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Abstract

We show that load-sharing models (a very special class of multivariate probability
models for nonnegative random variables) can be used to obtain basic results about a
multivariate extension of stochastic precedence and related paradoxes. Such results can
be applied in several different fields. In particular, applications of them can be devel-
oped in the context of paradoxes which arise in voting theory. Also, an application to the
notion of probability signature may be of interest, in the field of systems reliability.
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1. Introduction

In the field of reliability theory, the term load-sharing model is mostly used to designate a
very special class of multivariate survival models. Such models arise from a simplifying condi-
tion of stochastic dependence among the lifetimes of units which start working simultaneously,
are embedded into the same environment, and are designed to support one another (or to share
a common load or a common resource).

In terms of this restricted class of multivariate models, we will obtain some basic results
about stochastic precedence, minima among nonnegative random variables, and related para-
doxes. Such results can be applied in several different fields, even fields far from the
probabilistic analysis of nonnegative random variables. In particular, direct applications can
be developed in the study of the paradoxes arising in voting theory.

Let X1, ..., X;, be m nonnegative random variables defined on the same probability space
and satisfying the no-tie assumption P(X; # X;) = 1, fori #j with i, j€ [m] = {1, ..., m}.

For any subset A C [m] and any j € A, let aj(A) be the probability that X; takes on the
minimum value among all the other variables X; with i € A, as will be formally defined by the
formula (3) below. In some contexts, tj(A) can also be seen as a winning probability.

We concentrate our attention on the family A,y = {«j(A) : A C [m], j € A}.
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When A contains exactly two elements, A := {i, j} say, the inequality o;(A) > a;(A) is a
translation of the condition that X; stochastically precedes X;. This notion has been considered
several times in the literature, possibly under different terminologies. In the last few years, in
particular, it has attracted interest for different aspects and in different applied contexts; see e.g.
the references [2], [6], [8], [13], and [23]. The same concept is also related to a comparison of
statistical preference; see e.g. the paper [22], dealing with the framework of voting theory, and
other papers cited therein.

One relevant aspect of this concept is the possibility of observing nontransitive behavior:
namely, that for some triple of indexes i, j, &, the inequalities

o(li.j}) > % an(li, b)) > % wi(lh, i}) > %

can hold simultaneously. These topics have been treated in several classical references, again
using different types of language and notation; see e.g. [37], [38]. Already at first glance,
nontransitivity of stochastic precedence can be seen to be analogous to nontransitivity of col-
lective preferences in comparisons between pairs of candidates, which is demonstrated by the
Condorcet paradox. As is well known, a very rich literature has been devoted to this specific
topic, starting from the studies developed by J. C. Borda and M. J. Condorcet at the end of the
eighteenth century. In relation to the purposes of the present paper, a brief overview and a few
helpful references will be provided in Section 5, below.

Other types of aggregation paradoxes also arise in voting theory, when attention is focused
on elections with more than two candidates. Correspondingly, analogous probabilistic aggre-
gation paradoxes can arise in the analysis of the family .4, when comparing the winning
probabilities oj(A) for subsets containing more than two elements. See e.g. [4], [28], [14]; see
also [9].

Another directly related context is that of intransitive dice (see e.g. [31], [18], and references
therein) and of the classic games among players who respectively bet on the occurrence of
different events in a sequence of trials. In fact, some paradoxical phenomena can emerge in
such a context as well. Relevant special cases are the possible paradoxes which arise in the
analysis of times of first occurrence for different words of fixed length in a random sampling
of letters from an alphabet. See e.g. [19], [17], [5], [10], [11], and references therein. This
particular field was the initial motivation for our own interest in these topics.

A common approach for studying and comparing paradoxes arising respectively in voting
theory and in the analysis of the family A, for m-tuples of random variables was worked out
by Donald G. Saari at the end of the last century ([26], [27], [28]; see also [29]). An approach
aiming to describe ranking in voting theory by means of comparisons among random variables
has been developed in terms of stochastic orderings; see in particular [22] and the references
cited therein.

An important class of results proved by Saari aimed to emphasize that all possible ranking
paradoxes can conceivably be observed. Furthermore, and equivalently, the same results can
be translated into the language for ranking comparisons among random variables. Such results
can be seen as generalizations of McGarvey’s theorem (see [21]), the classical result which
shows the actual existence of arbitrarily paradoxical situations related to an analysis restricted
to pairs of candidates.

As a main purpose of this paper, we obtain, in terms of comparisons of stochastic-
precedence type among random variables, a result (Theorem 2) which leads to conclusions
similar to those of Saari. From a mathematical viewpoint, however, this result is very different
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from Saari’s results; it is obtained by exploiting characteristic features of load-sharing mod-
els. In particular it allows us to construct load-sharing models which give rise to any arbitrarily
paradoxical situation. Our work also has some aspects in common with the paper [22], although
its aims are different.

More detailed explanations of the meaning of our results will be provided in the next section
and in Section 5.

More precisely, the plan of the paper is as follows.

In Section 2 we present preliminary results about the winning probabilities o;(A) for
m-tuples of lifetimes. In particular we consider the random indices Ji, . . ., J;,; defined by set-
ting J =i < X; = Xy, Where X1y, . . ., X denote order statistics. We also point out how
the family A, is determined by the joint probability of (J1, .. ., Ju) over the space I, of the
permutations of [m]. Moreover, we introduce some notation and definitions of necessary con-
cepts, such as that of a ranking pattern, a natural extension of the concept of a majority graph.
A simple relation of concordance between a ranking pattern and a multivariate probability

model for (X1, ..., X,,) is also defined.
In Section 3 we recall the definition of load-sharing models, which can be seen as very
special cases of absolutely continuous multivariate distributions for (X1, . .., X;;). In the abso-

lutely continuous case, a possible tool to describe a joint distribution is provided by the set of
the multivariate conditional hazard rate (m.c.h.r.) functions. Load-sharing models arise from
imposing a remarkably simple condition on the form of such functions. Concerning the lat-
ter functions, we briefly provide basic definitions and some bibliographic references. We then
define special classes of load-sharing models and show related properties that are of interest
for our purposes. In particular we consider an extension of load-sharing to explicitly include
an order-dependent load-sharing condition. In Theorem 1 we show that, for any arbitrary prob-
ability distribution p,, over the space I1,,, there exists a load-sharing model for (X1, ..., X;;)
such that

P(J1=j1, s Im=jm) = pm(i1s - - - s jm)

for (ji, ..., jm) € Il. Such a load-sharing model will generally be of the order-dependent
type.

