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Abstract

We present necessary and sufficient revealed preference conditions to verify
whether a finite data set on nonlinear budget sets is consistent with the maxi-
mization of a quasi–concave utility function. When budget sets are finite unions
of polyhedral convex sets, these conditions require feasibility of a set of linear in-
equalities, which makes them easy to use in practical applications.
Keywords: quasi–concavity; convex preferences; nonlinear budget sets; revealed
preference conditions
JEL: C14, D11

1 Introduction

Quasi–concavity of the utility function or, equivalently, convexity of the preference rela-
tion, corresponds to diminishing marginal rates of substitution: in order to keep utility
constant, a consumer is willing to sacrifice less and less of a certain good for fixed incre-
ments of another good. Convex preferences are crucial to define shadow prices, which are
often fundamental to the analysis of public goods and externalities in theories of optimal
taxation, models of risk and ambiguity aversion, . . .When preferences are non-convex,
certain consumption bundles will not have a supporting price vector. This in turn can
lead to non-convex valued demand correspondences, and might even lead to a failure
of the second fundamental theorem of welfare economics, as it is possible that a Pareto
optimal allocation is not supported by a set of equilibrium prices.
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Given this revealed importance of convex preferences in the literature, one may have
expected much attention for the testable implications of this assumption. However, the
empirical demand literature is surprisingly silent on the issue. A first important expla-
nation may be Afriat (1967)’s theorem. One of the most surprising implications of this
theorem is that any finite data set on linear budgets is consistent with the maximization
of a locally non–satiated utility function if and only if it is consistent with the maxi-
mization of an increasing and concave utility function. As such, it is impossible to reject
quasi–concavity without rejecting the assumption of utility maximization. Essentially,
this means that convexity of preferences is nontestable in the case of linear budgets. A
second main explanation is due to the advent of duality theory. Currently, most em-
pirical demand analysis starts from a specification of a cost function defined for linear
budget sets, which exists even if the underlying utility function is not quasi–concave. In
this manner, quasi–concavity is no longer necessary to make individual demand analysis
empirically applicable, at least when budget sets are assumed to be linear.

Importantly, the above cited results only suggest that tests of convexity will be empir-
ically idle in the case of linear budget sets. However, many economic decision situations
are characterized by nonlinear budget sets. For example, nonlinear budgets prevail in la-
bor supply settings where differentiated tax systems imply a nonlinear trade–off between
leisure and consumption, in intertemporal consumption where different interest rates for
borrowing and saving make a nonlinear exchange between current and future consump-
tion, in game theoretic settings where individuals’ behavior is mutually interdependent,
and in models of household production with nonlinear technologies.1 These examples
directly motivate our research question, i.e. characterize the testable implications of
convex rationalizations on nonlinear budget sets.

This note provides an account of the revealed preference implications associated with
convex preferences. We do so by considering budget sets that are possibly nonlinear.
Our main insight is based on the concept of co-convex hulls, which figure as (approxi-
mations of) lower contour sets under convex rationalizations of a given data set. We will
demonstrate that convex preferences do have testable implications as soon as budget
sets are nonlinear. We build further on this theoretical result to come up with testable
conditions of convex preferences that are easy to implement in practice. To this end,
we consider the class of (possibly nonlinear) budget sets that can be defined as a finite
union of polyhedral convex sets. While -admittedly- this simplifying assumption implies
a somewhat narrow focus, it is actually hardly restrictive from an applied point of view.
In many practical applications nonlinear budget sets fall within this class and if not, it
is always possible to approximate any nonlinear budget set arbitrarily close as a finite
union of polyhedral convex sets.

Our paper fits in the literature on revealed preference tests for consumption behavior
to be rationalizable by utility maximization under nonlinear budgets. The paper in this
literature which is closest to ours is probably Forges and Minelli (2009). Their main

1See Forges and Minelli (2009) for examples of game theoretic settings involving nonlinear budgets,
and Deaton and Muellbauer (1980) for other examples of decision situations characterized by nonlinear
budgets.
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result is presented in the next section. A second paper by Matzkin (1991) considers two
extensions of Afriat’s theorem to nonlinear budget sets. The first extension assumes
that every budget set is co–convex. In this case she shows that the usual Afriat theorem
still holds. The second extension assumes that every budget set has a unique supporting
hyperplane through the chosen bundle that contains the whole budget. Matzkin demon-
strated that, if we replace the budget set by the half space defined by this hyperplane,
the data set is rationalizable by a concave utility function if and only if the usual re-
vealed preference conditions are satisfied for these new ‘virtual’ (linear) budget sets. As
will be clear from our discussion below, both extensions are special cases of our main
result. Finally, our research question is also closely related to an original contribution of
Yatchew (1985). This author also considered the case of rationalizability by a concave
utility function when the budget set can be written as a finite union of polyhedral convex
sets. He obtains a set of (quadratic) inequalities that are necessary and sufficient for
consistency with a concave utility function. The differences between his and our results
are discussed in more depth in Section 3.

