Biorders with frontier

Denis Bouyssou ! Thierry Marchant 2
CNRS - LAMSADE & Universiteit Gent
Université Paris Dauphine

22 January 2010
Minor typos corrected 31 March 2010

Authors are listed alphabetically.

LCNRS, LAMSADE, FRE3234 & Université Paris Dauphine, Place du Maréchal de
Lattre de Tassigny, F-75775 Paris Cedex 16, France, tel: +33 1 44 05 48 98, fax: +33 1
44 05 40 91, e-mail: bouyssou@lamsade.dauphine.fr, Corresponding author.

2 Universiteit Gent, Department of Data Analysis, H. Dunantlaan, 1, B-9000 Gent,
Belgium, tel: 432 9 264 63 73, fax: +32 9 264 64 87, e-mail: thierry.marchant@UGent.
be.



Abstract

This paper studies an extension of biorders that has a “frontier” between the
relation and the absence of relation. This extension is motivated by a conjoint
measurement problem consisting in the additive representation of ordered coverings
defined on product sets of two components. We also investigate interval orders and
semiorders with frontier.
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1 Introduction

Let T be a relation between two sets A and Z, i.e., a subset of A x Z. Biorders
are relations between two sets that were introduced in the literature by Ducamp
and Falmagne (1969) and later studied in Doignon, Ducamp, and Falmagne (1984,
1987) and Nakamura (2002). The initial motivation for studying biorders was
the formalization of the idea of a Guttman scale, i.e., a model in which there are
real-valued functions f on A and ¢g on Z such that, for all a € A and all p € Z,

aTp< fla)>g(p)

The usual interpretation is that A is a set of subjects and Z a set of questions. The
relation T is defined in such a way that a T p if subject a gives the correct answer
to question p. If the above model obtains, the scale f therefore orders subjects
according to their ability to answer questions and the scale g orders questions ac-
cording to their difficulty. Biorders also proved an important tool to study various
classes of binary relations, most notably interval orders and semiorders. Indeed,
when A = Z, an irreflexive biorder is nothing but an interval order as defined
in Fishburn (1970). Adding semitransitivity to irreflexivity leads to semiorders
(Luce, 1956, Scott and Suppes, 1958).

This paper studies extensions of biorders in which we consider two relations T
and F between the sets A and Z. Using the interpretation of biorders introduced
above, the relation J corresponds to situations in which we are unsure whether the
subject has given or not the correct answer to the question. It therefore plays the
role of a frontier between correct and incorrect answers. The underlying numerical
model will be such that:

aTp<e fla)>g(p),
aFpe fla)=g(p).

The main purpose of this paper is to study such structures, called biorders with
frontier. Our initial motivation for doing so was not linked with Guttman scales
but with a conjoint measurement problem encountered in the study of additive rep-
resentations of ordered coverings on a product set (see Bouyssou and Marchant,
2009, 2010). In this context, the frontier corresponds to a case of hesitation be-
tween two consecutive categories.

The paper is organized as follows. Section 2 presents our setting. Classic
results on biorders are recalled in Section 3. Biorders with frontier are studied
in Section 4. These results are used to tackle interval orders with frontier in
Section 5. Section 6 is devoted to semiorders with frontier. Section 7 briefly
presents our initial conjoint measurement motivation for studying structures with
frontier and gives some applications of our results.



2 Definitions and Notation

2.1 Binary relations between two sets

Let A = {a,b,...} and Z = {p,q,...} be two sets. Following Ducamp and
Falmagne (1969), we define a binary relation V between A and Z to be a subset
of A x Z. We often write a V p instead of (a,p) € V. A binary relation on a set
X is a binary relation between X and X.

Let V be a relation between A and Z. Define! the left trace of V as the binary
relation =%, on A defined letting, for all a,b € A,

azhbe [bVp=aVp, foralpe 7.

Similarly, define the right trace of V as the binary relation 27}, on Z defined letting,
for all p,q € Z,
prhqgeaVp=aVgq, forall a € Al

By construction, the relations =% and =}, are reflexive and transitive.
A binary relation V between A and Z is said to be a biorder if it is Ferrers,
i.e., for all a,b € A and all p,q € Z, we have:

[aVpand bV q = [aVqorbVpl.

A simple check shows that V is Ferrers iff? 7% is complete iff 2=} is complete (see
Doignon et al., 1984, Proposition 2, p. 78).

Let V be a relation between A and Z. Its complement is the relation V¢
between A and Z such that for all a € A and p € Z, a V¢ p < Not[aV p|. The
dual of V is the relation V¢ between Z and A such that, for all e € A and p € Z,
pV%ia < aVp. Its codual V¢4 is the relation between Z and A such that, for all
a€Aandpe Z, pV4a< NotlaV p|. Tt is easy to check that if V is Ferrers iff
Ved (or V¢, or V?) is Ferrers. The traces generated by V on A and Z coincide with
the ones generated by V<.

Suppose that V is a relation between A and Z and that W is a binary relation
between Z and K. We define the product of V and W as the binary relation VW
between A and K such that, for all a € A and all k € K, a VW kiff [a V p
and p W k, for some p € Z]. The Ferrers property can therefore be expressed
compactly as VV4yY C V.

LOur use of the terms left trace and right trace differs from the one in Doignon, Monjardet,
Roubens, and Vincke (1988). They use left trace to designate our right trace and vice versa.
The rationale for our terminology is the following. A biorder is a subset of A x Z. Hence, the
set A is the set “on the left”. The left trace is a relation on the left set.

%i.e., if and only if



For our purposes, when studying a relation between A and Z, it is not restrictive
to suppose that the sets A and Z are disjoint: if they are not, we may build a
disjoint duplication of these sets as done in Doignon et al. (1984, Definition 4,
p. 79). We will suppose so, without explicit mention, whenever needed.

2.2 Binary relations on a set

Let V' be a binary relation on X. The asymmetric part (resp. symmetric part,
symmetric complement) of V' is the binary relation V¢ (resp. V¥, V*¢) on X that
is equal to VNV (resp. V N VY Ve N V). For instance, we have x V*¢ y &
[z V¢yand 2 V' y] < [Not[z V y] and Notly V z]].

Whenever we use the symbol 7~ to denote a binary relation on a set X, it will be
understood that > (resp. ~) denotes its asymmetric part (resp. symmetric part).
The same convention will hold if 7 is subscripted and/or superscripted.

A binary relation that is complete (for all z,y € X,  V y or y V z) and
transitive is said to be a weak order. If V and W are two weak orders on X, we
say that V' refines W it V. C W. This implies V* C W* and W* C V4.

The trace of a binary relation V on X is the binary relation 27y on X that
is equal to ¢ N 7. The relations =y, =% and =} are clearly reflexive and
transitive. Hence, the relations ~y, ~% and ~%, are reflexive, symmetric and
transitive, i.e., are equivalences. Whenever F is an equivalence on a set X, we
denote by X/FE the set of equivalence classes of X under F.

A binary relation V' on X is said to be semitransitive if, for all x,y, z,w € X,

[z VyandyVz]= [z VworwV z|,

which can be written more compactly as VeAyV CVor VVVECV. Asimple
check shows that the trace 7Zy of a relation V' is complete iff V' is Ferrers and
semitransitive. In this case the left and right traces are not contradictory, i.e., it
is never true that x =% y and y =7, z, for some z,y € X (for more details, see,
e.g., Fishburn, 1985, Monjardet, 1978, Pirlot and Vincke, 1997, or Suppes, Krantz,
Luce, and Tversky, 1989, Ch. 16).

A binary relation V' on X is an interval order if it is irreflexive and Ferrers.
A semiorder is a semitransitive interval order. It is easy to check that an interval
order is asymmetric, transitive, and such that V V*¢V C V. When, furthermore,
V' is semitransitive, we have V**VV CV and VV V* CV.

3 Biorders, Interval Orders, Semiorders

This section mainly recalls a number of basic results on the numerical representa-
tion of biorders, following Ducamp and Falmagne (1969), Doignon et al. (1984),
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and Nakamura (2002). We also briefly show how these results apply to interval
orders and semiorders.

3.1 Biorders: the countable case

We first tackle the case in which both A and Z are countable (i.e., finite or count-
ably infinite). We have:

Proposition 1 (Prop. 4, p. 79 in Doignon et al., 1984)
Let A and Z be finite or countably infinite sets and T be a relation between A and
Z. The following statements are equivalent.

1. T 1s Ferrers.

2. There are a real-valued function f on A and a real-valued function g on Z
such that, for alla € A and p € Z,

aTpe fla)>g(p). (1)

3. There are a real-valued function f on A and a real-valued function g on Z
such that, for alla € A and p € Z,

aTp< fla)>g(p). (2)

Furthermore, the functions f and g used in statements 2 or 3 above can always be
chosen so that, for all a,b € A and p,q € Z,

azsbe fla) > f(b),
pZrqaegp) > 9(q).

(3)

It may be instructive to outline the proof of the above result, following Doignon
et al. (1984). Necessity is easily established. To prove sufficiency, let us build the
binary relation () on AU Z defined letting, for all a, 5 € AU Z,

ac A peA and b B,

a€Z peZ and aZ; f,

ac€ApeZ and aTp,

ac€Z feA and [forallye A0 € Z,vTaand T 6 = v T 4.
It is easy to see that the relation Q on AU Z is always reflexive and transitive,
i.e., is a quasi-order (Doignon et al., 1984, have shown that () is the maximal

quasi-order on AU Z that coincides with T on A x Z). When T is a biorder, it is
not difficult to check that relation () is also complete, so that it is a weak order.

a@ <
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Since A U Z is countable, there is a real-valued function F on A U Z representing
Q, i.e., such that, for all o, 8 € AU Z,

aQp e Fla) = F(pB).

Defining f (resp. g) as the restriction of F' on A (resp. Z) leads to a non-strict
numerical representation of type (1). To obtain a strict numerical representation
of type (2), it suffices to apply the same analysis to T¢.