In terms of the definition of concordance introduced in Section 2, we state in Section 4
our result concerning aggregation paradoxes (Theorem 2). This result provides a quantitative
method of explicitly constructing load-sharing models concordant with any assigned ranking
pattern. We give its proof after presenting some technical preliminaries.

We conclude with a discussion in Section 5, where we mainly focus on the connection
between our results and the study of paradoxes in voting theory.

2. Notation, preliminaries, and problem assessment

In this section we give the definitions, notation, and preliminary arguments needed to intro-
duce the results which will be formally stated and proven in the sequel. Some further notation
will be introduced where needed in the next sections.

We fix m € N and denote by the symbol [m] the set {1, 2, .. ., m}. The symbol |B| denotes,
as usual, the cardinality of a set B. For m > 1, we denote by P(m) the family of subsets B of
[m] such that |B| > 1. We consider the nonnegative random variables X1, ..., X;,;, and assume
the no-tie condition, i.e., for i, j € [m] with i # j,

P(X; #X;) = 1. (D)
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Henceforth, Xi,..., X, will be sometimes referred to as the lifetimes. The symbols
X1ms - -+ » Xim:m denote the corresponding order statistics, and J = (Jy, . . ., J;) is the random
vector whose coordinates are defined by

=i Xi=Xmy (2)
for any i, r € [m]. Related to the m-tuple (X1, ..., X,;), we consider the family
Ao = [0j(A); A € P(m), j e A},
where «;(A) denotes the winning probability, formally defined by setting
(A) = IP(X: i X»). 3
aj(A) j 1112? i (3)

For k € [m] and j; # j¢ € [m], for all i # £ with i, £ € [k], we set

p,(cm)(]'l, oo =P =g, =2 o k=) 4
Next we focus attention on the probabilities «;j(A) in (3), on the probabilities of
k-permutations (4), which are triggered by (Xi, ..., Xj»), and on the corresponding relations

among them. Further aspects, concerning nontransitivity and other related paradoxes, will be
then pointed out.
ForBC[m]landk=1, ..., m— |B| let us define

DB, k):= {(1,....jK) 1, ....jx €B and ji #j, € [m] fori =€ withi, € € [k]}.  (5)

When k =m — |B|, D(B, k) is the set of all the permutations of the elements of B€. In particular,
the set D(@, m) becomes I1,,, the set of the permutations of all the elements of [m]. For k =m

in (4), we will simply write p,, in place of pﬁ,,m) and denote by Py the set of probabilities
{pm(i]a~-~»jm);(].1,~-~’jm)en(m)}~ (6)

The probability p,(cm)(j], ..., jix) can be computed by the formula
p]im)(]lyv‘]k)= Z pm(jl’"'vjkv uk+1,'~"um)‘ (7)
(uk_H ,...,um)ED({]'l ,,,,, ] k},m—k)

For A = [m] one obviously has «;j(A) =P(J; =j). For A C [m], with 1 < |A| <m, j€ A, and
partitioning the event {XJ = min;cp Xi} in the form

m—|A]

{ijminXi}z{Jl =jjuU U 1 €A, oA, ..., Ik €A, Jir1 =]} ], (®)
ieA =1

one can easily obtain the following claim, which will frequently be used below when dealing
with the probabilities aj(A).

Proposition 1. Let X, ..., X,y be nonnegative random variables satisfying the no-tie condi-
tion. Let A € P(m) and £ = |A|. Then for any j € A one has

m—{
, — C—mi ) — s (m) .. ..
a,(A)_P(X]_rirglxl)_lP’(Jl =)+ | .E PG i) (9)
k=1 (iy,..., ir)€D(A k)
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As a consequence of (7) and Proposition 1 one obtains the following.
Corollary 1. The family Ay is determined by the set of probabilities Pj.

It immediately follows that the conditional probabilities

p,(ﬁ)l(il, s Jrt )

P(Jkr1 =jkr 11 =j1, - k=ji) = oy : (10)
pk (]la e 7Jk)
are also determined by the set formed by the probabilities in Pj.
As mentioned, a central role in our work is played by comparisons of the type
@i(A) > aj(A), forAeP(m), i,jeA. an

When A = {i, j} (with i, j € [m]), the inequality appearing in (11) is just equivalent to the
notion of stochastic precedence of X; with respect to X;, as mentioned in the introduction.
Limiting attention to only subsets A C [m] with |A| =2, we can associate a direct graph (or
digraph) ([m], E) to the family A, by defining E C [m] x [m] as the set of oriented arcs such

that
(i,)) € E if and only if o;({7, j}) = oi({i, j}). (12)
In the recent paper [7] it has been proven for an arbitrary digraph G = ([m], E) that one can
build a Markov chain and suitable associated hitting times X, . .., X, so that the relations

(12) give rise to G. Such a construction is useful for certain applications within fields different
from those considered here.

Borrowing from the language used in voting theory, ([m], E) can be called a majority graph.
Concerning the notion of digraphs, and the related notions of asymmetric digraphs, complete
digraphs, tournaments, etc., we refer the reader to e.g. [3] for explanations and more details
from the viewpoint of voting theory.

More generally, for any fixed A € ”ﬁ(m), we can introduce a function o (A, -), where
o(A,-):A—({1,2,..., |A]}, in order to describe a ranking among the elements of A.

If, for a given A € P(m), the values o(A, ), j€ A, are all different, then o(4, ):A —
{1,2,...,]A]} is a bijective function; that is, o (A, -) describes a permutation of the elements
of A. Otherwise, we require the image of (4, ) to be [w] ={1, , ..., w} for some w < |A].

We will say that a mapping o (A, -):A— {1, 2, ..., |A|} is a ranking function when its
image is [w] = {1, , ..., w} for some w < |A|.

For i, j € A, we say that i precedes j in A according to the ranking function o (A, -): A —
{1,2,...,]A]} if and only if o (A, i) < (A, j). We say that two elements are equivalent in A
when o (A, i) =0 (A, j). When some equivalence holds between two elements of A, namely
when w < |A|, we say that o (A, -) is a weak ranking function.

Extending our attention to the family of all the subsets A € ﬁ(m), we introduce the following
notation and definition.