The remainder of this paper is organized as follows. Section 2 sets the stage by intro-
ducing Afriat’s theorem (for linear budget sets) and the rationalizability result of Forges
and Minelli (2009) (for nonlinear budget sets). Here, we show that Afriat’s equivalence
result breaks down in the case of nonlinear budgets. We also present our main theo-
retical result, i.e. the analogue of Afriat’s theorem for nonlinear budget sets. Section
3 tackles our empirical research question and considers the practical operationalization
of our testable conditions for convex rationalizations. This section also illustrates the
practical usefulness of our results for labor supply analysis.

2 Afriat’s theorem and testability of convexity

In this section, we first introduce some useful notation and definitions. Next, we present
Afriat’s theorem. As indicated above, a main implication of this result is that convexity
of preferences (or quasi–concavity of a rationalizing utility function) is nontestable under
linear budget sets. Subsequently, we discuss the main theorem of Forges and Minelli
(2009) and show that Afriat’s nontestability result does not extend to nonlinear budget
sets. Finally, we present a generalization of Afriat’s theorem that characterizes the data
sets with nonlinear budgets that are rationalizable by convex preferences, i.e. there exists
a rationalization by a quasi-concave utility function.

Notation and definitions. A data set S = {Bt,xt}t∈T consists of a finite collection
of subsets Bt of Rn

+ and elements xt ∈ Bt. The intuition is that Bt is a budget set, which
contains all feasible consumption bundles of n goods at observation t ∈ T , while xt is
the chosen consumption bundle from this set. We call (Bt,xt) an observation.

We impose three assumptions on any budget set Bt. First of all, we require that Bt

is closed. In other words, all limits of sequences of bundles in Bt are also in Bt. This
is a technical but generally uncontroversial assumption. Second, we assume that the
sets Bt are monotone. Formally, this implies for all x ∈ Bt and all y ∈ Rn

+, if y ≤ x,
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then y ∈ Bt. Intuitively, this condition states that, when an individual can afford the
bundle x, then she can also afford any bundle y ≤ x.2 This assumption is satisfied if we
assume that an individual can costlessly dispose of any amount of goods, i.e. y can be
obtained by choosing x and throwing away the bundle x−y. Third, we assume that the
set Bt has a non-empty interior. This excludes settings where the budget set imposes
zero consumption on a subset of goods. As a final note, we want to stress that we do
not require our budget sets to be compact. As such, it is possible that budget sets are
unbounded in some direction.

A bundle x ∈ Bt is on the boundary ∂Bt of Bt if there is no other bundle y in Bt

that contains more of every good than the bundle x. Formally, ∂Bt = {x ∈ Bt|∀y ≫
x : y /∈ Bt}.

A budget set Bt is linear if there exists a price vector pt ∈ Rn
++ and a budgetmt ∈ R+

such that Bt contains all bundles x of which the expenditure at prices pt does not exceed
mt, i.e. Bt = {x ∈ Rn

+|ptx ≤ mt}. Observe that, for linear budget sets, the boundary of
Bt coincides with the budget hyperplane; ∂Bt = {x ∈ Rn

+|ptx = mt}. If all budgets are
linear and mt = ptxt for all t ∈ T , we also denote such data set by {pt,xt}t∈T . This is
the type of data set Afriat (1967) considered in his original study.

A utility function u : Rn
+ → R associates with any conceivable bundle x ∈ Rn

+ a real
number u(x). We will consider the following properties of utility functions. A utility
function u is concave if, for all x, y ∈ Rn

+ and α ∈ [0, 1], u(αx+(1−α)y) ≥ αu(x)+(1−
α)u(y). A utility function is quasi–concave if the better–than sets are convex. Formally,
for all x, y and z ∈ Rn

+ and α ∈ [0, 1], we have that u(x) ≤ min{u(y), u(z)} ⇒ u(x) ≤
u(αy + (1− α)z). A function u is locally non–satiated if, for all bundles x ∈ Rn

+, there
exists a bundle arbitrarily close to x that has higher utility than x. Formally, for all open
neighborhoods N of x, there exists a bundle y in N ∩Rn

+ such that u(y) > u(x). We say
that a function u is increasing if, for all x,y ∈ Rn

+, x ≫ y implies u(x) > u(y). Finally, a
function u is continuous if, for all x ∈ Rn

+, the upper contour sets {y ∈ Rn
+|u(y) > u(x)}

and the lower contour sets {y ∈ Rn
+|u(y) < u(x)} are open subsets of Rn

+. Of course, if
u is increasing and continuous, then we also have that x ≥ y implies u(x) ≥ u(y).

