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ABSTRACT

This study adresses time-dependent orders that are shown to lead to recursive
representations based upon a Max-Min dichotomy and introduce a structure that
is naturally based upon time-varying multiple discounts. It is argued that this
setup naturally provides an enriched understanding of the much discussed present
biases. It is established how a multiple discounts version of present biais becomes
available and directly builds upon the features of the order defined from the head

of the utilities sequence.

KEYWORDS: Axiomatization, Time-Dependent Orders, Time-Varying Multiple
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1. INTRODUCTION

As a result from the strong evidence documented by numerous laboratory experi-
ments, a large set of the recent literature on the evaluation of utility streams has
been interested in the time inconsistencies and present biases that result from the
consideration of time-dependencies in a preferences order, the quasi-hyperbolic ac-
ception of inter-temporal utility starting to increasingly question the relevance of
the standard discounted criterion. It is the aim of this study to examine whether
the consideration of a related time-dependent preference orders can be reconciled
with the multiple discounts understanding that have gained increasing popularity in

the recent literature!.

The analysis proceeds by considering a list of standard axioms that result in the pos-
sibility of representing the preferences order by a constantly additive homogeneous
of degree one utilities index function. This is supplemented by assuming that the
evaluation of the head of the utility stream can be completed independently of its
tail. Time-dependency is in turn introduced by retaining a variation of the classical
limited dependence axiom for which the evaluation at a given date does not depend
on the head of the utilities sequence. It is then shown that this evaluation consists of
a recursive convexr sum between the utility level at that date, and the evaluation at
the subsequent date of the utility stream, a multitude of choices remaining however
admissible for the weight parameters of this convex sum, or in another words, the

possible discount rates chosen to evaluate the futre.

In contradistinction with the earlier contributions that hinged upon some form of
stationarity from a given date, the approach of this article is specific in postulating
that the components of two utility streams starting from a given date can be com-
pared independently from their earlier past components, that happens to be core to

the emergence of multiple discount rates.

Facing then with the scope for temporal biases, some behaviour shall be labelled
as present biased when, according to the perception of a given agent, the temporal

distance between two successive dates it decreasing over time. This more specif-

1 Vide Chambers & Echenique [4] or Drugeon, Ha-Huy & Nguyen [6].



ically means that the optimal discount factor is increasing and this is shown to
result from an specific axiom that further constrains the range of admissible time-
dependent orders. Otherwise stated, the temporal distance that is perceived between
two successive dates in a immediate future is larger that the one that is perceived

between two successive dates in a more remote future.

The results of this study compare with the earlier literature as follows. First, and
as for the multiple discounts dimension of this article, following parallel roads and
the decision theory multiple priors axiomatizations of Gilboa & Schmeidler [10]
but relying upon a different system of axioms based upon time-variability aversion,
Wakai [15] has provided an insightful account of smoothing behaviours where the
optimal discount assumes an maxmin recursive representation. Also related with the
current study with an analysis completed over the set of bounded real sequences,
Chambers & Echenique [4] have recently put forth an axiomatic approach to multiple
discounts. Following the same axiomatic configuration, Bich et al [1] also come
to a MaxMin representation of the index function, with a generalisation of quasi-

hyperbolic discounting.

Second, and as for the temporal biases dimension of this study, the most influencial
temporal inconsistencies tradition dates back Phelps & Pollack [14] and got ravi-
talized by the works of Laibson [12] and Frederick, Loewenstein & O’Donoghue [§]
under the so-called quasi-hyperbolic discounting hypothesis. Numerous experiments
having supported the accuracy of this formulation, Montiel Olea & Strzalecki [13]
have completed an axiomatic approach to the quasi-hyperbolic discounting represen-
tation and, more generally, to present biased preferences. They suppose that, for
any two equivalent future sequences, a patient one and an impatient one, pushing
both of them towards the present will distort the preference towards the impatient

choice.

In that respect, it is to be emphasized that this article assumes the present bias
notion for every given date and not only for the initial one. The associated utilities
index functions at that date are further determined from a set of multiple discount
rates. The present bias acception of this article must hence incorporate contain two

separate dimensions, the first one relating to the upper bound of discount rates and



the second one to the lower bound of discount rates.

