre-norm and is a convex function.
Let Dy € R and By C R be the intervals [0, A\] and [0, ), respec-
tively. Note, Lg ) = ffgl(DA). Since fx is a pre—norm, Proposition
6 (subsection 5.1) implies that fx is continuous. Thus, f'(D,) is a
closed subset of R". Further, by the euqivalence of pre—norms accord-
ing to Proposition 6, it follows that f;*(D,) is bounded. Then, by
the Heine-Borel Theorem, L ) is a compact subset of R". Further,
frH(By) is an open subset of R". Clearly, 0 € f'(B)) C fi(Dy).
Thus, there exists an & > 0 such that By.|,(0,£) C fx'(D,). Hence, 0
is in the interior of Lk . The convexity of Lk ) is an immediate con-
sequence of the fact that fx being a convex function is quasi—convex. l
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LEMMA A.1.2(c): Let K CR" be compact and K, be the closure of the
conver hull of K. Then, for any x € R", the following holds:

PROOF: Fix an x € R". Let 0 := maxycx x -y and 0, = max,cg, T - y.
Since K, is the closure of the convex hull of K, it follows that K C K,.
Hence, 6 < 6, holds. It remains to argue: 6 > 6,.

Since K is compact, it is bounded. Thus, the convex hull of K is
bounded. Since the closure of a bounded set must be bounded, K, is
bounded. Moreover, K, is a closed set. Then, K, is compact by the
Heine-Borel Theorem. Also, the map y € R” — z-y € R is continuous.
Thus, there exists y, € K, such that -y, = .. Let (y,,) be a sequence
in the convex hull of K which converges to vy,. That is, the sequence
(ym) satisfies the following properties:

L. limy, 00|y — ymll1 = 0, and
2. For each m € N, there exists:
(a) Jm € N (we define [J,,] ={1,...,Jn}),
(b) yjm € K for each j € [J,,)], and
(¢) {jm € Ry :j € [Jy]) such that D jelg,] m =1

such that: y, =>_ 7] CGm * Yjm for all m € N.

je m

Fix an arbitrary m € N. By 2(b) and the definition of 6, we have:
0 > x -y, for all j € [J,]. Then, 6 > x - (Zje[Jm] Qjm * Yjm) as 2(c)
holds. Thus, 8 > x - y,,. Since m € N is arbitrary, we have:

x-Yn —0 <0 for every m € N.

Because lim,, o0 ||y« — ym|1 = 0 (property 1 above) and the map
y € R"— x-y—0 € R is continuous, we obtain: = -y, < 0. That is,
60 > x -y, Recall, z-y, =60, Thus, 6§ > 6,. Since it has already been
argued that # < 6,, we have: § = #,. Now, recall that by definition
0 = maxycx v -y and 0, = max,cg, v -y. Therefore, 6 = 0, implies that
the following equality is true:

max r- -y = max T -1y.
yeK yeK,

This completes the proof of the lemma. W
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LEMMA A.1.2(d): Let K C R" be compact, and K, be the closure of
the convex hull of K. Suppose xy € K satisfies:

0 =max xp-y > max x-y foreveryx € K.
yeK yeK

Then, K, is compact convex with xy € K, and the following holds:

f, = max zp-vy > max - or every x € K,.
0
yeK, yeK,

Moreover, § = 0, with the common value being ||zo]|3.

PROOF: The compactness of K, follows from the Heine-Borel Theorem.
This is because (1) the convex hull of a bounded set is bounded, and
(2) the closure of a bounded set is bounded. Thus, K, is compact as
K is compact. Also, K C K, and xy € K imply ¢ € K,. Since the
closure of a convex set is convex, it follows that K, is convex. Consider
the map fx, : R" — R defined as follows:

. () = max x - for every x € R".
yeK,

Fix any x € K,. Since K, is the closure of the convex hull of K,
there exists a K,—valued sequence (z,,) satisfying:

L. limy, 00|l — 2|1 = 0, and
2. For each m € N, there exists:
(a) Jm € N (we define [J,,] = {1,...,Jn}),
(b) z;m € K for each j € [J,], and
(¢) {ajm € Ry :j € [Jy]) such that D jelg,] m =1

such that: z,, = Zje[Jm] Qjm - Xjm for all m € N,

Fix an arbitrary m € N. Then, fr, (j,) = maxycx 2, - y for all
J € [Jm] by Lemma A.12(c). Thus, fx, (xn,) <6 for all j € [J,]. By
Lemma A.l.2(a), fx, is a convex function. Thus, we have:

fr.(xm) —0 <0 for every m € N.

