NONPARAMETRIC ANALYSIS OF RANDOM UTILITY MODELS
YUICHI KITAMURA* AND JORG STOYE**

ABSTRACT. This paper develops and implements a nonparametric test of Random Utility Models. The
motivating application is to test the null hypothesis that a sample of cross-sectional demand distribu-
tions was generated by a population of rational consumers. We test a necessary and sufficient condition
for this that does not restrict unobserved heterogeneity or the number of goods. We also propose and
implement a control function approach to account for endogenous expenditure. An econometric re-
sult of independent interest is a test for linear inequality constraints when these are represented as
the vertices of a polyhedron rather than its faces. An empirical application to the U.K. Household
Expenditure Survey illustrates computational feasibility of the method in demand problems with 5

goods.

1. INTRODUCTION

This paper develops new tools for the nonparametric analysis of Random Utility Models (RUM).
We test the null hypothesis that a repeated cross-section of demand data might have been generated
by a population of rational consumers, without restricting either unobserved heterogeneity or the
number of goods. Equivalently, we empirically test McFadden and Richter’s (1991) Aziom of Revealed

Stochastic Preference.
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Numerous other, recent papers nonparametrically test rationality, bound welfare, or bound
demand responses in repeated cross-sections. But all such papers that we are aware of have at least one
of the following features: (i) Unobserved heterogeneity is restricted; (ii) the approach is conceptually
limited to an environment with two goods or practically limited to a very small or low dimensional
choice universe; (iii) a necessary but not sufficient condition for rationalizability is tested. The present
paper avoids all of these. It is meant to be the beginning of a research program: Estimation of demand
distributions subject to rationalizability constraints, welfare analysis, and bounds on counterfactual
random demand are natural next steps.

Testing at this level of generality is computationally challenging. We provide various algo-
rithms that can be implemented with reasonable computational resources. Also, we establish uniform
asymptotic validity of our test over a large range of parameter values in a setting related to moment
inequalities but where existing methods do not apply. The technique by which we ensure this is of
independent interest. Finally, we leverage recent results on control functions (Imbens and Newey
(2009); see also Blundell and Powell (2003)) to deal with endogeneity for unobserved heterogeneity
of unrestricted dimension. All these tools are illustrated with one of the work horse data sets of the
related literature. In that data, estimated demand distributions are not stochastically rationalizable,
but the rejection is not statistically significant. Our methods also can be (and recently have been)
applied to substantively different models that share certain core features with the benchmark model
that we now define.

Let

u:RY - R

denote a utility function. Each consumer’s choice problem is characterized by some u, some expendi-

ture level W, and a price vector p € Rf . The consumer’s demand is determined as

(1.1) y€arg max  u(y),
yeRE p'y<w

with arbitrary tie-breaking if the utility maximizing y is not unique. For simplicity, we restrict utility
functions by monotonicity (“more is better”), but even this minimal restriction is not conceptually

necessary.
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We initially assume that W and p are nonrandom, while the utility function u is randomly
drawn according to probability law P,:!

u~ Py,.

Nonrandom W and p are the framework of McFadden and Richter (1991) and others but may
not be realistic in applications. In the econometric analysis in Section 5 as well as in our empirical
analysis in Section 7, we treat W as a random variable that may furthermore covary with u. For the
moment, our assumptions allow us to normalize W = 1 and drop it from notation. The demand y
in equation (1.1) is then indexed by the normalized price vector p. Denoting this by y(p), we have a

collection of distributions of demand
K
(1.2) Pr(y(p) € »), x C R}

indexed by p € Rf 1. We initially assume that the distribution of utility functions P,, i.e. the popula-
tion being observed, is the same across price regimes. Once W (hence p, after income normalization)
is formulated as a random variable, this is essentially the same as imposing W lLu, an assumption we
maintain in initial analysis in Section 5.1 but drop in Section 5.2 and in our empirical application.
Throughout the analysis, we do not place substantive restrictions on P,. Thus we allow for minimally
constrained, infinite dimensional unobserved heterogeneity across consumers.

We henceforth refer to (1.2) as a Random Utility Model (RUM).2 A RUM is completely pa-
rameterized by P,, but it only partially identifies P, because many distinct distributions will be
observationally equivalent in the sense of inducing the same distributions of demand.

Next, consider a finite list of budgets (p1,...,ps) and suppose observations of demand y from
repeated cross-sections over J periods are available to the econometrician. In particular, for each

1 < j < J, suppose N; random draws of y distributed according to
(1.3) P;(z) :=Pr(y(p;) € 2), * ¢ RY

are observed. Define N = Z}]:1 N; for later use. Then P; can be estimated consistently as N; 1 oo

for each j, 1 < j < J. The question is whether the estimated distributions may, up to sampling

ITo keep the presentation simple, here and henceforth we are informal about probability spaces and measurability.

See McFadden (2005) for a formally rigorous setup.

2Thus, we interpret randomness of u as arising from unobserved heterogeneity across individuals. Random utility
models were originally developed in mathematical psychology, and in principle, our results also apply to stochastic choice
behavior by an individual. However, in these settings it would frequently be natural to impose much more structure

than we do.
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uncertainty, have arisen from a RUM. In the idealized setting in which there are truly J budgets,
we show how to test this with minimal further assumptions. Then, to bring the method from this
idealized setting to real data, we introduce some smoothness and also control function assumptions.

The main goals of our paper are as follows. We first show how to test stochastic rationalizability
of a given data set and demonstrate this using the UK Household Expenditure Survey. The adequacy
of the rationality assumption is undoubtedly a fundamental question. Even if we were to eventually
proceed to counterfactual analysis and policy evaluation that often assumes rationality at the basic
level, testing rationality without introducing ad hoc conditions would be a natural and important first
step. Second, once a practical procedure for rationality testing is developed, it can be further used to
obtain counterfactuals and carry out inference about them, once again under minimal assumptions.
Third, this paper offers a new statistical test with broad applicability. While motivated by the
application that we report, this test has already been used for other models as well, namely to a
nonparametric game theoretic model with strategic complementarity by Lazzati, Quah, and Shirai
(2017), to a novel model of “price preference” by Deb, Kitamura, Quah, and Stoye (2016), and
to a test of the collective household model by Hubner (2017). The method is extended to choice
extrapolation (using algorithms from an earlier version of this paper) in Manski (2014) and Adams
(2016); the former also demonstrates that a restriction to linear budgets is not necessary. Indeed,
the only way that the economics of a model affects our inference procedure is through the matrix
A defined later. The rest of the algorithm remains the same if model elements such the standard
revealed preference axiom or linear budget sets are replaced by other specifications, as long as the
overall set of budgets is finite.