Finally, Chakraborty [3] has just completed a generalized appraisal of present bias
within the Fishburn & Rubinstein [7] approach where preferences are defined on the
realization of a single outcome at a given date. Even though it builds from a from an
approach that differs from the current utility streams appraisal, his weak present bias
axiom A4 shares some ressemblance with the current decreasing temporal distance

axiom B2.

This study is organised as follows. Section two will illustrate how the introduction
of time-dependencies in the preference order will provide a recursive representation
that provides a new picture of multiple temporal biases in Section three. These are

enriched and extended in Section four. The proofs are given in the Appendix.

2. SOME BASIC AXIOMS AND A RECURSIVE

MIN-MAX REPRESENTATION

2.1 FUNDAMENTALS, BAsic AXioMs & THE CONSTRUCTION OF

AN INDEX FUNCTION

This study contemplates an axiomatization approach to the evaluation of infinite
utility streams, the whole argument being cast for discrete time sequences. In order
to avoid any confusion, letters like x,y, z will be used for sequences (of utils) with
values in R while a notation c1, ¢'1, ¢’1 will be used for constant sequences, the
notation 1 being retained for the constant unitary sequence (1,1,...,). In parallel

to this, greek letters A, n, u will be preferred for constant scalars.

Recall first that the space of /o, is defined as the set of real sequences {zs}32 such
that sup,, 7| < +oo. For every x € { and T' > o, let zjo 1] = (2o, 24, ..., 27)
denote its 1"+ 1 first components, T, o[ = (741, TT4s, .. .) its tail starting from
date T'+ 1 and, finally, (2.7, Yi741,400]) = (To» T1s- -+, T, YTgrs Y7425 - - -) that con-
siders the T' + 1 first elements of the sequence x and the T+ 1-tail of the sequence

y. Finally, (2017, %) = (%0, 215 - - - 27, Ty T4, Ty - - ).



The following axiom introduces some fundamental properties for the order > on /.

AxioM F. The order > satisfies the following properties:

(i) Completeness For every z,y € {4, either x = y or y = x.

(ii) Transitivity For every x,vy, z € ly, if x = y and y = z, then = > z. Denote as
x ~ y the case where x > y and y > x. Denote as x > y the case where x > y

and y % x.
(iii) Monotonicity If x,y € {, and x5 > y, for every s € N, then = >~ y.
(iv) Non-triviality There exist x,y € {,, such that x > y.

(v) Archimedeanity For x € £ and bl = x > V'1, there are A, u € |o, 1] such that

(1 —A)bL+ N1 >z and = > (1 — )bl + ub'l.

(vi) Weak convexity For every x,y,bl € l,, and X €]o, 1],

rr-y<e (1— ANz + A1 = (1 — Ny + Ab1.

(vii) Tail-insensitivity For any x,y,z € {, € > 0, there exists Ty (€) such that, for

any T > Ty(e),
(%l Yra00l) = (Tfo,11; 2ir41,001) — €1

Now, and under conditions (i) — (vi), the order > can be represented by an index
function I which is homogeneous of degree 1 and constantly additive. More formally,
and for x € l, A > o, I(Ax) = M (x) and, for x € ¢, and a constant b € R,
I(z+01) = I(z) + 1.2

The tail-insensitivity condition implies that for any =,y € /.,

711_{130 ](I[(),T],y[T—s—Loo[) = I(z).

Usual conditions in the literature typically assume that the effect of the tail utilities

converges to zero—e.g., the Continuity at infinity of Chambers & Echenique [4], or

2For detailed comments about the signification of the axioms and the index function, see Dru-

geon & Ha-Huy [5].



the axioms ensuring insensitivity to the tail of a given sequence, or some sort of

negligible tail for the distribution® .

2.2 TIME-DEPENDENCY & THE EMERGENCE OF A MAX-MIN

RECURSIVE REPRESENTATION

The following axiom assumes that the decision maker can always evaluate the inter-
temporal stream starting from a certain date and that such an evaluation will take

place independently from the previous values of the stream.