A data set S = {Bt,xt}t∈T is said to be rationalizable if there exists a utility function
that makes the observations consistent with utility maximization.

Definition 1 (Rationalizability). A data set S = {Bt,xt}t∈T is rationalized by the utility
function u : Rn

+ → R if, for all t ∈ T , xt maximizes u(x) subject to the condition x ∈ Bt,
i.e.

xt ∈ argmax
x∈Bt

u(x).

Afriat’s theorem: linear budget sets. Building on the work of Afriat (1967), Var-
ian (1982) presents a combinatorial condition for rationalizability by a concave, increas-
ing and continuous utility function when all budget sets Bt are linear. Specifically, the

2For two elements x,y ∈ Rn
+ we have that x ≤ y if xi ≤ yi for each good i ≤ n, we have that x < y

if x ≤ y and x ̸= y and we write x ≪ y if xi < yi for all goods i.
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condition requires data consistency with the so–called generalized axiom of revealed pref-
erence or garp. Given our specific focus, it is useful to formulate this garp condition
for a setting with general (possibly nonlinear) budget sets.

First we define the direct revealed preference relation R0 as xtR0xv if xv ∈ Bt. In
other words, the bundle xt is directly revealed preferred to xv if xt was chosen but xv was
also available. The indirect revealed preference relation R is the transitive closure of the
direct revealed preference relation: xtRxv if there exist a sequence xt,xk,xr, . . . ,xm,xv

such that xtR0xk;xkR0xr,. . . , and xmR0xv. Finally, the data set S = {Bt,xt}t∈T is said
to satisfy garp if for all xt and xv, if xtRxv, then it is not the case that xt ∈ Bv\∂Bv. In
words, if xt is (indirectly) revealed preferred to xv, then xt should not be in the interior
of Bv. In the case of linear budget sets, this requires pvxv ≤ pvxt whenever xtRxv.
Observe that for every chosen bundle xt we automatically have that xtRxt. As such,
garp requires that each chosen bundle xt must be on the boundary of its own budget
set Bt, i.e. xt ∈ ∂Bt.

We are now in a position to state Afriat’s theorem (Varian (1982), based on Afriat
(1967)). This result characterizes rationalizable data sets S in the case of linear budget
sets.

Theorem 1 (Afriat’s theorem). Consider a data set S = {pt,xt}t∈T with linear budget
sets. Then, the following statements are equivalent:

(i) The data set S is rationalizable by a locally non–satiated utility function.

(ii) The data set S satisfies garp.

(iii) For all t ∈ T , there exist numbers Ut ≥ 0 and λt > 0 such that, for all t, v ∈ T :

Ut − Uv ≤ λvpv(xt − xv).

(iv) The data set S is rationalizable by an increasing, concave and continuous utility
function.

The theorem shows that when budget sets are linear, garp (statement (ii)) provides
a necessary and sufficient condition for the data to be rationalizable by a concave,
increasing and continuous utility function. Statement (iii) gives an equivalent condition
in terms of so–called Afriat inequalities, which are linear in the unknown variables Ut

and λt. Afriat’s theorem has a remarkable implication: data rationalizability by a non–
satiated utility function (statement (i)) is equivalent to rationalizability by an increasing
and concave utility function (statement (iv)). As such, the theorem shows that, if
budget sets are linear, it is impossible to accept rationalizability by a non–satiated utility
function while rejecting it for a concave and increasing utility function. Essentially, this
means that, under utility maximization, the property of concavity of utility functions is
nontestable in the case of linear budget sets.
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Non-convex rationalizations on nonlinear budget sets. The picture changes
drastically if budgets are nonlinear. In such a setting, garp consistency remains nec-
essary and sufficient for rationalizability by an increasing utility function, but it is no
longer sufficient for rationalizability by a concave utility function.

Forges and Minelli (2009) showed that garp consistency is equivalent to rationaliz-
ability by an increasing utility function. To obtain this result, they considered the gauge
function γt : Rn

+ → Rn, defined by,

γt(x) = inf{λ > 0| x/λ ∈ Bt}.
In words, γt(x) gives for the smallest number for which x/γt(x) belongs to the budget
set. In the case of linear budget sets, we obtain that γt(x) = ptx/ptxt.