The remainder of this paper is organized as follows. Section 2 discusses the related literature.
Section 3 develops a simple geometric characterization of the empirical content of a RUM and presents
algorithms that allow one to compute this characterization in practice. This is a “population level” (all
identifiable quantities are known) analysis whose first part builds on classic work by McFadden and
Richter (1991) and McFadden (2005). Section 4 explains our test and its implementation under the
assumption that one has an estimator of demand distributions and an approximation of the estimator’s
sampling distribution. Section 5 explains how to get the estimator, and a bootstrap approximation
to its distribution, by both smoothing over expenditure and adjusting for endogenous expenditure.
Section 6 contains a Monte Carlo investigation of the test’s finite sample performance, and Section 7
contains our empirical application. Section 8 concludes. All proofs are collected in Appendix A, and

pseudocode for some algorithms is in Appendix B, in the Supplemental Materials.



2. RELATED LITERATURE

Our framework for testing Random Utility Models is built from scratch in the sense that it
only presupposes classic results on nonstochastic revealed preference, notably the characterization of
individual level rationalizability through the Weak (Samuelson 1938), Strong (Houthakker 1950), or
Generalized (Afriat 1967) Axiom of Revealed Preference (WARP, SARP, and GARP henceforth).?
At the population level, stochastic rationalizability was analyzed in classic work by McFadden and
Richter (1991) updated by McFadden (2005). This work was an important inspiration for ours, and
Section 3.1 clarifies and modestly extends it. Indeed, our test can be interpreted as statistical test of
their Axiom of Revealed Stochastic Preference (ARSP). They did not consider statistical testing nor
attempted to make the test operational, and could not have done so with computational constraints
even of 2005.

An influential related research project is embodied in a sequence of papers by Blundell, Brown-
ing, and Crawford (2003, 2007, 2008; BBC henceforth). They assume the same observables as we do
and apply their method to the same data. The core difference is that BBC analyze one individual
level demand system generated by nonparametric estimation of Engel curves. This could be loosely
characterized as revealed preference analysis of a representative consumer and in practice of average
demand, where the 2003 paper focuses on testing rationality and bounding welfare and later papers
focus on bounding counterfactual demand. Lewbel (2001) gives conditions on Random Utility Models
that ensure integrability of average demand, so BBC can be thought of as adding those assumptions
to ours. Also, the nonparametric estimation step in practice limits their approach to low dimensional
commodity spaces, whereas we present an application to 5 goods.*

Manski (2007) analyzes stochastic choice from subsets of an abstract, finite choice universe.
He states the testing and extrapolation problems in the abstract, solves them explicitly in simple
examples, and outlines an approach to non-asymptotic inference. (He also considers models with more
structure.) While we start from a continuous problem and build a (uniform) asymptotic theory, the
settings become similar after a crucial discretization step below. The core difference is that methods
in Manski (2007) will not be practical for a choice universe containing more than a few elements. In

a related paper, Manski (2014) uses our computational toolkit for choice extrapolation.

3See also especially Richter (1966) and Varian (1982).

4BBC’s implementation exploits only WARP and therefore a necessary but not sufficient condition for rationalizability.

This is remedied in Blundell, Browning, Cherchye, Crawford, De Rock, and Vermeulen (2015).



6 KITAMURA AND STOYE

Our setting much simplifies if there are only two goods, an interesting but obviously very specific
case. Blundell, Kristensen, and Matzkin (2014) bound counterfactual demand in this setting through
bounding quantile demands.® They justify this through an invertibility assumption. Hoderlein and
Stoye (2015) show that with two goods, this assumption has no observational implications.® Hence,
Blundell, Kristensen, and Matzkin (2014) use the same assumptions as we do; however, the restriction
to two goods is fundamental.

Hausman and Newey (2016) nonparametrically bound average welfare under assumptions re-
sembling ours, though their approach additionally imposes smoothness restriction to facilitate non-
parametric estimation and interpolation. Their approach is based on nonparametric smoothing, hence
the curse of dimensionality needs to be addressed in the presence of many goods, though conceptually
their main identification results apply to an arbitrary number of goods. Our method also applies to
any number of goods and is practically applicable to at least five goods.

With more than two goods, pairwise testing of a stochastic analog of WARP amounts to testing
a necessary but not sufficient condition for stochastic rationalizability. This is explored by Hoderlein
and Stoye (2014) in a setting that is otherwise ours and also on the same data. Kawaguchi (2017) tests
a logically intermediate condition, again on the same data. A different test of necessary conditions was
proposed by Hoderlein (2011), who shows that certain features of rationalizable individual demand,
like adding up and standard properties of the Slutsky matrix, are inherited by average demand under
weak conditions. The resulting test is passed by the same data that we use. Dette, Hoderlein, and
Neumeyer (2016) propose a similar test using quantiles.

In sum, every paper cited in this section has one of the features (i)-(iii) mentioned in the
introduction. We feel that removing aggregation or invertibility conditions is useful because these are
usually assumptions of convenience. Testing necessary and sufficient conditions is obviously (at least
in principle) sharper than testing necessary ones. And there are many empirical applications with
more than two or three goods.

Section 4 of this paper is (implicitly) about testing multiple inequalities, the subject of a large
literature in economics and statistics. See, in particular, Gourieroux, Holly, and Monfort (1982) and
Wolak (1991) and also Chernoff (1954), Kudo (1963), Perlman (1969), Shapiro (1988), Takemura
and Kuriki (1997), Andrews (1991), Bugni, Canay, and Shi (2015), and Guggenberger, Hahn, and

5The a-quantile demand induced by 7 is the nonstochastic demand system defined by the a-quantiles of 7; across j.
It is well defined only if K = 2.
5A similar point is made, and exploited, by Hausman and Newey (2016).
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Kim (2008). For the also related setting of inference on parameters defined by moment inequalities,
see furthermore Andrews and Soares (2010), Bugni (2010), Canay (2010), Chernozhukov, Hong, and
Tamer (2007), Imbens and Manski (2004), Romano and Shaikh (2010), Rosen (2008), and Stoye
(2009). The major difference to these literatures is that moment inequalities, if linear (which most
of the papers do not assume), define the faces of a polyhedron. The restrictions generated by our
model are more akin to defining the polyhedron’s vertices. One cannot in practice switch between
these representations in high dimensions, so that we have to develop a new approach. In contrast,
the inference theory in Hoderlein and Stoye (2014) only requires comparing two budgets at a time,
and Kawaguchi (2017) tests necessary conditions that are directly expressed as faces of a (larger)
polyhedron. Therefore, inference in both papers is much closer to the established literature on moment

inequalities.
3. ANALYSIS OF PoPULATION LEVEL PROBLEM

In this section, we show how to verify rationalizability of a known set of cross-sectional demand
distributions on J budgets. The main results are a tractable geometric characterization of stochastic

rationalizability and algorithms for its practical implementation.
3.1. A Geometric Characterization. Assume there is a finite sequence of J budget planes
K .
Bj ={y € R} Zp;y::[},j =1,...,J

and that the researcher observes the corresponding vector (P, ..., Py) of cross-sectional distributions
of demand P; as defined in 1.3. We will henceforth call (P, ..., Py) a stochastic demand system. Using
a “more is better” assumption, we restrict choice to budget planes; this simplification is not essential

to the method. We do not restrict the number of goods K.