Axiom B1. Consider T' > 1, x € {, and a constant ¢ € R. Either, for any z € /.,

(20711 2 e0)) = (2011 Lm0

or, for any z € /.,
(2(0,7=1]> LT00)) = (Zlo,r—1]s T(1,00() -

This axiom contemplates a variation of the classical limited independence condition
of Koopmans [11] where the evaluation of some date 7" does not depend on the
head of the utilities sequence. Either the sequence z|7 ;.| dominates the constant
sequence independently from the head of the utility sequences, or it is dominated

by the constant sequence independently from the head of the utility sequences.

The analysis of the time-dependent order =1 rests upon the one of the properties

of ».

DEFINITION 2.1. For any x,y € lo, the temporal order =1 is defined as: x =7y if

and only if for any zo, 21, ..., 27—,
(Z[O,Tflb I) >~ (Z[O,Tflb y) :

Under axiom B1, the head utilities evaluation after some date T' can be represented

by the order =7 and an index function I satisfying axiom F.

PROPOSITION 2.1. Assume that the order > satisfies axioms F and B1.

3As a basic illustration, consider the order represented by the index function I(z) = (1 —

8) > o0, 6%z, for some 0 < 6 < 1. Such an order satisfies both F and x4 = x¢ = 0.
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(i) For every T > 1, the order = is complete.

(ii) If at least one of the two values I(ol[oj,l}, 1[T,oo[) and —[(ol[O,T,l], —l[Tm[)
differs from zero, then the order > satisfies the axiom ¥ and can be repre-
sented by an index function It satisfying positive homogeneity and constant
additive properties:

a) Ir(A\x) = ANr(z), for every A > o.

b) Ir(z + cl) = Ip(x) + ¢, for every constant ¢ € R.

Define X;F and x{ as the parameters measuring the gain and the loss in the future

of T.

X; = -[T (07 1)7

X;?F = —Ir(o,—1)=1— IT(l,ol).
First remark that the properties of these parameters directly result from the ones
of the head utilities index. Indeed, X? > o if and only if ]<01[07T_1], l[T’oo[) > 0
while X@T > o if and only if —](ol[o,T_l], —1[T,oo[) > 0. For the sake of simplicity,
and by convention, in the case x; = x{ = 0,* the order >7, becoming trivial, the
temporal index function I, is defined as: Iy, (x) = o for any x € /.
PROPOSITION 2.2. Assume that the order = satisfies axioms F and B1.

Let 0 = min{x}, x{ } and Oy = max{x}, X; }-
(i) If xJ < x{, then for any x € (o

IT ('T[T,oo[) == 5 Iil(slilgT |:(1 — (S)SUT + (S[T+1<x[T+1’oo[)i| .
O0pS0s

(i) If xt > xi . then for any x € lo:

IT (I[T,oo[) = 5 IE?E% [(1 - 6)IT + 5IT+1(£B[T+1,00[)} .
0p<0=S0T

At any given date, the evaluation of a utility stream builds from a recursive convex

sum between the utility level at that date, and the evaluation at the subsequent

4This implies that the order &= is also trivial, for any 7" > T + 1: X; =x{"=o.
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date of the utility stream. Interestingly, a multitude of choices are shown to be
admissible for the weight parameters of this convex sum. The minimum solution
hereby represents a configuration where the value of the future beyond some date T’
is not large enough to compensate the lost that is incurred in present, the maximum
solution representing the opposite occurrence. It is finally to be stressed that, rely-
ing upon a system of axioms based upon time-variability aversion, Wakai [15] has
provided an insightful account of smoothing behaviours with gain/loss asymmetry

which explicitly builds upon a related recursive representation.

COROLLARY 2.1. Assume that for any z,y € lo such that if x ~ y, one has ;x +
sy = w, then for any T,

I (2r,00f) = 5 IE(QBST[(l — 8)ar + 0 Ir iy (T o0f) -
OpSO0S

The scope for separability being however central to this study, it is of interest to em-
phasize its specificity with respect to its earlier acceptions in the literature. Indeed,
both the classical approach of Koopmans [11] or the more recent axiomatization
of quasi-hyperbolic discounting due to Montiel Olea & Strzalecki [13] assume that
the first or the first and the second components of two utility streams can be com-
pared independently from its future components. Together with stationarity or
quasi-stationarity postulates on the preferences ordering, these imply the existence
of unique discount rate for every day or every generation, such a discount rate being
constant for any T > 0 with stationarity, or constant from 7" = 1 to infinity with a

quasi-stationarity.