Further, fx being a convex function is continuous. Hence, the map
r € R"— fg (r) — 0 € R is continuous. Thus, lim,, .|| — |1 =0
implies fx () — 60 < 0. Also, § = 0, by Lemma A.I.2(c). Hence,
maXyer, To-Y > MaxXyer, «-y. Therefore, to complete the proof, it
remains to demonstrate that 6 = ||a||3.
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Note, g € K implies 0 > xq - w9 = ||z0]|3. Suppose 6 > ||zo||3. Let
Y« € K be such that § = xq-y.. Clearly, # > 0 implies xg - y. = |xo - ys|.
Thus, 0 = |zg - y.|. Then, 6 > ||xo||3 implies |zg - y.] > ||2o]/3. Also, by
the Cauchy—Schwarz Inequality, we have:

120 - Y« < loll2 - [|lyll2-

Hence, ||zol2 - ly.]l2 > |lzoll3 which implies [[y.[I3 > [lzoll2 - [|y]l2-
Observe, y, € K implies 0 > vy, - 4« = ||y«]|3- Then, 6 = |zo - .| and
ly:l15 > [lzoll2 - [lysll2 imply |z - 3] > [lzol2 - [|ys]l2. This contradicts
the Cauchy—Schwarz Inequality. Hence, our supposition that 6 > ||z||3
must be wrong. Therefore, 6 = ||x¢]3 as required. W

LEMMA A.1.2(e): Suppose C is a compact subset of R" with O in the
intertor of C. Let xog € R" be such that:

max ro-y > max x-y for every x € C.
yelC yeC

Then, the sets C and C, defined as:
C, = R™ : gy < 2 d
{z e max z -y < [zoll5}, an

Ci = {z e R": max & -y < loll3 }

are compact convex subsets of R™ with O in their interiors. Moreover,
Clx 15 the closure of the convex hull of C.

PROOF: Let C' C R" be compact with 0 in the interior of C'. Also,
let zg € R" and C,, C,, € R” be as in the statement of the lemma.
By Lemma A.1.2(b), C, and C., are compact convex with 0 in each of
their interiors. Therefore, it remains to argue: if CT is the closure of
the convex hull of C' then C,, = CT.

We begin with the following reduction. Observe, Lemma A.I1.2(d)
implies that zy € CT and satisfies the following:

max zo-y > max x-y for every z € C.
yeC't yeCT

Further, consider the sets C! = {z € R" : max,cci & -y < ||zol|3} and
Cl, ={z eR": max, .t Ty < |zo]|2}. Then, CI = C, and CI, = C.,
by Lemma A.1.2(c). Thus, the claim of the lemma under consideration
will be established if it is proven that C' = C, under the additional
assumption that C' is convex. Henceforth, we assume C' C R" to be
compact conver with 0 in its interior. We argue: C' = C,,.
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First, we argue: C' C C\,. Pick an arbitrary x € C. Observe, if
y € C, then x -y < ||zo||3. This follows from the definition of C, and
that x € C. Thus, maxyec, = -y < ||z]|3. Hence, z € C.. by definition
of C,.. Since x € C'is arbitrary, we have: C' C C,,.

Now, we argue: C,, = C. Suppose C,, \ C # &. Pick any x; € C.,
such that 1 ¢ C. As {z1} and C, are disjoint and convex compact
sets, the Separating Hyperplane Theorem asserts that there exists some
p € R"\ {0} and a € R such that:

1. p-x1 > «a, and
2. prx<aforall x € C.

Since 0 is in the interior of the set C', there exists € > 0 such that
B),(0,¢) C C. Let p- = (¢/2[|p|l2) - p. Clearly, []p|> = £/2. Thus,
pe € By,(0,¢) implying p. € C. Note, p-p. = ¢||p[[2/2. Asp # 0, it
follows p - p. > 0. Let 6 := max,ecp - x. Then, 6§ < « by (2). Also,
p- € C implies 6 > p - p.. Thus, § > 0 and A, == ||x0]|3/60 > 0.

Consider p, = A, - p and a, == A\, - a. Clearly, § < a and A\, > 0
imply A, -0 < a,. That is, ||xg]|3 < a.. Also, A, > 0 and (1) imply
Py - 71 > . Thus, ||z1||3 < ps - 21. Since x1 € C,., it follows: p, ¢ C,.
Now, maxyec ps - = Ay (maxgecp-z) = A-0 and A, -0 = ||z]|3 imply
max,ec P« @ = ||20]|3. By definition of C,, we have: p, € C,. However,
ps ¢ Ci and p, € C, is a contradiction. Thus, C,, \ C' = @. Observe,
C CCuand Cy \C =g imply C =C,,. R

LEMMA A.1.2(f): Let C CR" be compact with 0 in the interior of C.
Also, let xy € R™ be such that:

max xro-y > max x-y for everyx € C.
yeC yeC

Let Dy.,(0, ||zol]2) = {z € R : ||z|2 < |lzoll2} and C. be defined as:

C, = {:13 cR": I;le%gi Ty < choH%}

Then, C = C. if and only if C' = Dy,(0, ||zo]|2).

PROOF: First, we argue: if C' = C, then C = Dy,,(0, [|xo]|2). So,
assume C' = C,. By Lemma A.1.2(b), C, is compact convex with 0 in
its interior. Then, C' = C, implies C' is convex. Let 0 := maxycc 2o - y.
Then, 6 = ||x¢]|3 by Lemma A.1.2(d).

Let x € C be arbitrary. Then, 6 > z -y for all y € C. In particular,
0 > x-x = |z|3. Thus, |lzolls > |lzo|l2. Hence, z € Dy, (0, [lzoll2)-
Since z € C is arbitrary, we have: C' C Dy, (0, ||zo||2).
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We now argue: Dy.|,(0, [|zo]|2) € C. Pick an arbitrary u € R" such
that ||ullo = 1. For any A € R, let H) := {x € R" : u - = A\}. Define
A ={NeR: H\NC # o}. Let A, :=supA. Let us first show: A, € R.
For this, it is enough to argue that A is non—-empty and bounded above
in R. We shall do so by using the compactness of C.