Definition 3.1. The stochastic demand system (P, ..., Py) is (stochastically) rationalizable if there

exists a distribution P, over utility functions u so that

(3.1) Pj(xz) = /1{arg max u(y) € x}dP,, xzCBj,j=1,...,J.

yeRE ply=1
This model is extremely general. Uniqueness of nonstochastic demand has no observational
implications because a unique demand is observed for each data point. We already pointed out that
“more is better” is not essential either. The model is also extremely rich — a parameterization would in-
volve an essentially unrestricted distribution over utility functions. Testing stochastic rationalizability

therefore seems formidable.
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However, we next provide a very tractable characterization of stochastic rationalizability. The
essential insight was stated in passing by McFadden (2005) and goes as follows: The revealed preference
information contained in a given nonstochastic demand system only depends on whether choice from
B; is on, above, or below B; for all different ¢, 7. Thus, for any two demand systems that agree on all
of these comparisons, either both or none are rationalizable. This allows one to transform the testing
problem into one where the universal choice set consist of sets like “the bit of budget B; that is above
By and below all other budgets.” This set is finite. We then show that, here and in all other settings
of this type, the set of stochastic choice functions that are mixtures of rationalizable nonstochastic
ones — hence, stochastically rationalizable — can be expressed as a finite cone.

Formalizing this insight requires a few ingredients.

Definition 3.2. Let X := {z1,...,x7} be the coarsest partition of U}I=1Bj such that for any ¢ €
{1,...,I} and j € {1, ..., J}, m; is either completely on, completely strictly above, or completely strictly
below B;.

Elements of X will be called patches. Elements of X that are part of more than one budget
will be called intersection patches. Each budget can be uniquely expressed as union of patches; the
number of patches that jointly comprise budget B; will be called I;. Note that ijl I; > I, strictly

so (because of multiple counting of intersection patches) if any two budget planes intersect.
Remark 3.1. [; < I < 37, hence I; and I are finite.

The partition X is the finite universal choice set alluded to above. The basic idea is that all
choices from budget B; that are on the same patch induce the same directly revealed preferences, so are
equivalent for the purpose of our test. Conversely, stochastic rationalizability does not at all constrain
the distribution of demand on any patch. Therefore, stochastic rationalizability of (Pi,..., P;) can
be decided by only considering the probabilities assigned to patches on the respective budgets. We

formalize this as follows.
Definition 3.3. The vector representation of (Bi,...,By) is a ijl I-vector

(CC1|1, s T, 12y - - 7$1J\J)

whose first I; components are the patches comprising By, the next Is components are the patches
comprising By, and so forth. The ordering of patches on budgets is arbitrary but henceforth fixed.

Note that intersection patches appear repeatedly.



Definition 3.4. The vector representation of (Py, ..., Py) is the Z}‘le I-vector

= (Tl e s TL | TL25 - T 1)

where 7;; := Pj(x;;).

Thus, the vector representation of a stochastic demand system lists the probability masses that
it assigns to patches.

Next, a stochastic demand system is (stochastically) rationalizable iff it is a mixture of ra-
tionalizable nonstochastic demand systems. To intuit this, one may literally think of the latter as
characterizing rational individuals. It follows that the vector representation of a rationalizable sto-
chastic demand system must be the corresponding mixture of vector representations of rationalizable
nonstochastic demand systems. The latter vector representations are in {0,1}!, so there are only

finitely many of them. Thus, define:

Definition 3.5. The rational demand matriz A is the (unique, up to ordering of columns) matrix
such that the vector representation of each rationalizable nonstochastic demand system is exactly one

column of A. The number of columns of A is denoted H.
Remark 3.2. H <[[_, ;.
We then have:

Theorem 3.1. The stochastic demand system (P, ..., Py) is rationalizable iff its vector representation

can be written as
(3.2) 7 = Av for some v € AT71,
where AT=1 js the unit simplex in RY. Furthermore, this representation obtains iff

(3.3) m = Av for some v > 0.

We conclude this section with a number of remarks.

GARP vs SARP. Rationalizability of nonstochastic demand systems can be defined, and our
test can therefore be applied, using either GARP or SARP. SARP will define a somewhat smaller
matrix A, but nothing else changes. Note that weak revealed preference occurs if demand on some
budget B; is also on some other budget plane B;. Therefore, GARP and SARP can disagree only

for nonstochastic demand systems that select from at least three intersection patches. The result
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also applies to the "random utility” or ”unobserved heterogeneity” extension of any other revealed
preference characterization that allows for discretization of choice space. Indeed, see Deb, Kitamura,
Quah, and Stoye (2016) for an application to a different model of individual rationality and Hubner
(2017) for an application to the collective household consumption model.

Simplification if demand is continuous. Intersection patches are of lower dimension than
budget planes. Thus, if the distribution of demand is known to be continuous, their probability is
known to be zero, and they can be eliminated from X. In large problems, this will considerably
simplify A. Also, each remaining patch is a subset of exactly one budget plane, so that ijl I; =1
We impose this simplification henceforth and in our empirical application, but none of our results and
algorithms depend on it. Observe finally that SARP and GARP agree in this case.

Generality of our characterization. At its very heart, Theorem 3.1 only uses that choice
from finitely many budgets can reveal only finitely many distinct revealed preference relations. Thus,
it applies to any setting with finitely many budgets, irrespective of budgets’ (possibly nonlinear) shape.
For example, budget sets are kinked in Manski (2014).

3.2. Computing A. We next elaborate how to compute A from a vector of prices (p1,...,ps). For
ease of exposition, we assume that intersection patches can be dropped. We add remarks on general-
ization along the way. We split the problem into two subproblems, namely checking whether a binary
“candidate” vector a is the vector representation of a rationalizable nonstochastic demand system (a
is then called rationalizable below) and finding all such vectors.

Checking rationalizability of a.

Consider any binary I-vector a with at most one entry of 1 on each subvector corresponding
to one budget. This vector can be thought of as encoding choice behavior on all or some budgets.
It is complete if it has exactly J entries of 1, i.e. it specifies a choice from each budget. It is called
incomplete otherwise. It is called rationalizable if those choices that are specified jointly fulfill GARP.
The rationalizable demand matrix A collects all complete rationalizable vectors a.