As will be apparent later, () is not the only relation on AUZ that is a weak order
when 7 is Ferrers and that induces 7 on A x Z. This construction nevertheless
proves quite useful to deal with the general case, to which we now turn.

3.2 Biorders: the general case

The Ferrers property is a necessary condition for the existence of a strict repre-
sentation (2) or of a non-strict one (1) independently of the cardinality of A and
Z. Without the restriction that A and Z are countable, order-denseness condi-
tions must be invoked to obtain a numerical representation and, unsurprisingly,
the equivalence between strict and non-strict representations does not hold any
more. We first tackle the case of a strict representation.

Proposition 2 (Prop. 9, p. 84 in Doignon et al., 1984)
Let T be a binary relation between A and Z. The following statements are equiva-
lent.

1. T is Ferrers and there is a finite or countably infinite subset A* C A such
that, for alla € A andp € Z,

aTp=[aria" anda* Tp, for some a* € A*]. (4)

2. There are a real-valued function f on A and a real-valued function g on Z

such that (2) holds.

Furthermore, the functions f and g used in statement 2 can always be chosen so
that (3) holds.

Remark 1

The order-denseness used above is not symmetric between A and Z. We use it
only to keep things simple. As shown in Doignon et al. (1984, Prop. 8, p. 82), it
would be sufficient to require that there is a finite or countably infinite subset of
K* C AU Z such that

a =t o and o T p, for some a* € K* N A,

aTp= or
a T o* and o 7% p, for some a* € K*N Z.



Nakamura (2002, Th. 3.1) has shown that the order-denseness condition used in
Proposition 2 can be equivalently formulated as follows. A pair of subsets A* C A,
Z* C Z is said to be jointly dense for T if, for all a € A and p € Z,

aTp= [a =L a* a* Tp*, p* b p, for some a* € A* and p* € Z*} )

Nakamura (2002, Th. 3.1) shows that a biorder T between A and Z has a numerical
representation in model (2) iff there are countable subsets A* C A, Z* C Z that
are jointly dense for 7. °

In order to tackle the non-strict case, it is useful to observe that T has a non-strict
representation iff 7¢ has a strict representation.

Proposition 3 (Prop. 8, p. 82 in Doignon et al., 1984)
Let T be a binary relation between A and Z. The following statements are equiva-
lent.

1. T is Ferrers and there is a finite or countably infinite subset A* C A such
that, for alla € A and p € Z,

aJTp= [a* if} a and a* T¢ p, for some a* € A*} ) (5)

2. There are a real-valued function f on A and a real-valued function g on Z
such that (1) holds.

Furthermore, the functions f and g used in statement 2 can always be chosen so

that (3) holds.

The sufficiency proof of the above proposition consists in showing that the order-
denseness on T¢ implies that there is a countable subset * C AU Z that is dense
in AU Z for the weak order @, i.e., that a Q* § implies that [a @ v* and v* Q S,
for some v* € K.

Again, the order-denseness condition used above is not symmetric between A
and Z. We refer to Doignon et al. (1984, Prop. 8, p. 82) and to Nakamura (2002,
Th. 3.2) for symmetric reformulations of this condition.

3.3 A lemma on biorders

We conclude our brief review of biorders by stating a simple lemma that will prove
useful in the sequel.



Lemma 1
Suppose that T is a relation between A and Z. Let if be a weak order on A and
2 be a weak order on Z. Suppose that, for all a,b € A and all p,q € Z,

atbandbTp=aTp,
prqandaTp=a7Tq.

Then:
1. T is a biorder,
2. 7t refines 7,
3.z refines 7k,
4. the binary relation 2 on AU Z that is defined letting, for all o, € AU Z,

acABEA anda B,
aeZ,pe”Z and oz B,
ac€ A e, andaT S,
a€ Z €A and Notlf T al.

a2 ps

18 a weak order.

PROOF

Part 1. Suppose that a T p and b T ¢. Since Z{ is complete, we have either b =={ a
or a ,ﬁg b. If b iﬁ a, a J p implies b T p. In the second case, b T q implies a T q.
Hence, 7 is Ferrers.

Part 2. Suppose that a if b and, in contradiction with the thesis, b =% a. This
implies that b T p and Notla T p|, for some p € Z. Now, a =t b and b T p imply
a T p, a contradiction. The proof of Part 3 is similar.

Part 4. It is simple to check that 2 is complete. Let us show that it is
transitive, i.e., that, for all o, 8,y € AUZ, a 2 f and § £ v imply o £ ~. Since
each of a, 3,7 can belong either to A or to Z, there are 8 cases to examine.

1. If o, B, € A, the conclusion follows from the transitivity of =f.
2. If a, 3,7 € Z, the conclusion follows from the transitivity of 2Z;.

3. ffa,feAand y € Z, « 2  and B 2 v means that a Zf 8 and 8 T 7.
This implies a T 7, so that a@ 2 ~.

4. fa,yeAand f € Z, « 2 f and B 2 v means that o T 8 and Not[y T f].
This implies Not[y 75 a]. Because T is a biorder, we know that =% is com-
plete, so that a =% . Because 7{ refines =%, a =% v implies a ! ~, so that
a2 .



5. 1f3,yeAanda € Z,a 2 3 and B 2 v means that Not[8 T o] and 3 =f 7.
Suppose that v T «. Using if v, we obtain S T «, a contradiction.
Therefore, we must have Not|y T o so that o 2 ~.

6. fa,fe Zandy€ A, o 2 fand 2 v means that « 7] 8 and Not[y T 3]
Suppose that v T «. Using o Z; 3, we obtain v T 3, a contradiction. Hence,
we must have Not[y T af, so that a 2 .

7. fayeZand f € A, a 2 f and f £ v means that Not[5 T ] and
T . This implies Not[y 2Zh ). Because T is a biorder, we know that 7%
is complete, so that a =% 7. Because ] refines Zf, a =% 7 implies a > 7,
so that a 2 .

8. fB,yeZandac A, a 2 and f 2 v means that a T 8 and § 2} 7.
This implies a T 7, so that o 2 ~. O

When T is a biorder, it is clear that the relations =% and 7 satisfy the conditions
of the above lemma. Note that, since () is the maximal quasi-order on AU Z that
coincides with T on A x Z, the weak order 2 refines Q).

3.4 Interval orders

An interval order T is an irreflexive Ferrers relation on a set X, which implies that
it is a biorder between X and X. Hence, if X is countable, it has a non-strict
numerical representation such that, for all x,y € X,

r Ty ulr) > v(y),

where u and v are two real-valued function on X. Since T is irreflexive, we obtain
u(x) < v(z), for all x € X. A similar analysis can be conducted using a strict
representation instead of a non-strict one.

This is summarized below, mainly following Fishburn (1970).

Proposition 4
Let T" be a binary relation on a finite or countably infinite set X. The following
statements are equivalent.

1. T is an interval order

2. There are real-valued functions u and v on X such that, for all z,y € X,

Ty < u(x) > o(y),
u(x) < v(x).

(6)



3. There are real-valued functions uw and v on X such that, for all x,y € X,

Ty u(z) = v(y), )
u(z) < v(x).

Furthermore, the functions u and v used in statements 2 and 3 can always be
chosen so that, for all x,y € X,

x 2y < u(r) > uly),
>0

r Zry < v(z) >v(y).

(8)

Remark 2
Using Lemma 1, it is not difficult to check that the above result may be slightly

strengthened requiring that the set X/~ of equivalence classes of X under ~7 is
finite or countably infinite (Fishburn, 1985, Th. 8, p. 29). °

Clearly, the order-denseness conditions introduced for biorders are all that is
needed to cover the general case. For the record this is stated below for the
case of a strict representation. A similar proposition can obviously be obtained
for the case of a non-strict representation.

Proposition 5
Let T be a binary relation on a set X. The following statements are equivalent.

1. T is an interval order and there is a finite or countably infinite set X* C X
such that, for all x,y € X,

v Ty= [z2hz* and 2™ Ty, for some z* € X*]. 9)

2. There are real-valued functions u and v on X such that (6) holds.

Furthermore, the functions u and v used in statement 2 can always be chosen so
that (8) holds.

For a detailed study of the numerical representation of interval orders, we
refer to Bosi, Candeal, Indurdin, Oloriz, and Zudaire (2001). Early studies of
this problem include Bridges (1983a,b, 1985), Doignon et al. (1984), and Fishburn
(1970, 1973), Gensemer (1987b), Liick (2004), and Oloriz, Candeal, and Indurdin
(1998). In model (6), a closed interval [u(x),v(zx)] is associated to each element of
X. A generalization of this representation that allows for intervals that may be
closed or open is considered in Fishburn (1985, Ch. 7), and Nakamura (2002).



3.5 Semiorders

A semiorder T is a semitransitive interval order. We envisage below three dif-
ferent forms of numerical representation for such relations, following Aleskerov,
Bouyssou, and Monjardet (2007).

3.5.1 Representations with no proper nesting

Semitransitivity implies that it is never true that » =% y and y =% . When X
is countable, this leads to what Aleskerov et al. (2007) called representations with
no proper nesting of semiorders, i.e., representations that are identical to the ones
envisaged above for interval orders with the added feature that, for all z,y € X,

u(z) > uly) = v(z) = v(y).

This is recorded below.

Proposition 6
Let T be a binary relation on a finite or countably infinite set X. The following
statements are equivalent.

1. T is a semiorder.

2. There are real-valued functions u and v on X such that, for all x,y € X,

rTy < u(z)>o(y),
u() > uly) = v(r) = v(y), (10)
u(z) < v(x).

3. There are real-valued functions u and v on X such that, for all x,y € X,

r Ty ur)>o(y

u(x) > uly) = v(x) = v(y), (11)
u(z) < v(x).

Furthermore, the functions uw and v used in statements 2 and 3 can always be

chosen so that (8) holds (Fishburn, 1985, Th. 8, p. 29).