3 Then, building
on a result of Fostel, Scarf, and Todd (2004), Forges and Minelli proved the following
theorem.

Theorem 2 (Forges and Minelli (2009)). Consider a data set S = {Bt,xt}t∈T . Then,
the following statements are equivalent:

(i) The data set S is rationalizable by a locally non–satiated utility function.

(ii) The data set S satisfies garp.

(iii) For all t ∈ T , there exist numbers Ut ≥ 0 and λt > 0 such that, for all t, v ∈ T :

Ut − Uv ≤ λv(γv(xt)− 1).

(iv) There exist an increasing and continuous utility function that rationalizes the data
set S.

There is a clear correspondence between Theorem 1 and Theorem 2. However, a
notable difference is that, for nonlinear budget sets, we lose the equivalence between
rationalizability by an arbitrary (non–satiated) utility function and rationalizability by
a concave utility function.

This last point is illustrated in Figure 1, which presents two budget sets, given by
the surfaces enclosed by ℓ1, ℓ2, 0 and ℓ′1, ℓ

′
2, 0. The chosen bundles are represented by,

respectively, the points x1 and x2. It is easy to verify that this data set satisfies garp.
However, it is not rationalizable by a concave utility function, as we show by contradic-
tion. Specifically, let us assume that the observations are rationalizable by a concave
utility function. Then, because both budget sets are convex and the rationalizing utility
function is concave, there must exist hyperplanes going through the chosen bundles that
separate the corresponding budget sets from the upper contour sets. In Figure 1, these
hyperplanes are given by the lines r1, r2 and r′1, r

′
2. By construction, the areas below

these hyperplanes contain bundles that have lower utility than the chosen bundles. As
such, for any rationalizing (concave) utility function u, it must be that u(x2) < u(x1)
and u(x1) < u(x2), which leads to the wanted contradiction.

Thus, we conclude that, in order to characterize rationalizability by a concave utility
function under nonlinear budgets, we will have to modify the garp condition.

3In the case of linear budget sets, we have that x/λ ∈ Bt if and only if ptx/λ ≤ ptxt. This implies
that ptx/ptxt ≤ λ.
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Figure 1: GARP and nonlinear budget sets
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Convex rationalizations on nonlinear budget sets. In order to handle the ra-
tionalizability problem with convex preferences, we first introduce the concept of a co–
convex hull. A set H ⊆ Rn

+ is co–convex if its complement Rn
+ \H is convex. Next, take

any observation (Bt,xt) from a data set S = {Bt,xt}t∈T . Intuitively, a co–convex hull
of (Bt,xt) gives a specific approximation of the set of bundles that are not better than
xt. Formally, it is defined as follows.

Definition 2 (co–convex hull). Consider a data set S = {Bt,xt}t∈T . The set Ht is a
co–convex hull of an observation (Bt,xt) if it satisfies the following properties:

(i) Ht is co–convex;

(ii) Ht is closed and monotone;

(iii) Bt ⊆ Ht;

(iv) If x ≫ xt, then x /∈ Ht.

As explained above, the first condition requires that the complement of Ht is convex.
The second condition imposes the same conditions on Ht as on Bt, i.e. closedness and
monotonicity. The third condition requires that Ht contains the budget set Bt, which
explains the use of the term ‘hull’. Finally, the fourth condition assumes that Ht does
not contain any bundle that strictly dominates xt in all dimensions; this complies with
the above interpretation of Ht as approximating the complement of the upper contour
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set of xt. If xt ∈ ∂Bt, we have that the set {x ∈ Rn
+|x ̸≫ xt} is a co-convex hull of

(xt, Bt). As such, a co-convex hull always exists if xt is on the boundary of Bt. The set
Ht is a minimal co–convex hull of the observation (Bt,xt) if Ht is a co–convex hull of
(Bt,xt) and for any other co–convex hull H ′

t of (Bt,xt), if H
′
t ⊆ Ht, then H ′

t = Ht. The
existence of a minimal co–convex hull (if xt is on the boundary of Bt) can be shown by
a straightforward application of Zorn’s lemma. At this point, it is worth indicating that
a minimal co–convex hull should not necessarily be unique.

It is well known that any closed and convex set can be written as the intersection
of a collection of closed half spaces.4 As a consequence, its complement, which is an
open and co–convex set, can be written as a union of open half spaces. The following
exposition provides an embodiment of this idea applied to co–convex hulls.

