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Abstract: In this paper, bound choices are made after summarizing a finite number of alternatives.
This means that each choice is always the barycenter of masses distributed over a finite set of
alternatives. More than two marginal goods at a time are not handled. This is because a quadratic
metric is used. In our models, two marginal goods give rise to a joint good, so aggregate bound
choices are shown. The variability of choice for two marginal goods that are the components of a
multiple good is studied. The weak axiom of revealed preference is checked and mean quadratic
differences connected with multiple goods are proposed. In this paper, many differences from vast
majority of current research about choices and preferences appear. First of all, conditions of certainty
are viewed to be as an extreme simplification. In fact, in almost all circumstances, and at all times, we
all find ourselves in a state of uncertainty. Secondly, the two notions, probability and utility, on which
the correct criterion of decision-making depends, are treated inside linear spaces over R having a
different dimension in accordance with the pure subjectivistic point of view.

Keywords: consumption matrix; discrete alternatives; aggregate measure; Fréchet class; revealed
preference; mean quadratic difference
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1. Introduction
1.1. Mathematical Preliminaries

Let 1 X and » X be two marginal random goods. If they are taken into account, then
choices under uncertainty and riskiness are based on the budget constraint of the decision
maker given by

C1 P(1X) +c2 P(ZX) <g,

where P(;X) and P(,X) are two barycenters of masses. They are two weighted averages
obtained by summarizing two nonparametric marginal distributions of mass. Two marginal
distributions of mass always derive from a nonparametric joint distribution of mass. This is
because two marginal goods always give rise to a joint good in this paper. We distinguish
two stages at all times. At a first stage, the number of admissible weighted averages is
infinite. In fact, they are logically undetermined in the only sense that they must not be
less than a lower bound, nor greater than an upper bound. The number of points of the
budget set of the decision maker is infinite for this reason. Each point of it identifies a
weighted average connected with a joint distribution of mass. Since we separate it into its
two component parts, this means that each point of the budget set of the decision maker
identifies two weighted averages connected with two marginal distributions of mass. At
a second stage, only one weighted average is taken into account, so P(;X) and P(,X) are
logically determined. The budget line is expressed by

a1 P(1X)+ o P(X) =c.
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Its nature is endogenous. Given n observed alternatives related to each marginal ran-
dom good, we pass to consider n + 1 consumption alternatives referred to each marginal
random good. This is because horizontal and vertical intercepts are endogenously estab-
lished. They are - and . The lower bound for P(;X) is zero. Its upper bound is ;-. Zero
and - are the two distinct end points of a closed line segment. The latter is a part of a
horizontal straight line. Similarly, the lower bound for P(,X) is zero. Its upper bound
is = Zero and 7 are the two distinct end points of a closed line segment. The latter is
a part of a vertical straight line. The number of the possible values for a joint random
good is givenby (n+1) x (n+1) = (n + 1)% Since (1 +1)? consumption alternatives are
summarized by using (1 + 1)2 joint masses that are subjectively chosen, the budget set
of the decision maker is a convex set. It is a right triangle. Its hypotenuse is the budget
line with a negative slope. Each joint mass associated with one of (1 + 1)? alternatives
can take all values between 0 and 1, end points included, into account. The same is true
with regard to # 4- 1 marginal masses referred to each marginal random good. At a second
stage, whenever the decision maker chooses the prevision bundle given by (P(;X), P(2X))
because it represents the best rational choice for him or her, he or she chooses (1 + 1)2
joint masses together with n + 1 marginal masses referred to consumption alternatives
connected with each marginal random good. The decision maker needs to make explicit
all joint and marginal masses that are subjectively chosen by him or her at a second stage.
More data than the observed ones are handled in this way. Only 7 alternatives related to
each marginal random good are directly observed. All other elements are estimated.

Choices under fictitious conditions of certainty are based on the budget constraint of
the decision maker written in the form

cpx1tex <cg

where the prices of nonrandom good 1 and nonrandom good 2 are given by (c1, ¢2),
whereas the amount of money the decision maker has to spend is given by c¢. The budget
line identifying the budget set of the decision maker is of an exogenous nature. It is a
hyperplane embedded in R x R. Its negative slope given by — % depends on the known
prices of the two goods under consideration. The elements identifying the decision maker’s
budget given by (c1, c2, ¢) are all objective. Nevertheless, ¢ is assumed to be an uncertain or
possible element at the time of choice. It can, therefore, be either true or false at a later time
unlike the two objective prices that are certainly true. What is chosen for two nonrandom
goods is given by (x1, x2), where (x1, xp) represents the best rational choice for a given
decision maker. We write two weighted averages given by

1.1 non
X1=x1p1+...+x1p1

and
1.1 n o n
x2:x2p2+...+x2p2,

where {pll} and {pjz} are two sets of n masses, with 0 < pﬁ <1lj=1...ni=
1,2, whose sum is always equal to 1 with regard to each of them. Given (x1, x2), the
estimated quantities of consumption for good 1 belonging to a closed neighborhood of x;
are expressed by {x1,..., x"}, whereas the estimated quantities of consumption for good 2
belonging to a closed neighborhood of x; are given by {x3,..., x4}. Note that x; is always
found between zero and é, whereas x; is always found between zero and é We also deal

with the weighted average of n? estimated quantities of consumption for good 1 and good 2
that are jointly considered. They derive from the Cartesian product given by {x},..., x7} x
{x},...,x4}. The decision maker estimates {x},...,x/} together with n non-negative
masses, {x%, ..., x5 } together with n non-negative masses, and {x%, R {x%, s xh}
together with n? non-negative masses such that (x1, x,) is actually chosen. In this paper,
four Cartesian products are also studied because the Cartesian product of two finite sets of
estimated consumption levels identifying different outcomes associated with two marginal
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nonrandom goods is released from the notion of ordered pair of estimated consumption
levels identifying different random events connected with each good under consideration.
Aggregate bound choices are shown in this way. An extension of the notion of bundle of
goods is caught in this way. More data than the observed ones are treated. Only (x1, x7) is
directly observed together with (cy, ¢, ).

If (x1, x7) is chosen under ideal conditions of certainty, then n estimated consumption
levels belonging to a closed neighborhood of x; use n masses such that # — 1 masses
are equal to 0, whereas only one mass of n masses is equal to 1. Similarly, n estimated
consumption levels belonging to a closed neighborhood of x; use n masses such thatn — 1
masses are equal to 0, whereas only one mass of n masses is equal to 1. It follows that
n? estimated consumption levels use 72 masses such that n?> — 1 masses are equal to 0,
whereas only one mass of n? masses is equal to 1. Admissible ordered n-tuples of real
numbers referred to each marginal good can be determined by the decision maker. Their
number is infinite. One of them is chosen based on the lower and upper bounds that are
established. One of them identifies 7 outcomes such that only one alternative expressed by
a real number is true. All others are false. Hence, it is necessary that one of n alternatives
related to nonrandom good 1 coincides with x;. It is also necessary that one of n alternatives
related to nonrandom good 2 coincides with x5.

1.2. Motivations for This Study and Most of Its Novelty Aspects

This paper answers different questions. It is shown that the notion of ordinal utility is
a measure obtained as a Euclidean distance. Since the maximizing decision maker chooses
the most preferred bundle that can be afforded, it is on the budget line. Each point of the
budget set of the decision maker is a measure as well. Each point of it is a barycenter of
masses distributed over a finite set of alternatives (see also [1] with regard to probabilistic
evaluations). Each point of the space where rational choices take place is a summary of
a nonparametric joint distribution of mass (see also [2] with regard to two goods which
are chosen). This summary appears as an ordered pair of real numbers. Summarized
elements of the Fréchet class are accordingly involved. The best rational choice depends
on the decision maker’s preferences. Their nature is subjective. Further hypotheses of an
empirical nature have to be made to study the best rational choice according to the decision
maker’s preferences. In this paper, the role played by objective alternatives is essential (see
also [3] with regard to issues treated by revealed preference theory). With regard to bound
choices being made under conditions of uncertainty and riskiness, objective alternatives
are actually observed. With regard to bound choices being made under claimed conditions
of certainty, objective alternatives are estimated. The observed consumption levels for
two marginal random goods coincide with the contravariant components of two vectors
belonging to E"*1. They are assumed to be linearly independent vectors belonging to
E™+1. Each observed consumption level is a single event. Different consumption levels
are the possible values for a random good. They coincide with a vector belonging to E"*1.
With a random event, it is always possible to continue the subdivision. Nevertheless, it is
convenient to stop as soon as the subdivision is sufficient for the study under consideration.
Otherwise, things become unnecessarily complicated. Any idea which does not consider
the subdivision to be of a relative and temporary nature is wrong. In this paper, the
subdivision of the notion of possible alternative viewed to be as a random event stops
as soon as a joint good arises. For this reason, joint distributions of mass associated with
joint goods are handled. In this paper, a quadratic metric is used. More than two marginal
goods at a time cannot be studied, so this paper focuses on the two-good assumption for a
metric reason (for instance, in statistics, variance, standard deviation, covariance, and corre-
lation are expressed through indices obtained by using a quadratic metric). The two-good
assumption is not a restriction from a mathematical point of view. It is not a restriction from
a conceptual point of view either (see also [4] with regard to a quadratic function studied
by using a two-dimensional diagram). In fact, it is possible to interpret one of the two
marginal goods under consideration as representing everything else the decision maker
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might want to choose (see also [5] with regard to aspects associated with revealed preference
theory). Note that the Grassmann coordinates of a two-dimensional linear subspace of E"*1
generated by two linearly independent vectors of E"*! coincide with the components of a
tensor. Hence, tensors handled in this paper for economic purposes conceptually derive
from this geometric matter. They do not derive from a conventional issue. This paper
shows that everything can vectorially be studied provided that one takes an appropriate
number of dimensions. Not only is it possible to pass from E"*! to E"*! @ E"*1, but it is
also possible to pass from E"*! to a linear space over R whose dimension is equal to 1.
A fundamental theorem has elsewhere been shown by us with respect to this. In effect,
there exists a one-to-one correspondence between a one-dimensional linear subspace of
E™*! and a one-dimensional straight line on which an origin, a unit of length, and an
orientation are chosen. A one-dimensional linear subspace of E"*! contains all collinear
vectors (if x is a vector belonging to E"*!, then all collinear vectors with regard to it are
expressed by A x, VA € R) with regard to one of the two vectors belonging to E"! whose
contravariant components coincide with the observed consumption levels associated with
a marginal random good. Two one-dimensional linear subspaces of E"*1 are dealt with.
These subspaces identify two one-dimensional straight lines on which an origin, a same
unit of length, and an orientation are chosen. They establish the budget set of the decision
maker. They accordingly establish an uncountable subset of R x R, where the latter is a
linear space over R whose dimension is equal to 2. With regard to choices being made
under claimed conditions of certainty, it is possible to pass from E” to E" @ E". It is also
possible to pass from E" to a linear space over R. Its dimension is equal to 1. In this paper,
what is chosen for each marginal nonrandom good under claimed conditions of certainty is
a coherent summary of a nonparametric distribution of mass. Consumption alternatives
and their corresponding masses are chosen. They have to be made explicit. This paper
shows that to know them is fundamental to study multiple choices.