Definition 1. For m > 2, a family of ranking functions
o={oA, ):AecPm) (13)

will be called a ranking pattern over [m]. The collection of all ranking patterns over [m] will
be denoted by X ™. A ranking pattern containing some weak ranking functions will be called
a weak ranking pattern. The collection of all ranking patterns not containing any weak ranking
functions will be denoted by = xm),
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Example 1. Let m = 3 and consider the ranking pattern o defined by the following:
o(3,3)=1, o381, D=2, o([31,2)=3,

o({1,3},3)=1, o({1,3}, 1) =2, 0({2,3},3)=1, 0({2,3},2)=2,
o({1,2},1)=1, o({1,2},2)=2.

Here, for any A € 7’5(3), the image set o(A, A) of the ranking function o (4, -) is equal to
[IA]]. We consider also the modified ranking pattern ¢’ such that o'(A, i) = o (A, i) for any
Ae 73(3) and i € A, but o’({1, 2}, 1) =0'({1, 2}, 2) = 1, that is, one imposes that the elements
1 and 2 are equivalent in the set A = {1, 2} for ¢’. Then o’ becomes a weak ranking pattern
and o’({1, 2}, {1, 2}) = {1} with |{1}| <2 =A|.

The concept of a ranking pattern is a direct extension of that of a majority graph. In other
words, a ranking pattern can be seen as an ordinal variant of a choice function.

We now come back to the random variables X, ..., X, and associate to them a ranking
pattern o corresponding to the following definition.

Definition 2. We say that the (possibly weak) ranking pattern o = {o (A, -); A € 7’5(m)} and the

m-tuple (X1, ..., X)) are p-concordant whenever, for any A € 7’5(m) and i, j € A with i #,
o0(A, i) <a(A,)) & ai(A) > ai(A), (14)
oA, )=0(A,)) & ai(A) =q;(A). (15)

We remind the reader that the quantities o (A, i) are natural numbers belonging to [|Al],
whereas the quantities «;(A) are real numbers belonging to [0, 1], and such that ) *;_, o;(A) = 1.
Motivations for such a definition will emerge in the sequel.

Example 2. With m = 3, consider nonnegative random variables X1, X, X3 such that

1 2 6
1,2,3)=—, 2,1,3)=—, 3,2, )= —,

» )= » )= » )=

61%—4 @3D—3 asm—s
p £ E) _215 p b ’ _219 p3 b ) _21'

Thus we have

1 5 6
A =p(1.2,3)+p(1,3.2) = — 4+ > =
a1([3]) =p( )+ p( ) 1 + 5= 3]
and I 4 5 10
2= — 4 — 4 2=
all.2)=7g 0+~ 7
5 1 2 8
13)= > 4 — + — =~
al.3) =g+ + =7
Similarly,
1Bh = > (L,2h = = ({2,3h = 6
@lbb=s57p elha)=5r ®UE U=
(13) =2 (1,3 = 2 (2.3 =2
a?’ _217 a3 ’ —217 a?) 9 —21

Then the triple (X1, X2, X3) is p-concordant with the ranking pattern ¢ considered in Example 1
above.
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Remark 1. Of course, the same ranking pattern o can be p-concordant with several different
m-tuples of random variables. Actually, the joint distribution Py of (X1, ..., X,) determines
the probability distribution p over I, induced by the set of probabilities Py in (6), and p
determines o.

As mentioned above, and as is generally well known, the phenomenon of nontransitivity
may arise in the analysis of the set of quantities of the type «;({i, j}), for i #j € [m], and of
the induced digraph ([m], E). Different types of paradoxes may also be encountered when
considering a ranking pattern o . In particular, for a set A € P(m) and a triple of indexes i, j, k
€ [m] with i, j € A and k ¢ A, it may simultaneously happen that

oA, i) >0(A,)), o(AU{k}, i) <o (AU {k}, )). (16)

Looking in particular at (16), one can conceptually imagine ranking patterns which are quite
astonishing and paradoxical, as in the next example.

Example 3. Let us single out, say, the element 1 € [m], and fix our attention on ranking pat-
terns o € ™ satisfying the conditions o/(4, 1) =1 forA = {1, i} withi # 1, and o' (4, 1) = |A|
whenever |A| > 2, 1 € A. In other words, the element 1 precedes any other element i # 1 when
only two elements are compared, and it is preceded by any other element when more than
two elements are compared. One can wonder whether there exist probability distributions for
(X1, ..., X;;) which are p-concordant with such o .

We may say that a ranking pattern manifests paradoxes of ‘multivariate’ stochastic
precedence when nontransitivity and/or (16) emerges for some indexes.

The following question, however, naturally arises: does an arbitrarily given o =
{o(A, Q)A€ 7/5(m)} really admit any concordant models? One can furthermore wonder whether
it is possible, in any case, to explicitly construct one such model. In relation to this, we show
in Section 4 that for any given ranking pattern o € S0 one can construct suitable probability
models which are p-concordant with it and which belong to a restricted class of load-sharing
models (Theorem 2). It will also be shown in Section 3 that, for an arbitrarily given distribu-
tion p over I1,, it is possible to identify probability distributions Px belonging to the class of
order-dependent load-sharing models and such that Pxy— p (Theorem 1).

3. Load-sharing models and related properties

In this section, our attention will be limited to the case of lifetimes admitting an absolutely
continuous joint probability distribution. Such a joint distribution can then be described by
means of the corresponding joint density function. An alternative description can also be made
in terms of the family of multivariate conditional hazard rate (m.c.h.r.) functions. The two
descriptions are in principle equivalent, from a purely analytical viewpoint. However, they
each turn out to be convenient to highlight different features of stochastic dependence.

Definition 3. Let X1, ..., X,, be nonnegative random variables with an absolutely continu-
ous joint probability distribution. For fixed k € [m — 1], let (iy, ..., ix,j) € D(@, k+ 1). For
an ordered sequence 0 <t <--- <1, <t, the multivariate conditional hazard rate function
Ajtlir, ..., ikt - .., 1) s defined by
Ay, oo ik, L ) =
1
Jim ZtIP(X,- <t+A1lXy =t1, ..., Xiy = k. Xeg1om > 1). (17)
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Furthermore, we put
1
Lit)D) = i —P(X; <t+ At]Xy. t). 18
i(#19) A11—I>r(l)+At('/_+ |l.m>) (18)

For remarks, details, and general facts concerning this definition, see e.g. [32], [33], [36],
the review paper [34], and references cited therein. It is pointed out in [9] that the set of m.c.h.r.
functions is a convenient tool for describing some aspects of the quantities «;(A) in (3). It will
turn out that such a description is especially convenient for our purposes, as well. This choice,
in particular, leads us to single out the class of (time-homogeneous) load-sharing models and
to appreciate the role they play in the present context.