Consider a co–convex hull Ht of (Bt,xt). By definition, the complement of this set,
i.e. Rn

+ \ Ht, is an open and convex set. As such, its closure can be written as the
intersection of its supporting half spaces. An element, x, of such a half space then
satisfies a condition of the form

pi
tx ≥ mi

t,

for some vector pi
t ∈ Rn and some number mi

t ∈ R. Consider the subset of these
hyperplanes for which pi

t ∈ Rn
+ and mi

t > 0. Any rescaling (αpi
t, αm

i
t) of such hyperplane

represents the same half space and as such we can always normalize these half spaces by
setting mi

t = 1. Let us collect the set of these normalized vectors pi
t in At. It is possible

to show that x is in the closure of Rn
+ \Ht if and only if pi

tx ≥ 1 for all pi
t ∈ At.

5

The complement of the closed convex set Rn
+ \Ht is thus given by bundles x ∈ Rn

+

that satisfy infpi
t∈At

pi
tx < 1. This complement equals the interior of Ht and therefore its

closure is Ht. This implies that Ht consists of all bundles x with infpi
t∈At

pi
tx ≤ 1. As a

consequence, the boundary ∂Ht can be defined by the bundles x for which infpi
t∈At

pi
tx =

1. In the following, we will slightly abuse terminology and call At the support set of the
co–convex hull Ht.

Our main theorem characterizes data sets for which there exists a convex ratio-
nalization, i.e. the data set is rationalizable by a quasi–concave utility function (or,
equivalently, convex preferences).

Theorem 3. Consider a data set S = {Bt,xt}t∈T . Then, the following statements are
equivalent:

(i) The data set S is rationalizable by a locally non–satiated and quasi–concave utility
function.

(ii) For all t ∈ T , there exists a minimal co–convex hull Ht of (Bt,xt) such that the set
{Ht,xt}t∈T satisfies garp.

(iii) For all t ∈ T , there exists a minimal co–convex hull Ht of (Bt,xt) with associated
support set At, and there exist numbers Ut ≥ 0 and λt > 0 such that, for all

4See, for example, Rockafellar (1970), Corollary 11.7.1.
5A proof of this is available upon request from the authors.
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t, v ∈ T :

Ut − Uv ≤ λv

(
inf

pi
v∈Av

pi
vxt − 1

)
.

(iv) The data set S is rationalizable by an increasing, concave and continuous utility
function.

Proof. The proof proceeds in three steps.6 First, the implication (i)→ (ii) follows from
the observation that, if the dataset is rationalizable by a quasi-concave utility function,
then the lower contour sets of the convex indifference curve through the chosen bundle xt

contains at least one minimal co-convex hull of (Bt,xt). Next, the implication (ii)→(iii)
follows from Proposition 3 of Forges and Minelli (2009) by noticing that the function
γt(x) = infpi

t∈At
pi
tx is in fact the gauge function of the set Ht.

7 Finally, the implication
(iii)→(iv) can be obtained by considering the lower envelope function.

U(x) = min
t

{
Ut + λt

(
inf

pi
t∈At

pi
tx− 1

)}
.

This function is concave (as it is the lower envelope of a collection of linear functions)
and it rationalizes the data. In order to see this last property, first notice that for all
t ∈ T , U(xt) = Ut. Next, assume that there is a bundle x in Bt (which means that
infpi

t∈At
pi
tx ≤ 1) and assume that U(x) > U(xt). Then, we have that:

U(x) ≤ Ut + λt

(
inf

pi
t∈At

pi
tx− 1

)
≤ Ut,

which shows the desired contradiction.

Theorem 3 clearly mirrors Afriat’s theorem. The main difference pertains to state-
ment (ii) of Theorem 3, which requires garp consistency not in terms of the observed
budget sets but in terms of a collection of minimal co–convex hulls. As indicated above,
a minimal co–convex hull of (Bt,xt) should not be uniquely defined in general and,
therefore, verifying statement (ii) of Theorem 3 can be considerably more difficult than
verifying garp for the original data set {Bt,xt}t∈T .

One final remark is in order. Statements (ii) and (iii) of Theorem 3 require the co–
convex hulls Ht to be minimal. However, one can show that the result also holds if we
consider any co–convex hull rather than a minimal one. We have chosen to state Theorem
3 in its current form because the set of minimal co–convex hulls is the smallest set of
co–convex hulls for which our theorem holds. This effectively makes that the theorem
provides the sharpest formulation of the rationalizability conditions: in principle, it
suffices to (only) consider minimal co–convex hulls when verifying rationalizability.8

6For the sake of brevity, we choose to include a compact version of the proof. The working paper
version of this paper (Cherchye et al. (2012)) contains a more detailed proof.

7We thank an anonymous referee for pointing this out to us.
8Indeed, if we exclude some minimal co–convex hull to verify statement (ii) or, equivalently, statement

(iii) of Theorem 3, then it may be that we erroneously reject rationalizability. Specifically, we can
construct data sets that are rationalizable but violate the garp condition for all but one minimal
co–convex hull.
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However, by allowing any co–convex hull we can actually conclude that there exists a
convex rationalization of some data set as soon as we can find one specification of co–
convex hulls (not necessarily minimal) that satisfies the conditions in Theorem 3. This
will be useful for defining operational tests of rationalizability in the next section.