What we say in this paper is more general than one might think at first. In fact, the
possible values for a random and nonrandom good are of an objective nature in the same
way as a sample of n observations on a given variable. The possible values for a joint
good are of an objective nature in the same way as a sample of n pairs of observations on
two given variables. In particular, this means that the two-variable linear model based
on the least-squares criterion can be studied inside a subset of a linear space over R. Its
dimension is equal to 2. It is accordingly possible to extend the least-squares model by
studying multilinear relationships between variables inside a subset of a linear space over
R of dimension 2. Such relationships are studied whenever two or more than two marginal
variables are the components of a variable of order 2 or greater than 2. A multilinear
regression model based on this approach is made by us, and the connected paper is
now under review by an international journal. It is possible to show that mean quadratic
differences, the correlation coefficient, Jensen’s inequality, and principal component analysis
can be based on intrinsic conditions of uncertainty characterized by objective and subjective
elements that are studied inside subsets of linear spaces over R provided with a specific
dimension.

2. Goods Demanded by the Decision Maker under Different Conditions
2.1. Random Goods Demanded under Conditions of Uncertainty and Riskiness

We establish the following;:

Definition 1. A random good is a random quantity (we do not use the term random variable,
but we use the term random quantity because to say random variable might suggest that we are
thinking of the statistical interpretation, where many trials in which the random quantity can vary
are involved. The random quantity could assume different values from trial to trial according to
the statistical interpretation, but this interpretation is contrary to our way of understanding the
problem. If the random quantity assumes different values from trial to trial, then the term random
variable can be used. Since we do not use the word event in a generic sense, we do not say trials of the
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same event to mean single and similar events. In this paper, an event is always a single event whose
sense is specific. A random quantity is characterized by a nonparametric distribution of probability.
This distribution can vary from individual to individual. It can also vary with the information)
viewed to be as a specification of what will be chosen in each different outcome of a random process.
The different outcomes of a random process are different random events. A random good is intrinsically
characterized by a probability distribution consisting of a list of different outcomes and the probability
associated with each outcome. The decision maker chooses a probability distribution of getting different
random events.

For example, random goods are random gains, where the term gain has to be meant
in an algebraic sense. A loss is therefore a negative gain. Random goods are risky assets,
whose return is not known at the moment. It is possible to observe 7 alternatives associated
with a risky asset to make a prevision about its return. Given a family of n possible and
observed alternatives, a marginal random good denoted by 1X is written in the form
expressed by

1X = %! | Eal + ¥ [y B2l + -+ %" [y Enl, 1)

where |(1)Ei |,i=1,...,n, coincides with 0 or 1 whenever uncertainty ceases. In this paper,
n possible alternatives identify a finite partition of n mutually exclusive events or states of
the world of a contingent consumption plan (see also [6] with regard to the more general
notion of random quantity). Such a plan is contingent because the decision maker can
choose a weighted average of n possible values for 1 X given by (1)x1, (1)x2, ey (Ux”. This
paper firstly focuses on all the weighted averages of n possible values for 1 X given by
(1)x1, (l)xz, e, (l)x”. This is because the budget set of the decision maker consists of
them. Secondly, he or she chooses one of them. This happens after putting a specific
hypothesis of an empirical nature about his or her subjective preferences. Note that we
mathematically use the contravariant components of an n-dimensional vector with regard
to an orthonormal basis of a linear space over R (whenever an orthonormal basis of a
linear space over R denoted by E" and having a Euclidean structure is considered, the
contravariant and covariant components of a same vector coincide. They are the same real
numbers. If Bt = {e;} = {e'} is an orthonormal basis of E", where E" is the space of
possible alternatives, then we write

or
(1))( = (1).7(1 el + (1)x2 ez + e + (1)Xn en

without ambiguity. Hence, we observe mxl = ¥ (Ux" = 1)¥n: A located vector
at the origin of E" is entirely established by its end point. In view of this, an ordered
n-tuple of real numbers can be called either a point of an affine space denoted by " or
a vector of a linear space denoted by E". Such spaces are therefore isomorphic. In this
paper, contravariant components are used to denote possible alternatives. They are always
summarized. Every vector of E” admits one and only one set of contravariant components
with regard to an arbitrary basis of E" denoted by B;-. Every vector of E" is uniquely
individuated by one and only one set of contravariant components with regard to an
arbitrary basis of E" denoted by B;-). Note that it is also possible to write

1X = (1)x1 |(1)E1| e + (1)x2 |(1)E2| e+...+ mx” |(1)En| e, 2)

In this paper, a possible value for ;X is a single event. In general, a single event
is intrinsically a well-determined proposition. Since we focus on random goods, every
proposition is always expressible through a real number (see also [7] with regard to what is
objectively possible). (Let E be a single event. The objects to which judgments of probability
apply are called propositions if one is thinking in terms of the expressions in which they
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are formulated. Accordingly, E is a proposition. If E = @, then we write P(E) = 0, where P
stands for probability. Conversely, if E = (), then we write P(E) = 1. However, according
to the subjectivistic point of view, it is possible to observe E # @ such that P(E) = 0 as
well as E # Q) such that P(E) = 1). Uncertainty about a possible alternative stands for
ignorance by the decision maker (see also [8] with regard to a complete explanation of the
subjectivistic point of view). In this paper, uncertainty consists of two different aspects.
Possibility and probability are the two aspects of it (see also [9] for realizing how operational
rules associated with the exploration of probabilistic evaluations work). They are studied
inside linear spaces over R. Its objective aspect is given by what is possible, whereas its
subjective element is given by what is probable (see also [10] with regard to the constitutive
elements of the notion of probability). With regard to

POX) = )x! yp1+ ¥ @2+ )X ()P )

possibility and probability are expressed by two vectors of E” used to obtain P(;X), where
P(1X) is mathematically obtained via a scalar or inner product. We write

ox = (xh @ ")

to denote what is objectively possible. The different outcomes of a random process are
different random events. They are objectively possible. We write

P = ((1)?71/(1)172/- "'(l)Pn)

to denote what is subjectively probable. The probability of a possible alternative is not a first
principle within this context, but it is a practical notion of a relative and subjective nature
(see also [11] with regard to the study connected with its subjective elements associated
with what a given individual feels). We write

mPrt P2ttt @pa=1 (4)

with 0 < W) Pi <1,i=1,...,n. All those evaluations such that (4) holds are coherent.
Their number is equal to co” 1. Given (1>x1, <l)xz, ey (1)x”, a contingent consumption plan
consists of co” ! admissible choices of masses at a first stage such that a weighted average
of n values given by (1) xl, (l>x2, ey (l>x” takes place. Whenever the decision maker chooses
P(1X) at a second stage because it represents the best rational choice for him or her, those n
masses used to obtain the prevision or the mathematical expectation of ; X have to be made
explicit. In particular, if (l)xl =0and (1yP1 = 0, since we observe P2t =1
then nothing changes. We consider concrete probability distributions measuring uncertainty
(see also [12] with regard to the study about uncertainty). They are discrete distributions.
The same is true with regard to  X. Let 1 X and » X be two random goods studied inside the
budget set of the decision maker, where each of them has n (with n > 2 that is an integer)
possible values denoted by I(1X) = {mxl, e (1)x”} and I(xX) = {(z)xl, ey (z)x”}. Since
we have (1)x1 <...< (1)x” as well as (z)xl <...< (2)x” without loss of generality, we
write inf (1 X) = (1)x1 andsup I(1X) = (1>x”, aswellasinf I(,X) = (Z)xl and sup [(2X) =
(2)x". Both 1X and ;X are bounded from above and below. Observe that I(;X) contains
the contravariant components of X € E" associated with 1 X before transferring them on
a one-dimensional straight line, whereas I(, X) contains the contravariant components of
(2)X € E™ associated with X before transferring them on another one-dimensional straight

line (note that a theorem about this is proved by us in another paper currently under review
by an international journal). We have
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and
P(»X) = (2)x1 b1+t (2)x” (2)Pns
where we write
mP1 1t P = 1,

with 0 < WPi <1,i=1,...,n,aswell as

(2)P1 + ...+ (2)pn =1,

with 0 < 2P <1,j=1,...,n

2.2. Random Goods Being Chosen under Uncertainty and Riskiness: the Decision Maker’s Demand
Functions

The possible values for 1 X and ;X are random events. It is possible to show that they
are always found on two half-lines, where each half-line extends indefinitely on the right of
zero before being restricted (see further in this subsection). This is a very important issue.
This is because the budget set of the decision maker is a right triangle belonging to the
first quadrant of a two-dimensional Cartesian coordinate system with regard to random
goods as well. The vertex of the right angle of this triangle coincides with the point given
by (0,0). Its hypotenuse is the budget line, whose slope is negative. Since it is possible
to pursue the subdivision of possible alternatives viewed to be as random events, two
marginal random goods denoted by 1 X and ;X always give rise to a joint random good
denoted by 1 X > X. We accordingly pass from 7 alternatives associated with each marginal
random good to n x n = n* outcomes associated with { X,X. A coherent prevision of
1X 2 X is denoted by P(; X 2 X) (see also [13] with regard to a coherent assessment of masses).
Let P be the set of all coherent previsions denoted by P connected with ;X ,X. The set
denoted by P is a two-dimensional convex set. It is the budget set of the decision maker.
Possible pairs of real numbers denoted by (P(;X), P(2X)) are the Cartesian coordinates
of possible points belonging to P. Note that P(1X,X) is a bilinear measure coinciding
with a two-dimensional point (see also [14] with regard to probabilistic evaluations). We
always project the point denoted by P(1 X X) = (P(1X), P(2X)) onto the two mutually
orthogonal axes of a two-dimensional Cartesian coordinate system whose intersection is
given by the point (0,0). All coherent previsions of each marginal random good identify
two one-dimensional convex sets. Each mass associated with one of n alternatives can take
all values between 0 and 1, end points included, into account. The same is true with respect
to each mass associated with one of n? alternatives.