Since 0 € C'and u-0 =0, we have 0 € HyNC. Then, HoNC # @
implies 0 € A. Thus, we have: A # &. Suppose A is not bounded above
in R. Thus, get a A—valued sequence (A;) such that limy_,., Ay = +00.
Then, the definition of A implies, there exists a C—valued sequence (zy)
such that u - x; = A\, for all £ € N. Since C' is compact, there exists
z, € C and a subsequence [ € N — k; € N such that (1) k; < kg
for all [ € N, and (2) lim;_oo ||z, — 24]]2 = 0. By continuity of the
map ¢z € R" = uv -z € R, we have lim;_,cu - x5, = u - x,. However,
u-xx € R and limyoou - xp, = 400 as (1) u -z, = A, for all k£ € N
and (2) limg_,o0 Ay = +00. Thus, we have a contradiction. Hence, A is
bounded above in R. Therefore, we have: A, € R.

Now, consider any arbitrary y € C and let A\, := u - y. Clearly,
y € Hy,. Thus, y € H, NC implying Hy, NC = &. Hence, A\, € A.
Then, A, = sup A implies A, > \,. That is, A\, > u-y. Since y € C' is
arbitrary, we have established the following:

yelC = u-y < A\,

We claim: A\, > |[|zg||2. Suppose A < ||xo|l2. Let € == ||xo|| — A
Thus, € > 0 by our supposition. Also, A + € = ||zg||2 by the definition
of . Let 2. == (A +€)-u. Then, u-x. = (A, +¢)-||ul|3. Since ||ulls =1,
we have u-z. = A\, + €. Then, ¢ > 0 implies u-x. > A,. Thus, . ¢ C.
Now, fix an arbitrary y € C. Then, z. -y = (A + ¢)(u - y). Also,
u-y < Aasy € C. Thus, z. -y < (A +¢) - A Since A\, + ¢ = ||zo]|2
and A\, < ||zo||2, we obtain z. -y < ||xg||3. Since y € C is arbitrary, it
follows: max,cc . -y < ||xo||3. Thus, z. € C. by the definition of C..
Since C, = C, we have: z. € C'. However, we have already concluded
that z. ¢ C. Thus, we have a contradiction implying our supposition
that A\, < ||zgl|2 is wrong. Hence, we have: A\, > [|z]|2.

We now claim: there exists z, € C such that u - x, = A\, Since
A is sup A, let (\;) be a A—valued sequence such that limy o A\p =
+oo. Thus, there exists a C—valued sequence (xj) such that: u -z =
Ap for all £ € N. Since C' is compact, there exists =, € C and a
subsequence | € N — k; € N such that (1) k; < k;q for all [ € N, and
(2) limy—0|| Tk, —24||]2 = 0. By continuity of the map x € R" — u-x € R,
we have lim; oo u - T = u - x4. Since u - x = A for all £ € N, from
limy oo Ak = Ay we have u - x, = A\,. Since z, € C, we have shown:
there exists z, € C such that v -z, = \..
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Henceforth, let z, € C be such that u - x, = A.. Then, A, > [|zg]|2
implies u -z, > ||zg||2. Since z, € C, note that Lemma A.1.2(d) implies

|zol|3 > max,cc . - y. In particular, ||zol|3 > @, - z. = ||z.]|3 which
implies ||zglla > ||@«||2- Then, u -z, > ||x«||2 as ||xolla > ||x«||2- Since
|ullo = 1, it follows: w -z, > ||lull2 - ||z4]]2. Note, u - x, = |u - .| as

|-|l2 is R.—valued. Thus, we have: |u-x.| > ||u||2 - ||x«||2- However, the
Cauchy—Schwarz Inequality asserts:

- 2] < lulla - [lzl2,

with equality iff z, = A\ - u for some A # 0. Thus, |u- x| > ||ul2- ||z«
implies, there exists AT # 0 such that z. = A\ - u. Then, u -z, =
M(u-u) = M|ul|3. As||ulls = 1, we have u-z, = AT, Since u-z, > [|2¢]|2,
we obtain: AT > ||zgll2. As 2, € C and z, = AT - u, we have:

(IXNER)[ AT > |[zgl2; AT-ueC].

Henceforth, assume A" € R is such that AT > ||zg|]z and AT - u € C.
Let a == ||zg|2/AT. Thus, a € (0,1). Define z, == a(AT-u)+ (1 —a)-0.
Since AT -u and 0 are in C, the convexity of C implies z, € C. Also,
To = ||wol|2 - u by definition of o and x,. Thus, ||z¢||2 - u € C. Since
u € R" is arbitrary such that [|ul|s = 1, we have established:

(Vue R")[|luly =1 = |Jzolz-ueC].