3 Convex rationalizations on finite unions of poly-

hedral convex sets

The general result in Theorem 3 is essentially a theoretical one. It does not provide
guidelines for testing the revealed preference conditions in specific applications. In this
section, we consider the operationalization of the conditions. We show that verifying our
testable implications for convex rationalizations boils down to checking linear inequalities
when assuming that budget sets can be written as finite unions of polyhedral convex sets.
Importantly, as indicated in the Introduction, this assumption is hardly restrictive from
an applied point of view, because we can always approximate any budget set arbitrarily
close as a union of polyhedral convex sets.9

Characterization. Let Bt be a finite union of ℓt closed, monotonic and polyhedral
convex sets Bj

t , each having non-empty interior. Let Kj
t = {qj

t ∈ Rn
+} be the set of

vectors such that

Bj
t =

{
x ∈ Rn

+

∣∣∣∣∣max
qj
t∈K

j
t

qj
tx ≤ 1

}
.

For these sets, we can prove the following lemma.

Lemma 1. Consider a data set S = {Bt,xt}. If Bt is a finite union of polyhedral convex
sets and Ht is a minimal co–convex hull of the observation (Bt,xt), then

Ht =

{
x ∈ Rn

+

∣∣∣∣ min
j=1,...,ℓt

pj
tx ≤ 1

}
,

where for all j = 1, . . . , ℓt, pj
t is a convex combination of the vectors qj

t ∈ Kj
t and

minj=1,...,ℓt p
j
txt = 1.

Proof. Let Ht be a minimal co–convex hull of (Bt,xt). The complement of Ht is a convex
set which is separated from all convex sets Bj

t . As such, for each set Bj
t there exists a

supporting hyperplane that separates Bj
t from the complement of Ht.

We present these hyperplanes by {x ∈ Rn|pj
tx = 1}. From Rockafellar (1970, Theo-

rem 17.3), we know that pj
t =

∑
i α

j,i
t qj,i

t where qj,i
t ∈ Kj

t , α
j,i
t ≥ 0 and

∑
i α

j,i
t ≤ 1. For

an x on the intersection of this hyperplane and Bj
t this gives 1 = pj

tx =
∑

i α
j,i
t qj,i

t x.
Using the fact that qj,i

t x ≤ 1 for all qi,j
t ∈ Kj

t , we can conclude that
∑

i α
j,i
t = 1.

9The operations research literature calls this inner-outer linearization. See, for example, Bertsekas
(2009) for a detailed discussion.
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Observe that, if xt ∈ Bm
t , then this hyperplane must pass through xt, i.e. p

m
t xt = 1

while, for all other hyperplanes (characterized by pj
t), we have pj

txt ≥ 1. As such,
minj=1,...,ℓt p

j
txt = 1.

Next, define the set H ′
t = {x ∈ Rn

+|minj=1,...,ℓt p
j
tx ≤ 1}. This set is co–convex (as it

is the complement of the intersection of open half spaces), monotone and closed. Further,
it contains each set Bj

t . Therefore, it also includes the budget set Bt. If y ≫ xt, then
y /∈ H ′

t. Otherwise, there is a pj
t such that {x ∈ Rn

+|p
j
tx = 1} intersects the complement

of Ht. We conclude that H ′
t is a co-convex hull of (Bt,xt). Finally, observe that H

′
t ⊂ Ht.

Given that Ht was minimal, we obtain that Ht = H ′
t.

This characterization of minimal co-convex hulls allows for an efficient operational-
ization of the characterization in Theorem 3 for budgets sets that are finite unions of
polyhedral convex budget sets. To see this, consider a collection of sets Ht such that, for

all Ht ∈ Ht, there exist numbers αj,i
t ∈ R+, with

∑|Kj
t |

i=1 αj,i
t = 1, minj

∑|Kj
t |

i=1 αj,i
t qj,i

t xt = 1,
and

Ht =

x ∈ Rn
+

∣∣∣∣∣∣ min
j=1,...,ℓt

|Kj
t |∑

i=1

αj,i
t qj,i

t x ≤ 1

 .

Every set in the collection Ht is clearly a co–convex hull of (Bt,xt). Moreover, from
Lemma 1 above we know that Ht contains all minimal co–convex hulls of (Bt,xt). Thus,
applying Theorem 3 to this setting gives the following result.