In general, given 1 X’ and 1 X", whose possible values are on the same horizontal axis
of a two-dimensional Cartesian coordinate system, if P is additive, then we write

P(1 X' +1X") =P(1X') + P(; X"). )

Accordingly, 1 X’ and 1 X" have the same number of possible values. Such a number is
equal to n within this context. Hence, the sum of two n-dimensional vectors is taken into
account. Moreover, n masses associated with n possible alternatives for 1 X’ have to be the
same as the ones associated with n possible alternatives for 1 X”. Otherwise, (5) does not
work. It follows that a more extensive one-dimensional convex set is individuated on one
of the two half-lines under consideration. In fact, given I(1 X) = { (1)x1, ) x"}, where

we have (1)x1 <... < (1)x”, if P is convex, then we write
(1)351 < P(1X) < (1)xn- (6)

For every real number denoted by g, it follows that if we write

P((a)1X) =aP(1X), 7)
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then P is linear (P is also bilinear. Whenever P is bilinear, we decompose it into two linear
measures coinciding with two one-dimensional points. Each of them is still denoted by P.
Moreover, 1 X is always non-negative. In fact, if a is a real number, then it is always between
a’ and a”. We consequently observe that 41X is found between a’ 1 X and a” 1 X. Since we
can write 1X = 1 X’ —1X” every time, where 1 X’ = 1X (with1X > 0) and 1 X" = —1X
(with 1X < 0), 1X’ and 1 X" are non-negative quantities at all times. It follows that 1 X is
non-negative. The same is true with regard to , X. This means that only the first quadrant
of a two-dimensional Cartesian coordinate system is necessary to study ; X and ,X. On the
other hand, the same is true with regard to nonrandom goods handled inside the budget
set of the decision maker). Additivity and convexity of P represent all that is necessary for
the foundation of the whole theory of probability.
From
a1 (1X) +c2(2X) <¢, 8)

it follows that the budget constraint of the decision maker is given by
a1 P(1X) + 2 P(2X) <c. )
The budget line is given by

C1 P(1X) + ¢ P(zX) =c. (10)

Its negative slope is given by —%. Note that c; and c; are the two objective prices of
the two marginal random goods under consideration, whereas c is the amount of money
the decision maker has to spend. Formally, c; and c; are the two real coefficients identifying
the negative slope of a hyperplane embedded in R x R. By definition, this hyperplane
never separates P from the set of possible values for 1 X, X, and 1 X » X. Since P(1X), P(2X),
and P(; X »X) belong to uncountable sets, the quantities demanded by the decision maker
and denoted by P(;X) and P(,X) depend on the three objective elements identifying a two-
dimensional convex set, where P(; X ,X) is decomposed into P(; X) and P(,X) respectively.
It follows that an axiomatic approach to the theory of decision-making is not alone sufficient
to explain bound choices being made by the decision maker. We have to consider subjective
elements as well. In fact, P is intrinsically of a subjective nature (see also [15] with regard to
studies about subjective probability). The budget line can always be drawn. Its nature is
endogenous. This is because it is possible to establish its horizontal and vertical intercepts
every time. This means that we pass from n to n + 1 possible alternatives for each marginal
random good. Structures open to the adjunction of new entities as new circumstances arise
are considered in this way. In this paper, they are linear spaces over R having a different
dimension. Structures open are considered because the notion of a possible alternative
viewed to be as a random event is intrinsically subdivisible. The prices of the two random
goods under consideration are endogenously determined whenever the budget line is
drawn. Three convex sets are established. They are two one-dimensional convex sets and
one two-dimensional convex set. The first one-dimensional convex set is found between
(0,0) and the horizontal intercept of the budget line given by é Weighted averages of
n + 1 values are firstly handled. Their number is infinite. The second one is found between
(0,0) and the vertical intercept of it given by z,- Weighted averages of n 41 values are
firstly treated. Their number is infinite. The third two-dimensional convex set is given
by all the points that are found inside the plane region bounded by the right triangle into
account. Weighted averages of (n + 1) x (n + 1) values are firstly studied. Their number is
infinite. Boundary points that are found on each restricted half-line identify degenerate
averages. Note that (10) always passes through the point whose coordinates are given by

(sup I(1X), sup I(2X)).

Note that it is now possible to pass from E"*! to a linear space over R whose dimen-
sion is equal to 1. There exists a one-to-one correspondence between a one-dimensional
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linear subspace of E"*! and a one-dimensional straight line, on which an origin, a unit
of length, and an orientation are chosen. We study two marginal random goods, so two
one-dimensional linear subspaces of E"*! are dealt with. These subspaces identify two
one-dimensional straight lines, on which an origin, a same unit of length, and an orientation
are chosen. They establish the budget set of the decision maker.

We establish the following;:

Definition 2. After decomposing P(1X »X) inside an uncountable subset of R x R, the decision
maker’s demand functions giving what is chosen with regard to the two random goods under
consideration are expressed by

P(1X) = {P(1X)[(c1, c2,0)] } (11)

and
P(2X) = {P(2X)[(c1,c2,¢)]}, (12)

where P is additive and convex as a consequence of its coherence.

A remarkable point of this paper is the following. The decision maker makes explicit
both marginal masses associated with possible alternatives related to ; X and X and the
joint ones associated with possible alternatives related to 1 X » X whenever the best rational
choice is made by him or her. He or she is subjected to 2(n + 1) — 1 constraints in order to
estimate all joint masses of 1 X 2 X. Such constraints coincide with 2(n + 1) — 1 marginal
masses. Marginal masses associated with possible alternatives related to 1 X and » X give
rise to P(;X) and P(,X). Given the best rational choice expressed by (P(;X), P(2X)), a
bilinear and disaggregate measure coinciding with P(; X ;X) is a summarized element of
the Fréchet class. It is known that the set of all joint distributions of mass, with the same
given marginal masses, constitutes the Fréchet class. Given the prevision bundle expressed
by (P(1X), P(2X)), he or she also makes explicit a summarized element of the Fréchet class
such that P(;X) and P(;X) never change. He or she can choose a coherent summary of
a joint distribution of mass identifying a summarized element of the Fréchet class such
that there is no linear correlation between random good 1 and random good 2, so they are
stochastically independent. In other words, given the same marginal masses, 1 X and » X
can be stochastically independent if each joint mass in a joint distribution is the product
of its corresponding marginal masses. In particular, if 1 X and X are two risky assets,
then the decision maker is risk neutral. He or she could also choose a coherent summary
of a joint distribution of mass such that there is an inverse or direct linear relationship
between 1 X and »X. This means that the decision maker is, respectively, risk averse or
risk loving. In fact, given the same marginal masses, an aggregation of joint masses such
that 1 X tends to increase when ;X increases shows a direct linear relationship between 1 X
and » X. Conversely, given the same marginal masses, an aggregation of joint masses such
that 1 X tends to decrease when ;X increases shows an inverse linear relationship between
1X and »X. It follows that our model supports the notion of risk to be intrinsically of a
subjective nature.

2.3. Random Goods Being Chosen under Uncertainty and Riskiness: Prevision and Utility Are the
Two Sides of the Same Coin

In this subsection, we show that prevision and utility are formally the two sides of the
same coin. Accordingly, we prove the following:

Theorem 1. Let 1 X and » X be two logically independent random goods. They are jointly considered
inside the budget set of the decision maker. Their possible values are expressed by 1(1X) U {:}
and 1(2X) U{ 5 }. If each prevision of 1X » X denoted by P(,1X 2 X) is decomposed into two linear
previsions, then its properties coincide with the ones of well-behaved preferences.
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Proof. If 1X and X, where each of them has n + 1 possible values, are two logically
independent random goods, then the number of the possible values for 1 XX, where
1X X is a joint random good, is equal to (n+1) x (n+1) = (n+1)%. The decision
maker ranks all the prevision possibilities. He or she ranks bundles of two goods. He
or she uses the notion of Euclidean distance between two points measured along the
45-degree line. One of them is given by (0,0). Farther points from (0,0) are preferred
because their ordinal utility is greater. Usual assumptions of completeness, reflexivity, and
transitivity about preferences are valid. The additivity and convexity of P with respect to
two logically independent random goods correspond to the monotonicity and convexity
of well-behaved preferences considered inside the budget set of the decision maker. Well-
behaved preferences are monotonic because more of both goods is better. They are also
convex because averages are weakly preferred to extremes. We are talking about goods, not
bads. We imagine indifference curves which are parallel lines restricted to the first quadrant
of a two-dimensional Cartesian coordinate system. All indifference curves we graphically
imagine are contained in the budget set of the decision maker. They have the same slope
as (10). We think of indifference curves representing perfect substitutes, so the weighted
average of two indifferent and extreme prevision bundles is not preferred to the two
extreme prevision bundles, but it is as good as the two extreme prevision bundles. Every
prevision bundle obtains a utility level and those prevision bundles on higher indifference
curves obtain larger utility levels. The direction of increasing preference is up and to the
right. It is towards the direction of increased random good 1 average consumption and
increased random good 2 average consumption. With regard to (10), we write

APLRX) a

APGX) o 13)

because if the decision maker increases P(1X), then he or she must decrease P(,X) and vice
versa in order to move along it. If he or she chooses (P(;X), P(2X)) inside the budget set,
then we write

AU u(P(1X) + AP(1X), P(X)) — u(P(1X), P(2X))

TAP(1X) AP(1X) ’ (14)

MU,

where MU; measures the rate of change in utility, denoted by All, associated with a small
change in the amount of random good 1 expressed by AP(1X). MUj is the marginal utility
with respect to random good 1. The amount of random good 2 is held fixed. We can
multiply the change in average consumption of random good 1 by the marginal utility with
respect to random good 1. This allows to calculate the change in utility associated with a
small change in average consumption of random good 1. We therefore write

AU = MU; AP(1X). (15)
On the other hand, the marginal utility with respect to random good 2 is

_ AU u(PGX), P(X) + AP(:X)) — u(P(1X), P(2X)) (16)
AP(X) AP(:X) '

MU,

If we calculate the marginal utility with respect to random good 2, then we keep the
amount of random good 1 constant. We can evidently write

AU = MU, AP(;X). (17)

Marginal utility is used to calculate the marginal rate of substitution (abbreviated to
MRS). It is the rate at which a given individual is willing to substitute a small amount
of random good 2 for random good 1. We focus on that indifference curve whose utility
level is larger. It coincides with the budget line. We consider a change in the average
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consumption of each random good such that it keeps utility constant. It is denoted by
(AP(1X), AP(X)). This change moves the decision maker along that indifference curve
whose utility level is larger. We write

MU, AP(1X) + MU, AP(,X) = AU = 0. (18)
If we solve for the slope of the indifference curve, then we obtain

_APGX) MU
MRS = 7 %) = "M (19)

Since the MRS measures the slope of the indifference curve under consideration, if we
consider its algebraic sign, then we write

AP(;X)

RS = —
MRS = = 3p(,%)

because it is negative. Nevertheless, (19) tells us that we consider the absolute value
of the MRS by means of the ratio of marginal utilities. The ratio of marginal utilities is
independent of the particular way being chosen by the decision maker to represent his or
her preferences. Let (P(;X), P(2X)) be a point belonging to the indifference curve, whose
utility level is larger. After projecting (P(;X), P(2X)) onto the two mutually orthogonal
axes of a two-dimensional Cartesian coordinate system, the additivity and convexity of
P with respect to marginal previsions of 1 X and X correspond to the monotonicity and
convexity of well-behaved preferences referred to each axis of a two-dimensional Cartesian
coordinate system. Hence, whenever we say that more is better, we mean that a line
segment is increasingly large on the horizontal axis, and a line segment is increasingly
large on the vertical one. Additionally, any line segment on the horizontal axis is a one-
dimensional convex set in the same way as any line segment on the vertical one. Preferences
for perfect substitutes are expressed by a utility function whose form is additive, so

u(P(1X), P(2X)) = P(1X) + P(2X) (20)

is constant along all indifference curves we graphically imagine. In particular, it is constant
along the budget line. O

Since indifference curves cannot cross, given any two prevision bundles belonging to
two different indifference curves, Theorem 1 tells us that the decision maker can rank them
as to their distance from (0,0) measured along the 45-degree line. One of the prevision
bundles is strictly better than the other if and only if its distance from (0, 0) measured along
the 45-degree line is greater than the other. A numerical example about this can easily be
shown by using the Pythagorean theorem. In fact, it is possible to write

P(;X)? (21)

2
=1

to denote the distance of P from O, where P stands for (P(;X), P(;X)), namely,

P <P(1X )) ‘
P(2X)
The bundles for which the decision maker is indifferent to (P(;X), P(2X)) form the
indifference curve, whose slope is negative. It is imagined by identifying preferences for
perfect substitutes without loss of generality. It intersects the 45-degree line in a point

only. All other indifference curves intersect the 45-degree line. Each of them intersects the
45-degree line in a point only.
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We note the following;:

Remark 1. The budget line contains those prevision bundles, whose utility level is larger. An
optimal choice for the decision maker depends on his or her subjective preferences. For instance, such
a choice can be where the indifference curve is tangent to the budget line. This indifference curve is
therefore rounded. Its slope is negative. Whenever we are not interested in proving that prevision
(probability) and utility are formally the two sides of the same coin, we do not think of indifference
curves representing perfect substitutes. We can think of rounded indifference curves. Nevertheless,
nothing changes. This is because further hypotheses of an empirical nature have always to be made
at a second stage to study the best rational choice for a given decision maker.

