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RATIO-SCALE MEASUREMENT
WITH INTRANSITIVITY OR INCOMPLETENESS:
THE HOMOGENEOUS CASE

ABSTRACT. In the homogeneous case of one-dimensional objects, we
show that any relation that is positive and homothetic can be represented
by a ratio-scale and a unique and constant biasing factor. This factor
may favor or disfavor the preference for an object over another. In the
first case, preferences are complete but not transitive and an object may
be preferred even when its value is lower. In the second case, preferences
are asymmetric and transitive but not negatively transitive and it may
not be sufficient for an object to have a greater value to be preferred.
In this manner, the biasing factor reflects the extent to which preferences
may depart from a maximization process.

KEY WORDS: intransitive preferences, incomplete preferences, irrational
behavior, emotional behavior, procedural concerns, ethical values, biased
measurement, scale-invariance, homotheticity.

1. INTRODUCTION

To which extent can we measure objects when empirical
observation is inconsistent or incomplete? To which extent
can such phenomena be explained with a “biasing factor”?
Also, could such a factor be “measured”?

In the homogeneous case of one-dimensional objects, this
paper identifies conditions under which there exists a quanti-
tative measurement of objects even though the primitive rela-
tion may be intransitive or incomplete. Moreover, it shows
that the departure from these standard axioms of measure-
ment can be characterized by a unique and constant biasing
factor. Given an ordering > on a set A (of objects x,y,..., €
A), the main representation theorem proves the existence of
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a positively-valued function ¢: A — R., that is unique up to
multiplication by a positive scalar (i.e. a ratio scale) and a
unique biasing factor B €[0, 1] such that

x>y Box)>1-PBe®). (i)

Consider for instance the interpretation that “x > y” reflects
the preference for x over y. Then, ¢ provides some measure
of the “value” or “utility” of objects and B provides some
measure of a “factor”, “bias”, or “disposition” that influences
preferences in a specific situation. Naturally, if 8= %, prefer-
ences are represented by the maximization of ¢. But if g> 1,
then the biasing factor “favors” the preference for x, and x
may be preferred even if its value ¢(x) is lower than ¢(y).
If g <% then the factor “disfavors” the preference for x and
it is not sufficient for x to have a greater value to be pre-
ferred. If B =0 then preferences are empty and if g=1, they
hold for any pair of objects. In these two limit cases, the bias-
ing factor determines preferences independently of the value
of objects.

Such a representation may be of interest to model prefer-
ences that appear “irrational”, for instance because of a par-
ticular context or because of some factor that is difficult to
control experimentally or even impossible to define concep-
tually. A typical example would involve procedural concerns,
ethical values or emotional considerations, which are often elu-
sive and thus kept out of the representation of preferences. For
instance, we may observe individuals preferring less money than
more money because of ethical reasons (honesty, equity, etc.)
without being able to model exactly what these ethical reasons
are. Indeed, it is often a question of interpretation to consider
whether, in a specific situation, a particular action is “honest”
or not. Moreover, this interpretation may be different for the
individual who acts and for the observer. In the case of a con-
textual bias or of emotional considerations, the individual may
not even be aware of the specific feature of the situation that
influences preferences. Without providing for a specific interpre-
tation explaining why some distortion is observed, the represen-
tation proposed in (i) shows that preferences may be consistent
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with a quantitative value assigned to each object and a unique
factor proper to the situation at hand.

In the homogeneous case treated in this paper, our
representation (i) is obtained without assuming specific condi-
tions for the primitive relation > itself. Indeed, if the biasing
factor favors the preference over x (i.e. > %) then the relation
> 1s complete but not transitive. If the biasing factor disfavors
the preference over x (i.e. 8 < %) then the relation > is asym-
metric and transitive, but its negation is not transitive, leading
to intransitivity of indifference. In this manner, a broad class
of relations are covered. However, the model is not arbitrary
and two main axioms are necessary for our results. First, the
relation is assumed to be positive. In the interpretation above,
this means that, if an object x is preferred to an object y,
then any quantity mx of object x is preferred to any quantity
ny of object y,m and n being positive natural numbers such
that m > n. Second, preferences verify a form of scale invari-
ance called homotheticity. This means that x is preferred over
y if and only if any quantity mx is preferred to my (again, m
being any positive natural number). In the homogeneous case,
representations (i) above and (i) below show that any relation
that is positive and homothetic can be modeled with a ratio-
scale and a unique factor.