In contradistinction with this, the approach of this article postulates that the com-
ponents of two utility streams starting from a given date can be compared inde-
pendently from their earlier past components, that gives rise to the possibility of
multiple discount rates. The following example further proves that, for multiple dis-
count rates, neither the independence nor the extended independence of Koopmans
[11] are satisfied, the two approaches hence fundamentally differing, be it in their

formulation or in their predictions.

EXAMPLE 2.1. Consider the configuration where for any 7' > o, 07 = 0.5, 7 = 0.8



and the operator is min. For any T, the order > is represented by

IT ($[T:OO[) = 0.521(5190.8 [(1 - 5)$T + 5[T+1 ($[T+1,oo[)] .

Consider these two utility streams = = (1,0,0,0,...) and y = (0.5,0.5,0,0,...). Ob-
viously, I, (z(1,0c[) = 0, and hence, Io(z[ ) = (1—0.8) X 1+0.8 X 0 = 0.2. Similarly,
since I, (y[lm[) = (1 —0.8) X 0.5+ 0.8 X 0 = 0.1, one has I, (y[om[) = (1—0.8) X
0.5+ 0.8 X 0.1 = 0.18. This implies = > y. Now consider 2/ = (1,0,0.5,0.5,...) and
y' = (0.5,0.5,0.5,0.5,...). The two sequences = and y are changed by keeping the
first two components intact. Obviously, ]O(yf07oo[) = 0.5. Calculus give I, (xfljoo[) =
(1 —0.5) x0+05x05=0.25and Io(z], ) = (1 —0.8) X 1+ 0.8 X 0.25 = 0.4.
This implies ¢ = 2/. The extended stationarity property of Koopmans [11] is not
satisfied.

3. A MULTIPLE DISCOUNT FORMULATION FOR

PRESENT-BIASED PREFERENCES

3.1 AN ALTERNATIVE UNDERSTANDING OF MULTIPLE PRESENT

B1AsEs

Present bias is commonly understood in the literature in terms of a behaviour that
is controlled by the discount rate and according to which, what happens today
affects more the decision maker that it would were this to happen by some day
in the future. A gain—equivalently, a loss—today causes more happiness—more
unhappiness—than the same occurrence in the future. This is one of sources of
time inconsistency: the decision maker may prefer some small amount today than a
larger one tomorrow, but that same small amount tomorrow is less enjoyable than

the same larger one after-tomorrow.

This section is organized in order to examine the scope for such a phenomenon
within the current multiple discounting setup. The following axiom, building from
two separate parts, is a move in that direction. The first part of the axiom says

that the delay of a perpetual gain to the next day and at time T diminishes the
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happiness of the decision maker more than it would do at time 7"+ 1 or for other
dates in the future of T'. The second part introduces another behaviour: delaying a
perpetual loss at date T makes the decision maker more happy than if this were to

take place in the future of T

Axiom B2. For any T > 1 and a constant ¢ > o,

(i) I (011, Lrgrsoof) = (01j0r—1), Liro0f) s then (01p 1411 Lrgascel) = (01(0,77, Lirt,cof)-

(i) If (01 r—a), (=) 1ir00)) = (01077, —Lira,000)s then (01p1y, (=€) Lpriao0)) =

(Ol[o,T—i—l] ) _1[T+2,oo[) .

The supremum—the greatest of the minorants—of the values of the parameter ¢ in
part (i) and part (ii) can both be used to figure out the perception of the temporal
distance between date T and date T'+1. These extremum values are evaluated using
the perception at date T" of the two sequences (0,1) and (0, —1). Axiom B2 means

that this temporal distance is decreasing as a function of 7'.°

Lemma 3.1 provides a straightforward implication of axiom B2.