Proposition 1. Consider a data set S = {Bt,xt}t∈T where each Bt is a finite union
of closed, monotone polyhedral sets Bj

t , with j = 1, . . . , ℓt, each having a non-empty
interior. Then, the following statements are equivalent:

(i) The data set S is rationalizable by a locally non–satiated and quasi–concave utility
function.

(ii) For all t ∈ T and j = 1, . . . , ℓt, there exist numbers αj,i
t ≥ 0, with i = 1, . . . , |Kj

t |,
such that

•
∑|Kj

t |
i=1 αj,i

t = 1;

• minj

∑|Kj
t |

i=1 αj,i
t qj,i

t xt = 1;

• {Ht,xt}t∈T satisfies garp, where,

Ht =

x ∈ Rn
+

∣∣∣∣∣∣ min
j=1,...,ℓt

|Kj
t |∑

i=1

αj,i
t qj,i

t x ≤ 1

 .

(iii) For all t ∈ T and j = 1, . . . , ℓt, there exist numbers Ut ≥ 0 and λt > 0 and αj,i
t ≥ 0,

i = 1, . . . , |Kj
t |, such that, for all t, v ∈ T and k = 1, . . . ℓv:

• Ut − Uv ≤ λv

(∑|Kk
v |

i=1 αk,i
v qk,i

v xt − 1
)
;
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•
∑|Kj

t |
i=1 αj,i

t = 1;

•
∑|Kj

t |
i=1 αj,i

t qj,i
t xt ≥ 1;

(iv) The data set S is rationalizable by an increasing, concave and continuous utility
function.

Statement (iii) in this result deserves some further explanation. First of all, observe that
the Afriat inequalities should hold for all k = 1, . . . , ℓv. In this sense, the first condition
is equivalent to the requirement

Ut − Uv ≤ min
k=1,...,ℓv

λv

|Kk
v |∑

i=1

αk,i
v qk,i

v xt − 1

 = λv

 min
k=1,...,ℓv

|Kk
v |∑

i=1

αk,i
v qk,i

v xt − 1

 .

Next remark that, for xt ∈ Bm
t , we have qm,ixt ≤ 1 for all qm,i ∈ Km

t . As such,

|Km
t |∑

i=1

αm,i
t qm,i

t xt ≤
∑
i

αm,i
t = 1.

Together with the third condition in statement (iii), this effectively implies

min
j

|Kj
t |∑

i=1

αj,i
t qj,i

t xt = 1.

Operationalization. Statement (iii) in Proposition 1 is particularly convenient from
a practical point of view. Specifically, it can be rewritten as requiring feasibility of the
following system of linear inequalities:

For all t ∈ T and j = 1, . . . , ℓt, there exist numbers Ut ≥ 0 and λt > 0 and α̃j,i
t ≥ 0,

i = 1, . . . , |K|jt , such that, for all t, v ∈ T and k = 1, . . . ℓv:

• Ut − Uv ≤
∑|Kk

v |
i=1 α̃k,i

v qk,i
v xt − λv;

•
∑|Kj

t |
i=1 α̃j,i

t = λt;

•
∑|Kj

t |
i=1 α̃j,i

t qj,i
t xt ≥ λt.

At this point, it is worth comparing this result to an original one of Yatchew (1985).
This author also considers the setting where budget sets are defined as finite unions
of polyhedral convex sets. However, his analysis differs from ours in three substantial
ways. First of all, he assumes that utility functions are concave. By contrast, we
relax this assumption by focusing on quasi–concavity. Although this may seem like a
small difference, the additional assumption of concavity (beyond quasi-concavity) greatly
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simplifies the revealed preference analysis (see, for example, Diewert (2012) for an in-
depth discussion of this). Second, Yatchew only considers revealed preference conditions
in terms of Afriat–type inequalities (i.e. statement (iii) of Proposition 1), while we also
provide conditions in terms of garp–type restrictions (i.e. statement (ii) of Proposition
1). Finally, and most importantly, Yatchew obtains revealed preference restrictions that
are quadratic in unknowns. While quadratic restrictions are in general very hard to
solve, our set of inequalities can be implemented efficiently through linear programming
techniques.

Labor supply application. To end this section, we consider the practical example
of a labor supply setting. To obtain a realistic problem setting, the numbers that we use
below are based on the Belgian tax and social security system for a single individual.10

To facilitate our discussion, we focus on a simple version of the system, and assume that
individuals make labor supply decisions by composing optimal bundles of leisure and
aggregate consumption.11 However, this simple set-up clearly demonstrates the kind of
conclusions that can be obtained on the basis of our theoretical results.