We obtain the representation (i) assuming that the primi-
tive relation, noted > verifies an Archimedean axiom. When
the primitive relation is non-Archimedean, we note it 77 and
we obtain a representation of the form

xZye Bex)=1—Bey). (')

In that case, we define two relations > and ~ such that >
is represented by (i) and ~ 1is represented by

x~y & Box)=1-PBe(). (")

In this manner, we naturally have x —~y < (x =y or x ~y)
and the relation ~ defines a particular type of “just indiffer-
ence”. In general, such indifference is neither symmetric nor
transitive. In terms of interpretation, x is “just indifferent” to
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y if and only if x is preferred to y but mx is not preferred to
ny for any positive natural numbers m and n such that m <n.

Both representations (i) and (i’) show that we can obtain
the ratio-scale ¢ such that

@(mx) =me(x). (i)

Hence, the measurement of an object increases linearly with
the quantity of that object. Combined with expression (i”),
this feature may be useful to experimentally elicit the exact
value of the biasing factor.

Consider for instance that, in a specific situation, it is
observed that an individual prefers to earn an amount
of 10 euros rather than an amount of 15 euros. Accord-
ing to representation (i’), this means that a biasing factor
B> (p(10@:;231‘(;2’;5)6”””) favors the preference for the 10 euros.
Using Equation (ii) we have ¢(15euros) = 15¢(leuro) and
¢(10euros) = 10¢p(leuro). Therefore, g > % Now, if we observe
that, ceteris paribus, any increase of the 15 euros lead the indi-
vidual not to prefer the amount of 10 euros, the conditions of
representation (i”) are met and we have g = % Using the axi-
oms of positivity and homotheticity, this value of 8 can then
be used to make predictions about preferences over different
amounts of money. For instance, positivity imposes that any
amount greater than 10 euros should be preferred to 15 euros
and homotheticity imposes that an amount of 20 euros should
be preferred to 30 euros (again ceteris paribus). Finally, note
that the model does not impose that the relation is invariant
by translation. In our example, if we add 20 euros to both
amounts, then we should observe that 30 euros are not pre-
ferred to 35 euros.

Although we have tried to sketch applications of these
representations, there remains work to clarify their practi-
cal relevance. In this paper, we focus on the derivation of
the mathematical results, pursuing our effort to identify gen-
eral axiomatic conditions under which a ratio-scale exists,
albeit not directly observed. In this respect, the results of this
paper extend the results of Le Menestrel and Lemaire (2004)
which, in the homogeneous case, show that a ratio-scale exists
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without transitivity of indifference. Assuming more restrictive
axioms than the present paper does (notably assuming that
> 1s asymmetric and transitive), we had obtained a represen-
tation very similar to (i) but covering only the case where
0< ﬁ < 1. Hence, we could not model a factor that favors a
preference for an object. In Lemaire and Le Menestrel (2006)
and in Le Menestrel and Lemaire (2006), we have general-
ized these former results to the non-homogeneous case, cov-
ering sets of objects which are not necessarily unidimensional.
Then, the biasing factor is not necessarily constant. Similarly,
we are trying to generalize the results presented here to non-
homogeneous sets.

2. EXTENDING THE HOMOGENEOUS CASE OF BIASED
MEASUREMENT

Let A be a nonempty set of elements x, y,z...€ A. Denote N*
the set of positive integers, and assume A to be endowed with
a map N*x A— A, (m, x)—~ mx such that (mm’)x =m(m’x) and
Ix=x. such a A is called a N* — set. Note that the results
we obtain for N*-sets are true (mutatis mutandis) for R.(-sets,
where R., denotes the set of positive real numbers. Hence, the
main results presented here (Theorems 1 and 2) would remain
valid if one wants to let n be a positive real number instead
of a positive natural number (here, we use natural numbers
because we do not need quantities to be non-denumerable to
obtain our results).

We say that A is homogeneous if, for all x, y € A, there exists
(m,n) e N* x N* such that mx =ny. A homogeneous set can
hence be readily interpreted as consisting of quantities of one-
dimensional objects. We note Q. the set of positive rational
numbers.

Let >~ be a binary relation on A and consider the three
following axioms (x,y€ A; m,n € N*):

A1l (Positivity): Y(x, y,m,n) such that m >n, we have x > y=
mx > ny.
A2 (Homotheticity): V(x,y, m) we have x >y < mx >my;
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A3 (Archimedean): V(x,y) such that x > y,3(m,n) such that
m<n and mx > ny.

THEOREM 1. Let A be a N* — set endowed with a binary
relation = that verifies Al, A2 and A3. Suppose A is homoge-
neous. Then there exist a function ¢: A — R.y and a number
0< B <1 such that, for all x,ye A and m e N*, we have

x>y Bo(x)>(1-Be(y), ()
@(mx) =me(x) (i)

Moreover, the pair (¢, B) of (i) is unique up to replacing ¢ by
A for A >0.