To check rationalizability of a given a, we initially extract a directly revealed preference relation.
For example, if (an element of) z;|; is chosen from budget Bj, then it is revealed preferred to all z;,

on or below B;. This information can be extracted extremely quickly.”

n a preliminary step of the implementation, we compute a (I X J)-matrix X where, for example, the i-th row of X,
i< I, is (0,—-1,1,1,1) if =)y is on budget B1, below budget B2, and above the remaining budgets. Each row therefore

encodes the revealed preference information implied by the corresponding choice.
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We next check whether the transitive completion of directly revealed preference is cyclical.
This is done by checking cyclicality of the directed graph in which nodes correspond to elements of X
and in which a directed link indicates directly revealed preference. Operationally, this check can use
either the Floyd-Warshall algorithm (Floyd 1962), a depth-first search of the graph, or a breadth-first
search. All methods compute quickly in our application. An important simplification is to notice that
revealed preference cycles can only pass through nodes that were in fact chosen. Hence, it suffices to
look for cycles on the subgraph with the (at most) J corresponding nodes. This dramatically simplifies
the problem as I increases rapidly with J. Indeed, increasing K does not increase the size of graphs
checked in this step, though it tends to lead to more intricate patterns of overlap between budgets
and, therefore, to richer revealed preference relations.

In this heuristic explanation, we interpreted all revealed preferences as strict. This is without
loss of generality absent intersection patches because GARP and SARP then agree. If intersection
patches are retained, we just described how to test SARP and not GARP. To test GARP, one would
have to check rejected vectors a for the possibility that all revealed preference cycles are weak and
accept them if this is the case.®

Collecting rationalizable vectors.

This step is a potential bottleneck whose cost escalates rapidly (in general more than polyno-
mially) with J. We very briefly mention two approaches that we do not recommend. First, one could
check rationalizability of each of the f][ I; logically conceivable candidate vectors a. We implemented
this approach for debugging purpose]s,_%out computational cost escalates rapidly. Similarly, we do not
recommend to initially list all possible preference orderings over patches and then generate columns
of A from them.

Our benchmark algorithm is based on representing all conceivable vectors a as leaves (terminal
nodes) of a rooted tree that is recursively constructed as follows: The root has I children correspond-
ing to (wy)1,...,21). Each of these children has I children that correspond to (719, ..,%,2),
and so on for J generations. The leaves of the tree correspond to complete vectors a that specify to
choose the leaf and all its ancestors from the respective budgets. Non-terminal nodes can be similarly
identified with incomplete vectors.

The algorithm attempts a depth-first search of the tree. At each node, rationalizability of the

corresponding vector is checked. If an inconsistency is detected, the node and its entire subtree are

8The matrix X from footnote 7 is designed to allow for this as entries of 0 and 1 differentiate between weak and strict

preference. The information is not exploited in our empirical application.
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deleted. If the node is a leaf and no inconsistency is detected, then a new column of A has been
discovered. The algorithm terminates when each node has been either visited or deleted. It discovers
each column of A exactly once. Elimination of subtrees means that the vast majority of complete
candidate vectors are never visited. Pseudocode for the algorithm is displayed in appendix B.
Finally, a modest amount of problem-specific adjustment can lead to further, dramatic im-

provement. The key to this is contained in the following result.

Theorem 3.2. Suppose that for some M > 1, (Bi,...,Byr) are either all below or all above Bj.
Suppose also that choices from (Bu,...,Bj_1) are jointly rationalizable. Then choices from (B, ..., By)

are jointly rationalizable iff choices from (Baj41,...,By) are.

If the geometry of budgets allows it — this is particularly likely if budgets move outward over
time and even guaranteed if some budget planes are parallel — this theorem can be used to construct
columns of A recursively from columns of A-matrices that correspond to a smaller J. The gain can be
tremendous because (worst-case) computational cost of finding A increases more than exponentially
with A. A caveat is that application of Theorem 3.2 may require to manually reorder budgets so that
it applies. Also, while the internal ordering of (Bi,...,By) and (Bpy1,...,87-1) does not matter,
the Theorem may apply to distinct partitions of the same set of budgets. In that case, any choice
of partition will accelerate computations, but we have no general advice on which is best. We tried
the refinement in our empirical application, and it improves computation time for some of the largest
matrices by orders of magnitude. However, the depth-first search proved so fast that, in order to keep

it transparent, our replication code omits this step.

3.3. Examples. We conclude this section with some examples. All examples presume continuous

demand and therefore disregard intersection patches.

Example 3.1. The simplest example where RUM is not vacuous consists of two intersecting budgets,

thus J = 2 and there exists y € RE, with pjy = phy.

In this example, there are I = 4 patches. WARP, SARP, and GARP all agree on which

nonstochastic demand system to exclude. Index vector representations as in Figure 1, then the only



13

FIGURE 1. Visualization of Example 3.1.

excluded behavior is (1,0, 1,0)’, thus

1 0 0 $1|1
0 1 1 x

A= 2|1 7
01 0 .Z'1|2
1 01 .T2|2

where the rightmost column in the display is a reminder of which row of A corresponds to which

patch. The column cone of A can be explicitly written as

4!

vy + g
C = iy, v2,v3 20

V2

 +vs )
The only restriction on 7 beyond adding-up constraints is that 71y + 712 < 1 or equivalently mop >
my1- This is well known to be the exact implication of a RUM for this example (Matzkin 2006,

Hoderlein and Stoye 2015). All of this is illustrated in Figure 1.

Example 3.2. The following is the simplest example in which WARP does not imply SARP, so that
applying Example 3.1 to all pairs of budgets will only test a necessary condition. More subtly, it
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can be shown that the conditions in Kawaguchi (2017) are only necessary as well. Let K = J = 3
and assume a maximal pattern of intersection of budgets; for example, prices could be (p1,p2,p3) =
((1/2,1/4,1/4),(1/4,1/2,1/4),(1/4,1/4,1/2)). Each budget has 4 patches for a total of I = 12

patches, and one can compute

T11
T2|1
T3|1
T4|1
12
22
32
T42
T1)3
T2|3

T3]3

o O O =B O =B O O = O o o
o O O = = O O O ©oO = o ©
o O O = = O O O = o o o
o O =B O O = O O = o o o
o O =, O = O O O O O o =
o O R O = O O O O o == O
o O = O = O O O O = o o
o ©O B O H O O O = O o o
o = O O O = O O = o o ©
o =) O O = O O O ©oO = o o
o = O O = O O O = O o o
- o O O O = O O o o = O
- o O O O = O O = o o o
_ O O O = O O O O o o =
- O O O = O O O o o = O
- o O O = O O O O = o o
_ O O O = O O O = o o o

o B O O O O O = = O o o
o R O O O O RBHR O =, O o o
_ O O O O o o = o o = O
- 0 O O O O O =k = o o o
- O O O O O = O O o O =
- o O O O O = o o o = O
_ O O O O O =B O O = o o
- o O O o O = O = o o o

L4|3

Interpreting this matrix requires knowing the geometry of patches. For example, choice of
patches w31, T2, and 33 from their respective budgets would violate SARP, thus A does not contain

the column (0,0,1,0,0,1,0,0,0,0,1,0)". We revisit this example in our Monte Carlo study.

Example 3.3. Our empirical application has sequences of J = 7 budgets in R¥ for K = 3,4,5 and
sequences of J = 8 budgets in R®. The largest A-matrices are of sizes 78 x 336467 and 79 x 313440.°
Figure 2 visualizes one budget in R3 from our empirical application and its intersection with 6 other

budgets. There are total of 10 patches (plus 15 intersection patches).