Remark 3

As with interval orders, the above result may be slightly strengthened requiring
that requiring that the set X/~ of equivalence classes of X under ~ is finite or
countably infinite. °
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The extension to the general case is immediate using the order-denseness condi-
tions introduced above for biorders. The following proposition deals with strict
representations in the general case. A similar proposition can be formulated for
non-strict representations.

Proposition 7
Let T be a binary relation on a set X. The following statements are equivalent.

1. T s a semiorder and there is a finite or countably infinite set X* C X such
that (9) holds.

2. There are real-valued functions u and v on X such that (10) holds.

Furthermore, the functions u and v used in statement 2 can always be chosen so

that (8) holds.

3.5.2 Representations with no nesting

As shown in Fishburn (1973, 1985), a more constrained representation can be
envisaged for semiorders in which, for all z,y € X, u(z) > u(y) < v(x) > v(y).
Such a representation (called representation with no nesting in Aleskerov et al.,
2007), is easy to obtain in the countable case. Its extension to the general case is
more delicate (on this point, see Fishburn, 1985, Chap. 7). This is recorded below.

Proposition 8
Let T be a binary relation on a finite or countably infinite set X. The following
statements are equivalent.

1. T is a semiorder.

2. There are real-valued functions u and v on X such that, for all x,y € X,

Ty e u(r)>uv(y),
u(z) = uly) < v(z) > v(y), (12)
u(z) <wv(x).

3. There are real-valued functions u and v on X such that, for all x,y € X,

v Ty u(r) = oy),
u(@) = uly) < v(r) = v(y), (13)
u(z) < v(z).

11



Furthermore, the functions u and v used in statements 2 and 3 can always be
chosen so that, for all x,y € X,

%0y e ule) 2 uly) < (@) = o(y). (14)

PROOF

It is clear that (12) implies that T is a semiorder. Conversely, we apply Lemma 1
with 7f = =7 and 2] = 7. Because X is at most countable, there is a numerical
representation F' of the weak order 2 on X UX’, where X' is a disjoint duplication
of X. Defining u (resp. v) as the restriction of ' on X (resp. X'), it is clear that
(12) and (14) hold. The proof for (13) is similar once it is observed that if 7" is
Ferrers and semitransitive, the same will be true with 7°! and that =7 = Zgea. O

Remark 4
In the above result, we may only ask that requiring that the set X/~ of equiva-
lence classes of X under ~7 is finite or countably infinite. °

The following proposition deals with strict representations in the general case. A
similar proposition can be formulated for non-strict representations.

Proposition 9 (Fishburn, 1985, Th. 8, p. 136)
Let T be a binary relation on a set X. The following statements are equivalent.

1. T s a semiorder and there is a finite or countably infinite set X* C X such

that (9) holds.

2. There are real-valued functions u and v on X such that (12) holds.

Furthermore, the functions u and v used in statement 2 can always be chosen so

that (14) holds.

3.5.3 Constant threshold representations

When X is finite, the classic result of Scott and Suppes (1958) shows that it is
always possible to obtain a constant threshold representation of semiorders, i.e.,
a representation in which, for all z € X, v(z) = wu(z) + 1. It is well-known
that constant threshold representations do not extend to the countable case with-
out additional restrictions. The study of constant threshold representations of
semiorders on countable sets was pioneered by Manders (1981) and pursued in
Beja and Gilboa (1992). The situation is even more complex in the general case
as shown in Candeal, Indurdin, and Zudaire (2002) and Abrisqueta, Candeal, In-
durdin, and Zudaire, 2009 (see also Gensemer, 1987a and Narens, 1994). Aleskerov
et al. (2007) offer a recent survey of these developments.

The following proposition is proved in Pirlot and Vincke (1997, Th. 3.4) or
Fishburn (1985, Th. 2.9, p. 122).
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Proposition 10
Let T be a binary relation on a finite set X. The following statements are equiv-
alent.

1. T is a semiorder

2. There is a real-valued function u such that, for all x,y € X

rTy<ulr)>uy) +1, (15)

3. There is a real-valued function u such that, for all x,y € X

xTy<u(r)>uly)+ 1. (16)

4 Biorders with frontier

4.1 The model

Consider now two disjoint relations T and F between the sets A and Z. We
investigate below the conditions on T and F under which there are a real-valued
function f on A and a real-valued function g on Z such that, for all a € A and
peZ,

aTp<e fla)>g(p), (17a)
aFpe fla)=9g(p). (17b)

The above model constitutes a simple generalization of biorders. Apparently it
has never been studied in the literature®. We denote by R the relation between A
and Z equal to TUJF. Remember from Section 2 that R¢ is the relation between A
and Z such that a R¢ p < Notla R p]. As above, let =5 (resp. Z5) be the trace
of T on A (resp. on Z). Similarly, let =5 (resp. %) be the trace of R on A (resp.
on Z). Define

L _ /
z*_zﬂ'm?\_ﬂ%

and
= 2Nk

3Ducamp and Falmagne (1969, Th. 1, p. 363) have given necessary and sufficient conditions on
a relation F between two finite sets to have a representation (17b); their analysis can straightfor-
wardly be extended to cover arbitrary sets. Such relations have been further studied in Doignon
and Falmagne (1984) under the name of matching relations.
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Hence, we have:

a>‘€b(:)[b‘3'p:af]'p, for all p € 7],
7q<:>[a‘3'p:>a‘3'q, for all a € A]
S[bRp=aRp, foral pe 7],
yq<:>[aIRp:>aqu, for all a € A],

a>‘zb<:>[[b‘.]'p:>a7p] and bRp=aRp|, forallpEZ},
p>‘*q<:>[[a‘fp:>a‘3'q] and [aRp=aRq, forallaeA}.

By construction, =%, =%, =4, =h, =k =" are reflexive and transitive We know
that =% is complete iff =7 is complete iff T is a biorder. Similarly, 7% is complete
iff 2Z% is complete iff R is a biorder.

Whereas it is clear that the existence of a representation of type (17) implies
that R has a non-strict numerical representation of type (1), the converse is not
true as will be shown below (see Lemma 2(2) and the examples following Propo-

sition 12).

4.2 The countable case

In view of Proposition 2, we know that (17) implies that both T and R are biorders.
Clearly, these two biorders must somehow be compatible. This compatibility will
be ensured by the two thinness conditions introduced below.

In model (17), the pair of relations T and F is “thin” in the following sense.
If a Fpand b T p, we have f(a) = g(p) and f(b) = g(p), so that f(a) = f(b).
Hence, for all ¢ € Z, we have a F g bF gand a T ¢ < b T q. We say that the
pair of relations T and F is left thin if, for all a,b € A and p € Z,

[aF pand b T p| = a~L 0.

Similarly, we say that the pair of relations T and F is right thin if, for all a € A
and p,q € Z,
[aFpand aFq] =p~]q.

Observe that left thinness (resp. right thinness) may be formulated as FF¢ C ~*
(resp. F1F C ~L). We say that thinness holds if left and right thinness are satlsﬁed
Some of the consequences of these conditions are collected below.

Lemma 2
1. If two disjoint relations T and F between the sets A and Z have a represen-
tation (17), then T is a biorder, R is a biorder, and thinness holds.
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2. For a pair of disjoint relations, the following four conditions are independent:
T is a biorder, R is a biorder, left thinness holds, right thinness holds.

3. If two disjoint relations T and F between A and Z are such that T and R are
biorders and thinness holds, then the relation ¢ on A and the relation ="
on Z are both complete.

4. Under the conditions of Part 3, we have:

[a T pandb =X al=bTp, (18a)
[aFpandp - q =aTq, (18Db)
[ | = ¢ R p, (18¢)
[a Fpandr = p=aRr, (18d)

¢
aJF panda>,c

for all a,b,c € A and p,q,r € Z.

PROOF

Part 1 is obvious. The proof of Part 2 follows from the four examples below. We
indicate, for each example, which condition among the set of four conditions is the
only one to be violated.

T biorder R biorder right thinness  left thinness
b q b q P q b q

a T F a F - a F F a F T

b F T b — F b T — b F —

Part 3. Suppose that = is not complete. Hence, for some a,b € A and some
p,q € Z, we have:

b T p and Not[a T p|, for some p € Z, (19a)
or
bR p and Notla R p|, for some p € Z, (19b)
and
a T q and Not[b T ¢|, for some q € Z, (19¢)
or
a R q and Not[b R ¢|, for some q € Z, (19d)

The combination of (19a) and (19¢) violates the fact that T is a biorder. Similarly,
the combination of (19b) and (19d) violates the fact that R is a biorder. The
combination of conditions (19a) and (19d) says that a R ¢, b T p, Not[a T p]
and Not[b R q]. Notice that Not[a T p| implies either Notla Rp] or a F p. If
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Notla R p], since we know that a R ¢, b R p and Not[b R ¢|, we have a violation
of the fact that R is a biorder. Hence, we must have a F p. We know that a R ¢
implies either a T ¢ or a F ¢q. Suppose that a T ¢q. Since b T p, we obtain, using
the fact that T is a biorder a T p or b T ¢, a contradiction. Therefore, we must
have a & ¢. Using right thinness, a & p and a F ¢ implies that b T p < b T ¢, a
contradiction. The proof for =" is similar.

Part 4. Suppose that a F p and b = a. Since a F p implies a R p and b =£ a
implies b =% a, we know that b R p. Suppose that b F p. Using left thinness, we
know that that aF pand bF pimply b ~¢ a, a contradiction. Hence, we must
have b T p, as required by (18a).

Suppose now that a Fp and a = band b R p. If b F p, a F p and left thinness
imply a ~% b, a contradiction. Hence, we must have b T p and a ¢ b implies b T p,
a contradiction. This shows that (18c) holds. The proofs of (18b) and (18d) with
>" are similar. O

The following lemma generalizes Lemma 1 to cope with a frontier.

Lemma 3
Let T and F be a pair of disjoint relations between A and Z. Suppose that =} is a
weak order on A and 7} is a weak order on Z. Suppose that, for all o, 3 € A and
all v € Z,
BT vanda i B=aTy,
BFyanda =l B3=aTr, (20)
BFyanda~iB=aTFny.