Now, pick an arbitrary = € D). ,(0, [|zo[]2). That is, [[z]|2 < ||zo|l2.
If ||z]|2 = 0 then x = 0. Then, 0 € C, we have: if ||z||s = 0 then z € C.
Henceforth, assume ||z|s > 0. Let u = z/|x||s. Clearly, ||u|ls = 1.
Thus, ||zgllo - u € C. Let a == ||z||2/||zo]|2- Clearly, a € (0,1). Define
o = a||zolla - u) + (1 — «) - 0. Since ||x|]2 - v and 0 are in C, the
convexity of C' implies z, € C. Also, z, = ||z||2 - v by definition of «
and z,. Thus, ||z||s-u € C. Since ||z||2 - u = x, we obtain: x € C.
That is, Dj.|,(0, |[|[zo|2) € C. Hence, we have established:

| C=C] = [C=Dyp,(0,]lzoll2) -

For the converse, assume C' = Dy, (0, ||2o||2). First, we shall argue:
C. C C. For this, suppose z € C, and = ¢ C. Then, ||z|2 > ||zol2.
Lot g = (zolls/lzll2) - =. Clearly, [sll2 = zoll>. Thus, g, € C.
Then, z -y, < max,ecz -y. However, max,ecx -y < ||xo3 by the
definition of C, and that x € C,. Thus, x -y, < ||2o||3. Now, note
that 2 -y, = (ol )z -2). That is, & -, = ol - ol Also.
lll2 > [lzoll2 implies [[zoll2 - (2]l > [[zoll3. Thus, 2 - y» > [[zol3 which
contradicts to x - 3, < ||wo||3. Thus, we have: C, C C.
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It remains to argue: C' C C,. Pick an arbitrary € C. Since
C = Dy ,(0,]|zo]]2), we have [[z]2 < [|zg]l2- Consider an arbitrary
y e C. Again, iyl < |zoll- Thus, [zl - lolls < [lzo]3. Further,
the Cauchy-Schwarz Inequality implies |z - y| < |[|z]l2 - ||ly]lo. Thus,
|z - y| < |||I5- Clearly, z -y < |z - y| which implies x - y < ||zo]|3. Since
y € C is arbitrary, we have max,ecx -y < ||xo||3. By definition of C,
we obtain: x € C,. Since x € (' is arbitrary, we have: C' C C. Thus,
the converse has been established. W

PROOF OF THEOREM 5: A pre—norm f on R" is said to be reqular if,

max ||z||; = 1.
flz)=1

Regularity of a pre—norm on R” is a “normalization” requirement.
Consider an arbitrary pre-norm f. Let o := maxXj(<; ||2[/2 and the
map f, : R" — R, be defined as f, := a-f. Define a, = maxy, ;)<1 ||7||2.

Observe, a, = maxy(y.p)<1 ||#|z = 1 as f and ||-|; are homogenous.
Thus, f, is regular. The rest of the proof is as follows.

Step 1: We argue: if f € N, then gy € N,. So, let f be a pre—norm
on R™. Consider the set Cy = {o € R": f(z) < 1}. Theorem 2 implies
that C'y is compact with O in its interior. Then, Lemma A.1.2(a) implies
that the map fc, : R" — R, U {oo} defined as:

fo,(z) =max x -y for every z € R"
yeCy

is a pre-norm over R". However, observe that gy = f¢, by definition of
the map ¢y and the set C'y. Hence, gy is a pre-norm over R".

Step 2: Suppose f is a reqular pre—norm on R"”, and consider the
set Cp ={x € R": f(z) < 1}. Let xy € Cf be such that:

s = max xp-1y > max T - for all x € C.
! yGCf 0 y_yECf y /

We argue: ||zg|l2 = 1 = 6;. Fix an arbitrary x € Cy. As ||z||3 = 2z,
it follows that ||z[|3 < maxyec, z -y < 0y. However, x is an arbitrary
clement in Cy. Thus, we obtain: maxgec,|z]|3 < 5. Now, Lemma
AL2(d) implies that 05 = ||zo[|3. Hence, max,ec,||z||3 < ||2o/|3 holds.
However, o € Cy implies maxzec, ||z]|3 > [|xo]|3. Therefore, we obtain:
maxgec, ||z|5 = ||zol|3. Since f is regular, we have: max,ec,|z|5 = 1.

Thus, ||zo||2 = 1 which also implies 6y = 1 as 0 = ||z||3.
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Step 3: We argue: if f is a regular pre-norm, then [T'o T](f) = f.
Recall, the map T : N, — N, is defined as follows:

T(f) =gy forevery f €N,

where gy € N satisfles, gy(x) == max;)<; z -y for all z € R".
Suppose f is a regular pre-norm, and let Cy = {x € R" : f(z) < 1}.
Further, let z¢p € C} satisfy the following:

0; = max x > max I - for all x € C
f yGCf 0" y yGCf y f

Let f. == gy and f. = gy.. Since f is a regular pre-norm, step 2
implies [|zo|l2 = 1 = 0. Define C} = {x € R" : maxycc, z-y < [|zoll5}-
Then, the definition of Cy and gy implies CF =z € R" : gz(z) < ||zoll3.
As gy = fe and [[zo|2 = 1, we have: C7 = {x € R": f.(z) < 1}. Also,
define C3* == {z € R" : maxyec; v -y < |zo0][3} and observe:

C7 ={x e R": fu(x) <1}

Since f is a pre-norm, the set C'y is compact and convex with 0 in
its interior. In particular, the convexity of C'y ensures that the convex
hull of Cy is the set Cy. Then, Lemma A.I2(e) implies: Cp = C}".
That is, {z € R" : f(z) < 1} = {z € R" : fi.(x) < 1}. Define
Are ={z e R": f(z) <&} and Ay, ¢ = {x € R": f.(z) < ¢} for
every £ > 0. As f and f,, are homogenous, we obtain:

Ape= Ay, ¢ forall £ > 0.