4. STATISTICAL TESTING

This section lays out our statistical testing procedure in the idealized situation where, for finite
J, repeated cross-sectional observations of demand over J periods are available to the econometrician,

and each cross-section of size INV; is observed over the deterministic (and hence exogenous) budget

9n exploratory work using more complex examples, we computed an A matrix with over 2 million columns in a few

hours on a standard desktop computer.



15

services

15
20

nondurables

FIGURE 2. Visualization of one budget set in the empirical application.

plane for period j. We define a test statistic and critical value and show that the resulting test is

uniformly asymptotically valid over an interesting range of d.g.p.’s.

4.1. Null Hypothesis and Test Statistic. Recall from (3.3) that we wish to test:

(H4): There exist v > 0 such that Av = 7.

This hypothesis is equivalent to
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(Hp): minyee[r —n|'Qr —n] =0,

where  is a positive definite matrix (restricted to be diagonal in our inference procedure) and C :=
{Av|v > 0} is a convex cone in R!. The solution ng of (Hp) is the projection of 7 € R4 onto C under
the weighted norm ||z|jq = v2’Qx. The corresponding value of the objective function is the squared
length of the projection residual vector. The projection 7y is unique, but the corresponding v is not.
Stochastic rationality holds if and only if the length of the residual vector is zero.

A natural sample counterpart of the objective function in (Hp) would be min,cc [ —n]'Q[7—7],
where 7 estimates m, for example by sample choice frequencies. The usual normalization by sample

size yields

(4.1) Jn = Nmin[rx —n]'Q[x — 1]
nec
= N min [# — Av)'Q[7 — Av].
veRH

Once again, v is not unique at the optimum, but n = Av is. Call its optimal value 7. Then 7 = 7,
and Jy = 0, if the estimated choice probabilities 7 are stochastically rationalizable; obviously, our

null hypothesis will be accepted in this case.

4.2. Simulating a Critical Value. We next explain how to get a valid critical value for Jy under
the assumption that 7 estimates the probabilities of patches by corresponding sample frequencies and
that one has R bootstrap replications #*(", r = 1, ..., R. Thus, #*(") — # is a natural bootstrap analog
of 7 — m. We will make enough assumption to ensure that its distribution consistently estimates the
distribution of @ — mg, where mg is the true value of 7. The main difficulty is that one cannot use 7
as bootstrap analog of m.

Our bootstrap procedure relies on a tuning parameter 7y chosen s.t. 7y J. 0 and vV N7y 1 00.10

Also, we restrict Q to be diagonal and positive definite and let 15 be a H-vector of ones.!'. The

restriction on 2 is important: Together with a geometric feature of the column vectors of the matrix

101 this section’s simplified setting and if & collects sample frequencies, a reasonable choice would be

[log N
TN = Ogﬂi

where N = min; N; and Nj is the number of observations on Budget B;: see (4.8). This choice corresponds to the “BIC

choice” in Andrews and Soares (2010). We will later propose a different 7 based on how  is in fact estimated.

Uy, principle, 15 could be any strictly positive H-vector, though a data based choice of such a vector is beyond the

scope of the paper.
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A, it ensures that among constraints implied by (3.3), those which are fulfilled but with small slack
become binding through the Cone Tightening algorithm we are about to describe. A non-diagonal
weighting matrix can disrupt this property. For further details on this point and its proof, the reader

is referred to Appendix A. Our procedure is as follows:

(i) Obtain the 7 -tightened restricted estimator 7, , which solves

IN = min Nr — Av)'Q[r — Av]
[V*TNlH/H]ERf

(ii) Define the T -tightened recentered bootstrap estimators

#X0 =0 _p4p r=1,.,R

TN

(iii) The bootstrap test statistic is
Tin = min N7 — ) Qa) — Ay,
N [v—rn1g/HJeRY [ N ] [ N ]

forr=1,...,R.

(iv) Use the empirical distribution of 7, ;,(T), r =1,..., R to obtain the critical value for Jy.

The object 7, is the true value of 7 in the bootstrap population, i.e. it is the bootstrap analog
of mg. It differs from 7 through a “double recentering.” To disentangle the two recenterings, suppose
first that 7,y = 0. Then inspection of step (i) of the algorithm shows that 7 would be projected onto
the cone C. This is a relatively standard recentering “onto the null” that resembles recentering of the
J-statistic in overidentified GMM. However, with 7,y > 0, there is a second recentering because the

cone C itself has been tightened. We next discuss why this recentering is needed.

4.3. Discussion. Our testing problem is related to the large literature on inequality testing but adds

an important twist. Writing {a1, ag, ...,ar} for the column vectors of A, one has
C= COHG(A) = {u1a1 + ... +vgag vy > 0},

i.e. the set C is a finitely generated cone. The following result, known as the WEYL-MINKOWSKI
THEOREM, provides an alternative representation that is useful for theoretical developments of our

statistical testing procedure.!?

1266 Gruber (2007), Griinbaum, Kaibel, Klee, and Ziegler (2003), and Ziegler (1995), especially Theorem 1.3, for

these results and other materials concerning convex polytopes used in this paper.
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Theorem 4.1. (Weyl-Minkowski Theorem for Cones) A subset C of R! is a finitely generated cone
(4.2) C = {viay + ... + vgay : vy > 0} for some A = [ay, ...,ay] € RI¥H

if and only if it is a finite intersection of closed half spaces

(4.3) C = {t e R|Bt < 0} for some B € R™*!,

The expressions in (4.2) and (4.3) are called a V-representation (as in “vertices”) and a H-representation

(as in “half spaces”) of C, respectively.

The “only if” part of the theorem (which is WEYL'S THEOREM) shows that our rationality
hypothesis 7 € C,C = {Av|v > 0} in terms of a V-representation can be re-formulated in an H-
representation using an appropriate matrix B, at least in theory. If such B were available, our testing

problem would resemble tests of
Hy: B0 >0 B e RP*is known

based on a quadratic form of the empirical discrepancy between B and 71 minimized over n € R‘j_.
This type of problem has been studied extensively; see references in Section 2. Its analysis is intricate
because the limiting distribution of such a statistic depends discontinuously on the true value of B6.
One common way to get a critical value is to consider the globally least favorable case, which is § = 0.
A less conservative strategy widely followed in the econometric literature on moment inequalities is
Generalized Moment Selection (GMS; see Andrews and Soares (2010), Bugni (2010), Canay (2010)).
If we had the H-representation of C, we might conceivably use the same technique. However, the
duality between the two representations is purely theoretical: In practice, B cannot be computed
from A in high-dimensional cases like our empirical application.