Suppose furthermore that, for all o € A and all B,y € Z,

aTpand B v=aT7y,
aF pand B> v=>aT, (21)
aF Band B~ v=>aTF .

Then =f refines =% and =} refines 7=7. Furthermore, the binary relation £ on
AU Z that is defined letting, for all o, € AU Z,

ac€ABEA and ol B,
aeZ,peZ and o B,
aceA ez and aRp,
ae€Z €A and Notlf T al.

afs

1s a weak order.
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PROOF
Let us show that 7{ refines ¢, the proof that 7] refines -7 being similar. Suppose
that o = 3, for some a, 3 € A. We have to show that o =% 3, i.e., that, for all
Y€ Z,

BT yv=aTny,

BRy=aRy,

Using (20), 8 T v and « = 8 imply o T 7. Similarly, if 3 F v, (20) and o =f
imply either o« F v or a T 7, so that a R . Hence, ,ﬁf refines ¢,

Let us now show that % is a weak order. It is simple to check that £ is
complete. Let us show that it is transitive, i.e., that, for all a, 3,7y € AU Z,
aZ pfand gL v imply a £ ~. Since each of «, 3,7 can belong either to A or

to Z, there are 8 cases to examine.
1. If a, 8,7 € A, the conclusion follows from the transitivity of 2f.
2. If a, 3,y € Z, the conclusion follows from the transitivity of 2Z;.

3. fa,feAandy € Z, o & B and B £ v means that o Zf f and B R 7.
This implies a R 7, so that o .Z ~.

4. ifa,vy€ Aand f € Z, a £ [ and 5 £ v means that a R 5 and Not[y T f].
Suppose first that o T 5. Because Not[y T 8], we have a =¢ ~. Since if
refines =¢, we have « >f v, so that a £ ~. Suppose now that a F .
Because Not[y T 3], we have either v F 3 or Not[y R 5]. If Not[y R ], we
have a =¢ 7, so that « >—f ~v and « £ . Suppose now that v F . Because

a F B, (20) implies that we must have a ~f 7, so that o £ 7.

5. If B,y € Aand a € Z, a £  and f £ 7 means that Not[ T o] and
I} if ~. Suppose that v T a. Using if v, we obtain § T «, a contradiction.
Therefore, we must have Not[y T a] so that a & 7.

6. fa,f € Zandy € A, o« Z ffand f £ v means that a 7] § and Not[y T 3.
Suppose that v T «. Using o Z; 3, we obtain v T 3, a contradiction. Hence,
we must have Not[y T al, so that a £ 7.

7. ffa,ye€ Zand f € A, a Z f and 5 £ v means that Not[f T o] and 5 R .
Since Not[3 T a], we have either 8 F « or Not[3 R «|. Suppose first that
Not[3 R a]. Since f R v, we have o >} =, so that a >/ v and o .Z 7.
Suppose now that 8 F «. If 8 F ~, then (21) implies that we must have
a~yyand aZ . If BT v, we have a =} v, so that o =] v and o .Z .

8. IfB,ye Zand a € A, a Z 8 and B £ v means that a R 3 and 3 ;) 7.
Because ] refines 77, this implies a R 7, so that a & 1. O

~ok)?
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The above lemmas give all what is necessary to obtain the desired numerical rep-
resentation on countable sets. We have:
Proposition 11
Let A and Z be finite or countably infinite sets and let T and F be a pair of disjoint
relations between A and Z. There are real-valued functions f on A and g on Z
such that (17) holds iff T is a biorder, R = TUF is a biorder, and thinness holds.
Furthermore, the functions f and g can always be chosen so that, for all a,b € A
and p,q € Z,

azibe fla)

F(®),
pZia e 9p) > 9(9) 22)

(9)

Vv v

PROOF

Necessity results from Lemma 2(1). Sufficiency is shown applying Lemma 3 with
=t =% and =7 = 7. We know that the binary relation £ on AU Z is a weak
order. Because A and Z are both countable, there is a real-valued function F' on
AU Z such that, for all a, 5 € AU Z,

a2 & Fa)> F(B).

Suppose that, for some, a € A and p € Z, we have a T p. This implies a .Z p
and Notl[p £ al] so that F(a) > F(p). Similarly a F p implies both of a £ p and
p Z a,sothat F(a) = F(p). If Notla R b] we have Notla £ p] and p .Z a, so that
F(a) < F(p). Therefore defining f (resp. g) to be the restriction of F on A (resp.
Z) leads to a representation satisfying (17). In view of the definition of .2, it is
clear that (22) will hold. O

4.3 The general case

The extension of Proposition 11 calls for the introduction of order-denseness con-
ditions. We say that a subset A* C A is dense for the pair T and F if, for all a € A
and all p € Z,

aTp=[ax’a and a* T p, for some a* € A", (23)
aRp=[a* R pand a* ijf a, for some a* € A]. (24)

The intuition behind these conditions should be clear. Condition (17a) imposes
that the relation T has a strict representation. Hence, we must impose on 7T the
order-denseness condition used in Proposition 2. This is exactly what (23) does.
Similarly, the conjunction of conditions (17a) and (17b) imposes that the relation
R has a non-strict representation. Hence, we must require that R satisfies the
order-denseness condition used in Proposition 3. This is exactly what (24) does.

The existence of finite or countably infinite subset A* that is dense for the pair
T and J will guarantee the existence of numerical representation. We have:
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Proposition 12

Let A and Z be two sets and let T and F be a pair of disjoint relations between A
and Z. There are real-valued functions f on A and g on Z such that (17) holds
iff T is a biorder, R = T UF is a biorder, thinness holds, and there is a finite or
countably infinite subset A* C A that is dense for the pair T and F. Furthermore,
the functions f and g can always be chosen so that (22) holds.

PROOF

Necessity. Suppose that there are real-valued functions f on A and g on Z such

that (17) holds. Let us show that this implies the existence of a finite or countably

infinite subset A* C A that is dense for the pair of disjoint relations 7 and F.
Let A\; € f(A) be such that

pj < g and (pg, A5) N f(A) = 2, (25)

for some p1; € g(Z). With each such \; € f(A), we associate a particular p; € g(2)
such that (25) holds. Suppose that A\, < A;. The two intervals (p, A\r) and
(i, A;) are disjoint since A\, > p; would violate the fact that (u;, ;) N f(A) = @.
The collection of the numbers \; must be countable because the intervals (p;, A;)
are nonempty and disjoint and, therefore, each one contains a distinct rational
number. Therefore, there is a finite or countably infinite set A7 C A such that
f(A}) contains all the A;.
Let A\; € f(A) be such that

Aj < pj and (A, py) N f(A) = 2, (26)

for some p; € g(Z). With each such \; € f(A), we associate a particular p; € g(2)
such that (26) holds. Suppose that A\; < Ag. The two intervals (A, p) and
(Aj, ) are disjoint since A\, < p; would violate the fact that (A;, ;) N f(A) = @.
The collection of the numbers A; must be countable because the intervals (A;, 1)
are nonempty and disjoint and, therefore, each one contains a distinct rational
number. Therefore, there is a finite or countably infinite set A5 C A such that
f(A3) contains all the A;.

Let us select a subset A; C A such that for every pair of rational numbers p
and ¢ such that p < ¢ the following condition holds:

(p,q) N f(A) # @ = [p < f(a¥) < ¢, for some a* € Aj]. (27)

The set A5 C A can always be taken to be finite or countably infinite.

Define A* = A; U A5 U A% By construction, A* C A is finite or countably
infinite. Let us show that A* is dense for the pair T and &.

Suppose that a T p, so that f(a) > g(p). If (¢(p), f(a)) N f(A) = @ then, by
construction, we have f(a) = f(a*), for some a* € Af. Because f(a) = f(a*) >
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g(p), we clearly have a ¢ a* and a* T p. Otherwise we have (g(p), f(a)) N f(A) #
@ and let ¢ be any element in A such that g(p) < f(c) < f(a). Let p,q € Q be
such that g(p) < p < f(¢) < ¢ < f(a). By construction of the set A}, we have
g(p) < p < f(a*) < q < f(a), for some a* € A;. Because f(a) > f(a*) > g(p), we
have a* T p and a ¢ a*.

Suppose now that a R¢ p, so that f(a) < g(b). If (f(a),g(p))Nf(A) = @, then,
by construction, we have f(a) = f(a*), for some a* € A%. Because f(a) = f(a*) <
g(p), we have a* R¢ p and a* =% a. Otherwise we have (f(a),g(p)) N f(A) # @
and let d be any element in A such that f(a) < f(d) < g(p). Let p,q € Q be
such that f(a) < p < f(d) < ¢ < g(p). By construction of the set A%, we have
fla) <p< f(a*) < q < g(p), for some a* € A%. Because f(a) < f(a*) < g(p), we
have a* R° p and a* ¢ a.

Sufficiency. Define the relation ), on A U Z as the relation £ defined in
Lemma 3 with = = Z! and I = Z7. The proof will be complete if we show
that there is a countable subset K* of AU Z that is dense for @), i.e., that, for all
a,feAUZ,

a @ f=[aQ.yand v Q, 3, for some v € K*].

By hypothesis, we know that there is a finite or countably infinite subset A* C A
that is dense for the pair 7 and F. Let us show that this set A* is dense for the
weak order (). There are four cases to consider.

1. Suppose that « € A and f € Z. Then o Q, 5 and Not[5 Q. «| implies
a T (. Using the fact that A* C A is dense for the pair T and F, we obtain
a =t a* and a* T B, for some a* € A*, so that a Q, a* and a* Q, B.

2. Suppose that & € Z and § € A. Then a @, S and Not[f Q. a] implies
B R¢ . Using the fact that A* C A is dense for the pair T and &, we obtain
a* =t B and a* R® a, for some a* € A*, so that o Q, a* and a* Q, B.

3. Suppose that a, 3 € A, so that a Q, 8 and Not[3 Q, a] implies a =¢ 3. By
definition, we have either

a T pand 8T p, (28a)
or
aRpand 5 R p, (28b)

for some p € Z.