The left panel of Figure 2 shows the budget curve (with leisure on the horizontal axis
and consumption on the vertical axis) for an individual with full time gross wage (i.e.
zero leisure) equal to e4 000 per month. The gross wage decreases proportionally with
the amount of leisure that is consumed. In practice, the net disposable income (which
defines the individual’s actual budget set) differs from the gross wage due to social
contributions and a piecewise linear tax system. In Belgium, the social contributions
amount to 6.04% of the gross income, and the piecewise linear tax system is characterized
by five tax brackets (i.e. 25%, 30%, 40%, 45%, 50%). Finally, and importantly, we need
to account for a guaranteed minimum income, which equals e817.26 in the Belgian
system.

Figure 2 shows that the resulting budget set is non-convex, in essence because net
disposable income defined by the lowest two tax brackets is entirely below the guaranteed
minimum income. Interestingly, however, this non-convex budget set can be represented
as a union of two polyhedral convex sets, which makes that our theoretical results apply.
More generally, it is easy to verify that any budget set defined by a minimum income
level and a finite set of tax brackets (with linear tax rates for different brackets) can be
written as a finite union of convex polyhedral sets. This directly motivates the empirical
relevance of our theoretical contribution for labor supply analysis.

For a given setting, the testable implications that we outlined above can then be
used to verify the rationality of individual labor supply decisions under different budget
conditions. Alternatively, and perhaps even more interestingly, we can use our results to
predict or bound labor supply responses under tax reforms (generating counterfactual
changes of the tax system). We illustrate this last application in the right panel of Figure
2, which zooms in on a kink of the budget curve in the left panel. The nonlinear bold
budget curve represents the pre-reform situation. Now assume a tax reform such that

10We obtained our numbers from the website www.flemosi.be/easycms/MOTYFF.
11See Manski (2013) for a closely similar example.
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Figure 2: Labor supply setting
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the linear dotted budget line becomes the relevant one in the post-reform period. It is
then easy to show that rationality under convex preferences puts substantial structure
on the post-reform leisure-consumption choices.

To see this last point, suppose that the pre-reform leisure-income bundle is situated
on the line segment EB. Then, rationality under possibly non-convex preferences (as
in Forges and Minelli (2009); see Theorem 2) only excludes post-reform bundles on the
segment BC. Remarkably, we get exactly the same exclusion result if the pre-reform
bundle is situated on the segment CG. In other words, if we only exploit rationality but
not convexity of preferences, the specific knowledge that the initial choice is situated
on EB or CG rules out post-reform choices on the segment BC. We get considerably
stronger conclusions if we additionally exploit convexity of preferences (as in Proposition
1). Then, the knowledge of the initial segment (i.e. EB or CG) does have significant
implications. In particular, a pre-reform choice on EB excludes a post-reform labor-
income bundle on the entire line segment BCD, while a pre-reform bundle on CG
rules out a post-reform bundle on the segment ABC. Our above characterizations of
convex rationalizations on nonlinear budget sets allow us to operationalize these strong
implications of convex preferences in an efficient way (i.e. through linear programming).
In our opinion, this convincingly shows their usefulness for practical applications.

4 Conclusion

We have generalized Afriat’s theorem by providing a revealed preference characterization
for convex rationalizations on nonlinear budget sets. This establishes the testable impli-
cations associated with rationalizing consumption behavior by a quasi–concave utility
function (i.e. convex preferences). Interestingly, we also showed that, in practice, the
conditions for convex rationalizations are efficiently verifiable in that they only require
checking a finite number of inequalities that are linear in unknowns.

As also illustrated at the end of Section 3, our theoretical results have multiple
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possible applications. Our characterizations can be used to verify rationalizability of
consumption behavior in the case of nonlinear budget sets. As indicated in the Intro-
duction, prime examples concern labor supply, intertemporal consumption, models of
household production and specific game theoretic situations. In this respect, our char-
acterization of convex rationalizations not only allows for simply testing rationalizability.
It also forms a useful basis for addressing recovery and forecasting questions under the
maintained assumption of quasi–concave utility. See, for example, Varian (1982) for a
detailed discussion on recovery and forecasting analysis based on Afriat’s theorem (for
linear budget sets). His analysis is readily translated to our setting.

Finally, our results also allow one to verify if utility functions can be assumed to be
quasi–concave. This analysis can proceed in two steps. First, verify garp consistency
for the data set {Bt,xt}t∈T . Subsequently, additionally check whether this data set
satisfies the revealed preference conditions in Proposition 1. If the data pass the first
test but fail the second, then they are rationalizable by an increasing utility function
(see Theorem 2) but not by a quasi–concave one. This test can be particularly useful to
check the empirical validity of economic models that heavily rely on convex preferences.
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