For lifetimes X, ..., X;,, load-sharing is a simple condition of stochastic dependence
which is defined in terms of the m.c.h.r. functions and which has a long history in reliabil-
ity theory. See e.g. [36] for references and for more detailed discussion and demonstrations.
Such a condition amounts to imposing that the m.c.h.r. functions A;(tli1, ..., @k t1, ..., &)
do not depend on the arguments ¢q, ..., #;. Here, we concentrate attention on the following
specific definition.

Definition 4. The m-tuple (Xi, ..., X,,) is distributed according to a load-sharing model
when, for k € [m — 1], (i1, - . ., ik, j) € D(@, k + 1), and for an ordered sequence 0 < | < - - - <
tr < t, one has

A(lir, - ikt o ) = pglin, - k) Aj(t10) = pwi(D), (19)
for suitable positive set functions ;{i1, . .., ix} and positive quantities (;(¥).
In (19) it is intended that, for fixed j € [m], the function w;{i, ..., ik} does not depend on the
order in which iy, ..., iy are listed. One can, however, admit the possibility that the function
w; depends on the ordering of iy, .. ., ix; we give the following definition.
Definition 5. The m-tuple (X1, ..., Xj,) is distributed according to an order-dependent load-
sharing model when, for k € [m — 1], (i1, . . ., ix, j) € D(@, k + 1), and for an ordered sequence

O<ty <--- <t <t, onehas

A@lin, ooy ikt s ) = s, .. k), 2j(t|9) = w;(@), (20)
for suitable functions w; : D({j}, k) — [0, co) and positive quantities w;(¥).

A slightly different formulation of the above concept is given in the recent paper [15].
Although it is not very natural in the engineering context of systems reliability, the possibility
of considering order-dependence is potentially interesting both from a mathematical view-
point and for different types of applications. In particular, order-dependent load-sharing models
will appear in Theorem 1 below and have emerged in [15], in relation to the construction of
non-exchangeable probability models that still satisfy some symmetry properties implied by
exchangeability.

When the order-dependent case is excluded, and for I ={iy, ..., i} C[m], it will be
convenient also to use the notation p;(/) with the following meaning:

Mj(l) = ,uj{il, e, Ik

or p;(it, ..., i) := pjli1, ..., ix}. Obviously, it holds that w;(i1, ..., ix) = wj(ix,, - - - , ix;)
for any permutation = = (mq, . . ., ) of the elements of [k].
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In addition to the concept of order-dependence, another way of weakening the condition
(19) is by allowing ‘non-homogeneous load-sharing’. In this paper we do not need this type of
generalization.

For a fixed family M of parameters u;(¥) and wu;(iy, ..., ix), for k€ [m—1] and for
@1, - .-, ix) € D}, k), set

MGy, ... i)=Y wi.....ix) and M@= ). Q1)

JelmN\it,....ix} Jjelm]

As a relevant property of (possibly order-dependent) load-sharing models, one has
Py =j)= %, and the above formula (10) reduces to the following simple identity:

. . . . wiCit, .., i)
P(Jxr1=jl1=i1, Jo=iz, ..., Ji=i)=——— 22
(kr1 =jl1=i1, Ja=1iz k= ik) M1, i) (22)
(see also [36] and [9]). A very simple form then follows for the probability p,({m)(i 1y ..., 0g), as

given in (4), for which we can immediately obtain the following.

Lemma 1. Let (X1, ..., Xi) follow an order-dependent load-sharing model described by the
Sfamily M. Let k € [m] and let (i1, . . ., i) € D@, k). Then

i (D) i, (i w1, 0 2, 0, . e
p,(cm)(il, = Hiy ( )Mzz(-l)//«z,x(.l -2) - sz(.l ...k 1)‘ 23)
M) M) My, i2) M(iy, iz, . . . ig—1)
Notice that, for k=m, we have p,(1,...,In-1,in)=pm(i,...,in—1); thus
pm(it, ..., , i) is not influenced by w;, (i1, . . ., im—1).

The previous result has already been stated as Proposition 2 in [36], in relation to the special
case when the order-dependence condition is excluded.

As a consequence of Proposition 1 and the above lemma, we can state the following
proposition.

Proposition 2. Let (X1, . .., Xy) follow an order-dependent load-sharing model described by
the family M. Let A € P(m) with £ = |A|. Then for j € A one has

wi(?)
M(D)

aj(A) = IP’(Xj = minXi> = +
i€eA

m—~{ . .. . .. .
wi, D) iy (i) (i, o, k=) G, i2, 22 k)
+>

1 GrioeDan M@ MG MGy, i, i) MGy B, - )

(24)

A direct implication of the above proposition is the following.

Corollary 2. Let (X1, ..., X;y) follow an order-dependent load-sharing model described by
the family M. For given A € P(m), the probabilities {ocj(A) je A} depend only on {up(I): 1 C
A¢, h¢l}.

Consider now an arbitrary probability distribution o™ on the set of permutations IT,,. The
next result shows the existence of some order-dependent load-sharing model such that the
corresponding joint distribution of the vector (J1, ..., J,) coincides with ,o(’”>.
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Theorem 1. For m > 2 let the function ,0(’") : I, — [0, 1] satisfy the condition

S =1

G1seees Jm)Ey

Then there exists an order-dependent load-sharing model described by a family of coefficients
M such that

pm(]l’ L] 7Jm)=10(m)(115 LELIKY 7jm)~
Proof. For the fixed function p and for (ji, . . ., jx) € D(@, k) we set

WGt i) = > PG kit ). (25)

(W1seesim—i)ED1 ook} m—k)

As suggested by the above formula (22), we now fix the family M formed by the parameters
given as follows:

o W01 J2) Ly W01 2, 13)
wi(@) = w()), /@An)—-jaﬁj—, iz (1, j2) = Wi )
w(it, - s jm—1)

T Mjm—l(jlija .. ,jm_z) = (26)

Wi, ey jm—2)
In the previous formula we tacitly understand 0/0=0. For the order-dependent load-
sharing model corresponding to M above, the proof can be concluded by simply applying
Lemma 1. O

Example 4. Here we continue Example 2. By taking into account the assessment of the values
p(1, j2, j3) therein and recalling the definition (25), we set

w(i1, j2, J3) = p(1. j2, J3) V(1. j2, j3) € I3,

(1,2)= - @ 1= 3.2=2
mbS=sp e U= WeEEar
(3 1)—4 2 3)—3 (1 3)—5
e T I e YR T I
6
wl)=w(,2)+w(l,3)=—,
21
5 10
MD:MZD+ML$=E7 ma:man+mam=i_

From this, by applying (26), we obtain

pO=2 = =1
(2) = Wff(’z)” SO Wffé)” -1
=" e =t
ua(l) = Wv(vl(’lf) =§, ua(2) = Wv(vz(’zf) =§.
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Finally, we can set
wi (o, j3) =1 V(j1, j2, j3) € 3.