Suppose that (28a) holds. Using the fact that A* C A is dense for the pair
T and F, o T p implies a =¢ a* and a* T p, for some a* € A*. If 8 =¢ a*,
a* T p implies 8 T p, a contradiction. Hence, we must have a* =¢ 3, so that
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a = a* and a* ={ 3. We therefore have a Q, a* and a* Q, f3, for some

~ok
a* € A*, as required.
Suppose now that (28b) holds. Using the fact that A* C A is dense for
the pair T and &, 8 R¢ p implies a* R° p and a* =% 3, for some a* € A*.
If a* =* a, a R p implies a* R p, a contradiction. Hence, we must have

a =t a*, so that o =% a* and a* =! 3. We therefore have o Q, a* and
a* Q, B, for some a* € A*, as required.

4. Suppose that «, f € Z, so that o Q, [ and Not[5 Q. «| implies a =% 5. By
definition, we have either

aT B and a T° a, (28¢)
or

aR [ and a R° a, (28d)

for some a € A.

Suppose that (28c) holds. Using the fact that A* C A is dense for the pair
T and F, a T B implies a = a* and a* T B, for some a* € A*. If a* T «,

a =% a* implies a T a, a contradiction. Therefore, we must have Not[a* T a.

Hence, we have Not[a* T o] and a* R f3, so that o @, a* and a* Q, [, as
required.

Suppose finally that (28d) holds. Using the fact that A* C A is dense for
the pair T and F, a R « implies a* R® a and a* = a, for some a* € A*. If
a* R° B, a* ' a implies a R° B, a contradiction. Therefore, we must have
a* R . Hence, we have a* R o and a* R 3, so that a ), a* and a* Q, [, as
required. O

The above result uses six conditions: the four conditions used in Proposition 11
(T is a biorder, R = T U F is a biorder, left thinness, right thinness, and the two
order-denseness conditions (23) and (24). Let us show that these six conditions
are independent. It is clear that when both A and Z are countable, the two order-
denseness conditions are trivially satisfied. The examples presented in the proof
of Lemma 2(2) can therefore be used to deal with the first four conditions. Let A
and Z be disjoint duplications of R and let T be such that (abusing notation in
an obvious way) a T x < a > x. Suppose furthermore that F is empty. It is clear
that 7T is a biorder and that the same is true for R. The two thinness conditions
are trivially satisfied. Since T has a strict numerical representation, condition (23)
holds. Condition (24) is violated since R cannot have a non-strict representation.
Modifying the last example by taking a T z < a > z clearly leads to a situation
in which all conditions used in Proposition 12 are satisfied, except (23).
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We briefly examine below how the above results may be used to tackle the case
of interval orders and semiorders with frontier. The application to interval orders
will be straightforward. The case of semiorders will be slightly more delicate.

5 Interval orders with frontier

Let T and F' be two disjoint relations on X. Define R =T U F'.
We are interested in conditions ensuring the existence of two real-valued func-
tions v and v on X such that, for all x,y € X,

Ty e u(r)>u(y),
v Fy o u(z) = oly), (29
u(z) < v(x).

A pair of relations T" and F' having such a representation is called an interval order
with frontier.

Model (29) implies that u < v, so that that both 7" and F' must be irreflexive®.
Using Lemma 2(1), we know that model (29) implies that both 7" and R must be
Ferrers (notice that, because both 7" and F' are irreflexive, this will imply that T
and R are asymmetric). Hence, a necessary condition for model (29) is that both
T and R are interval orders.

Remember from Section 3 that we have defined =% on X as =% N =% and ="
on X as N Zh.

It is easy to check that (29) implies left and right thinness. Indeed, suppose
that x F z, and y F' z. This implies u(z) = v(z) and u(x) = v(z), so that
u(z) = u(y). Hence, we must have v F w <y Fwand 2 T w < y T w, for all
w € X. A similar reasoning shows the necessity of the right thinness condition.

It is straightforward to adapt the examples given above for biorders with fron-
tier to show that the following four conditions are independent: T is an interval
order, R is an interval order, left thinness, and right thinness. Using Lemma 2(3),
it is simple to check that when both 7" and R are interval orders, and thinness
holds, both relations =¢ and =" are complete.

*

This leads to the following corollary of Proposition 11.

Proposition 13

Let X be a finite or countably infinite set. Let T' and F be a pair of disjoint
relations on X and define R = T U F.There are real-valued functions u and v
on X such that (29) holds iff T is an interval order, R is an interval order, and

4Note that if F were supposed to be reflexive, model (29) would be identical to the classic
numerical representation of a weak order 7 with 7' = > and F = ~.
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thinness holds. Furthermore, the functions u and v can always be chosen so that,

forall z,y € X,
¢

T 2Ly e u(r) > u(y),
rZhy e v(x) > o(y). (30)

PRrOOF

Necessity was noted above. Sufficiency is established noting that the conditions
imposed on T" and F' imply the conditions used in Proposition 11. The fact that
u < v follows from the irreflexivity of R. O

It suffices to bring the order-denseness condition used in Proposition 12 into the
picture to be able to cover the general case. This is recorded below.

Proposition 14

Let T and F be a pair of disjoint relations on X and define R =T U F.There are
real-valued functions w and v on X such that (29) holds iff T is an interval order,
R is an wnterval order, thinness holds, and there is a countable subset X* C X
such that, for all z,y € X,

v Ty= [zt o and 2* Ty, (31)
xRy = [z* Ry and x* 2t 1], (32)

for some x* € X*. Furthermore, the functions u and v can always be chosen so

that (30) holds.

We now turn to the more delicate case of semiorders with frontier.

6 Semiorders with frontier

6.1 Representations with no proper nesting

We are first interested in conditions that will ensure the existence of two real-valued
functions v and v on X such that, z,y € X,

(33)

which specializes the representation envisaged above for interval orders with fron-
tier by adding a consistency condition between u and v.
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It is clear that model (33) implies that both 7" and R must be semiorders. It
also implies that

TFR* CT, (34a)
RFT CT. (34b)

Indeed, if a T b, b F' ¢ and ¢ R*° d, we have u(a) > v(b), u(b) = v(c), u(c) < v(d),
and u(d) < v(c). In contradiction with the thesis, suppose that Not[a T d], so
that v(d) > u(a). Because v(d) > u(a) > v(b), we obtain v(d) > v(b). Since
u(b) = v(c) > u(d), we have u(b) > wu(d), contradicting the fact that u(z) >
u(y) = v(x) > v(y). The proof that R**FT C T holds is similar.

Conditions (34) are inspired from the study of pseudo-orders in Vincke (1980)
and Roy and Vincke (1987). In pseudo-orders, the frontier F' between T and R*
does not have to be “thin”. Model (33) being a particular case of model (29), it
implies both left and right thinness.

Lemma 4
For a pair of disjoint irreflexive relations T and F', the following conditions are

independent: T 1s Ferrers, T is semitransitive, R is Ferrers, R is semitransitive,
TEFR* CT, RFT CT, left thinness, and right thinness.

PROOF

We provide the eight required examples indicating, for each example, which con-
dition is the only one to be violated. The first six are taken from Roy and Vincke
(1987, page 267), with a minor adaptation for the second one.

R Ferrers R semi-transitive
a b c d a b c d
a R* F R R* a R* F T R*
b _ RSC RSC RSC b _ RSC F RSC
c — — R F c — — R R*
d — — — R d — — - R
T Ferrers T semi-transitive
a b c d a b c d
a R* T R* F a R T T F
b _ RSC . RSC b _ RSC T RSC
c — F R* T c — - R* -
d — — — R d - — F R*
TFR*CT R€FT CT
a b c d a b c d
a R T T F a R* R* R F
b — R F R* b — R F T
I _ _ RSC RSC C _ _ RSC T
d _ _ _ RSC d _ _ _ RSC
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right thinness left thinness

a b c d a b c d
a R¢ R I F a R R T F
b — R R T b — R R F
c _ _ RSC RSC Is _ o Rsc Rsc
i - - - R* d - - - Re

O

We define the trace of the pair of relations 7" and F' as the binary relation -,
on X such that, for all z,y € X,

T Ty el yand z 2]y (35)

~Ikx

By construction, -, is reflexive and transitive. As shown below, the conditions
introduced so far imply that the relation 77, is also complete.

Lemma 5
Let T and F be a pair of disjoint relations on X. If T is a semiorder, R is a
semiorder, TFR* C T, R*FT C T, and thinness holds, then >, is complete.

PROOF

Let us show that 7—, is complete. Using the results in Vincke (1980) or in Roy
and Vincke (1987), it suffices to prove that we have FR*T C T and TR*F C T.
Suppose that a F' b, b R*° ¢ and ¢ T d. Using the fact that R is a semiorder,
we must have a R d. Suppose that a F' d. Using right thinness, a F' b, a F' d,
and ¢ T d imply ¢ T b, a contradiction. Hence, we must have a T d, so that
FR*T CT. Suppose now that a T' b, b R* ¢ and ¢ F' d. Using the fact that R is
a semiorder, we must have a R d. Suppose that a F' d. Using left thinness, ¢ F' d,
a Fd,and a T b imply ¢ T' b, a contradiction. Hence, we must have a T" d, so that
TR*F CT. O

This leads to our first result representations with no proper nesting.

Proposition 15

Let T and F be a pair of disjoint relations on a finite or countably infinite set
X. Define R =T UF. There are real-valued functions u and v on X such that
(33) holds iff T is a semiorder, R is a semiorder, TFR* C T, R*FT C T, and
thinness holds. Furthermore the functions u and v can always be chosen so that
(30) holds.

PROOF

Necessity was shown above. Sufficiency is established as in the proof of the Proposi-
tion 13. The only difference is that we must show that u(z) > u(y) = v(z) > v(y).
We know that u is a representation of =¢ and that v is a representation of .