Hence, {x € R" : f(x) = &} = {x € R" : fu(xr) = &} for every
€ > 0. Thus, f(z) = fu(z) for all x € R". That is, f.. = f. Observe,
faxr = [T o T)(f) by definition. Thus, [T o T](f) = f.

Step 4: We argue: T(a- f) = (1/a)-T(f) for all « > 0 and f € N..
Let f be a prenorm and o« > 0. Fix an arbitrary x € R". Then,
[T'(a- f)](x) = max,.fy)<1® - y. Also, f is homogenous of degree one.
Further, y € R" — x -y € R is a linear map. Thus, we have:

max x- 1/a) max x -
a-f(y)<1 =/ )f(y)<1

Thus, [T(a - f)](z) = (1/a) maxy,)< Since max ()

Y. <1
[T(f))(x), we have: [T'(a- f)(z) = (1 / )-[T(Hl(x) = [(1/cx)- T( )]

Y
[T (
Since x € R" is arbitrary, we have: T'(a- f) = (1/a) - T(f).

)
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Step 5: We argue: [T oT]|(f) = f for every f € N,. Let f be any
pre-norm and « = maxs(<i1||z|]2. Define f, == a - f. Then, f, is a
pre-norm which is regular. By step 4, T(f.) = (1/a) - T(f). Define
foo = (1/a) - T(f). Thus, T(fs) = fu. Also, let a, = 1/a. Thus,
for = - T(f). By step 4, T(fu) = (1/c) - T(f). Since a, = 1/cx, we
have: T(fw) = a- [T o T](f). Moreover, T'(f..) = [T o T|(f«) because
fer = T(fs). Hence, a-[ToT|(f) = [T oT](f«). Since f, is regular, step
3 implies [T o T|(fs) = f«. Thus, a- [T oT|(f) = f.. Recall, f, =a- f.
Since o > 0, we obtain: [T o T](f) = f.

Step 6: We argue: if f € N, then, T(f) = f implies f is regular.
So, assume f is a pre-norm on R" that satisfies T(f) = f. Also, let
Cr={x e R": f(z) < 1}. Further, let xy € C} satisty:

;= max zp- -1y > max x - for every x € (.
/ yEC‘f 0 y - yECf y y !

First, we show: max,ec, ||2]|3 = ||2ol|5 = 0. Consider an arbitrary
x € Cy. Since |z]|3 = z - x, we have: ||z|3 < maxyec, « - y. Thus,
|z|l3 < 05. As x € Cf is arbitrary, it follows: max,ec,||z[|3 < 0f. Now,
C't is a compact set with O in its interior because f is a pre-norm. This
is due to Theorem 2 (subsection 3.1). Hence, Lemma A.I.2(d) implies:
0r = ||xo||3. However, ||zo]|3 < max,ec,|/z||3 because zy € Cy. Thus,
0 < maxgec,||lz]|3. Hence, we obtain: max,ec, ||z]|3 = 6;.

It remains to argue: ||2g|l2 = 1. Note, [T'(f)](z0) = max,cc, xo-y by
definition of the map T'. That is, [T'(f)](zo) = 6. Since T'(f) = f and
0r = ||zo|3, it follows: f(xg) = ||zol/3. Now, zy € C; implies f(xg) < 1
by definition of Cy. Thus, |lzo]|3 < 1.

Suppose ||zo||5 < 1. That is, f(x9) < 1. Since 0 is in the interior
of Cf, maxyec,||z]|3 = ||zoll3 implies zg # 0. Define ug = zo/| 202
and x1 = zo/||xol|3. Then, f(z1) = (1/||x0]3) - f(zo) = 1 because
f is homogenous map and f(xg) = ||xo|3. Thus, 21 € C}. Further,
|z1|l2 = 1/]|zol|2. Since ||zglle < 1, we have ||x1||a > 1 > ||zg]|o. Thus,
|21]|3 > max,ec, ||z]|3. However, z; is in Cy resulting in a contradiction.
Hence, our supposition. Thus, ||zgll2 > 1. Then, ||zols < 1 implies:
|zol|2 = 1. Hence, max,cc,|z||2. That is, f is regular.

Step 7: We shall argue: if f € N, then, T'(f) = f implies f = ||||3.
Let f be a pre-norm on R" such that T(f) = f. Consider the set
Cr={x e R": f(z) <1}, and let xy € C; satisfy:

fr:=max zo-vy > max I - for every o € (.
f yGC’f 0 y_yGCf y y f
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Now, define C} = {r € R" : maxycc, = -y < |lzgll3} and note

R
that O = {z € R" : [T(f)](z) < [|lzoll3} by definition of the map T
Then, T(f) = f implies CF = {z € R" : f(z) < [lzol3}. Further,
T(f) = f and step 6 implies f is regular. As was shown in step 6, this
is equivalent to asserting [|zol[2 = 1. Thus, CF = {z € R": f(z) < 1}.
That is, Cy = C}. By Lemma A.L2(f), we have: Cy = Dy ,(0, |lzol|2)-
Since ||xo|l2 = 1, we obtain the following;:

{zeR": f(z) <1} ={z eR": ||z] < 1}.