2.4. Nonrandom Goods Demanded under Claimed Conditions of Certainty

A nonrandom good is not characterized by a random process. There is no specification
of what will be chosen in each different state of the world. This is because there are not
states of the world. For example, normal and ordinary goods are nonrandom goods. The
demand for a normal good increases when income increases. The demand for an ordinary
good increases when its price decreases. Nonetheless, this paper shows that nonrandom
goods are chosen under claimed conditions of certainty. They are fictitious conditions of
certainty. Bound choices being made by a given decision maker under claimed conditions
of certainty are intrinsically characterized by the incompleteness of the state of information
and knowledge associated with him or her. The conditions of certainty are not real, but
they are ideal. They are an extreme simplification obtained avoiding uncertain factors
that are always present. In fact, in almost all circumstances, and at all times, we all find
ourselves in a state of ignorance (see also [16] with regard to the incompleteness of the
state of information and knowledge associated with a given decision maker). Given two
nonrandom goods having downward-sloping demand curves, (x;, x7) represents what is
actually chosen for each of them by the decision maker inside the budget set. We establish
the following:

Definition 3. The quantity of consumption for two nonrandom goods actually demanded by the
decision maker under claimed conditions of certainty is an average quantity. We write

xlzx%p%—i-...—i-xi’p’f (22)

and
Xo =Xy Pyt ...+ X5 ph, (23)

where {pll} and {pjz} are two sets of n masses, with 0 < pé <1,j=1,...,ni=1,2 whose
sum is always equal to 1 with regard to each of them. Given the best rational choice expressed by
(x1, x2), the estimated quantities of consumption for good 1 are expressed by {x1,..., x!'}, whereas
the estimated quantities of consumption for good 2 are given by {x3,..., x4 }.

We are found inside the budget set of the decision maker. We are found inside a subset
of R x R. Note that we also deal with the weighted average of n? estimated quantities
of consumption for good 1 and good 2 that are jointly considered (see also [17] with
regard to what is demanded for goods). They derive from the Cartesian product given
by {x}, R {x%,. .., x5}, where n? non-negative masses are associated with each
pair of this product. Given (x1, x2), the weighted average of n? estimated quantities of
consumption for good 1 and good 2 is a summarized element of the Fréchet class. We
establish the following:

Definition 4. The set of all weighted averages of n’ estimated quantities of consumption for good
1 and good 2 that are jointly considered, with the same given marginal weighted averages of n
estimated quantities of consumption for good 1 and n estimated quantities of consumption for good
2, constitutes the Fréchet class.
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It is clear that x; is the given marginal weighted average of n quantities of consump-
tion for good 1, whereas x; is the given marginal weighted average of n quantities of
consumption for good 2 (given the best rational choice expressed by (x1, x7), we firstly
handle a closed neighborhood of x; denoted by [x; — €; x1 + €'] on the horizontal axis, and
a closed neighborhood of x; denoted by [x; — €; x5 + €’] on the vertical one, where both
€ and €’ are two small positive quantities. Since the state of information and knowledge
associated with a given decision maker is assumed to be incomplete at the time of choice, n
estimated quantities of consumption for good 1 belong to [x; — €; x1 + €’] and n estimated
quantities of consumption for good 2 belong to [x; — €; xp + €’]. These quantities belong to
two one-dimensional convex sets. It is not necessary that one of n alternatives coincides
with x1. The same is true with regard to x,. It follows that n? estimated quantities of
consumption for good 1 and good 2 jointly considered are handled. After determining
{xd, .., 2}, {xd, ..., x4}, and {x},..., 27} x {x,..., x}}, two nonparametric marginal
distributions of mass together with a nonparametric joint distribution of mass take place
in such a way that (xy, x;) is their chosen summary). With regard to the two goods that
are separately considered, it is evident that every weighted average of n quantities of
consumption for each of them is always found between the lowest quantity of consumption
and the highest one for each good under consideration. The same is true with regard to
n? quantities of consumption for the two goods into account that are jointly considered,
where each pair of #? pairs is handled by taking the arithmetic product of its corresponding
elements into account with regard to a one-dimensional straight line. Note that (x1, x2) is
a bilinear and disaggregate measure belonging to a subset of R x R, where R x R is the
direct product of R and R. It is decomposed into two linear measures, where each of them
belongs to a subset of R. Accordingly, we observe reductions of dimension by passing
from n? to 2 (being equal to 2 the dimension of the plane), and from 7 to 1 (being equal
to 1 the dimension of the straight line). All coherent weighted averages of n? quantities
of consumption for the two goods into account identify a two-dimensional convex set
coinciding with a subset of R x R. They are obtained by taking all values lying between 0
and 1, end points included, into account with regard to each mass of n> masses (weights).
The number of these admissible values is infinite. Moreover, all these averages also identify
two one-dimensional convex sets coinciding with two closed line segments belonging
to the two mutually orthogonal axes of a two-dimensional Cartesian coordinate system.
They are obtained by taking all values lying between 0 and 1, end points included, into
account, with regard to each mass of n masses (weights). The number of these admissible
values is infinite. Strictly speaking, we refer ourselves to two half-lines, where each of
them extends indefinitely in a positive direction from zero before being restricted. Note
that this framework is the same as the one characterizing bound choices being made by
the decision maker under uncertainty and riskiness. Boundary points that are found on
each restricted half-line identify degenerate averages. The budget constraint of the decision
maker is written in the form

c1x1+cx<cg,

where the prices of good 1 and good 2 are given by (c1, ¢2), whereas the amount of money
the decision maker has to spend is given by c. The budget line identifying the budget set
of the decision maker is of an exogenous nature. It is a hyperplane embedded in R x R.
Its negative slope given by —% depends on the known prices of the two goods under
consideration. Note that the elements identifying the decision maker’s budget given by
(c1, ¢z, c) are all objective. Nevertheless, ¢ is assumed to be an uncertain or possible element
at the time of choice. It can therefore be either true or false at a later time unlike the two
objective prices that are certainly true (bound choice being made by the decision maker is
always relative to a given state of information and knowledge associated with him or her. It
is assumed to be incomplete. If there is no ignorance anymore because further information
is later acquired, then it is possible to observe a parallel shift outward or inward of the
budget line. Its slope is accordingly unchanged. Moreover, it is also possible that the budget
line does not shift). The budget set of the decision maker is a right triangle belonging to the
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first quadrant of a two-dimensional Cartesian coordinate system. The vertex of the right
angle of this triangle coincides with the point given by (0,0). We note the following;:

Remark 2. The prices of good 1 and good 2 are the two real coefficients identifying the negative slope
of a hyperplane embedded in R x R. Since (x1, xp) is a point belonging to a two-dimensional convex
set, the budget line does not separate (x1, x3) from the set of points denoted by {x1,..., x} x
{x1,...,x5}. It does not separate x1 from {xi,...,x"}, nor xy from {x},..., x4}. All the
elements of {x1,..., x1} are found between zero and & All the elements of {xd,..., x4} are
found between zero and é By definition, the budget line is a hyperplane, so possible alternatives
rightly come into play. Possible consumption levels are not directly observed, but they are estimated
together with their corresponding masses. Possible consumption levels have to be made explicit by
the decision maker together with their corresponding masses.

The objects of the decision maker choice studied inside the budget set of the decision
maker have to maximize his or her utility (see also [18] with regard to the study about the
subjective notion of utility). Accordingly, these objects of decision maker choice can identify
his or her optimal choices, whose nature is always relative to a given set of information and
knowledge associated with the decision maker under consideration. In this paper, such
objects of decision maker choice deal with average quantities of consumption (see also [3]
with regard to issues treated by revealed preference theory).

3. Revealed Preference Applied to Choices Being Made under Conditions of
Uncertainty and Riskiness

We denote by E? a two-dimensional linear space over R having a Euclidean structure.
(The space of alternatives is firstly denoted by E"*1. Since we study two marginal random
goods at a time, two one-dimensional linear subspaces of E"*! are considered. Each of
them is transferred on a one-dimensional straight line, on which an origin, a same unit of
length, and an orientation are chosen. We do not handle two one-dimensional straight lines,
but we deal with two half-lines. We pass from two half-lines to two closed-line segments.
This is because P is involved together with its coherence properties. We accordingly use
n + 1 non-negative and finitely additive masses with regard to n + 1 possible alternatives
referred to each marginal random good, so E? coincides with R x R. On the other hand,
we write dim E2 = dim(R x R) = 2. To use 1 + 1 masses with regard to each marginal
random good such that co” admissible choices of them can firstly be made implies that two
one-dimensional convex sets are handled). E? consists of ordered pairs of real numbers.
The set of all x € E2, with 1x = P(;X) > 0and ,x = P(2X) > 0, is denoted by Ei. The set
of all x € E?, with 1x = P(;X) > 0 and x = P(X) > 0, is denoted by E3 ,. A different
budget set can be observed whenever the budget line changes its negative slope. Each
choice being made by the decision maker is associated with a budget set characterized by
a budget line. All decision maker’s previsions concerning joint random goods that are
chosen whenever the budget line changes its negative slope can identify a finite sequence
belonging to E? and denoted by

{(xF|k=1,...,K}. (24)

For each k, it is possible to consider a pair of real numbers written in the form (x’lf, x5).