2.1
Lemma 5 has shown that =, = =N =" is complete. Hence it is impossible to have
x>y and y =" 2. This completes the proof. O
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Adding the two order-denseness conditions used in Proposition 12, allows to deal
with the general case.

Proposition 16

Let T and F be a pair of disjoint relations on X. Define R =T U F. There are
real-valued functions u and v on X such that (33) holds iff T is a semiorder, R
15 a semiorder, TFR** C'T', R*“FT C T, thinness holds, and there is a countable
subset X* C X such that (31) and (32) hold. Furthermore, the functions u and v
can always be chosen so that (30) holds.

6.2 Representations with no nesting

A representation with no nesting is such that there are real-valued functions u and
v on X such that, for all z,y € X,

(36)

For semiorders without frontier, we know that representations with no proper
nesting are equivalent to representations with no nesting. With the introduction
of frontier, this equivalence fails. This leads to study a structure that is more
constrained that the one envisaged in the preceding section.

All conditions needed for the existence of a representation with no proper nest-
ing are clearly necessary for model (36). However, model (36) implies a stronger
form of thinness that the one required above. Suppose indeed that x F' z and
y F z. This implies u(z) = v(z) and u(y) = v(z), so that u(z) = u(y). This
implies that v(z) = v(y). Hence, it will impossible to distinguish = and y. A
similar conclusion clearly holds if we have z F' = and z F'y. This is the motivation
for the following two conditions.

We say the pair of relations T and F' is strongly left thin if, for all z,y, 2z € X,
[ F' z and y F z] implies that x ~, y. Similarly, we say that the pair of relations
T and F is strongly right thin if, for all x,y,z € X, [z F z and z F y| implies
that © ~, y. Observe that strong left and right thinness may equivalently be
formulated as FF? C ~, and F¢F C ~,. We say that strong thinness holds if left
and right strong thinness are satisfied.

The difference between strong thinness and thinness is illustrated below. Let
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X ={a,b,c,d} and let T and F be defined as follows:

a b c d

a R R T T
b _ RSC RSC F
c — — R F
d — — — R

The pair of relations 7" and F' is thin. It has a representation with no proper
nesting taking, e.g., v(a) = 4,u(a) = 3, v(b) = 4,u(b) = 1, v(c) = 2,u(c) = 1,
and v(d) = 1,u(d) = 0. It cannot have a representation without nesting since
strong left thinness is violated. Indeed, b F' d and ¢ F' d imply u(b) = u(c). In a
representation with no nesting, we must also have v(b) = v(c). This violates the
fact that a R*¢ b while a T c.

Replacing thinness by strong thinness does not alter the independence of the
conditions used in Proposition 15.

Lemma 6

For a pair of disjoint irreflexive relations T and F, the following conditions are
independent: T is Ferrers, T is semitransitive, R is Ferrers, R is semitransitive,
TFR* C T, RCFT C T, strong left thinness holds, and strong right thinness
holds.

PRrOOF

A simple check shows that the first six examples used in the proof of Lemma 6
satisfy strong thinness. The seventh example violates right thinness and, hence,
strong right thinness. It trivially satisfies strong left thinness. Similarly, the eighth
example violates left thinness and, hence, strong left thinness. It trivially satisfies
strong right thinness. O

Using Lemma 5, we know that if a pair of disjoint relations 7" and F, is such
that 7" is a semiorder, R is a semiorder, TFR** C T, R**FT C T, and thinness
holds, then the relation 7, is complete. The following lemma takes note of some
additional properties that obtain when thinness is replaced by strong thinness.

Lemma 7
Suppose that a pair of disjoint relations T and F' is such that: T is a semiorder,
R 1s a semiorder, TFR** C T, R*FT CT, and strong thinness holds. We have:

.z Fyandy >, z imply x T z,
2. x =, yandy FzimplyxT z,

forall z,y,z € X.
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PROOF
Part 1. By definition of 7—,, we know that x R z. If x F z, strong right thinness
and x F' y imply that y ~, 2, a contradiction. Part 2 is proved similarly using

strong left thinness. O

Hence, under the conditions of the above lemma, we have that, for all z,y, 2z € X,

xyyandyTz=aT z,
r=yyandy Fz=aT z,
r~yyandy Fz=x F z,
xTyandy,z=aT z (37)
rFyandy >, z=2T 2z,

rFyandy~, z=2 F 2,

This leads to our first result on representations with no nesting.

Proposition 17
Let T and F be a pair of disjoint relations on a finite or countably infinite set
X. Let R=TUF. There are real-valued functions u and v on X such that (36)
holds iff T is a semiorder, R is a semiorder, TFR* CT', R*FT C T, and strong
thinness holds. Furthermore the functions u and v can always be chosen so that,
forall z,y € X,

z Zey = u(z) 2 uly) & v(z) = o(y). (38)

PROOF

Necessity was noted earlier. Sufficiency is established as follows. Let us view the
pair of relations 7" and F' as relations between X and X', a disjoint duplication
of X. In view of (37), it is clear that (20) and (21) holds with Z,. Hence, we
may apply the construction of Lemma 3. Because we have supposed that X is
countable, the weak order .Z has a numerical representation F'. Defining u and v
on X as the restriction of F' on X (resp. X') leads to a representation in which

rTy< u(x) > o
rFysulr)=uv
Ty s ulr)>u

Since R is irreflexive, we must have that u(x) < v(x), which completes the proof. O

We now turn to the general case. This will require order-denseness conditions that
are inspired from the ones used in Nakamura (2002).
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Proposition 18

Let T and F be a pair of disjoint relations on a X. Define R =T UF. There are
real-valued functions u and v on X such that (36) holds iff T is a semiorder, R is
a semiorder, TFR** C T, R*FT C T, strong thinness holds, and there is a finite
or countably infinite subset X* C X such that, for all x,y € X,

cTy=[zo, "2 Ty y =y, (39)
r RO y= 2" Tz, 2" REy™,y 2. vy, (40)

for some x*,y* € X*. Furthermore the functions u and v can always be chosen so
that (38) holds.

PROOF
Necessity. The necessity of the first six conditions is easily shown. Let us prove
that model (36) implies (39) and (40).

Let A; € u(X) be such that

Hj < )‘j and (MJ'a)‘j) ﬂu(X) =4, (41)

for some p; € v(X). With each such \; € u(X), we associate a particular p; €
v(X) such that (41) holds. Suppose that Az, A; € u(X) both satisfy (41) and
Ak < Aj. The two intervals (ux, Ag) and (u;, A;) are disjoint since p; < Ay would
violate the fact that (u;,A\;) N u(X) = @. The collection of the numbers A,
must be countable because the intervals (j;, A;) are nonempty and disjoint and,
therefore, each one contains a distinct rational number. Therefore, there is a finite
or countably infinite set A7 C X such that u(X]) contains all the \;.
Let A\; € u(X) be such that

Aj < py and (A, 1) Nu(X) = 2, (42)

for some p; € v(X). With each such A\; € u(X), we associate a particular p; €
v(X) such that (42) holds. Suppose that A;, A\; € u(X) both satisfy (42) and
A < Aj. The two intervals (Mg, pr) and (A;, ;) are disjoint since \; < g would
violate the fact that (g, ) N w(X) = @. The collection of the numbers A,
must be countable because the intervals ();, it;) are nonempty and disjoint and,
therefore, each one contains a distinct rational number. Therefore, there is a finite
or countably infinite set X3 C X such that u(Xy) contains all the ;.
Let p; € v(X) be such that

py < Aj and (py, A;) Nu(X) = 2, (43)

for some \; € u(X). With each such p; € v(X), we associate a particular \; €
w(X) such that (43) holds. Suppose that p;, u, € v(X) both satisty (43) and
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pi < pu. The two intervals (u;, A;) and (pg, Ax) are disjoint since py, < A; would
violate the fact that (u;, A\;) Nv(X) = @. The collection of the numbers p;
must be countable because the intervals (j;, A;) are nonempty and disjoint and,
therefore, each one contains a distinct rational number. Therefore, there is a finite
or countably infinite set X3 C X such that v(X;) contains all the p;.

Let p; € v(X) be such that

Aj < pj and (A, py) No(X) = @, (44)

for some \; € u(X). With each such p; € v(X), we associate a particular \; €
u(X) such that (44) holds. Suppose that p;, pu, € v(X) both satisty (44) and
pi < pg. The two intervals (A, p;) and (Mg, ptx) are disjoint since p; > A, would
violate the fact that (Mg, ) Nv(X) = @. The collection of the numbers f;
must be countable because the intervals (\;, it;) are nonempty and disjoint and,
therefore, each one contains a distinct rational number. Therefore, there is a finite
or countably infinite set X} C X such that v(X}) contains all the p;.

Let us select a subset A7 C X such that for every pair of rational numbers p
and ¢ such that p < ¢ the following condition holds:

(p,q) Nu(X) # @ = [p<u(z) <q, for some x* € X7]. (45)

It is easy to see that the set X7 C X can always be taken to be finite or countably
infinite.

Let us finally select a subset &} C X such that for every pair of rational
numbers p and ¢ such that p < ¢ the following condition holds:

(p,q) Nv(X) # @ = [p <wv(z¥) < q, for some z* € Xf]. (46)

It is easy to see that the set X C X can always be taken to be finite or countably
infinite.

Define X* = X7 U Xy U XS U X UXS UAS. By construction, X* C X is finite
or countably infinite. Let us show that X™* satisfies (39) and (40).

Let us first show that (39) holds. Suppose that = T" y, so that u(x) > v(y). We
distinguish two cases.

1. If (v(y),u(z)) Nu(X) = @ then, by construction, we have u(z) = u(x*), for
some z* € XJ. Because u(z) = u(z*) > v(y), we clearly have x 77, * and
x* T y.

2. Otherwise we have (v(y), u(z))Nu(X) # @ and let z be any element in X such
that v(y) < u(z) < u(z). Let p,q € Q be such that v(y) < p < u(z) < ¢ <
u(z). By construction of the set A2, we have v(y) < p < u(z*) < q < u(z),
for some z* € XZ. Because u(z) > u(z*) > v(y), we have x 77, x* and
z*Ty.
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In either case we have x 77, 2*, * T y, and u(z*) > v(y). Again, we distinguish
two cases.