Let Ape = {z € R": f(z) <&} and A, = {z € R" : ||-][2(2) < &}
for all £ > 0. As f and ||-||2 are homogenous, we obtain:

Af’f = AH'”%g for every & > 0.

Thus, {xr € R": f(z) =&} ={x € R" : ||z|] = &} for all £ > 0. That
is, f(z) = ||z||2 for all z € R". Hence, f = ||-||2 as required.

Step 8: We argue: if f € N, then the following inequality holds:
r-y < f(x)-[Toflly) forallz,yecR"

Let x,y € R™ be arbitrary such that x # 0. Note, f(z) > 0 and
let w == x/f(x). Then, f(u) = 1 as f is homogenous of degree one.
Consider the set C; == {z € R": f(z) < 1}. The definition of the map
T implies: [T o f](y) = max.cc, y - 2. Note, u € Cy as f(u) = 1. Thus,
max.cc, Y - 2 > Y - u. Since y-u = u -y, we have: u-y < [T o f](y).
Now, x = f(x) - u and f(x) > 0. Thus, we obtain:

-y < f(x) - [Toflly) forallzeR"\{0}andye R".

Thus, the inequality holds if x # 0. However, when z = 0, it holds
trivially as then both z -y and f(x) are 0.

This completes the proof of the theorem. W

PROOF OF COROLLARY 1: Suppose f is a norm and z,y € R"”. Two
cases arise. First, suppose x -y > 0. Then, |z -y| = z-y. Since
z-y < f(z)-[Tof](y) by Theorem 5, we have: |z-y| < f(z)-[T o f](y).
Now, suppose x-y < 0. Then, |z-y| = —(x-y) = (—z)-y. By Theorem
5, (—z)-y < f(—x)-[Tof](y). Thisimplies [z-y| < f(—z)-[Tof](y). As
fisanorm f(—x) = f(z) which then implies: |z-y| < f(z)-[T o f](y).
Since the cases are exhaustive, the proof is complete. B
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PROOF OF PROPOSITION 4: Suppose > is in P. Thus, there exists a

pre-norm g on R" such that g represents >. Recall, f. : R" — R is
defined, by the choice of an zq € R" \ {0}, as follows:

fo(y) = max x -y for every y € R".

ToT

Let C = {x € R" : xyp > x}. Since g is a representation of >, we
have C' = {z € R" : g(x) < g(xg)}. Also, xy # 0 implies g(xg) > 0 as g
is a pre-norm. Then, the map g, : R” — R defined by g, = g/g(x0) is
also pre-norm as ¢ is homogenous. Clearly, g, represents >. Observe,
C={xreR":gx) <1}. As g, is a pre-norm, Theorem 2 implies C
is compact convex set with 0 in its interior. Now, observe:

fo(z) =max z-y for every z € R".
yel

Then, Lemma A.l1.2(a) implies that f. is a pre-norm. This completes
the proof of the proposition.

PROOF OF THEOREM 6: Suppose > is in P and >* is its dual. Recall,
f- 1 R" — R represents >*, where f. is defined as:

fo(y) =max x -y for every y € R".

ToZox

Note, g € R" \ {0} in the above definition. Now, let f be a pre—norm
that represents >. First, we argue: T'(f) represents =*.

Let Cy ={z € R": f(z) < f(x0)}, and fix an arbitrary y € R". By
definition of the map f. and that f is a representation of >*, we have:
fo(y) = maxgzec, - y. Moreover, [T(f)](y) = maxyec, T -y, where
Co={zr € R": f(z) < 1}. Since f is a prenorm, xy # 0 implies
f(xg) > 0. Let k := f(xp). Now, being a pre-norm, the map f is
homogenous of degree one. Hence, we have: C; = k- Cy. Further, the
map x € R" — z -y € R is linear. Hence, f. (y) = - [T(f)](y). Since
y € R" is arbitrary, we obtain: f. = k- T(f). Since f. represents =",
it follows from « > 0 that: T'(f) represents >*.

Now, we shall argue: a pre—norm g represents >=*, if and only if,
g = a-T(f) for a unique @ > 0. Let g be an arbitrary pre-norm.
First, suppose g represents >=*. Then, Proposition 2 (subsection 3.1)
implies that ¢ = « - T'(f) for some unique a > 0. Thus, we have: if
g is an N,-representation of =* then g = « - T(f) for some unique
a > 0. Moreover, if ¢ = a - T(f) to being with, then ¢ is a clearly a
representation of >=*. This proves the converse. Bl
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With Theorems 5 and 6 proven, the proofs of Theorems 3 and 4 follow.

PROOF OF THEOREM 3: Suppose > isin P. Let =* and >** be the dual
and the second dual of >. Since > is in P, there exists a pre-norm f
which represents >. Then, Theorem 6 implies that the pre-norm 7'( f)
represents >=*. Further, =** is the dual of >=*. Thus, Theorem 6 implies
that T'(T(f)) is a representation of =**. That is, [T o T|(f) represents
=**. However, [T'oT|(f) = f by Theorem 5. Hence, f represents both
> and >**. Thus, >** is equal to >~. W

PROOF OF THEOREM 4: Let > be in P and >* be its dual. Suppose
~* is equal to . We must argue: ||-||o represents . However, we first
show: T(6-¢g) = (1/8) - T(g) for any pre-norm g and g > 0.