If we suppose, to fix ideas, that it turns out to be K = 2, then we are faced with a balanced
sequence of pairs given by

(x], x}), (x}, ). (25)

With regard to such a sequence, it suffices to observe how upper and lower indices
appear. The space where the decision maker chooses is denoted by E? . It coincides with the
first quadrant of a two-dimensional Cartesian coordinate system. We consider a collection
denoted by U of utility functions written in the form

Uu:E2 - R, (26)
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where we have U € U. Each decision maker’s prevision concerning a joint random good
consists of a two-dimensional vector x € E2 obtained from the budget set denoted by

B(c,c) = {x € E2|c-x<c} (27)

within this context, where ¢ = (c1, ¢2) is a price vector, whereas c is the amount of money
the decision maker has to spend. We wrote the same budget constraint treated before. Note
that ¢ - x is a scalar or inner product characterizing E? from a metric point of view. A generic
pair denoted by

(x,¢) € 2 x E% (28)

represents all we need to know about a coherent prevision of a random good being made
by the decision maker and about the budget. It follows that a finite collection of pairs
written in the form

{(x}, cl),..., (xK, CK)} (29)

expresses a dataset. We deal with random goods, whose possible values can explicitly
be considered of a monetary nature. Since in this paper each point of the budget set
of the decision maker is a summarized element of the Fréchet class, concave or convex
utility functions whose nature is ordinal can be considered. These utility functions are
used to satisfy a preference ordering. A linear utility function representing the identity of
monetary value and utility can also be considered (see also [19] with regard to a specific
optimization problem). For instance, the decision maker can estimate all the joint masses
under consideration in such a way that he or she is risk averse. Given a collection U of
strictly increasing and concave utility functions, a dataset expressed by (29) is U-rational if
there exists U € U such that we write, for each k,

X € argmax {U(x)| x € B(ck, ¢ - xF)}. (30)

On the other hand, the decision maker can also estimate all the joint masses under
consideration in such a way that he or she is risk loving. Given a collection U’ of strictly
increasing and convex utility functions, a dataset expressed by (29) is U'-rational if there
exists U’ € U such that we write, for each k,

X € argmax {U’(x)|x € B(c*, & -xF)}. (31)

If the decision maker estimates all the joint masses under consideration in such a
way that he or she is risk neutral, then his or her linear utility function coincides with the
45-degree line. A dataset expressed by (29) is U”-rational if there exists one and one only
U” € U” such that we write, for each k,

Xk € argmax {U" (x)|x € B(c*, - xF)}. (32)

The decision maker maximizes his or her subjective utility associated with each bundle
of two random goods belonging to (29) when and only when his or her choices are found
on the corresponding budget lines, where the 45-degree line exactly crosses them. Note
that in order for U(x) and U’(x) to appear linearly in the representation, it is necessary to
introduce a new axis. The same is not true for U”(x). This is because it is possible to use
the 45-degree line inside the budget set of the decision maker where there are only two
axes. (Though the optimal-choice problem studied in this paper is a topic concerning a
constrained optimization problem, it is not solved by using an auxiliary function known as
the Lagrangian. In fact, the preference-maximization problem is solved through the notion
of distance. With regard to a quadratic metric, we use measures compatible with concave,
convex, and linear utility functions. We do not use tools compatible with a concave utility
function only. We exercise great care in not going far beyond the consideration of cases
immediately at hand and directly interesting. In this paper, they are objective alternatives
whose number is finite. We do not substitute the abstraction of schematized models for
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the changing and temporary reality. Accordingly, in saying something about the particular
case of interest, we do not prefer to race on ahead playing around with illusory problems
contemplating infinite cases. They are all possible cases. After contemplating infinite cases,
it is conceptually possible to choose one of them. If one of them is chosen, then a prediction
appears. This is because to make a prediction means to venture to try to guess, among the
possible alternatives, the one that will happen. On the other hand, it is mathematically
possible to obtain a result based on infinite cases without any risk. If it is obtained, then a
sure prediction takes place. This is because a powerful mathematical method is used. A
sure prediction is a uniquely determined answer to a problem based on infinite cases. They
are all possible cases. In this paper, we are conversely interested in the notion of prevision,
so barycenters of masses distributed over a finite set of possible alternatives are chosen.
Prevision is not prediction).

4. An Extension of the Notion of Bundle of Nonrandom Goods: A Consumption Matrix

Given (x1, x2), (22) and (23) are obtained by decomposing inside the budget set of the
decision maker the bilinear measure expressed by

xleZX% x%p11+“'+x¥ xgpnnl (33)

where we write
putprot-FprutoFtpPm=1 (34)

with 0 < Pij <1,i,j=1,...,n. We deal with n? joint masses characterizing (33). We can
think of putting them into a two-way table having n rows and n columns. Such masses are
mathematically the covariant components of an affine tensor of order 2 studied outside
the budget set of the decision maker (see also [20] with regard to the study connected
with nonparametric distributions of mass). Nevertheless, together with {x%, Ul
{xd,..., x4}, they also identify a point belonging to a subset of R x R. This subset coincides
with the budget set of the decision maker. Given (xi, x3), all the n? joint masses are
subjectively chosen in such a way that the marginal masses identifying the sets { p| } and
{p}} remain unchanged. It being understood that the marginal masses always remain
unchanged whenever (x1, x,) is chosen, we also consider

XX = 2 Pyt 2] 2 (35)
where all off-diagonal masses are necessarily equal to 0,

X2 Xy = X3 x} Pt X5 X5 P, (36)
where all off-diagonal masses are necessarily equal to 0, and

XpX] = Xy Xipyy oo X X D (37)
where x; x1 has the same joint masses as x7 x. It follows that we write a symmetric matrix

of order 2 denoted by
C= ("1 oo, "2) . (38)
X2 X1 X2 X2

We call it a consumption matrix. Aggregate bound choices are studied in this way.
A nonlinear analysis is used. Whenever we deal with x; x; and x; x3, the slope of the
corresponding budget line is equal to —1. This is because the two catheti of the right
triangle under consideration are equal.

We establish the following;:

Definition 5. Given two marginal goods, whose chosen quantities are expressed through pure
numbers, a consumption matrix is a square matrix of order 2 containing four bilinear measures,
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where each of them is decomposed into two linear measures inside the budget set of the decision
maker.

We firstly handle all the points belonging to the budget set of the decision maker. All
the points belonging to the budget set of the decision maker are barycenters of masses dis-
tributed over finite sets of alternatives. We secondly focus on x1 x,. Hence, we decompose
x1 X2 into two linear measures. Since we want to release the notion of bundle of goods
from the one of ordered pair of quantities of consumption being chosen by a given decision
maker, we obtain four metric measures coinciding with all elements of the square matrix of
order 2 denoted by C. An aggregate measure of a bilinear nature is accordingly given by

X1 X1 X1 X2

= X1 X1 X7 Xy — X1 XX X1. 39
Yax1 Xt 1X1 X2 X — X1 X2 X2 X1 (39)

Possible alternatives are firstly estimated together with their corresponding masses.
They are secondly aggregated. The measure given by (39) derives from four a-products.
They are x1 x1, X1 x2, X2 x1, and x x2. Each of them is obtained as a scalar or inner product
by using joint masses. The measure given by (39) represents the average quantity of
consumption for a double and stand-alone nonrandom good consisting of good 1 and good
2. A double good is nothing but a multiple good of order 2. Its components are good 1
and good 2. Their multilinear relationships are studied. The measure given by (39) is the
a-norm of a particular tensor of order 2. Each a-product contained in (39) is calculated
outside the budget set of the decision maker. In fact, it uses n? joint masses that are the
components of an affine tensor of order 2 belonging to E"” ® E", where we have

dim(E" ® E") = n?.

Even though each a-product contained in (39) is a real number, it does not appear as
such inside the budget set of the decision maker. This real number appears in a disaggregate
fashion. This is because only a two-dimensional point expressed by an ordered pair of real
numbers appears.

Another Consumption Matrix: Changes of Origin

Given x3, it is possible to consider a change of origin expressed by
di = (xf —x1) pi+...+ (f —x1) i, (40)

where we write (xl1 —x1) = di, i = 1,...,n All deviations from x; of the estimated
alternatives associated with good 1 are considered in this way. Given xy, it is similarly
possible to consider another change of origin given by

dy = (x3 = %2) py+ o+ (35— %2) P2, (41)
where we write (x]2 —Xp) = dé,j =1,...,n. We obtain
dvdy = di dypyy + -+ Y d3py, (42)

where we have
putret-Fputotpw=1

with 0 < Pij <1,i,j=1,...,n. We also consider

dydy = dydipy + ...+ di dpy, (43)

dydy = dydypyy + ...+ d3 A5 py, (44)
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and
dydy = dydipyy + ...+ dy dip,. (45)

All marginal and joint masses do not change (see also [21] with regard to the study
about changes of origin). They are the same masses that are established by the decision
maker with regard to the estimated alternatives connected with x1, xp, and x; x. We write
another symmetric matrix of order 2 denoted by

; (didy dydy
¢ = <d2 4 dy d2>' (46)

It contains four bilinear measures identifying four a-products. They are all considered
outside the budget set of the decision maker. It follows that another aggregate measure of a
bilinear nature expressing the variability of consumption for a multiple good of order 2 is
given by
dy dy dydy

hd g =hdidd—diddyd. (47)

It is based on changes of origin.

5. How to Check the Weak Axiom of Revealed Preference by Using Aggregate Measures

5.1. The Bravais—Pearson Correlation Coefficient Associated with Each Bundle of Two Nonrandom
Goods Being Chosen by the Decision Maker Inside His or Her Budget Set

Given (x1, x3), we consider two aggregate measures based on changes of origin. The
former is expressed by (47), whereas the latter coincides with

s |didy 0
dip = 0 AL (48)
After some mathematical steps, we write
did;  dido|\
dyd dyd
1< (o228 Rl <1, (49)
dy dp 0
0 dy dp

where it is possible to realize that the expression within the parentheses coincides with the
Bravais—Pearson correlation coefficient referred to a double and stand-alone nonrandom
good consisting of good 1 and good 2. We write it in the following form given by

S dy dp
BT A d iy dy

It is a measure of a linear relationship between two sets of estimated quantities of
consumption for good 1 and good 2. It geometrically measures the angle between two
vectors of E", where the contravariant components of each of them represent all deviations
from a mean value. Since metric measures can be considered inside linear spaces over R
having a different dimension, this paper shows that everything can vectorially be studied,
provided one takes an appropriate number of dimensions.

We note the following;:

(50)

Remark 3. Whenever we consider a bilinear measure that is decomposed into two linear measures,
we refer ourselves to a continuous subset of R x R. Such a bilinear measure is decomposed into two
linear measures inside a convex set coinciding with a subset of R x R. The budget set of the decision
maker is generated by two one-dimensional straight lines, on which an origin, a same unit of length,
and an orientation are established. They identify two mutually orthogonal axes of a two-dimensional
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Cartesian coordinate system. With regard to two one-dimensional straight lines, we consider two
“reductions of dimension”. We firstly pass from 2 to 1. In fact, a point of a two-dimensional convex
set is always decomposed into two points of two one-dimensional convex sets. We secondly pass
from n to 1. In fact, since the decision maker summarizes n estimated consumption alternatives
corresponding to n one-dimensional points by using n non-negative masses subjectively chosen, he
or she obtains a real number with respect to each closed line segment belonging to each half-line.