In this way we obtain the family M of parameters for a load-sharing model with the fol-
lowing property. Let X}, X}, X} be lifetimes jointly distributed according to such a model,
and let J}, J}, J5 denote the corresponding variables defined as in (2). Then we can con-
clude that, for (ji, ja, j3) € I3, P(J] =1, J5 =2, Jy =j3) =p(1. j2, j3), and that (X, X5, X})
is p-concordant with the ranking pattern o of Example 1.

Let us now concentrate on the non-order-dependent case. For fixed I = {iy, . . ., ix}, consider
the set formed by the (m — k) values w;(i1, . .., i), forj & {i1, ..., i}.

Generally such a set of values actually depends on 1. But there are interesting cases where,
for any subset I C [m], the collection of coefficients { wi):jé¢l } depends on 7 only through
its cardinality |/]; that is,

(i jg 1y ={ud1, 2, ... 1M} :j#1, ..., 10}, 27
In such cases, there exist constants M Lsvens Mm such that
My, ..., i) =M, ... k)=M,. (28)

Furthermore, we set 1\710 = M(D).

The family M constructed in the proof of Theorem 1 does generally correspond to an order-
dependent load-sharing model, and this excludes the possibility of the condition in (27). Even
if very special, on the other hand, the class of models satisfying (27) will have a fundamental
role in the next section.

4. Existence and construction of load-sharing models concordant with ranking patterns

Leto € ™ be an assigned ranking pattern. In this section we aim to construct, for lifetimes

X1, ..., Xm, a probabilistic model p-concordant with ¢, according to the definition given in
Section 2. In other words, by looking at the probabilities «;(A), we seek joint distributions for
X1, ..., X, such that the equivalence in (14) holds. The existence of such distributions will be

in fact proven here. Actually we will constructively identify some such distributions, and this
task will be accomplished by means of a search within the class of load-sharing models with
special parameters satisfying the condition (27).

More specifically, we introduce a restricted class of load-sharing models by starting from
the assigned ranking pattern o. Such a class fits with our purposes and is defined as follows.

Definition 6. Let £(2), . . ., e(m) be positive quantities such that
(0(A, ) — De(jA]) <1
forallA e 73(m) and i € A. An LS(e, o) model is defined by parameters of the form
wi([m]\A)=1—(a(A, i) — De(|A]), AeP(m), i€A. (29)

Finally, for A = {i} we set u;([m] \ A) =1, so that ¢(1) =0.

As it is possible to prove, in fact, £(2), ..., (m) can be adequately fixed in order to let the
model LS(e, o) satisfy the condition (14). In this direction, we first point out the following
features of such models.
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We notice that the set of numbers p;([m] \ A) (for j € A) is the same for all subsets with
given cardinality & = |A|. Thus the identities in (28) hold for LS(e, o), in view of the validity
of (27). More precisely, by (21), one can write

h(h—1)

h
My = 11— (= Detm] =h— =

u=1

&(h), (30)

for h € [m]. R

As an application of Corollary 2, we observe that, for given B € P(m) with |B|=n<m
and j € B, the pr/gbability a;(B) depends only on £(n), e(n+ 1), . . ., £(m) and on the functions
o(D, -) for D € P(m) with D D B.

On this basis it is possible to prove that, for any ranking pattern o € 0™ there exist con-
stants &(2), ..., e(m) such that o is p-concordant with an m-tuple (X1, ..., X,,) distributed
according to the model LS(¢e, o), where € = (0, €(2), ..., e(m)).

Here, however, by developing a suitable technical procedure, we shall constructively prove
the following quantitative result which simultaneously shows the existence of the desired
LS(e, o) models and provides us with appropriate choices for &.

Theorem 2. For any o € S and any e =(0, ..., e(m)) such that, for£ =2,...,m—1,
(m—=0¢—-1)!
2-m!
the model LS(e, o) is p-concordant with o.

e(l)>8le(L+1), 3D

The inequalities in (31) can be obtained, for example, by simply letting
(@) =17 -m-m!)~tt! (32)

for =2, ..., m. We notice that the form of the coefficients (1), ..., £(m) is universal, in the
sense that it is independent of the ranking pattern ¢ and can then be fixed a priori. Obviously
the generated intensities u, characterizing the p-concordant load-sharing model, depend on
both ¢ and o. As a result of the arguments above, one can now conclude as follows.

Let 6 €2 be a given ranking pattern; then it is p-concordant with an m-tuple

(X1, . .., Xy) distributed according to a load-sharing model with parameters of the form (29)
under the choice (32), which are more precisely given by
o(A,j)—1

wi(fm]\A)=1— JEA. (33)

(17 - m - mh)lAI=1°

Example 5. The above conclusion can, for instance, be applied to the search for load-sharing
models that are p-concordant with the paradoxical ranking patterns o which have been pre-
sented in Example 3. Let us consider, for any such o, the related model LS(e, o) with the
vector & of the special form given in (32). By taking into account (33), we can obtain that all
such models are characterized by the following common conditions: for A = {1, j} withj # 1,

pi(ml\A)=1,
wim\ A =1—17-m-m)~" <1,
while, for A suchthat 1 €A and |A| =¢ > 2,
pifm)\A)=1—(€—=DAT-m-m)~ " < (] \ A).

The other intensities, by contrast, will depend on the choice of any special 0.
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The proof of Theorem 2 is given below and is based upon some technical properties of
LS(e, o) models, which we are now going to prove.