1. If (v(y), u(z*)) Nv(X) = @ then, by construction, we have v(y) = v(y*), for
some y* € X5. Because v(y) = v(y*) < v(z*), we have y* 7, y and =* T y*.
Hence we have = 7=, =*, * T y*, and y* -, y, as required.

2. Otherwise, we have (v(y),u(x*)) Nv(X) # & and let z be any element in X
such that v(y) < v(z) < u(x*). Let p,q € Q be such that v(y) < p < v(z) <
q < u(z*). By construction of the set X, we have v(y) < p < v(y*) < ¢ <
u(z*), for some y* € XF. Because u(z*) > v(y*) > v(y), we have z* T y*
and y* ~, y. Hence we have x =, z*, * T y*, and y* 7, vy, as required.

Let us now show that (40) holds. Suppose now that x R° y, so that u(z) < v(y).
We distinguish two cases.

1. If (u(x),v(y)) Nv(X) = @ then, by construction, we have v(y) = v(y*), for
some y* € XJ. Because v(y) = v(y*) > u(x), we clearly have y 7, y* and
x R y*.

2. Otherwise we have (u(z), v(y))Nv(X) # @ and let z be any element in X such
that u(z) < v(z) <v(y). Let p,q € Q be such that u(z) <p <v(z) < ¢ <
v(y). By construction of the set X, we have u(z) < p < v(y*) < ¢ < v(y),
for some y* € AJ. Because u(z) < v(y*) < v(y), we have y 7=, y* and

x R y*.

In either case we have y 72, y*, * R° y*, and u(z) < v(y*). Again, we distinguish
two cases.

L If (u(x),v(y*)) Nu(X) = @ then, by construction, we have u(z) = u(z*), for

some z* € Xy. Because u(z) = u(z*) < v(y*), we have z* -, x and 2* R y*.
Hence we have z* 7—, x, z* R° y*, and y =, y*, as required.

2. Otherwise, we have (u(z),v(y*)) Nu(X) # @ and let z be any element in X
such that u(z) < u(z) < v(y*). Let p,q € Q be such that u(z) < p < u(z) <
q < v(y*). By construction of the set Az, we have u(z) < p < u(z*) < ¢ <
v(y*), for some z* € XF. Because u(x) < u(z*) < v(y*), we have z* 7, x
and z* R y*. Hence we have x* -, =, 2* R° y*, and y 7, y*, as required.

Sufficiency. Let us view the pair of relations 7" and F as relations between X
and X', a disjoint duplication of X. In view of (37), it is clear that =, on X satisfies
(20) and that 7, on X’ satisfies (21). Hence, we may apply the construction of
Lemma 3 showing that the relation .Z on X U X’ is a weak order. In what follows,
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we consider the weak order . with =f = =, and =] = =,. The proof will be

complete if we show that there is a countable subset J* of X U X’ that is dense
for .Z, i.e., that, for all o, 8 € X U X',

aZf=]aZ vyand v.Z 3, for some vy € Y.

There are four cases to consider.

1. Suppose that o, € X. Then a £  means that a >, §. This implies
either a =% B or a =% 8.

Suppose first that o =4 3. This implies that we have a T v and Not[3 T ],
for some v € X’. We know that o T' vy implies that o 7=, o™, a* T v*,v* 7=, v,
for some a* € X*NX and some v* € X*NX’. Because a* T v* and v* =, 7,
we know that o* T v. Since Not[8 T 7], we have a* >, . Hence we have
a =, of and o =, B, for some o € X* N X. This implies a £ o* and
ot L p.

Suppose now that a =% (. This implies that we have a R v and Not[3 R 7],
for some v € X’. We know that 5 R v implies that g* =, 3, * R® ~*,
v 7 5, for some §* € X* N X and some v* € X* N X'. Because a R v and
v 7 vF, we know that a R v*. Because we know that §* R® v*, we must
have « =, *. Hence we have o =, 5* and p* -, 3, for some §* € X* N X.
This implies «a .Z p* and p* Z 5.

2. Suppose that a, 5 € X’. The proof is clearly similar to the preceding case.

3. Suppose that o € X and f € X'. Then o .Z* 8 means that o T' 5. We know
that o T B implies that o =, o*, a* T p*, * =, 3, for some a* € X*N X
and some * € X*N X', Since o T f* and f* =, (B, we obtain o* T .
Hence, we have o -, o* and o* T 3, for some o* € X* N X. This implies
aZ o and of £ .

4. Suppose that « € X’ and 8 € X. Then a £* [ means that 5 R¢ a.
We know that 8 R® « implies that g* =, 5, 8* R o*, a 72, a*, for some
f* € X*N X and some o* € X* N X', Since f* 7=, f and §* R° o*, we have
that § R® o*. Hence we have a 7, o and § R® o, for some o* € X* N X".

This implies a .Z o* and o* £ 3. O

32



6.3 Constant threshold representations

In a constant threshold representation, there is a real-valued function v on X such

that, for all x,y € X,
zTy<ulx)>uly)+1,

r Fysulr)=uly) + 1
It will first be useful to note additional implications of the conditions introduced
above.

(47)

Lemma 8
Let T and F be a pair of disjoint relations on a set X. If T' is a semiorder, R is
a semiorder, TFR* C T, R*FT C T, strong thinness holds, then we have:

FFCT, FTCT, TFCT.

Furthermore, we have:
RTTCT TRTCT TTR*CT,
FiTTCT TFiTCT TTF'CT,
RTFCT FTR*CT FRTCT TR“FCT,
FIFTCT FITFCT FFTCT FTF!CT TFF!'CT TFIFCT,
RFFCT FR*FCT FFR*CT,
FIFFCF FFYFCF FFF'CF.

Proor

Let us show that F'F' C T. Suppose that a F'b and b F' ¢. Since R is a semiorder,
we know that a R ¢. Suppose that a F' c¢. Since b F' ¢, strong left thinness implies
that a ~, b. Since a F' b, this implies a F' a, contradicting the irreflexivity of F.
The proof that FT'C T and TF C T is similar.

That R*TT C T, TR*T CT, TTR* CT, FITT CT, TFT CT, TTF? C
T are immediate consequences of the fact that 7" is a semiorder.

By hypothesis, we know that R**FT C T and TFR* C T. Lemma 5 has
shown that FR*T C T and TR*F C T. Let us show that R“FT C T. Because
R is a semiorder, a R** b, b F' c and ¢ T d imply that a Rd. If a F d, ¢ F d and
strong left thinness imply a ~, ¢. This contradicts the fact that b R* ¢ and b F c.
The proof that R**TF C T is similar.

Let us show that FYFT C T. Suppose that a F¢ b, b F ¢, and ¢ T d. Hence,
we have b F' a and b F ¢, so that strong right thinness implies a ~, ¢. Hence ¢ T d
implies a T' d. The proofs that F¢TF C T, FFT CT, FTF¢ C T, TFF¢ CT,
and TF?F C T are similar.

Let us show that R*“FF C T. Suppose that a R*“ b, b I’ ¢, and ¢ F' d. Because
R is a semiorder, we know that a R d. Suppose that a F' d. Using ¢ F' d and
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strong left thinness, we obtain a ~, ¢, so that b F' ¢ implies b F' a, a contradiction.
The proofs that FR**F C T and FFR** C T are similar.

Let us finally prove that F¢FF C F. Suppose that a F¢ b, b F ¢, and ¢ F d.
Hence, we have b F' a and b F' ¢, so that strong right thinness implies a ~, c. Hence
¢ F d implies a F d, as required. The proofs that FF¢F C F and FFF? C F are
similar. O

This leads to our main result on representations with constant threshold.

Proposition 19

Let T and F be a pair of disjoint relations on a finite set X. Let R =T U F.
There is a real-valued function u on X such that (47) holds iff T is a semiorder, R
15 a semiorder, TFR** CT, R*“FT C T, and strong thinness holds. Furthermore
the function u can always be chosen so that, for all x,y € X,

T ey & u(z) > u(y). (48)

PROOF

Necessity results from Proposition 17. We show sufficiency. We use the following
result from Graph Theory (see Roy, 1970, Theorem VIII.1, page 270 or Schrijver,
2003, page 108). Let G = (A, U) be a finite digraph, A being the set of nodes and
U C A? being the set of arcs. If (a,b) € U, we say that a (resp. b) is the initial
(resp. terminal) extremity of the arc (a,b). Let o be a real-valued function on U.
There is a real-valued function f on A such that, for all a,b € A,

fla) = f(b) = o(a,b) (49)

iff this valued digraph has no circuit of strictly positive value, the value of a circuit
being the sum of the values o(a,b) on the arcs (a,b) belonging to the circuit. It is
clear that, in the above result, we may restrict our attention to elementary circuits,
i.e., each node visited by the circuit is the initial extremity of exactly one arc in
the circuit and the terminal extremity of exactly one arc in the circuit.

Given a pair of relations 7" and F' on X, we build a digraph having X for set
of nodes. Let ¢ € R. The set of arcs and the function o are as follows. If = T y,
we add an arc (z,y) with value 1 +¢. If x F' y, we add an arc (z,y) with value 1
and an arc (y, z) with value —1. If z R*¢ y, we add an arc (z,y) with value —1+¢
and an arc (y,x) with value —1 4 ¢.

The length of a circuit is the number of its arcs. Let m be the the length of
an elementary circuit of maximum length in this digraph. We take ¢ such that
0<e<l/m.
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Any function f on this digraph satisfying (49) will be such that, for all z,y € X,

eTy= f(x)—fly) 21+e= flx) - fly) > 1,
fl@)—fly) =1 N
:vaé{ﬂy)_f(x)Zl}=>f(x)—f(y)—1,
s fl@)=fly) =z -1+e B
xRy = {ﬂy)_f(x) 2_1+€} f(z) = f(y)l < L.