LEMMA 3.1. Assume that the order = satisfies axioms F and B1, B2. Suppose
that, for any T, at least one of the two values XgT and xT differs from 1 and at least
one of the two values XgT and x{ differs from zero. For any T > o and a constant

c >0,

(i) If (0,1) ~p c1, then (0,1) =74, cl.

(i) If (—¢)1 ~r (0,—1), then (—¢)1 =74, (0,—1).

Delaying gain and loss affects the decision maker more at time 7" than at time T+ 1.
Indeed, at time T', delaying the gain for one day diminishes the welfare value from
1 to c. Delaying the same gain at time 7'+ 1 will diminish the welfare from 1 to
some value ¢ > ¢. Similarly, delaying a loss at time 7T increases the welfare value
from —1 to —c, which is higher than to delay the same loss at time 1"+ 1, which

increases from —1 to some (—c’) smaller than —c.

®The axiom 10 in Montiel Olea & Strzalecki [13] correspond to the second part of axiom B2,

or the second part of Lemma 3.1.



Otherwise stated, the temporal distance that is perceived between dates T and T+ 1
is larger that the one that is perceived between dates T'+1 and T'+2: at date T, the
valuation of a constant sequence from tomorrow on is lower than its corresponding

valuation at date T+ 1. This intuition is detailed in the following statement:

PROPOSITION 3.1. Assume that the initial order = satisfies axioms F and B1, B2.

(i) The sequence {QT};O:O of the min occurrence is increasing according to o, <

éT+1 :

(ii) The sequence {ST}:; of the max occurrence is increasing according to ér <

Sris

The order > is hence present-biased.

3.2 A MuLTIPLE DISCOUNT ACCEPTION FOR GENERALIZED QUASI-

HYPERBOLIC PREFERENCES

The following Quasi-stationarity axiom, which is similar to the axiom 4 in Montiel
Olea & Strzalecki [13], implies a generalization of the quasi-hyperbolic discounting

in that the preferences satisfy a stationarity axiom for every T > 1.

Axiom B3. For any constants ¢, ¢ € R, utility streams z,y € {,

(e.c,2) = (e,c,y) if and only if (c,7) = (c,y).

Under axiom B3, one can establish a multiple acception of the quasi-hyperbolic

discounting class of preferences.
PROPOSITION 3.2. Assume that the order = satisfies axioms F and B1, B3.
(i) For any T > 1, 67 =6, and 67 = 6,.
(ii) As a result of the addition of axiom B2, this simplifies to §, < &, and §, < 6,.

While, under Axiom B1 and for each date T', there exists a set of possible discount

rates, the quasi-stationarity axiom B3 ensures that these sets are the same for

10



any date T" > 1. Moreover, and for any T" > 1, the statement of Lemma 3.1 is
strengthened to an equivalence condition. As this is clarified in Proposition 3.2(ii),
combining with the axiom B2, the set of discount rates associated with date T'= o
assumes smaller lower and upper bounds that the subsequent sets of discount rates

associated with 7" > 1.

REMARK 3.1. This result does provide an interesting generalization of the quasi-
hyperbolic discounting of Phelps & Pollack [14] and Laibson [12]. Consider, e.g., the
case where for any T, 0, = op with 6, < 6, = 6°. The comparison between two

inter-temporal stream becomes: x > y if and only if
(1 —0o)xo + b6 (Z(l — 5)5sx1+8> > (1= 80)Yo + 0o (Z(l — 5)5Sy1+s> :

which is equivalent to

o+ 3 (Z 53%) > yo + 3 (Z 5Sys> ,
for B =[(1 — 6,)0] "do(1 — ) < 1.

Bich et al [1] also come to a multiple quasi-hyperbolic discounting and an MaxMin
representation of the index function, with a similar set of possible discount rates
(66,0) € [8,,00] X [8,0]. The difference with the current work is that, while in Bich
et al [1], the optimal discount rates are chosen in the beginning of the evaluation,
in this article, they are chosen in each period, by comparing the utility values of
the present and of the future. Moreover, in this article, a present biais property is
present, with the under and upper bounds of possible sets increasing (or at least,

not decreasing) over time.

4. THE ROBUST TEMPORAL PRE-ORDERS 7

Define the robust time-dependent order >3 as the satisfaction of x >% v if and only
if, for any z, x + 2z =% y + z. Lemma 4.1 then provides a characterization of the

weights set {)p that represents the robustness order >7.