Let g be a prenorm and 8 > 0. Fix an arbitrary z € R". Then,
[T(B - 9)](x) = maxg.yy)<1 ¥ -y. Also, g is homogenous of degree one.
Further, y € R" — x -y € R is a linear map. Thus, we have:

max o« - 1 max I -
B-g(y)<1 = (1/8) g(y)<1 Y-

Now, ¢ is homogenous of degree one. Then, asy € R" — -y € R”
is a bijection, we have: [T(8 - g)](z) = (1/5) maXyy)<1 - Y. Since
max,,)<1 @ -y = [1'(g)](x), if follows:

T8 - gl(x) = (1/8) - [T(9)l(x) = [(1/5) - T(g)](x).

As x € R" is arbitrary, we have: T(5 - f) = (1/8) - T(g). Now, we are
ready to establish: [|-||2 represents >.

Let f be a pre-norm which represents >. Then, Theorem 6 implies
that T'(f) represents »=*. Since =* is equal to >, it follows that T'(f)
represents >. Note, T(f) is a pre-norm. Since both f and T'(f) are
pre-norms which represent >, Proposition 2 implies: T'(f) = « - f for
some o > 0. Let 8= a'/? and f; == 3 - f. Thus, T(f;) = (1/8) - T(f).
Then, T'(f) = «- f implies T'(f) = (a/f)- f. That is, T(f;) = 5-f = f;
as = a'/? by definition. Note, f+ is a pre-norm which represents >
as fi = (- f where § > 0. Since f; is a pre-norm such that T'(f;) = fi,

Theorem 5 implies: f; = ||-||2. Since f; is a representation of >, we
obtain: ||-||2 is a representation of >.

For the converse, assume > admits ||-||o as a representation. Let
f = |][l2. Then, Theorem 5 implies T'(f) = f. That is, T'(f) = ||-||2.

Further, Theorem 6 implies that T'(f) represents =*. Thus, ||-||2 is a
representation of >*. Since ||-||2 represents both = and =*, it follows
that =" equals ». This completes the proof. H.
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AIl.1 Standard Norms

We prove the “existence” claim in Theorem 7 which is as follows: if >
admits a norm as a representation and satisfies separability, then there
exists ¢ € R} and p > 1 such that ||-[|,) represents . So, assume
> admits a norm as representation and satisfies separability. Since
> admits a norm as a representation, Theorem 1 and Proposition 3
(subsection 3.1) imply that > also satisfies:

1. Weak order.
Continuity.

Homotheticity.

O

Convexity.

ot

Scale Monotonicity.
6. Reflection Symmetry.
Also, recall that N = {1,...,n}. We now proceed to the proof.

PROOF OF THEOREM 7: Since n > 3 and > satisfies separability,
Debreu’s theorem (see Theorem 5.3 of FISHBURN [1970]) asserts the
existence of an n—tuple of continuous functions hy,...,h, : R =& R
such that the map u : R” — R defined as:

u(x) = Z hi(xz;) for all z = (x4,...,z,) € R", (3)
i=1

is a representation of >=. Moreover, Scale Monotonicity implies that
> is non—trivial. Thus, all such “additive” representations of > are
unique up to similar positive affine transformations. Formally, if there
exists maps hf,...,h!, : R — R such that v : R” — R defined as:

v(z) = Z hi(x;) forall x = (x1,...,2,) € R",
i=1

also represents >, then there exists « > 0 and Sy, ..., 3, € R such that:

hi(x) = ahi(x) + f; for all x € R" and all i € N. (4)

Note, the choice of a := 1 and 3; = h;(0) for all : € N implies:
h; == ah; + p; satisfies h}(0) = 0 for every i € N. Therefore, we shall
henceforth assume: h;(0) =0 for all i € V.
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For any i € N, we argue: hi(—=&) = hy(§) for all £ € R. Fix an
arbitrary ¢ € R. Let x = (x1,...,x,) € R" satlsfy (a) x; =&, and
(b) z; =0 forall j € N \ {i}. Then u(zr) = hi(§) + ZJGN\{Z.} h;(0).
Similarly, u(—x) = hi(=§)+_;en iy 1i(0). Now, —z ~ x as - satisfies

reflection symmetry. Since u represents =, —z ~ x implies u(—z) =
u(z). Then, u(—z) = u(x) implies h;(—&) = h;(§). Since £ € R is
arbitrary, we obtain: h;(—&) = h;(§) for all £ € R.