We therefore propose a tightening of the cone C that is computationally feasible and will have
a similar effect as GMS. The idea is to tighten the constraint on v in (4.1). In particular, define

Cry = {Avlv > 71y /H} and define ), as optimal argument in

N

(4.4) Jy = min N7 —n]'Qx — 1]
n€Cry

= min N7 — Av) Q7 — Av].
[V*TN].H/H]GRE

Our proof establishes that constraints in the H-representation that are almost binding at the original

problem’s solution (i.e., their slack is difficult to be distinguished from zero at the sample size) will be
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binding with zero slack after tightening. Suppose that v/ N (& — 1) =4 N(0,S) and let S consistently
estimate S. Let 7y := ry + ﬁ]\f (0, S ) or a bootstrap random variable and use the distribution of

(45) jN = min N[ﬁTN - n]/Q[ﬁTN - 77]
776CTN

= min Nfiry — Av)'Q[iiry — AV,
[V—TNlH/H]ERiI

to approximate the distribution of Jx. This has the same theoretical justification as the inequality
selection procedure. Unlike the latter, however, it avoids the use of an H-representation, thus offering
a computationally feasible testing procedure.

To further illustrate the duality between H- and V-representations, we revisit the first two
examples. It is not possible to compute B-matrices in our empirical application.

Example 3.1 continued. With two intersecting budget planes, the cone C is represented by

i T2pn T12 L22
-1 0 0 0

0 0 -1 0
-1 -1 1 1

The first two rows of B are nonnegativity constraints (the other two such constraints are redundant),
the next two rows are an equality constraint forcing the sum of probabilities to be constant across
budgets, and only the last constraint is a substantive economic constraint. If the estimator 7 fulfills the
first four constraints by construction, then the testing problem simplifies to a test of (1,0,0, —1)7 < 0.

Example 3.2 continued. Eliminating nonnegativity and adding-up constraints for brevity,

numerical evaluation reveals

L1 L2i1 T3)1 T4 L1 L12 31 L41 L1 T21 T3 T4n

1 1 0 0 0 -1 0 -1 0 0 0 0

o -1 0 -1 0 0 O 0 1 1 0 0
(4.7) B= o o o o 1 1 o0 0 0 -1 0 -1
o -1 -1 -1 1 0 0 0 1 0 0 0
1 1 1 0 0 0 0 -1 0 0 0 -1
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The first three rows are constraints on pairs of budgets that mirror the last row of 4.6. The
next two constraints are not implied by these, nor by the SARP-like constraints in Kawaguchi (2017),
but they imply the latter.

4.4. Theoretical Justification. We now provide a detailed justification. First, we formalize the
notion that choice probabilities are estimated by sample frequencies. Thus, for each budget set B;,
denote the choices of N; individuals, indexed by n = 1,..., N;, by

1 if individual n chooses x;;
di|j,n = n=1,..,Nj.

0 otherwise

N;

Assume that one observes J random samples {{d; j,n}fil}nzl,

j=1,2,...,J. For later use, define

djn = : , N=>_N,.
j=1

de |7,n

An obvious way to estimate the vector 7 is to use choice frequencies

N
(4.8) A= > dijn/Nyyi =1, LG =1, T,
n=1

The next lemma, among other things, shows that our tightening of the V-representation of C is
equivalent to a tightening its H-representation but leaving B unchanged. For a matrix B, let col(B)

denote its column space.

Lemma 4.1. For A € R et

C ={Av|v > 0}.
Also let
Cc={t:Bt<0}
<
be its H-representation for some B € R™*! such that B = , where the submatrices BS € R™*!
B:

and B= € RM=™XI correspond to inequality and equality constraints, respectively. For T > 0 define
C:={Av|lv > (t/H)1u}.

Then one also has

C.={t: Bt < —7¢}
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for some ¢ = (P1, ..., om)" € col(B) with the properties that (i) ¢ = [p1,...,¢m) € RT,, and (ii)
or =0 for k> m.

Lemma 4.1 is not just a re-statement of the MINKOWSKI-WEYL THEOREM for polyhedra, which
would simply say C; = {Av|v > (7/H)1g} is alternatively represented as an intersection of closed
halfspaces. The lemma instead shows that the inequalities in the H-representation becomes tighter by
T¢ after tightening the V-representation by 7nx 15/ H, with the same matrix of coefficients B appearing
both for C and C,. Note that for notational convenience, we rearrange rows of B so that the genuine
inequalities come first and pairs of inequalities that represent equality constraints come last.'® This
is w.l.o.g.; in particular, the researcher does not need to know which rows of B these are. Then as we
show in the proof, the elements in ¢ corresponding to the equality constraints are automatically zero
when we tighten the space for all the elements of v in the V-representation. This is a useful feature
that makes our methodology work in the presence of equality constraints.

The following assumptions are used for our asymptotic theory.

Assumption 4.1. Forallj=1,...,J, % — pj as N — oo, where p; > 0.

WA

Assumption 4.2. J repeated cross-sections of random samples {{dilj,n(j)}ijjzl} (J‘) ) i =1,...J,
n(j)=

are observed.

The econometrician also observes the normalized price vector p;, which is fixed in this section, for

each 1 < 7 < J. Let P denote the set of all 7’s that satisfy Condition S.1 in Appendix A for some

(common) value of (¢, c2).

Theorem 4.2. Choose Ty so that Ty | 0 and VN7n 1 co. Also, let Q be diagonal, where all the

diagonal elements are positive. Then under Assumptions 4.1 and 4.2

—_ o
N b Pri < e =1 e

where ¢1_, 1s the 1 — a quantile of jN, 0<a< %

While it is obvious that our tightening contracts the cone, the result depends on a more delicate
feature, namely that we (potentially) turn non-binding inequalities from the #-representation into
binding ones but not vice versa. This feature is not universal to cones as they get contracted. Our

proof establishes that it generally obtains if €2 is the identity matrix and all corners of the cone

13In the matrix displayed in (4.6), the third and fourth row would then come last.



22 KITAMURA AND STOYE

are acute. In this paper’s application, we can further exploit the cone’s geometry to extend the
result to any diagonal 2. Our method immediately applies to other testing problems featuring V-

representations if analogous features can be verified.

5. EXTENDING THE SCOPE OF THE TEST

The methodology outlined in Section 4 requires that (i) the observations available to the econo-
metrician are drawn on a finite number of budgets and (ii) the budgets are given exogenously, that is,
unobserved heterogeneity and budgets are assumed to be independent. These conditions are naturally
satisfied in some applications. The empirical setting in Section 7, however, calls for modifications
because Condition (i) is certainly violated in it and imposing Condition (ii) would be very restrictive.
We propose to use a series estimator to estimate the conditional choice probability vector 7 for a
specific expenditure W when W is distributed continuously (Section 5.1). Furthermore, a method to
test stochastic rationalizability in the presence of possible endogeneity of income is developed using a
control function method (Section 5.2).

The setting in this section is as follows. Let p; € Rf -+ denote the unnormalized price vector,
fixed for each period j. Let (S,S, P) denote the underlying probability space. Since we have repeated
cross-sections over J periods, write P = ®3-]:1P(j), a J-fold product measure. Let P, denote the
marginal probability law of u, which we assume does not depend on j. We do not, however, assume
that the laws of other random elements, such as income, are time homogeneous. Let w = log(W)
denote log total expenditure, and suppose the researcher chooses a value w; for w for each period j.
Note that our algorithm and asymptotic theory remain valid if multiple values of w are chosen for

each period.