6This property can be obtained by adding the following assertion: z > y if and only if x + z >

y + z for any z € £,.

11



LEMMA 4.1. Assume that the order > satisfies axioms F and B1. For any T, there
exists a convex set Qp C £, of weights which can be considered as infinitely additive

probabilistic measures w on N such that

(i) w = (Wo,ws,wWs, ...) is a probability measure, i.e., a sequence of weights, be-

longing to ¢,
S =1
S=0
(ii) For every x,y € Ly, x =5 y if and only if, for any w € Qr,

o0 o
g Wy = E WeYs-
S=0 S$=0

Proposition 4.1 then equips the analysis with a representation of the weights sets

Q.

ProproOSITION 4.1. Consider axioms F and B1. Assume that either for every T,
the corresponding operateur is min, or for every T, the corresponding operator is

max. Then the weights set Qr is the convex hull of the set

{(1 — 01, 61(1 = 144), 000144 (1 = O142), - -+ 5 67014 -+ - Ops (T — 540, - - ) }»

where drys € {§T+8,3T+3} for any s.

It is well known in the literature that, beside the initial order >p, there exists
a robust or unanimous pre-order one, defining on a set of linear index functions,
decribing a situation where a given utility stream being robustly better than an
alternative, in the sense that such comparison is unanimous among a set of linear
orders that can be understood as a set of possible evaluations. Proposition 4.1

provides a clear and precised description of this set.
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A. PROOFS FOR SECTION 2

A.1 PROOF OF PROPOSITION 2.1
(i) Define C7(x) the set of values ¢ such that, for any z,,z,,..., 2704,

(Zlor— 1) Tim00l) = (207115 o))

Define the order > as the holding of x =7 y if and only if sup C(x) > sup C(y).

Fix z,y € l, and suppose that for any z,, 2,,...,27_.,

(Z[O,T_l], af[T,oo[) = (Z[O,T—l}, y[T,oo[)-

This implies that Cr(y) C Cr(z), or x =7 y. First consider the case sup Cr(y) <
+00 and take ¢ = sup Cp(y). It is readily checked that Cp(y) is closed, whence the
satisfaction of ¢} € Cr(y) C Cp(z). Further and from the definition of ¢, which is

finite, for any z,, 2,,..., 21—,

(Z[O,T_l],fc[T,oo[) = (Z[O,T—l}ycg]-[T,oo[) = (Z[O,T—l},y[:r,oo[)-

Secondly consider the case sup Cr(y) = +oo, that implies the holding of sup Cr(z) =

+00. Whence, for any ¢ > sup, ys and for any z,, 2,, ..., 27_:
(Zo,7=1]> T00) = (Zfo.r—1)s L iriool) = (Zlo,r—1], YT,00() -

(ii) For the transitivity, monotonicity and weak convexity properties, replicate the
arguments used for the proof of Proposition 3.1 in Drugeon & Ha-Huy [5].

(iii) Suppose that at least one of two values [(ol[o,T,l}, l[T,oo[) and —I(ol[O,T,l], —1[T,OO[)
differs from zero. It is to be proved that the order > satisfies the technical non-
triviality property. The Archimedeanity property would then follow as a direct
corollary.

Assume that I(ol[oyTﬂ], 1[T7oo[) > 0. Then I(ol[o,Tﬂ}, l[T,oo[) > 1(01[07T,1}, ol[Tm[).
This implies 1 >=7 01. Use the same argument for the case —I(01[07T,1], —1[T,oo[) >

0, which implies o1 »p —1.
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(iv) Suppose that at least one of two critical values is different from zero. From (i),
(ii) and (iii), sup Cr(z) < 400 for any x and the order > satisfies every property
in axiom F. The index function I7(z) = sup C(z) therefore satisfies every property

listed for the index I.