Preliminarily it is convenient to recall that, for a generic load-sharing model, the quanti-
ties aj(A) take the form (24), and the special structure of LS(e, o) allows us to reduce the
construction of the desired models to the identification of a suitable vector &.

A path to achieving such a goal is based on obtaining a suitable decomposition of «;(A) into
two terms (see (43)) and on showing that one of the two terms can be made dominant with
respect to the other. First, it is useful to require that e satisfy the conditions

e(2) < %, 2w —De(w) < (u—2)e(u—1), foru=3,...,m. (34)

We notice that the latter condition is implied by (31).
Furthermore, we also introduce the following alternative symbols which will sometimes be

used, when more convenient, in place of ¢: foru=2, ..., m,
w—1)
pu) =¢e(u) (35)
Written in terms of p, the condition in (34) becomes
1
p(2) < 3’ 20u) < p(u—1), foru=2,...,m. (36)

The following simple consequence of (36) will be used several times within the proofs below:

m
> o) <2p(k), (37)
u=k
for k=2, ..., m. We are now ready to present the useful inequalities in the lemma below.
Lemma 2. Letm>2, 0 € f(’"), and let the m-tuple (X1, . .., Xin) be distributed according to

a model LS (e, o), under the condition (34). Then, for any k € [m],

m) ,. . (m —k)! -
PG S 142 Y e (38)
m!
u=m—k+1
and
(m — k)! "
P G0z = 1=2 Y pw|. (39)
u=m—k+1

Proof. We start by proving the inequality (38). For k € [m], by taking into account the
formulas (23) and (29), we obtain the following equality:

P;(cm) Uty -+ i)
Wiy (D) y My (i1)
— 20D em)  m—1— 2D ey 1)
Wi (i1, i, oL ig—1)
m—k+l—wam—k+l).

. X
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Since all the parameters w; with i € [m] are smaller than 1, we obtain

P Gt k)
1 1

= ) X —Dm—2)

m—""D o) m—1— 2D ey 1)

1
. X
m—k 41— OB oy 1)
1 1 1

= X X X

mm—1)---m—k+1) 1—pm) 1—pm—1)

1

T gk D “

By (36) and (37) one has Y}, p(k) < } < 4. Furthermore, for a € (0, 1), the inequality
1/(1 —a) < 1 4 2a holds.
Hence, we can conclude that the quantity in (40) is less than or equal to
1 1

mm—1)---(m—k+1) ) 1—ZZ1=m—k+1 p(u)

L+23 0 i p(u) _(m—k)! 142 Z

Sm—1) - m—k+1) _ m pu)

u=m—k+1

We now prove the inequality (39). By again taking into account the formulas (23), (29), and
(35), as well as (36) and (37), we can also give the following lower bound:

Wiy (B) x wip (i) X - - - x i (@1, 02, 0 e1)
mm—1)---(m—k+1)

[1 —(m—1De(m)] x [1 —(m—2)e(m—1)] x X [l —(m—k)e(m—k+1)]

mm—1)---(m—k+1)

(m) G1s oo ohji) =

. 1= Yot = De@) _ (m— ! - i o)
mm—1)---(im—k+1) m! b1 O
For an m- tuple (X1, - .., Xy») distributed according to the load-sharing model LS(e, o), the

probabilities pk )(11, ..., Ix) in (23) depend on the pair &, . Thus also the probabilities «;(A)

in (9) are determined by ¢, o.

In relation to the m-tuple (X1, ..., X,;) and to the corresponding vector (Ji, ...Jy), we
now aim to give an expression for the probabilities a;j(A) that will be convenient for what
follows. We shall use the symbol (A, ), and in order to apply Proposition 1, we also intro-
duce the following notation. Fix A € ﬁ(m); for ie A and ¢ =|A| <m — 1, we consider the

probabilities
Bi(A,0):=PWU=i) ifl=m—1,
m—L—1
Bi(A, 0):= PUy =)+ Z Yo P(h=i, =iy, .., Je=ik Sy =)

(i1,...,ix)€D(AK)
41)

https://doi.org/10.1017/apr.2022.17 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2022.17

Construction of aggregation paradoxes 237

if 2 <€ <m — 2. Also, we denote by y;(A, o) the probability of the intersection

{Xi :mian} N {Xi > rnaij},
JEA JjeAC

ie.

Vi(A, o) = > P(Ji=i1. a=in. ..o\ Jyg =imt. Imoep1=1), (42)
(i1seeerim—t)ED(A,m—1)

for any 2 < £ <m — 1. In words, while y;(A, o) is the probability that X; < X; for all j € A and
X; > Xj for all j € A, Bi(A, o) is the probability that X; < X; for all j € A and X; > X; for some
j€AC, when [ <m — 1. In terms of this notation and recalling Proposition 1, we can now write

ai(A, 0) = Bi(A, o) + yi(A, 0), (43)

for A € P(m) with |A| <m — 1.
By recalling Corollary 2 and (29), we can see that 8;(A, o) depends only on the family of
values
o(B,i):|B|>¢, i €B, (44)

and y;(A, o) depends only on the family of values
o(B,i):|B|=£—1, ieB. (45)

Let us now take into account the special form (29) for the parameters u; of a model
LS(e, o). We can notice a corresponding property of symmetry in the structure of the quan-
tities Bi(A, o): for any permutation 7 € I1,,, and with obvious meaning of notation, one has

Brpy(m(A), m(0)) = Bi(A, 7).

Thus the set of values {Bi(A, o), i € A} is the same for all the subsets A with given cardinality
|A] = I. Then we can set

B(¢) := max{Bi(A, o) — B;(A, 0)}, (46)

where A € 73(m) is such that |A| = ¢, and the maximum is computed with respect to all the
ranking patterns o € ¥ B(¢) only depends on the cardinality £ = |A]|.
Similar arguments can be developed for the values y;(A, o), and we can consider the
quantities
C(0) := min{y;(A, 0) — ¥j(A, 0)} > 0, (47)

where the minimum is computed over the family of all the ranking patterns o € S such that
o (A, i) < a(4,)); again, the quantity C(£) only depends on the cardinality £ = |A|.

Obviously, all the quantities oj(A, o), Bj(A, 0), ¥;(A, o), B(£), and C(£) depend on the vector
&. At this point, referring to (43), we aim to show that € can be suitably chosen in such a way
that y; gives a relevant contribution in imposing a comparison between the two values o;(A, o)
and (A, o). For this purpose, we can rely on the following result.