Remark 4. Whenever we consider an aggregate measure referred to a multiple good of order 2, we
take four bilinear measures into account. Each of them is obtained by considering the covariant
components of an affine tensor of order 2. Such components coincide with the n? joint masses that
are estimated by the decision maker. After establishing the marginal masses, the decision maker has
to take them into account to estimate n joint masses. The aggregate measure under consideration
coincides with the determinant of a square matrix of order 2. It is a real number obtained by
considering a bilinear function. The two columns of the matrix under consideration are two column
vectors, where each of them has two components expressed by two real numbers. Whenever we
consider an aggregate measure, we go away from the budget set of the decision maker.

Remark 5. The Bravais—Pearson correlation coefficient is intrinsically based on the bilinear object
being chosen by the decision maker inside the budget set. Such an object is a bundle of two goods.
Nevertheless, whenever we use the Bravais—Pearson correlation coefficient, we go away from the
budget set of the decision maker.

5.2. A Violation of the Weak Axiom of Revealed Preference

Suppose that (x1, x2) is chosen by the decision maker at prices (b1, bp) (see also
[22] with regard to new developments in revealed preference theory). We denote by 11
the Bravais—Pearson correlation coefficient associated with (x1, x7). Such a coefficient is
expressed by (50). Remind that the quantity of consumption that is chosen for good 1 is
found on the horizontal axis, whereas the quantity of consumption that is chosen for good
2 is found on the vertical one. If good 1 becomes more expensive and good 2 becomes
less expensive, then the budget line changes its negative slope. This is because the state of
information and knowledge associated with a given decision maker changes (see also [23]
with regard to probabilistic aspects). The budget line becomes steeper. Let (11, y2) be the
bundle of goods being chosen at prices (41, 2), where it is evident that we have q; > by
and g, < bp. The Bravais—Pearson correlation coefficient associated with (y1, y»), where
we write (y1, y2) # (x1, X2), is denoted by

o= = (51)
o dy o db
We have

1

di=wi—y)pi+...+ W —y)p (52)
as well as

1

dy=(—y2) Pyt + (W5 —y2) Ps, (53)

where the estimated quantities of consumption for good 1 at price q; and connected with /4
are expressed by {y1,..., "}, whereas the estimated quantities of consumption for good 2

at price g, and connected with v, are given by {y3,..., y4}. Note that {p'} } and {p'}} are
two sets of n non-negative masses such that each mass of them is found between 0 and 1,
end points included. The sum of these masses is always equal to 1 with regard to each set
of them.

If a violation of the weak axiom of revealed preference is observed, then the quantity
of consumption that is chosen for good 1 and denoted by y; does not decrease, but it
increases (see also [24] with regard to the study referred to demand functions). Moreover,
the quantity of consumption that is demanded for good 2 and denoted by y, does not
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increase, but it decreases. A violation of the principle according to which the demand curve
for each of the two goods under consideration slopes downwards is consequently observed.
This implies that if a negative number is used to show r1, because there exists an inverse
relationship between the quantity of consumption associated with a good and its price,
then a positive number has to be used to show r},. This is because we have to consider a
change of sign. On the other hand, this paper shows that each point of the budget set of the
decision maker is a summarized element of the Fréchet class. Accordingly, the decision
maker can estimate all the joint masses expressing the variability of consumption for the
two marginal goods under consideration based on the state of information and knowledge
associated with him or her (see also [25] with regard to multilinear measures).

5.3. Decision Maker Choices That Satisfy the Weak Axiom of Revealed Preference

Suppose (x1, x3) to be chosen by the decision maker at prices (b1, bp). We denote
by rq, the Bravais—Pearson correlation coefficient associated with it. Such a coefficient is
expressed by (50). If good 1 becomes less expensive and good 2 becomes more expensive,
then the budget line changes its negative slope. It becomes flatter. Let (y1, y2) be the
bundle of goods being chosen at prices (g1, 42), where it is clear that we have q; < b; and
g2 > by. The Bravais—Pearson correlation coefficient associated with (y1, y2), where we
write (y1, y2) # (x1, x2), is denoted by (51).

If the weak axiom of the revealed preference is satisfied, then the quantity of con-
sumption that is chosen for good 1 and denoted by y; does not decrease, but it increases.
Moreover, the quantity of consumption that is chosen for good 2 and denoted by 1, does not
increase, but it decreases. Hence, we do not observe a violation of the principle according to
which the demand curve for each of the two goods under consideration slopes downwards.
This implies that if a negative number is used to show r1y, then a negative number has to
be used to show r},. This is because we do not need to consider a change of sign.

5.4. A Summary of Consumption Data Based on Subjective Elements as Well

In general, the chain of direct comparisons can be of any finite length. Assumptions
about how the decision maker’s preferences work tell us that any two bundles of goods
can directly be compared. Hence, to say that any two bundles of goods can directly be
compared means that the decision maker can choose between any two given bundles
of goods. Any two bundles of goods belonging to two different indifference curves can
directly be compared for a reason of a metric nature. This is because the preferred bundle is
always more distant from (0,0) than the other one (see Theorem 1). (In this paper, a bilinear
measure coincides with a two-dimensional point, whereas a linear measure coincides with
a one-dimensional point. The bilinear objects being chosen by the decision maker inside his
or her budget set coincide with two-dimensional points. They are bundles of two goods.
They are always measured within this context).

Let (x1, x2) be the consumption bundle being chosen when prices are (¢1, cz). Let
(y1, y2) be another consumption bundle such that we write

C1X1+C2x2 2> C1Y1 + C2Y2. (54)

If the decision maker is choosing the most preferred bundle he or she can afford, then
(x1, x2) is strictly preferred to (y1, y2). It is strictly preferred to (y1, y2) for a reason of a
metric nature. This is because distances of (x1, x2) and (1, y2) from the point given by
(0,0) can be measured, so the meaning of (54) is of a metric nature.

After observing several choices of bundles of goods at different prices, we obtain
different measures to check the weak axiom of revealed preference (see also [26] with regard
to empirical aspects associated with choice). We are indirectly interested in knowing how
much it costs the decision maker to purchase each bundle of goods at each corresponding set
of prices. This is because we want to consider subjective elements as well. They are always
connected with choices of bundles of goods being made at different prices (see also [27] with
regard to the study about individual behavior). Thus, we are directly interested in knowing
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the sign of each correlation coefficient associated with each observation characterized by
a given set of prices and quantities of consumption being chosen by the decision maker.
Each observation identifies a choice relative to a given set of information and knowledge
associated with a given decision maker (see also [28] with regard to a primordial and
fundamental study connected with revealed preference). It is assumed to be incomplete
at the time of choice. In this paper, we focus on possible and objective alternatives that
are estimated after recognizing that the budget line is formally a hyperplane embedded in
R x R whose slope depends on the prices. In particular, we observe the same sign expressed
by the minus symbol referred to each correlation coefficient whenever the decision maker
chooses the best things he or she can afford. We conversely observe different signs referred
to all correlation coefficients that have been calculated in this paper whenever the decision
maker does not choose the best things he or she can afford. It follows that all bound choices
being made by him or her are not coherent with revealed preference theory (see also [29]
with regard to the notion of utility function).

6. Other Variability Measures Characterizing a Bayesian Approach to the Theory of
Decision-Making: Mean Quadratic Differences Referred to Random Goods

The notion of a-product is of a metric nature. It is a scalar or inner product whose
mathematical character is bilinear. Contravariant and covariant components of vectors
belonging to E"*! are used to obtain it. Contravariant components of vectors belonging to
E"*! are mathematically used outside the budget set of the decision maker. For example,
from the following Table 1,

Table 1. Contravariant and covariant components of vectors

Random Good 2

0 4 5 Sum
Random Good 1
0 0 0 0 0
2 0 0.1 0.2 0.3
3 0 0.5 0.2 0.7
Sum 0 0.6 04 1

it follows that we write P(; X ,X) = 11.8. Given the contravariant components of @)X
identifying the following column vector

.

its covariant components are expressed by
0-0+4-0+5-0=0,

0-0+4-01+5-02=14,

and
0-0+4-054+5-02=3,

so it is possible to write the following result

0 0
3 3
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On the other hand, after calculating the covariant components of (1)X in a similar way,

0 0
< (1.7), (4) > = (1% @X)a = P(1X2X) = 118,
1 5

A marginal distribution of 1 X can be interpreted as a joint distribution of 1 X and
2X = ¢. For instance, from the following Table 2,

we write

Table 2. A marginal distribution viewed to be as a joint distribution

2X = ¢
1 1 1 Sum
1X
0 0 0 0 0
2 0 0.3 0 0.3
3 0 0 0.7 0.7
Sum 0 0.3 0.7 1

it follows that it is possible to write P(1X) = P(1X,X) = P(,X1X) = 2.7. Since

we have P(1X1X) = 7.5 and P(,X»X) = 1, the variability of consumption for ;X can be
expressed by

2 _[PX1X) =75 P(GXoX) =27

X T PLX,X) =27 PGX.X) =1 2 (55)

It is clear that (55) expresses a known index in a more general fashion. The variability
of consumption for 1 X is processed outside the budget set of the decision maker, whereas
P(1X) is actually chosen inside the budget set of the decision maker. If P(; X) is chosen by
the decision maker inside the budget set, then 1 X is associated with another random good,
whose possible values are all different. This is because they identify a finite partition of
states of the world of a contingent consumption plan. 1X can also be associated with 1 X
itself. The variability of consumption for ; X is processed on the basis of what is actually
chosen. A nonparametric distribution of mass characterizing a marginal random good
denoted by 1 X is summarized by using the notion of a-norm of a tensor of order 2 denoted
by (1) f. A measure of variability connected with consumption for ;X is obtained by

calculating the a-norm of ) f denoted by || 1) flI2 (see also [30] with regard to multilinear

measures applied to the notion of utility). The relation between the mean quadratic
difference of 1 X, given by

1

2 xlI2 2%
WOX) =g flE =5 0

_ p (56)
2 (1)x 2

and its standard deviation has been established by Corrado Gini (see also [31] with regard
to indices obtained through an approach put forward by Corrado Gini). Note that DX has
its contravariant components that are all equal because it vectorially denotes the expected
value of 1 X. The variability of a distribution of mass depends on how the decision maker
estimates all the masses under consideration. These masses are estimated by him or her
according to a given knowledge hypothesis. It is made explicit by him or her from time to
time. We write

A2 (1X) =20%. (57)

The linear mean quadratic difference of Xj, given by

%AZ(XlZ) = ||(1)d - (2)d||oz¢ = ||(1)d||3¢ + ||(2)d||3¢ - 2<(1)d/ (2)d>tx (58)
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is obtained by using a linear and quadratic metric (see also [32] with regard to measures
where the variability is not standardized). It is clear that X, is a multiple random good of
order 2 (think of a two-risky asset portfolio). The nonlinear (multilinear) mean quadratic
difference of Xi, expressed by

3? 2
NLA%(X1p) = ar iy dllz Nl oydllz — (<(1)d, (2)d>a) } (59)

is obtained by using a nonlinear and quadratic metric (see also [33] with regard to a different
approach to variability). All possible values identifying (1)d represent deviations from a
mean value. All possible values identifying (z)d represent deviations from a mean value.
After observing that
= % e
Tyl [yl

is the measure of correlation with respect to X1, whose possible values for its components
denoted by 1 X and ;X are subjected to changes of origin, we observe

(60)

3
2u8%(X02) = 5y dI |yl (1= 32)- (61)

We already obtained the measure of correlation with respect to a multiple good of
order 2 that is chosen under claimed conditions of certainty. Note that ?A%(Xj,) and
JZ\IL A?(X1p) measure the riskiness of X;, whenever X, is viewed to be as a two-risky asset
portfolio. On the other hand, portfolio choices are bound choices as well.