For each i € N, let f; : R, — R be defined as: f;(§) = h;(§) for
all £ € Ry. Observe, h;(§) = fi(|¢]) for all £ € R. For any ¢ € N,
we argue: f; is increasing. Pick arbitrary £,n € R, such that & > 7.
Consider z = (z1, ..., x,) such that (a) z; :=n, and (b) x; :== 0 for all
j € N\ {i}. Clearly, x # 0. Define a := &/n. Then, & > n implies
a > 1. Since > satisfies Scale Monotonicity, z # 0 and a > 1 imply
a -z > x. Since u represents >, we have: u(a - x) > u(x). Observe,
u(a - z) = hi(an) + 3 en gy Ri(0) and w(z) = hi(n) + > en 5y hi(0)-
Hence, u(a - x) > u(z) implies: h;(an) > h;(n). Then, a = £/n implies:
hi(&) > hi(n). Thus, we obtain the following:

§>1>0 = hi(§) > hi(n). (5)

We now argue: h;(§) > h;(0) if £ > 0. Consider z = (x1,...,z,)
that satisfies (a) x; = ¢, and (b) x; == 0 for all j € N\ {¢}. Since >
admits a norm as representation and x # 0, we have: = > 0. Then,
u(z) > u(0) as urepresents ~. Again, u(z) = hi(§)+>_ ;e gy 15 (0) and
w(0) = hi(0)+ > cnn gy 1j(0). Thus, u(x) > u(0) implies h;(§) > hi(0).
With (5), we obtain: h;(§) > h;(n) for all £ > n > 0. Now, recall that
the domain of f; is R, and, for any £ € Ry, f;(§) = h;(§) by definition.
Thus, for each i € N, f; is a continuous and increasing function such
that f;(0) = 0. Further, the representation u satisfies:

=" fillzl) forall 2 = (1,...,2,) € R™. (6)
1=1

Now, for any i € N, define g; : Ry, — R, as: ¢;(€) = fi(&)/fi(1)
for all £ € Ry;. Then, ¢;(¢n) = ¢i(§)gi(n) for all £&,n € R,,. To see
why, note x > 0 implies (x 1Y <= K-T > /f-y) as > satisfies
Homotheticity. Thus, the map v : R” — R defined as:

n
= Zfz(/£|xz|) for all z = (xy,...,2,) € R,
is also a representation of >. Note, u and v are additive.
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Thus, there exists o > 0 and S4,...,0, € R such that, for every
i € N, fi(klg]) = afi(|€]) + p; for all £ € R. Fix any ¢ € N. Then,
fi(0) = 0 implies 8; = 0. Thus, f;(k€) = afi(§) for all £ > 0. In
particular, evaluation at £ = 1 implies af;(1) = f;(k). Thus, we obtain
fi(kE) = fi(r) fi(€)/ fi(1). Then, x equal to n implies:

9i(€n) = gi(§)gi(n) forall §,n e Ry .. (7)

The continuity of f; implies the continuity of g;. Moreover, g; is
increasing because f; is increasing. That is, the map ¢; : R, , — R, is
a continuous, increasing and satisfies (7). Consider the map I'; : R — R
which is defined as follows:

L(1) = log (gilexp()]) for all € R. (®)

Being a composition of continuous maps, I'; is continuous. Further,
being the composition of increasing maps, I'; is increasing. Note that
E e Ry —logé € R is a homeomorphism. Thus, observe:

;i(log&) =log (g;(€)) forall & € Ry,. 9)

Now, (7) and (9) imply: [';(u+v) = Ti(n) + [i(v) for all u,v € R.
That is, I'; is a continuous and increasing map which satisfies the
Cauchy functional equation. Then, by Corollary 2 of chapter 4 in
AcziEL & DHOMBRES (1989), there exists m; € R such that:

[i(p) = mp  for every pu € R. (10)

Since I'; is increasing, it must be that m; > 0. Further, (9) and
(10) imply: g;(§) = €™ for all £ € R,,. Define 6; = f;(1). Since
fi(0) = 0 and f; is increasing, we have f;(1) > 0. That is, 6; > 0. Thus,
fi(§) = 0,£™ for all £ € Ry,. Since m; > 0 and f;(0) = 0, it follows
that: f;(§) = 6;£™ for all £ € R,. We now argue: m; = 7; for all
i,7 € N. Observe, the argument to establish (7) involved showing: for
any x > 0, there exists @ > 0 such that af;(1) = fi(x) for all i € N.
Since f;(§) = 6;¢™ for all £ € R, we obtain: m; = (1/k)loga for all
i € N. Thus, m; = m; for every 4,5 € N. Now, pick any i, € N and let
p =, Since m; = m; for all 4,5 € N, (6) implies:

u(z) = ZQA:EZ-V’ for all z = (xq,...,z,) € R".
i=1

Recall, from definition 2, the map ||-||g,,) : R" — Ry is defined as:
HxH(@,p) = (2?21 9i|$i|p)1/p for all x € R".
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Now, p > 0 implies & € Ry +— £'/7 is increasing. Then, the map
r € R" + [u(x)]"/? represents = because u represents . Also, note
that [u(z)] = ||x[/,p for all z € R". Hence, ||, represents >.
Recall, we have already obtained that 6; > 0 for all ©+ € N. This is
because 0; = f;(1) by definition, where f;(0) = 0 and f; is increasing.
Hence, it only remains to argue: p > 1.

Suppose p < 1. Let e; be the ith standard basis vector of R", and
C = {z € R": u(z) < 1}. Define 21 = (1/91.1/1’) -e; for all i € N.
Also, let z* = (1/n) - Y.,cy 7. Note, u(z)) = 1 for every i € N.
Thus, 29 € C for each i € N. Further, u(z*) = (1/n?) Y, n 1 = n'P.
Then, p < 1 implies u(z*) > 1. Thus, * ¢ C. Hence, C is not convex.
However, u represents > which satisfies Convexity. Thus, we have a
contradiction. Hence, p > 1 as required. W
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