Lemma 3. For any m >3 and any ¢ € S one has, fort=2,...,m—1, that

B(€) <8le( +1) (48)
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and
(m—0)¢—1)

2-m!
Proof. For A € 73(m) such that |A| =¢ <m and i, j € A, one has by definition of B(¢) and
by (41) that

B(€) = max BilA, o) — Bj(A, o)}

geXm

C)=> e(0). (49)

< max |p1(@) — p1()
gexm

m—~L—1

2 X ma G D= penilin il (50)

k=1 (iy,....i)eD(A,k)
By (38) and (39) in Lemma 2, one has

4p(m)
max [pi()) = pi()| =
oesm
and N
.. . (m—k—1)!
max [peiin, -y is ) = Pt (it s i P S d——— Y pw).
cexm m!
u=m—k
We can thus conclude by writing
-1 m
p(m) " (m—k—1)!
B() < + D IPARI 4= 3 pw|. (51)
k=1 u=m—k
For |A| = £, noticing that
(m—20)! m!
DA, bl =

m—t—k)  (m—k)
one obtains that the right-hand side in the inequality (51) is smaller than

m—{—1 n
4p(m) + 4 Z Y. o). (52)
k=1 u=m—k
By (37), the quantity in (52) is then smaller than
m—_L—1 m—_{—1
4pm)+8 Y pm—k)<8 Y p(m—k) <16p(L +1).
k=1 k=0
In conclusion,
B) <16p(f +1)=8Le(£L + 1).

We now prove the inequality (49), for any £ =2, ..., m — 1. By definition of C(£) and by
(42), one has

C) > E min {Pm—es1Gts it D) = Pt 1Gits s imes )}
. oexm:
(i1, sim—0)€D(A,m—1)
oA, i) <a(A,))

(53)
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We now notice, by (10), that the following inequality holds:

min {Pm—es1Git, . imets D) = i1 Gt - s it )}
gexm:

O’(A, l) < O'(A,j)
> IIl'Il —_ ] “eey ] —
st ,l( ) {Pm K(ll, Im K)}

x min {P(Jn—err =il1 =11, ..., Tt = im—t)
oexm:
oA, i) <a(A,))

—Pn—er1 =iV =010 I = i) }-

Hence the right-hand side of (53) is larger than the quantity

> min {py—¢(it, ..., in—0)}
gexm
(i] ..... l'm_()ED(A,m—e)
X min {P(Jm_[_ﬂ =ilJi=iy,....,Jm—e= im_g)
ocexmM:
oA, i)<a(A,))
=PIt =jl1 =its oo It = im—e) }- (54)

On the other hand, by (39) in Lemma 2, one has

m

2!
min {pm_iGir. ... in-0)} = %<1—2 > p(u)) . (55)

Sm)
oex u=t+1

Furthermore, by recalling Lemma 1 and the identity (30), we have

min [PUn—er1 =il1=i1, ..., et = im—t)
gexm;
oA, ) <a(A,))
—PUn—tr1 =j1=i1, ... It =im—t)}
wilins - ooy im—g) G, - im—z)}

= min {

o e m. MGy, .. im—e) MG, - i)
oA, ) <a(A,))
1 . : . . :
= min wilin, ooy imee) — wilin, ..., fmee
e IR VR R ]

oA, i) <a(A,))

—— )Y 56
2 g, £(0) (56)

where the last inequality follows from (29).
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In view of (53) and (54), and by combining (55) and (56), we obtain

1 =~ 1
ce) = > —(1=2 > pW) | —— - £®
(i1sermsime)€D(A,m—0) m! u=0+1 E—we(@
m—o | Sa-2 i () (©)
=m-0| —{ - p(u — - e(¥).
m! u=0+1 £— @8(5)
Then we have
C(0) = (m — 0)! “_,1)!(1—2 Y pw) | e®)
m: u=0+1
> MDD apet ey 2 PN,
m! 2-m!

where we have exploited (37) in the second inequality and p(2) < % from (36) in the last
step. ]

Let us now consider an arbitrary ranking pattern o € S, We are in a position to prove that
it is possible to construct a suitable load-sharing model for an m-tuple (X1, ..., X;;), such that
o is p-concordant with (X1, ..., Xj;).

Proof of Theorem 2. For a vector & = (0, £(2), ..., e(m)) and a given ranking pattern

o c f(m), we here denote by «;(A, o, €) the probabilities in (3), corresponding to a vec-

tor (X1, ..., Xjy) distributed according to the model LS(e, 0). We must thus prove that the
equivalence

ai(A,0,8)>qj(A,0,e)0(A, i) <o(A,)) 57

holds for any o € f(m), Ae 7/5(m), and i, j € A, provided that ¢ satisfies the condition (31). For
this purpose we will first show that such a family of equivalences holds whenever € is also
such that both the following properties hold:

(i) the equivalence (57) imposed only on the set A = [m], namely,
ai([m], o, &) > aj([m], o, &) & o([m], i) <o([m], ), (58)

(ii) the inequalities
Cl,e)>B,e) fort=2,....,.m—1, (59)

where, in order to emphasize dependence on &, the symbols C(£), B(£) introduced in
(46) and (47) are replaced by C(¢, €), B(¢, ¢).

In fact, the relation (58) solves the case |A| =m. Moreover, the relation (59) and the
condition o (A, i) < 0o (A, j) yield

0<Cl,e)—B(l,e)<ai(A,0,8)—ajlA, 0, e). (60)

The latter inequality is immediately obtained by recalling Equation (43). Thus, (57) holds.
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It then remains to prove (58) and (59). By Lemma 1 and in view of the choice (29), one has,
for the case h =m,

_ wi®)  2—=2(0([m], i) — De(m)
T M@ 2m—m(m— 1)e(m)

ai(lm], 0, &) =P(J1 =10)

taking into account in particular the equation (30). Then the equivalence in (58) holds true
provided that e(m) € (0, —17).