7. Multiple Physical Goods of Order 2: A Numerical Example

For convenience, we consider a simplified dataset, whose real observations are only
two. The state of information and knowledge associated with a given decision maker is
assumed to be incomplete at the time of choice.

In Table 3, the prices of the two single physical goods under consideration are denoted
by ¢1 and ¢y, whereas the quantities actually chosen by the decision maker inside the
budget set are denoted by x; and x,. For example, these quantities are associated with
two different kinds of cheese. These two different kinds of cheese are, respectively, good 1
and good 2. With regard to the first observation, a joint distribution of mass is estimated
together with two marginal distributions of mass. We estimate a joint distribution by taking
into account that our goal is also to check the weak axiom of revealed preference. In this
section, we estimate a joint distribution of mass together with two marginal distributions
of mass by taking two logical criteria into account. They obey the rules of the logic of
prevision and the ones of ordinary logic. Ordinary logic characterizes choices being made
under conditions of ideal certainty. The logic of prevision is involved whenever the state of
information and knowledge associated with a given decision maker is incomplete. Given
a finite number of alternatives that can be observed or estimated, such a logic admits an
infinite number of admissible values connected with each non-negative mass. Conversely,
ordinary logic admits only two values associated with each non-negative mass, either true
= 1 or false = 0, whenever the state of information and knowledge associated with a given
decision maker is assumed to be complete. If ignorance ceases, then a consumption level
is not uncertain or possible anymore, but it is either true or false. (Two types of logical
reasoning can separately be handled. Given n observed consumption levels belonging to a
set whose nature is objective, if we want to obtain their coherent summary, then a deductive
reasoning takes place. On the other hand, given an observed quantity contained in the
dataset under consideration (see Table 3), if we pass from n estimated consumption levels
(belonging to a closed neighborhood of the observed quantity into account) to their coherent
summary coinciding with this observed quantity, then a deductive reasoning still takes
place. In general, a deductive reasoning always uses n non-negative and finitely additive
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masses, where each of them can take infinite admissible values between 0 and 1, end points
included, into account. It is not necessary that one of the n alternatives coincides with their
summary. Real situations where the state of information and knowledge associated with a
given decision maker is incomplete at the time of choice are therefore dealt with by the logic
of prevision. Conversely, if we pass from an observed value contained in the dataset under
consideration to n estimated consumption levels (belonging to a closed neighborhood of the
observed quantity into account), then an inductive reasoning takes place. It uses n masses
such that n — 1 masses are coherently equal to 0, whereas only one mass of n masses is
coherently equal to 1. Ordinary logic is consequently involved, so degenerate distributions
of mass to be summarized appear. Since linear spaces and subspaces over R are taken into
account to study bound choices in this paper, admissible ordered n-tuples of real numbers
(belonging to a closed neighborhood of the observed quantity under consideration) can be
estimated by the decision maker before transferring them on a one-dimensional straight
line, on which an origin, a unit of length, and an orientation are chosen. Their number is
infinite. The decision maker chooses one of them based on lower and upper bounds that
are established. One of them identifies n outcomes such that only one alternative expressed
by a real number is true. All others are false. It is true because it is observed under ideal
conditions of certainty. This number is therefore that value appearing in the dataset under
consideration. Hence, it is absolutely necessary that one of # alternatives coincides with the
observed value contained in the dataset into account. In this section, if the incompleteness
of the state of information and knowledge associated with a given decision maker ceases,
then the bound choice does not change. This means that a new piece of information later
acquired in such a way that there is no ignorance anymore is unimportant with regard to
the bound choice). From the following Table 4,

Table 3. A simplified dataset

Observation c1 Co X1 Xo
1 4 5 2
2 6 3 1.5

Table 4. An estimated joint distribution associated with two marginal choices

Good 2

0 2 3 4 Sum
Good 1
0 0 0 0 0 0
1 0 0 0 1/3 1/3
2 0 0 1/3 0 1/3
3 0 1/3 0 0 1/3
Sum 0 1/3 1/3 1/3 1

we observe x1 xp = xp x1 = 5.33, x1 = 2, x, = 3. From the following Table 5,
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Table 5.
Good 1
0 1 2 3 Sum
Good 1
0 0 0 0 0 0
1 0 1/3 0 0 1/3
2 0 0 1/3 0 1/3
3 0 0 0 1/3 1/3
Sum 0 1/3 1/3 1/3 1

it is possible to write x1 x; = 4.67. All off-diagonal elements have to be equal to 0. The
slope of the corresponding budget line is equal to —1. With regard to the budget set of the
decision maker containing points whose number is infinite, each joint probability can take
all values from 0 to 1, end points included, into account. Conversely, how to estimate x; x4
is constrained. From the following Table 6,

Table 6.
Good 2

0 2 3 4 Sum
Good 2
0 0 0 0 0 0
2 0 1/3 0 0 1/3
3 0 0 1/3 0 1/3
4 0 0 0 1/3 1/3
Sum 0 1/3 1/3 1/3 1

it is possible to obtain x; x; = 9.67, so we write

4.67 5.33

2 = ‘5.33 9.67‘ = 1675

Our simplified dataset contains pure numbers, so 16.75 represents the average quantity
of consumption referred to a multiple physical good of order 2. The two single physical
goods, which are the components of this multiple physical good of order 2, are not fused
together from a physical point of view. If this happens, then we obtain another single
physical good. Conversely, we want to obtain a multiple physical good of order 2, whose
components are two single physical goods. A multiple physical good of order 2 is a
portfolio containing two single physical goods. They give rise to an aggregate good. It is
viewed to be as a stand-alone good from a conceptual point of view. It does not live from a
material point of view. Conversely, its components live from a material point of view.

With regard to the second observation, a joint distribution of mass is estimated together
with two marginal distributions of mass. In this section, we estimate them by taking two
logical criteria into account. We estimate a joint distribution by taking into account that our
goal is also to check the weak axiom of revealed preference.

From Table 7, we have x1 x; = xp x1 = 5.33,x1 = 1.5, x, = 4.
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Table 7.
Good 2
0 3 4 5 Sum
Good 1
0 0 0 0 0 0
0.5 0 0 0 1/3 1/3
1.5 0 0 1/3 0 1/3
25 0 1/3 0 0 1/3
Sum 0 1/3 1/3 1/3 1

From Table §, it is possible to write x1 x; = 2.917. All off-diagonal elements have to be
equal to 0.

Table 8.
Good 1

0 0.5 1.5 2.5 Sum
Good 1
0 0 0 0 0 0
0.5 0 1/3 0 0 1/3
1.5 0 0 1/3 0 1/3
25 0 0 0 1/3 1/3
Sum 0 1/3 1/3 1/3 1

From Table 9, it is possible to obtain x; xp = 16.67, so we write

2917 5.33

X1p = ‘ 533 16.67’ = 20.21749.
Table 9.
Good 2

0 3 4 5 Sum
Good 2
0 0 0 0 0
3 0 1/3 0 0 1/3
4 0 0 1/3 0 1/3
5 0 0 0 1/3 1/3
Sum 0 1/3 1/3 1/3 1

It is clear that 20.21749 represents the average quantity of consumption referred to a
multiple physical good of order 2. This quantity was obtained by considering the quantities
actually chosen by the decision maker inside the budget set characterized by a specific pair
of prices. If we consider changes of origin, then it is possible to study the variability of
consumption referred to a multiple physical good of order 2. It is also possible to check the
weak axiom of revealed preference.
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From Table 10, it follows that it is possible to consider aggregate measures as well.
We calculate some aggregate measures. They are x15, dip, and r1. The weak axiom of
revealed preference is satisfied. Choices connected with two single physical goods are
rational. Accordingly, multiple choices connected with a multiple physical good of order 2
are rational as well. The best rational choice depends on the decision maker’s preferences.
Their nature is subjective. (Optimal choices are always referred to the variable state of
information and knowledge associated with a given decision maker. Actual situations are
intrinsically uncertain, so a less arbitrary origin has to be considered. By studying average
quantities, the possibility that bound choices are relative to a specific state of information
and knowledge associated with a given decision maker is handled. Thus, variations in the
total amount of money the decision maker has to spend could happen. Risks of external
origin determining variations in income could occur as well. Since a point of the budget
set of the decision maker is chosen whenever the best rational choice for a given decision
maker takes place, a specific weighted average is not logically undetermined anymore, but
it is logically determined. It consists in distributing among all the alternatives into account
subjective expectations and sensations identified with non-negative and finitely additive
masses. In this paper, barycenters of masses distributed over finite sets of alternatives
are specifically treated). The best rational choice depends on further hypotheses of an
empirical nature. In this paper, it is not possible to show computational simulations and
algorithms underlying measures that identify bound choices for space constraints only (see
also [34] with regard to an interesting issue in biomedicine).

Table 10. Some aggregate measures connected with bound choices

Observation c1 c2 X1 X2 X12 drz r12
1 4 5 2 3 16.75 0 -1
2 6 3 1.5 4 20.21749 0 -1

8. Discussion, Conclusions, and Future Perspectives

This study focuses on metric measures. The variability of choice for two marginal
nonrandom goods that are the components of a multiple good is expressed by using the
Bravais—Pearson correlation coefficient. This coefficient is intrinsically associated with
aggregate measures. We use it because the variability of a joint distribution of mass
is expressed by its numerator. This variability always depends on how the decision
maker estimates all the joint masses under consideration. The Bravais—Pearson correlation
coefficient associated with each bundle of two nonrandom goods is used in order to
check the weak axiom of revealed preference. In this paper, mean quadratic differences
connected with multiple random goods are also proposed. This is because the origin of
the variability of a nonparametric distribution of mass is not standardized within this
context. It is not standardized because the decision maker makes explicit, from time to
time, the knowledge hypothesis underlying it. This origin is not connected with the theory
of measurement errors, where such errors are of a random nature. Different measures
based on this origin can be used. In general, aggregate measures can be established to
study bilinear or multilinear relationships between variables. In particular, it is possible to
consider such measures together with parametric probability distributions, such as normal
distributions to solve specific inference problems treated by statistics and econometrics.
In this paper, we firstly deal with four Cartesian products, where each of them is the
product of two finite sets identifying the estimated consumption levels for two marginal
nonrandom goods being chosen under claimed conditions of certainty. Non-negative and
finitely additive masses connected with each Cartesian product are considered, so a square
matrix of order 2 is secondly obtained. The average quantity of consumption associated
with a multiple good of order 2 and its variability are obtained by taking four real numbers
into account, where each of them derives from an a-product. Four Cartesian products are
studied because the Cartesian product of two finite sets of estimated consumption levels
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associated with two marginal nonrandom goods is released from the notion of ordered
pair of estimated consumption levels connected with each good under consideration. Four
ordered pairs of marginal nonrandom goods are handled. An extension of the notion of
bundle of goods is caught in this way. A nonlinear analysis is used.