Proof. We can always choose a function ¢: A — R.( such
that ¢(mx) =me(x) for all (x,m)e A x N*. Since A is homo-
geneous, such a function exists and is unique up to multipli-
cation by a positive scalar; in other words, given an element
a€ A, ¢ 1s uniquely determined by its value at a. If the rela-
tion > (respectively ) is empty, we take B =0 (resp. B =1).
So in both cases, we have

x>y<<=Box)>1-B)e(y).

From now on, suppose that both the relation > and the
relation # are nonempty. For x, y€ A, we define the subset of

Q>0
m
Px,y:{—:(m,n)eN* XN*,mx>ny}.
n

Let x,ye A. By Al and A2, if g € P, then Q>, CP,,. And
since > is nonempty and A 1s homogeneous, we have P, , # 0.
Put 7, , =infg_, Px,y. By Al and A2, we have Q., C P, , with
[=tyy.

Now, if g € P, ,, then by A2 and A3, there exists g€ Q.,N
P..y, which implies ¢ > 1, ,. Hence, we have P, , C Q., and
then P, ,=Q.,.

We thus have

x>y&=leP, =t ,<l.
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Since Pyx ny =Py y, We have t,, », =t, . Using the homo-
geneity of A, we obtain #,, >0 (recall the relation ¥ is sup-
posed to be nonempty). Now, choose a € A. Since we can
always replace ¢ by Ag with A =¢(a)"'%,,, we can suppose
p(a) =t,,. Since t,,, =nt, ., we thus have ¢(x) =1,, € R.y.
Also put

o(x,y) =t 147!

a,x’x,y

Loy eR.y.

Since Pxny = = Pr.y, We have ty .y = t, . Hence ¢(mx) =
me(x) and

1, N _
o(mx,ny)=(mt, ) 1(th,y) 1nta,yza(x,y).

Since A is homogeneous, o is constant on A x A; let =

U((’éij‘;‘ll. We have 0 <8 <1 (both > and # being nonempty).

Also

x>y¢>t;;>1

-1.-1
<:> (ta,xtx,yta,y)ta,x > ta,y

& Bo(x)>(1—PBe(y).

As for the uniqueness property (in the general case, i.e. with-
out hypothesis on the emptiness of > and ), let (¢, y) be
a pair such that v : A — R_og ¢y (mx) =my(x),0<y <1, and
x>y yy¥(x)>((1—y)¥(y). Since A is homogeneous, we nec-
essarily have ¢ = A¢p for some A € R.j. It is then easy to
deduce that y =g. O

We can summarize the properties of > in the following cor-
ollary:

COROLLARY 1. Let > be a binary relation on a homogeneous
N* — set A that verifies Al, A2 and A3, and let (¢, B) be a pair
that verifies conditions (i) and (ii) of Theorem 1. The relation > is

® nonempty if and only if >0,
asymmetric and transitive if and only if B <

1
2
e complete if and only if B> %
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Note also (with the notation of Corollary 1) that the rela-
tion ¥ is given by

xfy<=Pox) <1 =PBe(y).

In particular, # is nonempty if and only if g <1.

In Theorem 1, we assume that the primitive relation > is
Archimedean. Now, starting with a binary relation 7 on A
that verifies Al and A2, we define two binary relations > and
~ on A as follows:

x>y< (xZy and 3(m, n) such that m <n and mx - ny);
x~y<& (xzy and x ¥ y).

As suggested by the notation, we have x —y < (x >y or x~
y). Since - is homothetic and positive, then > and ~ are
homothetic, and > is positive and Archimedean. Note that ~
may not be symmetric (i.e. it may not verify x ~y =y ~x);
and > may not be asymmetric (i.e. it may not verify x > y=
y#x). Note also that if x ¥ y< y—x for all x, ye A, then the
relation ~ is given by

x~ys(xzyand yZx) & (x#y and y # x);

in which case it is clearly symmetric. It then corresponds to
the more traditional definition of indifference.

The relation ~ is empty if and only if the relation - veri-
fies A3, in which case we have ==>. Hence assuming that ~
i1s not empty amounts to assume that =~ verifies the following
axiom (x,y€ A;m,neN¥):

A3 (Non-Archimedean): 3(x, y) such that x —~y and, V(m, n)
such that m <n, we have mx Z ny.

This leads us to a slightly different formulation of Theorem 1:

THEOREM 2. Let A be a N* — set endowed with a binary
relation = that verifies Al, A2 and A3'. Suppose A is homo-
geneous. Then there exist a function ¢:A— R.o and a number
0< B <1 such that, for all x,ye A and m e N*, we have

x Dy <= Box) =1 —-Be(y), (')
p(mx)=me(x). (i)
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Moreover, the pair (¢, B) of (i) is unique up to replacing ¢
by Lo for 1 >0.