The satisfaction of tail-insensitivity is obvious. QED

A.2 PROOF OF PROPOSITION 2.2

Fixzely, let c=Ipy, (:p[Tﬂ,oo[) and consider the case x7 < ¢. From Proposition

2.1 and as ¢ — xr > 0,

Ir(zproo)) = Ir (27, 1)
=z7 + Ir(0, (c — 27)1)
=xr + (C — IT)IT(O, 1)

= (1= Ir(0,1))zr + Ir(0, 1)c.
Likewise and for zp > c:

Ir(2(r00)) = Ir (27, 1)
= IT(xT — c,ol) +c
= (xT — c)IT(l, ol)+¢

= Ir(1,0)zr + (1 — Ir(1,01))c

First suppose that x] < x7, or Ip(0,1) 4 Ir(1,01) < 1, and let 47 = x} = I(0,1)

and 67 = X! =1 — I(1,01). It follows that 0 < d; < 07 < 1 and

Ir ($[T,oo[) = min [(1 — 0z + 5IT+1('I[T+1,OO[)] )

éTS(;SgT

Consider the remaining case x; > x, or I7(0,1)+Ir(1,01) > 1 and let §; = xj =

1— Ip(1,01), 67 = X4 = Ir(0,1). It follows that 0 < dp < 0p < 1 and

Ir (x[Tpo[) = max [(1 —d)zr + 5IT+1(33[T+1,OO[)} ,

éTS(sSST

which establishes the statement. QED
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B. PROOFS FOR SECTION 3

B.1 PRroor or LEMMA 3.1

(i) Consider the constant ¢ such that (o0,1) ~r ¢1. From Proposition 2.1, this implies

that:

(0L1077s Lrga,00) ~ (01011, CLir,00()-

The order > further satisfying every property in axiom F, for any ¢ < ¢, the

following is to hold:
(0% jo7, L oof) = (0701, L o)
From axiom B2, this can be strengthened to:
(01 o447 Lirsa,00l) = (011,77, € Lrn o) -
It follows that:
(0,1) =74, 1.
As this is true for any ¢ < ¢, letting ¢ converge to ¢, it derives that:

(07 1) iT‘i’l cl.

(ii) Follow the same line of arguments as for (i). QED

B.2 PROOF OF PROPOSITION 3.1
First observe that, for any T,

07 =min{Ir(0,1),1 — Ip(1,01)},

07 = max{Ir(0,1),1 — Ir(1,01)}.
But and from Lemma 3.1, both of the two sequences {Ir(0,1)}3_ and {1—Ir(1,01)}72

are increasing. This in its turn implies that the two sequences {5,132 and {07152
TS T=o0 T=o

are also increasing.
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B.3 PROOF OF PROPOSITION 3.2

Fix any 7' > 1. Suppose that (0,1) ~py, cl, which is equivalent to (01} 7., 1) ~
(01jo77,c1). By Lemma 4.3, this implies (01, 77,1) ~ (01} -, 1), which is equiv-

T+1

alent to (0,1) ~7 cl. Hence X; = Xy Use the same arguments, one gets

xE = x7*". Hence for any T' > 1, 07 = §, and oy = §,.

The second part appears as a direct consequence of the present bias property. QED

B.4 PRrOOF OF LEMMA 4.1

First, recall that the dual space of /., , i.e., the set of real sequences such that
sup, |zs| < 400, can be decomposed into the direct sum of two subspaces, ¢, and
(% (ls)* = £, ® (% The subspace ¢, satisfies o-additivity. The subspace ¢?, the
disjoint complement of ¢,, is the one of finitely additive measures defined on N.
More precisely, for each measure ¢ € €%, for any x € /., the value of ¢ - z depends

only on the distant behaviour of x, and does not change if there only occurs a change

in a finite number of values x,, s € N.

Define P7 as the positive polar cone of Pp = {x € l such that z =% 01} in the

dual space (Zoo)*:

P* = {P € ()" such that P -z > o for every z =} o1}.

Observe that by the very definition of the order =*, P is convex and separable by

the vector —1, the cone P* does not degenerate to {ol1}.