In this paper, we apply to random goods the principles of revealed preference. This is
because the budget line can always be drawn. It is possible to establish its horizontal and
vertical intercepts every time. The prices of the two random goods under consideration are
always determined in this way. Three convex sets are established. It is possible to check
how the budget line changes its negative slope from an observation to another one. P(; X)
and P(,X) are chosen by the decision maker. He or she has to be a maximizing decision
maker. (It is possible to study real data given by time series connected with annual returns
referred to marginal risky assets. It is possible to make a coherent prevision about the return
associated with each marginal risky asset based on observed data in different stock markets.
Each time series is associated with a stock market. Real data given by time series are
possible alternatives. They can be summarized. Their nature is objective. From the slope of
the budget line, which can endogenously be drawn, it is possible to observe the prices of the
two risky assets viewed to be as two marginal random goods. It is possible to wonder if the
decision maker under consideration maximizes, or does not maximize, his or her utility). If
two marginal random goods are studied inside the budget set of the decision maker, then
we can also establish which is the price that the decision maker is willing to pay to purchase
the right to participate in a bet that places him or her in the uncertain situation identified
with Xj,, where X5 is a multiple random good of order 2. If we write X1, = {1 X, X}, then
1X and 2 X are the two components of X1,. We can determine its mathematical expectation
denoted by P(Xj5). In particular, if Xi5 is a two-risky asset portfolio, then P(X1,) represents
its expected return. It is possible to consider the cardinal utility function associated with
X17. It depends on a subjective attitude towards risk. Anyway, we have to go away from the
budget set after observing what is chosen inside it with respect to the two components of
X12. If we go away from the budget set, then the criteria of rational decision making consist
of the choice of any coherent evaluation of the probabilities (probability evaluations can be
based on symmetric probabilities implying a judgment of equal probability being made by
the decision maker who deals with all the single alternatives into account. They can also
be based on frequencies. Nevertheless, a judgment of equal probability is subjective itself,
whereas relating probability back to frequency has meaning if and only if the meaning and
conditions are subjectively specified) being made by the decision maker and any utility
function referred to X;, having the necessary mathematical properties. Such properties
have to comply with a subjective attitude towards risk. The decision maker also fixes as
his or her goal the maximization of the prevision or mathematical expectation of his or
her cardinal utility associated with Xj,. Accordingly, it is possible to extend to multiple
random goods the notion of moral expectation, which was put forward by Daniel Bernoulli
and developed by John von Neumann and Oskar Morgenstern at a later time. On the
other hand, it is possible to behave rationally with respect to decisions being made by
the decision maker based on subjective preferences without knowing anything about
probability and utility. It is not correct to think that every subjective attitude is a fact on
which it is not possible to express an objective judgment based on rational conditions
made clear by economists, mathematicians, and statisticians. It is true that everyone has
a subjective attitude towards risk caught by a specific cardinal utility function associated
with a single or multiple good. It is true that everyone can evaluate all probabilities under
consideration according to one’s own subjective judgment. It is false that everyone can
choose which rational rules have to be complied with. Such rules cannot arbitrarily be
chosen by anyone. They are logical rules. In this paper, we extend them by studying
multiple choices connected with multiple goods of order 2. On the other hand, multiple
goods of order greater than 2 can similarly be studied.
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published version of the manuscript.



Mathematics 2023, 1,0 29 of 29

Funding;

Institutional Review Board Statement: This study does not contain any studies with human partici-
pants or animals performed by any of the authors.

Informed Consent Statement: For this type of study formal consent is not required.
Data Availability Statement: Authors can confirm that all relevant data are included in the article.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Baron, J. Second-order probabilities and belief functions. Theory Decis. 1987, 23, 25-36.

2. Cherchye, L.; Demuynck, T.; De Rock, B. Normality of demand in a two-goods setting. . Econ. Theory 2018, 173, 361-382.

3. Chambers, C.P; Echenique, F; Shmaya, E. General revealed preference theory. Theory Econ. 2017, 12, 493-511.

4. Markowitz, H.M. The optimization of a quadratic function subject to linear constraints. Nav. Res. Logist. Q. 1956, 3, 111-133.

5. Nishimura, H.; Ok, E.A.; Quah, ] KH. A comprehensive approach to revealed preference theory. Am. Econ. Rev. 2017,
107, 1239-1263.

6. Gilio, A.; Sanfilippo, G. Conditional random quantities and compounds of conditionals. Stud. Log. 2014, 102, 709-729.

7. Coletti, G.; Petturiti, D.; Vantaggi, B. When upper conditional probabilities are conditional possibility measures. Fuzzy Sets Syst.
2016, 304, 45-64.

8.  de Finetti, B. Probabilism: A critical essay on the theory of probability and on the value of science. Erkenntnis 1989, 31, 169-223.

9.  Merkle, E.C; Hartman, R. Weighted Brier score decomposition for topically heterogenous forecasting tournaments. Judgm. Decis.
Mak. 2018, 13, 185-201.

10. Baron, J.; Ritov, I. The role of probability of detection in judgments of punishment. J. Leg. Anal. 2009, 1, 553-590.

11.  Kip Viscusi, W.; Evans, W.N. Behavioral probabilities. J. Risk Uncertain. 2006, 32, 5-15.

12.  Jurado, K.; Ludvigson, S.C.; Ng, S. Measuring uncertainty. Am. Econ. Rev. 2015, 105, 1177-1216.

13.  Ferro, C.A.T,; Fricker, T.E. A bias-corrected decomposition of the Brier score. Q. J. R. Meteorol. Soc. 2012, 138, 1954-1960.

14. Brocker, J. Reliability, sufficiency, and the decomposition of proper scores. Q. J. R. Meteorol. Soc. 2009, 135, 1512-1519.

15. Cassese, G.; Rigo, P.; Vantaggi, B. A special issue on the mathematics of subjective probability. Decis. Econ. Financ. 2020, 43, 1-2.

16. Battigalli, P; Siniscalchi, M. Rationalization and incomplete information. B. E. ]. Theor. Econ. 2003, 3, 1-46.

17.  Angelini, P; Maturo, F. The consumer’s demand functions defined to study contingent consumption plans. Qual. Quant. 2021, 56,
1159-1175. https:/ /doi.org/10.1007/s11135-021-01170-2.

18.  Ghirardato, P.; Maccheroni, F.; Marinacci, M. Certainty independence and the separation of utility and beliefs. J. Econ. Theory
2005, 120, 129-136.

19. Navarro-Gonzalez, FJ.; Villacampa, Y. A foundation for logarithmic utility function of money. Mathematics 2021, 9, 665.

20. Angelini, P.; Maturo, F. Summarized distributions of mass: a statistical approach to consumers’ consumption spaces. J. Intell.
Fuzzy Syst. 2021, 41, 3093-3105.

21. Angelini, P.; Maturo, F. Non-parametric probability distributions embedded inside of a linear space provided with a quadratic
metric. Mathematics 2020, 8, 1901.

22. Echenique, F. New developments in revealed preference theory: Decisions under risk, uncertainty, and intertemporal choice.
Annu. Rev. Econ. 2020, 12, 299-316.

23. Berti, P; Dreassi, E.; Rigo, P. A notion of conditional probability and some of its consequences. Decis. Econ. Financ. 2020, 43, 3-15.

24. Varian, H.R. The nonparametric approach to demand analysis. Econometrica 1982, 50, 945-973.

25.  Angelini, P.; Maturo, F. The price of risk based on multilinear measures. Int. Rev. Econ. Financ. 2022, 81, 39-57.

26. Chambers, C.P.; Echenique, F; Shmaya, E. The axiomatic structure of empirical content. Am. Econ. Rev. 2014, 104, 2303-2319.

27. Varian, H.R. Non-parametric tests of consumer behaviour. Rev. Econ. Stud. 1983, 50, 99-110.

28. Samuelson, P.A. Consumption theory in terms of revealed preference. Economica 1948, 15, 243-253.

29. Afriat, S.N. The construction of utility functions from expenditure data. Int. Econ. Rev. 1967, 8, 67-77.

30. Angelini, P; Maturo, F. Jensen’s inequality connected with a double random good. Math. Methods Stat. 2022, 31, 74-90.

31. LaHaye, R,; Zizler, P. The Gini mean difference and variance. Metron 2019, 77, 43-52.

32. Berkhouch, M.; Lakhnati, G.; Brutti Righi, M. Extended Gini-type measures of risk and variability. Appl. Math. Financ. 2018,
25,295-314.

33. Gerstenberger, C.; Vogel, D. On the efficiency of Gini’s mean difference. Stat. Methods Appl. 2015, 24, 569-596.

34.  Ammarullah, M.; Hartono, R.; Supriyono, T.; Santoso, G.; Sugiharto, S.; Permana, M. Polycrystalline diamond as a potential

material for the hard-on-hard bearing of total hip prosthesis: Von Mises stress analysis. Biomedicines 2023, 11, 951.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s11135-021-01170-2

	Introduction
	Mathematical Preliminaries
	Motivations for This Study and Most of Its Novelty Aspects

	Goods Demanded by the Decision Maker under Different Conditions
	Random Goods Demanded under Conditions of Uncertainty and Riskiness
	Random Goods Being Chosen under Uncertainty and Riskiness: the Decision Maker's Demand Functions
	Random Goods Being Chosen under Uncertainty and Riskiness: Prevision and Utility Are the Two Sides of the Same Coin
	Nonrandom Goods Demanded under Claimed Conditions of Certainty

	Revealed Preference Applied to Choices Being Made under Conditions of Uncertainty and Riskiness
	An Extension of the Notion of Bundle of Nonrandom Goods: A Consumption Matrix
	How to Check the Weak Axiom of Revealed Preference by Using Aggregate Measures
	The Bravais–Pearson Correlation Coefficient Associated with Each Bundle of Two Nonrandom Goods Being Chosen by the Decision Maker Inside His or Her Budget Set
	A Violation of the Weak Axiom of Revealed Preference
	Decision Maker Choices That Satisfy the Weak Axiom of Revealed Preference
	A Summary of Consumption Data Based on Subjective Elements as Well

	Other Variability Measures Characterizing a Bayesian Approach to the Theory of Decision-Making: Mean Quadratic Differences Referred to Random Goods
	Multiple Physical Goods of Order 2: A Numerical Example
	Discussion, Conclusions, and Future Perspectives
	References