»m—1
Let us now turn to proving the relation (59). When the cardinality |A| belongs to
{2, ..., m— 1}, one has, under the condition o (A, i) < o (A, j),

Ct, e)— B, &) > w
2-m!

e(l) — 8e(£ + 1), 61)

by taking into account the inequalities (49) and (48) in Lemma 3.
Finally, one can obtain the inequalities (59) in view of the condition (31). O

5. Discussion and concluding remarks

Our main results, Theorem 1 and Theorem 2 respectively, show the role of load-sharing
models as possible solutions in the search for dependence models with certain types of prob-
abilistic features. As mentioned in the introduction, such results can be applied to a number
of different fields. In particular, direct applications emerge in the study of paradoxes of voting
theory, as we aim to sketch below. For this purpose, we refer to the following standard scenario
(see e.g. [25], [16], [3], [22], and the references cited therein).

The symbol [m] here denotes a set of candidates, or alternatives, and VO =y, ..., v, is
a set of voters. It is assumed that the individual preferences of the voter v;, for I=1, ..., n,
give rise to a linear preference ranking; i.e. those preferences are complete and transitive, and
indifference between two candidates is not allowed. Thus, for /=1, ..., n, the linear prefer-
ence ranking of the voter v; triggers a permutation r; over the set [m]. Each voter v; is supposed
to cast her/his own vote in any possible election, whatever the set A € 7’5(m) formed by the
candidates participating in that specific election. Furthermore, the voter v; casts a single vote,
in favor of the candidate within A who is the preferred one according to the voter’s own linear
preference ranking r;.

For h € [m] and for an ordered list (jy, ..., j,) of candidates (i.e. (ji, ..., jn) € D(@, h) in
the notation used above), denote by N}(Im)(i], ..., jn) the number of all the voters who rank
Ji, ..., jn in the positions 1, ..., h, respectively. That is, in the preferences of those voters,
Jis-..,jn are the h most preferred candidates, listed in order of preference. In particular,
N(’")(j], e m) = N,(,,m)(i], ..., jm) denotes the number of voters v; who share the same linear
preference ranking (ji, . . ., jm). The total number of voters is then given by

n= Y NG,
G1seeerdm)€l .

and the set of numbers N0 = {N(’”)(jl, cesdm) (1, ooy Jm) € l'[m} is typically referred to
as the voting situation.

In an election where A C [m] is the set of candidates, let n;(A) denote the total number
of votes obtained by the candidate i € A according to the aforementioned scenario. Thus,

S jen niA) =n.
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The voting-theory scenario described so far, furthermore, gives rise to a ranking pattern
7 € £ analogous to the ranking pattern associated to the m-tuple (X, ..., X,,), according
to the definitions introduced in Section 2. In particular, for any A € ﬁ(m), and i, j € A with
i #J, such a ranking pattern t satisfies the conditions

(A, i) < T(A,)) & ni(A) > nj(A), T(A, ) =1(A,)) & ni(A) =n;(A). (62)

We say that the ranking pattern 7 is N-concordant with the voting situation N/

As is well known (see e.g. the references cited above), different voting procedures can be
used for aggregating individual preferences and determining the winner of an election. Here
we assume that the winner of the election is chosen according to the plurality rule: the winner
is a candidate j € A such that n;(A) = max;ea n;(A) (that is, the winner has obtained plurality
support among the members of A). Notice that such a winner is indicated by the N-concordant
ranking pattern 7, for any subset of candidates A € ﬁ(m). The ranking pattern 7, in particular,
determines the majority graph which indicates the winner for any possible direct match for
pairs of candidates. More generally, for a set A C [m] of candidates, a voting situation N (m)
and a ranking pattern T N-concordant with A/, the candidate i € A is ranked in the (A, i)th
position as to the number of votes obtained among all the candidates in A. In particular, the
winner, or the candidate in A with the most votes, is j such that (4, j) = 1.

As a key point of our discussion, notice that a voting situation N gives rise to a
probability distribution over I1,,, by setting

. NG )
PG i) = (63)
Hence we set -
NGy, o jm) . .

Pj\/z{fm:(n,...,m)enm , (64)
and we denote by (X{v , any ) the corresponding order-dependent load-sharing model

constructed in the proof of Theorem 1. It is easy to check that

i(A

iy = A (65)

The apparently harmless formula (65) shows the equivalence between the following state-
ments:

(i) the ranking pattern t is N-concordant with the voting situation
N = INOGy ) G im) € s

(ii) the ranking pattern 7 is p-concordant with the order-dependent load-sharing model
(X{v e XmN ) (and with any model that shares the same P{]\/)

We thus claim that, for any given voting situation A/, Theorem 1 allows us to determine
an order-dependent load-sharing model (X{v e Xﬁ[ ) such that the two objects give rise to
the same ranking pattern t.

We turn now to an inverse problem: for a given ranking pattern ¢, how can we construct an
N-concordant voting situation? This problem is solved in terms of Theorem 2 by considering
the probabilities p"™(ji, .. ., ju) for the model LS(e, o) corresponding to the condition (33).
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Notice in this regard that such numbers p™(j, . . ., j,) are definitely rational. Therefore, there
exists a suitable n € N such that

N =Lnp™ Gy, o jm) Gy e jm) € T}

can be seen as a voting situation A/’ ) The equivalence between the statements (i) and (ii)
says that such A is N-concordant with . That is, Theorem 2 guarantees the existence of an
N-concordant voting situation for any ranking pattern and also provides a possible construc-
tion. It thus solves a problem in the same direction as the result of Saari which was mentioned
in the introduction. In the version considered here, our method is limited to non-weak rank-
ing patterns o. On the other hand, it provides us with an explicit construction of the desired
N-concordant voting situations, and it is remarkable that such a construction can be accom-
plished relying only on the very special class of models of the type LS(e, o).

As mentioned, our method can also provide an alternative proof for the classic theorem by
McGarvey [21] (see also [12], [1], [35]). In fact, along the same lines as Theorem 2, one can
construct voting situations able to produce arbitrary ‘preference patterns’, in place of non-weak
ranking patterns.

For Theorem 1, some direct applications can be found in other fields of probability. In
particular, dealing with the lifetimes X1, ..., X, of the m components of a binary (‘on—off”)
system S in the field of reliability theory, it can be applied to construct load-sharing models
giving rise to an assigned probability signature. The latter object is a probability distribution
p= (1, ..., pm) over [m] which can emerge in the computation of the survival function of §
(see [30], [24], [20]). Generally p depends, by its definition, both on the structure function
¢ of S and on the joint probability law of (X, ..., X;;). Concerning the potential interest of
Theorem 1, we notice that when ¢ is given, the vector p is simply determined by the set Py of
probabilities in (6).
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