For each P € P*, define

Since x >7. ol for every = € (., satisfying x; > o for all s, it follows that P -2z > o
for every x such that xy; > o for every s. Let then Qpr = 7n(Pr). As P-z > o if
and only if 7(P) -2 > o, « =% ol is equivalent to 7(P) -z > o for every P € P.
For every P, m(P) can be decomposed as 7(P) = (1 — AN)w + A¢p, where 0 < A < 1,
W = (Wo,Wy,"** ,ws, ) €L, and ¢ € 4. From the tail-insensitivity property, it is

obvious that A =0 and ¢ = o. QED
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B.5 PROOF OF PROPOSITION 4.1
Let Q7 is the convex hull of the set

{(1 — 07, 67(1 = 6144), 000144 (1 — 142), - -+ 670141 -+ - O s (1 — O 4a), - - )}7

where 01,4 € {QTH,STH} for any s.

Obviously, we have only to prove the Proposition for T" = o. Consider the case

where every operator is min. For T > o,

Ir ($[T,oo[) = 1in [(1 — 8y + 5IT+1(37[T+17OO[)} .

§T§5SST
We have
I(x) = _min ~ {(1 —00)To + 00(1 — )y + -+ 050, + -+ 07—y (1 — d7)xr
0,560<00, 0 <07 <éT
+ 5051 e 5T[T+1<$[T+1,oo[)}' (1)

First, observe that

lim 8,0, - - 07 = oO.
T—o0

Indeed, consider some value ¢ > 0. Using (1), it is easy to verify that

I(ol[oj], (—c)l) = (8,0, - 07) X (—c).
By the tail-insensitivity property, one has

lim (017}, (—c)1) = o,

T—o0

which implies that

lim 8,0, - -- 67 = o.
T—o0

Now, consider some sequence x € /.. First, we prove that

I(z) = inf (w-x).

IS
Denote by {5}5_, the sequence of discount rates such that for every 7' > o,
Ir (@) = (1 = 07)2r + 07 Ira (T(741,000)-
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Recall that
I(@) = (1= G5)0 + 531 = 0)a, 4+ o4 8107 - Gy (1 = 5oy + 5507 - L (w4100
Let T' converges to infinity, since d;0; - - - 07 converges to zero, we have

I(xz) = lim ((1 — 0w+ (1 =0, + -+ 0000 (1 — 5})1@).

T—o0

Assume that I(z) > inf,eq, (w- ). Then there exists a sequence {dr}3_, such that

for every T, 6, < 61 < o, and

I(xz) = lim ((1 — o+ 0 (1 =0 ), 4+ 00070, (1 — (5})17)

T—o0
> lim ((1 —0)xo + 0o(1 — 0y)xy + -+ + 000, - - Oy (1 — 5T)xT).

T—o0

Hence, for T sufficiently large, one gets

(1= 03)xo + 05(1 — )y + -+ 0507 -+ 67—, (1 = 0p)xp + 6507 -+ - 07 r iy (X[r41,00])

> (1 - 5)1’0 + 50<1 - 51)371 + -+ 5051 T §T71(1 - 5T)xT + 5051 e 6T[T+1<x[T+1,oo[)7

a contradiction with (1).

Let P, = w(P,), with P, is defined in the proof of Lemma 4.1. The set P, represents
the weights set corresponding to the robuste order »*. We have to prove that
P, =,.

If €, is not a subset of P,, then there exists x =* 0l such that w -z < o, for some

w € Q. This implies /(z) < o: a contradiction. Hence, , C P,.
Now, assume that for z,y € /., we have w -z > w -y for every w € €),. It is easy

to verify that for any z € (o,

I(x+z):i£fw~(x+z)
Zigrzlfw~(y+z)
=1I(y+2),

which implies x >=* y, by the definition of the robuste order >*. Hence, P, C €2,.

Consider the case where every operateur is max. For T" > o,

It ($[T,oo[) = 5 IE?<XST [(1 —d0)rr + 5IT+1(:E[T+1,OO[):| .
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Define the order > as: x>y if and only if (—=y) = (—x). We can verify that >
satisfies Axiom F and can be represented by and index function I.
Obviously z>=*y if and only if (—y) =* (—x). Moreover,

~

Iy (ZE[T,OO[) = 5 1351213 |:(1 — 5>ZET + (5IAT+1(ZE[T+17OO[) .
O >0x0T

Apply the same arguments as in the first part of the proof, the claim of this Propo-

sition is proven.
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