5.1. Test statistic with smoothing. This subsection proposes a smoothing procedure based on a
series estimator (see, for example, Newey (1997)) for 7 to deal with a situation where total expenditure
W is continuously distributed, yet exogenous. We need some notation and definitions to formally state
the asymptotic theory behind our procedure with smoothing.

Let w,(;) be the log total expenditure of consumer n(j), 1 < n(j) < N; observed in period j.

) N;
Assumption 5.1. J repeated cross-sections of random samples {({dﬂj’n(j) Z.Ile,wn(j)>} (J‘) ) Jj o=
n(y)=
1,...,J, are observed.

The econometrician also observes the unnormalized price vector p;, which is fixed, for each 1 < j < J.
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This subsection assumes that the total expenditure is exogenous, in the sense that
wllu

holds under every PU) 1 < j < J. This will be relaxed in the next subsection. Let pijj(w) =

Pr{d;|; n(j) = l|lwy;y = w} then we have

n(j)
pijj(w;) = Pr{D(p;/wn(j),u) € zjj|wn) = w;}

where the second equality follows from the exogeneity assumption. Letting

)5 Zpi|j(wj)

343 o / e / I\ __ / . .
and writing 7; := (myj, ..., 7p;);)" and 7= (7, ..., 7;)" = (7)1, o1, -, 77,15) s the stochastic rational-

ity condition is given by

Tel

as before. Note that 7 can be estimated by standard nonparametric procedures. For concreteness,
we use a series estimator, as defined and analyzed in Appendix A. The smoothed version of Jy (also
denoted Jy for simplicity) is obtained using the series estimator for 7 in (4.1). In Appendix A we
also present an algorithm for obtaining the bootstrapped version Jn of the smoothed statistic.

In what follows, Fj signifies the joint distribution of (d;|;,(j), wn(j))- Let F be the set of all
(F1, ..., Fy) that satisfy Condition S.2 in Appendix A for some (cy, 2,6, ((+)).

Theorem 5.1. Let Condition S.3 hold. Also let Q) be diagonal where all the diagonal elements are

positive. Then under Assumptions 4.1 and 5.1

lim inf inf Pr{In <éi_o}=1—«
N—oo (Fi,..,Fj)EF

where ¢1_., 1s the 1 — a quantile of jN, 0<a< %

5.2. Endogeneity. We now relax the assumption that consumer’s utility functions are realized inde-
pendently from W. Exogeneity of budget sets is a standard assumption in classical demand analysis
based on random utility models; for example, it is assumed, at least implicitly, in McFadden and
Richter (1991). Nonetheless, the assumption can be a concern in applying our testing procedure to a
data set such as ours. Recall that the budget sets {B; }ngl are based on prices and total expenditure.

The latter is likely to be endogenous, which should be a concern to the econometrician.
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As independence between utility and budgets is fundamental to McFadden-Richter theory,
addressing it in our testing procedure might seem difficult. Fortunately, recent advances in nonpara-
metric identification and estimation of models with endogeneity inform a solution. To see this, it
is useful to rewrite the model so that we can cast it into a framework of nonseparable models with
endogenous covariates. Writing p; = p;/W, where p; is the unnormalized price vector, the essence
of the problem is as follows: Stochastic rationalizability imposes restrictions on the distributions of
y = D(p,u) for different p when w is distributed according to its population marginal distribution
P,, but the observed conditional distribution of y given p does not estimate this when w and u are
interrelated. More formally, for each fixed value w; and the unnormalized price vector p; in period j,

J
1 < j < J, define the endogeneity corrected conditional probability'*

m(pj/e®i, xy;) = Pr{D(p;/e*,u) € x;;,u distributed according to P, }

= /l{Dj(wj,u) € l’z|j}dPu
where Dj(w,u) := D(pj/e”,u). Then Theorem 3.1 still applies to

TEC = [Tr(pla :’81‘1)7 sy Tr(plu J"Il‘l)a Tr(p?u $1|2), (XY Tr(pZa 1"[2|2)7 sy Tr(pJa JJI‘J)? sy 7T(pJ’ :EIJlJ):I"
If we define Jgc = minueRi [mRc — Av]'Q[rpc — Av], then Jpc = 0 iff stochastic rationalizability holds.
Note that this new definition mgc recovers the definition of 7 in Section 5.1 when w is exogenous.

Suppose w is endogenous but there exists a control variable ¢ such that
wllule

holds under every pPU 1< j < J. For example, given a reduced form w = h;(z, ) with h; monotone in

€ and z is an instrument, one may use e = F () (w|z) where F' U) denotes the conditional CDF of w given

w|z w|z
z under PY) when the random vector (w, z) obeys the probability law PU): see Imbens and Newey
(2009) for this type of control variable in the context of cross-sectional data. Note that ¢ ~ Uni(0, 1)
under every PU), 1 < j < J by construction. Let Py(fql

for y given (w,e) corresponding to PY). Adapting the argument in Imbens and Newey (2009) and

. denote the conditional probability measure

Blundell and Powell (2003), under the assumption that supp(w) = supp(wl|e) under PYW) 1 < j < J

MThis is the conditional choice probability if p is (counterfactually) assumed to be exogenous. We call it “endogeneity

corrected” instead of “counterfactual” to avoid confusion with rationality constrained, counterfactual prediction.
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we have

1 .
m(pj, Tyj) = /0 /1{Dj(wjvu) egﬁz‘lj}dpé\]s)d8
1 .

= /0 Pyjljvzus {y € x5|w :Mj,s} de, 1<j<.J.

This means that mgc can be estimated nonparametrically. We propose to use a fully nonparametric
two-step estimator, denoted by 7gc, to define our endogeneity-corrected test statistic Jmc,; see
Appendix A for details. For this, the bootstrap procedure needs to be adjusted appropriately to
obtain the bootstrapped statistic Jic ~: once again, the reader is referred to Appendix A.

Let 2,(;) be the n(j)-th observation of the instrumental variable z in period j.

Assumption 5.2. J repeated cross-sections of random samples {({diu’n(j) Z-Iil, Tn(j)s zn(j)>} N

1,...,J, are observed.