Since for each ordered pair (x,y) € X2, we have one and only one of: z T y, x F v,
x R*¢y, v F*y and x T? y, we obtain a numerical representation of 7" and F in
model (47) with u = f.
The value of a circuit of length n = ny +ng +npd+ ngse in this valued digraph
is given by
(nr 4+ np — npa — ngse) + (ny + Npgse),

where np (resp. np, npa, ngse) is the number of arcs of type T' (resp. F, F9¢, R*).
We show below that the digraph cannot contain an elementary circuit having a
strictly positive value.

Let us first observe that a circuit in this digraph containing only arcs of type
T or of type F' would contradict the irreflexivity of R. Hence, the digraph cannot
contain a circuit of length 1 (i.e., a loop) having strictly positive value. It is simple
to check that the digraph cannot contain a circuit of length 2 having a strictly
positive value (this easily results from the disjointness of 7" and F', the definition
of R*¢, and the fact that R is a semiorder).

Suppose that the digraph contains a circuit of length n > 3 having a strictly
positive value. We prove that this is contradictory. We distinguish two cases.

Case 1. Suppose that ny + ngrse = 0. Because the value of the circuit is strictly
positive, we must have np > nps. Since we know that the circuit cannot contain
only arcs of type F, we have at least one configuration of type FF¢ or of type
FeF. Because FF¢ C ~, and FIF C ~,, in either case, we can build a circuit of
length n — 2 (e.g., the three arcs a F' b, b F'? ¢ and ¢ F d are replaced by an arc
a F' d in the new circuit). This shorter circuit (of length n — 2) only contains arcs
of type F' and of type F?. Compared to the initial circuit, we have reduced by one
both the number of arcs of type F and the number of arcs of type F'?. Repeating
the process, we keep eliminating the arcs of type F9. At some step, we will obtain
a circuit only containing arcs of type F', which is impossible.

Case 2. Suppose that np + ngse > 0. Since the circuit has a strictly positive
value, we must have ny + ngp > npa + ngse (if ny + np < Npa + Ngse, supposing
that (np +np — nga — ngse) + e(np + ngse) > 0 implies € > 1/(ny + ngsc), which
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is impossible since ¢ < 1/7). Hence, the circuit contains at least as many arcs of
type T or F as arcs of type F% or R*. Because we cannot have only arcs of type
T or of type F, there is at least one arc of type F'? or R*. We distinguish two
cases.

a)

Suppose first that the circuit contains at least one arc of type T, i.e., that
ny > 0. Because ny + np > npa + npse, the circuit contains a sequence of one
of the following three types: a3, Baf, or ffa with a being either R*¢ or F¢
and (3 being either 7" or F. Using Lemma 8, we can build a circuit of length
n — 2 still containing at least as many arcs of type F' or T" as arcs of type R*
or F¢.  If, in the sequence, at least one of the two /3 is T, we know that the
arc that replaces the three suppressed ones is of type 1. Hence, since we still
have ny > 0 in the new shorter circuit. If the sequence a3, faf, or Bfa is of
the type R*“FF', FR*°F, or FF'R*® the arc that replaces the three suppressed
ones is of type T', so that we still have ny > 0 in the new shorter circuit. If
the sequence a3, faf, or BBa is of the type FYFF, FFYF, or FFF? the
added arc is of the type F'. Hence the number of arcs of type T" and R*¢ in the
new circuit remain unchanged and ny > 0 still holds in the new shorter circuit.
We can therefore repeat the above process. Doing so, we build a sequence of
circuits in which npa + ngse is decreased by one unit at each step. If, at some
step, npa + ngse becomes 0, we have built a circuit containing only arcs of type
T and F', which is impossible. Otherwise, we will obtain a circuit of length 1
or 2 that has a strictly positive value, which is also impossible.

Suppose now that the circuit does not contain arcs of type T, which implies
that there is at least one arc of type R*¢, i.e., ngsc > 0. Because there at least
as many arcs of type F than of arcs of type F¢ or R*, the circuit contains at
least one configuration of the type a3, Saf, or fBa with a being either R*
or F¢ and 3 being F'. We distinguish two cases.

(i) If a is R*, we know, using Lemma 8, that R*FF C T, FR*F C T and
FFR* CT. We can therefore build a circuit of length n — 2 such that
nr +ngp > npa + ngse and nyp > 0 (e.g., the three arcs a R* b, b F ¢, and
¢ I d are replaced by an arc a T d). Hence, we are back to case a).

(i) If o is F?¢, we know, using Lemma 8, that FIFF C F, FFF C F and
FFF?C F. We can therefore build a circuit of length n — 2 in which we
have reduced by one the number of arcs of type F¢ and the number of
arcs of type F. Repeating the process, we keep eliminating arcs of type
F4. Because the initial circuit contains at least one arc of type R*¢, we
will be confronted, at some step, with a configuration of the type afs,
Bap, or fBa with a being R*® and (8 being F'. Using Lemma 8, we now
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that R*FF CT, FR*F CT and FFR* CT. We can therefore build a
shorter circuit replacing the three arcs in the sequence by an arc of type
T. In this shorter circuit, we have decreased the number of F' arcs by 2,
decreased the number of R*¢ arcs by 1 and added one arc of type T. In
this new circuit, we therefore have nr > 0 and nr +np > npa + ngse and
we are back to case a).

Hence the digraph cannot contain a circuit of strictly positive value, which
proves the existence of a representation of type (47).

To complete the proof, observe that the above reasoning can be applied to
the set X/~, of equivalence classes of X under ~,. Doing so, leads to build a
numerical representation in model (47) in which w is a numerical representation of
the weak order 77,. O

Combining Propositions 17 and 19, shows that on finite sets, representations
with no nesting and constant threshold representations are equivalent, as was the
case when there is no frontier.

We have not investigated the generalization of constant threshold represen-
tation to countable and uncountable sets, which could be the subject of future
research.

7 Applications: conjoint measurement and tem-
poral logic

Our initial motivation for studying biorders with frontier was the following. Let
X =Xy x Xy x---x X, be aset of objects evaluated on n attributes. Traditional
conjoint measurement (Krantz, Luce, Suppes, and Tversky, 1971, Ch. 6) starts
with a binary relation 72 on X and looks for an additive numerical representation
of this relation, i.e., for real-valued functions u; on X; such that, for all z,y € X,

i=1 i=1

where x = (21, z9,...,2,) and y = (Y1, Y2, - - -, Yn)

In Bouyssou and Marchant (2009, 2010) we study measurement models in
which the binary relation 77 is replaced with an ordered partition or an ordered
covering (C', C?, ..., C") of the set of objects (a similar problem was first studied in
Goldstein, 1991. This analysis was pursued in Stowinski, Greco, and Matarazzo,
2002 and Bouyssou and Marchant, 2007a,b). In such a setting, we know that
objects belonging to C**! are better than objects belonging to C* but we have
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no information on the way two objects belonging to the same category compare
in terms of preference. This amounts to working with a much poorer information
than in the classic setting with a complete binary relation 2-.

Consider first an ordered partition (C*,C?,...,C") (i.e., the sets C* are non-
empty, pairwise disjoint and their union is the entire set X). In this case, we are
interested in finding real-valued functions u; on X; such that, for all x € X and
all k€ {1,2,...,7},

n
reCteofl< Zul(xl) < oF,
i=1
with the convention that 0 = —oco, 6" = +00 and where ot,02,...,0" ! are real
numbers such that ! < o2 <--- < o™ L
When there are only two attributes and two categories, the above problem
is highly degenerate and our problem relates more to ordinal than to conjoint
measurement. Indeed, in such a case, the problem clearly reduces to finding real-

valued functions u; on X; and us on X5 such that, for all z € X,
r € C? & uy(xy) + ug(wy) > 0. (50)

Define the relation T between the sets X; and X, letting, for all 1 € X; and all
To € XQ,
11 T 29 & (11, 19) € C2.

It is clear that asking for a representation in model (50) is equivalent to asking for
the existence of two functions f on X; and g on X, such that

r1 T xg < f(x1) > g(x2),

and Proposition 2 gives necessary and sufficient conditions for that.

In model (50), all objects belong either to C? or to C'. A simple extension
consists in removing the condition that C? N C! = &, therefore allowing for an
hesitation between two consecutive categories. Let C2 = C?\ C'. With such a
model, we are looking for a numerical representation such that, for all x € X,

x € Ci =4 ul(xl) + UQ(H?Q) > 0,

o1
r€C?NC & uy(z1) + us(zs) = 0. (51)

Define the relations 7 and F between the sets X; and X letting, for all z; € X,
and all zo9 € Xo,
z1 T 29 & (11,29) € C2,

11 F & (.CEl,.’ﬂQ) S CQQCl.
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It is clear that asking for a representation in model (51) is equivalent to asking for
the existence of two functions f on X; and g on X, such that

z1 T x9 & f(21) > g(72),
1 F 2y & f(11) = g(x2),

and Proposition 12 gives necessary and sufficient conditions for that.

In view of the results in Levine (1970) (see also Krantz et al., 1971, sec. 6.7),
it seems clear that the case of three categories and two attributes is also quite
particular. This calls for the study of a generalization of the bi-semiorder model
introduced in Ducamp and Falmagne (1969) in which two frontiers are introduced.
This will be the subject of a subsequent paper.

A distinct motivation can be found in the study of time intervals in the context
of temporal logic®. In this field of study, an important question is to locate events®
on a time scale using only information linked to the fact one event entirely precedes
another or that there is a period of time during which they simultaneously occur.
Clearly, the results on the numerical representation of interval orders give a good
basis to cope with such problems. In such a context, it may also be interesting to
consider a relation saying that an event is immediately followed by another (see,
e.g., Golumbic and Shamir, 1993). When this extra relation is brought into the
picture, the question of locating events on a time scale can be solved using our
results about the numerical representation of interval orders with frontier.
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6The term “event” is borrowed from the literature on temporal logic. These “events” should
be thought as having a certain duration.
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