Proof. Choose a function ¢: A — R.( such that ¢(mx) =
me(x) for all (x,m)e A x N* (Cf. the proof of Theorem 1). If
7 1s empty, we take B=1; hence the pair (8, ¢) verifies (i’).

We now suppose 7 is not empty. Since ~ verifies A3/, it is
not empty. Also, ~ is not empty. Because A is homogeneous,
for all (x,y) € A x A, there exists (mg, ng) € N* x N* such that
mox ~noy. We define P, , and ¢, , as in the proof of Theorem
1. We also define the subset of Q.

Qx,y:{ﬂ:(m,n)eN*xN*, mx,ﬁny}.
n

So we have the inclusion P, , C Q, ,. If g€ Q, ,, then by Al
and A2, we have Qs, C 9, ,; and by the definition of >, we
have Q.,CP,,=Q.,,,, and g >1t, . Since >#, the inclusion
Pr.y CQu,y Is strict. Hence we have Q. ,=Q, , and

xZy=1eQ, 1t ,<1.

Since 7 is supposed to be nonempty, we also have ¢, , > 0.
From Theorem 1, there exists a 0< B8 <1 such that x > y <=
Be(x)>(1—pB)e(y). We then have

x Dy <= Box) =1 -PBe(y)

and

x~y<=Pox)=10-PBe(y).

Since the relation ~ is nonempty, the relation > is also
nonempty, and we have g > 0.

Finally, if (y,y) is another pair verifying conditions (i)
and (ii), then it verifies condition (i) of Theorem 1, which

implies (¥, y)=(Ag, B) for a positive scalar A. O

We can summarize the properties of - in the following cor-
ollary:

COROLLARY 2. Let = be a binary relation on a homoge-

~

neous N* — set A that verifies Al, A2 and A3', and let (¢, B) be
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a pair that verifies conditions (i") and (ii) of. Theorem 2. The
relation = is

e asymmetric if and only if B < %
e transitive if and only if B < %
e complete if and only if B> %

Note also (with the notation of Corollary 2) that the rela-
tion 7 is given by

xZy<=Box) <1 —-Be»).

In particular, 7 is nonempty if and only if g <1.

The following two corollaries help to further understand
the link between Theorem 1 and Theorem 2. A key condition
is whether the biasing factor is a rational number.
COROLLARY 3. Let - be a binary relation on a homoge-
neous N* — set A that verifies Al, A2 and A3', and let (¢, B) be
a pair that verifies conditions (i') and (ii) of Theorem 2. Then
:3 € Q>0-

Proof. For all (x,y) e A x A, there exists (mg, nyg) € N* x
N* such that mox ~ngy and we have ¢, , = ’Z—g (cf. the proof
of Theorem 2). From the definition of B (cf. the proof of
Theorem 1), we conclude that g€ Q.. O

COROLLARY 4. Let = be a nonempty binary relation on a
homogeneous N* — set A that verifies AI, A2 and A3, and let
(¢, B) be a pair that verifies conditions (i) and (ii) of Theorem
1. Let 7, be the binary relation defined by x 7y <= Bp(x) >
(1 =PB)o(y). Then = verifies Al and A2, and it verifies A3 if
and only if B € Q..

Proof. Clearly, the relation - verifies A1 and A2. And we
have

x>=y< (xzy and 3(m,n) with m <n such that mx - ny).
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Hence if the relation = verifies A3/, from Corollary 3, we

~

have B €Q-y. Now suppose S €Q-y. Since BeQ.( there exists
(m,n) e N* x N* such that Bm = (1 — B)n. Hence for all x € A,
we have mx Z—nx but mx ¥ nx. So =#7, and = verifies A3'. [J

REFERENCES

Lemaire, B. and Le Menestrel, M. (2006), Homothetic interval orders, Dis-
crete Mathematics, forthcoming.

Le Menestrel, M. and Lemaire, B. (2004), Biased extensive measurement:
The homogeneous case, Journal of Mathematical Psychology 48, 9-14.
Le Menestrel, M. and Lemaire, B. (2006), Biased extensive measurement:

The general case, Journal of Mathematical Psychology, forthcoming.

Addresses for correspondence: Marc Le Menestrel, Universitat Pompeu
Fabra, Departament d’Economia i Empresa, Ramon Trias Fargas 25-27,
08005 Barcelona, Spain. E-mail: Marc.Lemenestrel@upf.edu

Bertrand Lemaire UMR 8628 du CNRS, Université de Paris-Sud,
Mathématiques (bat. 425), 91405 Orsay cedex, France. E-mail: Bertrand.
Lemaire@math.u-psud.fr




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