The econometrician also observes the unnormalized price vector p;, which is fixed, for each 1 < j < J.
In what follows, F} signifies the joint distribution of (d;|; (), Wn(j), 2n(j))- Let Fec be the set of
all (Fy, ..., Fy) that satisfy Condition S.4 in Appendix A for some (c1, ¢2,01, 9, (- (+), Cs(+), ¢1(+)). Then

we have:

Theorem 5.2. Let Condition S.5 hold. Also let Q2 be diagonal where all the diagonal elements are

positive. Then under Assumptions 4.1 and 5.2,

lim inf inf Pr <l t=1—q
N—oo (Fy,...F;)€Frc {jECN <cC a}

where ¢1_, 1s the 1 — a quantile of jECN; 0<aL %

6. MONTE CARLO SIMULATIONS

We next analyze the performance of Cone Tightening in a small Monte Carlo study. To keep
examples transparent and to focus on the core novelty, we model the idealized setting of Section 4, i.e.
sampling distributions are multinomial over patches. In addition, we focus on Example 3.2, for which

an H-representation in the sense of Weyl-Minkowski duality is available; indeed, see displays (3.2)
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0 T T T3 T4 5 6
zyp | 181 190 .2 240 .3 167 .152
To | .226 238 .25 .213 .2 .167 .107
T3y | -226 238 .25 213 .2 333 .44l
Ty | 367 333 .3 333 .3 .333 3
ryp | .181 190 .2 240 .3 .333 .486
Top | .226 .238 .25 213 .2 .167 .107
T3] | .226 .238 .25 213 .2 .167 .107
Ty | -367 333 .3 .333 .3 .333 3
ryz |.181 .190 .2 .240 .3 .333 .486
To3 | .226 .238 .25 213 .2 .167 .107
T3z |.226 .238 .25 213 .2 .167 .107
Ty3 | 367 333 .3 333 .3 .333 3

TABLE 1. The m-vectors used for the main simulations. Entries reported to three digits

are rounded.

and (4.7) for the relevant matrices.'®> This allows us to alternatively test rationalizability through a
moment inequalities test that ensures uniform validity through GMS.*°

Data were generated from a total of 31 d.g.p.’s described below and for sample sizes of N; €
{100, 200, 500, 1000}; recall that these are per budget, i.e. each simulated data set is based on 3 such
samples. The d.g.p.’s are parameterized by the m-vectors reported in Table 1. They are related as
follows: 7 is in the interior of C; mo, w4, and mg are outside it; and 7o, w3, and 75 are on its boundary.
Furthermore, m = (7o + m2)/2, 73 = (7m0 + 74)/2, and 75 = (7 + 76)/2. Thus, the line segment
connecting my and w9 intersects the boundary of C precisely at 71 and similarly for the next two pairs
of vectors. We compute “power curves” along those 3 line segments at 11 equally spaced points, i.e.

changing mixture weights in increments of .1, for a total of 31 distinct d.g.p.’s. This is replicated 500

15This is also true of Example 3.1, but that example is too simple because the test reduces to a one-sided test about
the sum of two probabilities, and the issues that motivate Cone Tightening or GMS go away. We verified that all testing

methods successfully recover this and achieve excellent size control, including if tuning parameters are set to 0.
16The implementation uses a “Modified Method of Moments” criterion function, i.e. Sy in the terminology of Andrews

and Soares (2010), and the hard thresholding GMS function, i.e. studentized intercepts above —rn were set to 0 and

all others to —oo. The tuning parameter is set to ky = /In(Nj).



Method N; T . . . . T . . . . T
Cone 100 |.002 .004 .008 .008 .018 .024 .060 .110 .178 .238 .334
Tightening | 200 0 0 .004 .008 .012 .040 .088 .164 .286 .410 .544
500 0 0 .004 .004 .026 .066 .166 .310 .500 .690 .856
1000 0 0 0 0 .010 .058 .206 .466 .764 .924 .984
GMS 100 0 0 0 .002 .004 .004 .010 .024 .032 .066 .100
200 0 0 0 0 .004 .010 .018 .048 .082 .174 .262
500 0 0 .002 .002 .026 .050 .150 .266 .442 .640 .814
1000 0 0 0 0 .008 .050 .194 .460 .758 .924 .976
Method N; o . . . . 3 . . . . v
Cone 100 |.002 .002 .008 .006 .012 .016 .036 .070 .098 .148 .200
Tightening | 200 0 0 .004 .008 .010 .036 .068 .112 .194 .296 .404
500 0 0 .004 .004 .026 .064 .156 .296 .456 .664 .786
1000 0 0 0 0 .010 .058 .200 .460 .756 .916 .974
GMS 100 0 0 0 .002 .004 .004 .006 .018 .028 .066 .120
200 0 0 0 0 .004 .004 .012 .024 .056 .110 .216
500 0 0 .002 0 .004 .012 .034 .084 .196 .348 .544
1000 0 0 0 0 .002 .028 .080 .180 .406 .694 .892
Method N; T . . . . 5 . . . . 6
Cone 100 |.002 .002 .006 .004 .020 .052 .126 .326 .548 .766 .934
Tightening | 200 0 0 .002 .004 .008 .044 .202 .490 .836 .962 .996
500 0 0 .002 .004 .012 .072 .374 .880 .992 1 1
1000 0 0 0 0 .006 .052 .606 .992 1 1 1
GMS 100 0 0 0 .004 .008 .022 .072 .170 .388 .604 .808
200 0 0 0 0 .006 .020 .112 .300 .640 .880 .974
500 0 0 0 .002 .004 .072 .292 .716 .952 1 1
1000 0 0 0 0 0 .042 .498 .956 1 1 1

TABLE 2. Monte Carlo results. See Table 1 for definition of m-vectors. Recall that
{m1, 3,5} are on the boundary of C and 7 is interior to it. All entries computed

from 500 simulations and 499 replications per bootstrap.
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times at a bootstrap size of R = 499. Nominal size of the test is & = .05 throughout. Ideally, it should
be exactly attained at the vectors {71, 73, 75}.

Results are displayed in Table 2. Noting that the vectors are not too different, we would argue
that the simulations indicate reasonable power. Adjustments that ensure uniform validity of tests do
tend to cause conservatism for both GMS and cone tightening, but size control markedly improves
with sample size.!'” While Cone Tightening appears less conservative than GMS in these simulations,
we caution that the tuning parameters and the distance metrics underlying the test statistics are not
directly comparable.

The differential performance across the three families of d.g.p.’s is expected because the d.g.p.’s
were designed to pose different challenges. For both 7; and w3, one constraint is binding and three
more are close enough to binding that, at the relevant sample sizes, they cannot be completely ignored.
This is more the case for w3 compared to 71. It means that GMS or Cone Tightening will be necessary,
but also that they are expected to be conservative. The vector w5 has three constraints binding, with
two more somewhat close. This is a worst case for naive (not using Cone Tightening or GMS) inference,
which will rarely pick up all binding constraints. Indeed, we verified that inference with 7v = 0 or
kn = 0 leads to overrejection. Finally, we note that 7w and 74 fulfill the necessary conditions identified
by Kawaguchi (2017), so that his test will have no asymptotic power at a parameter value in the first

two panels of Table 2.

7. EMPIRICAL APPLICATION

We apply our methods to data from the U.K. Family Expenditure Survey, the same data used
by BBC. Our testing of a RUM can, therefore, be compared with their revealed preference analysis of
a representative consumer. To facilitate this comparison, we use the same selection from these data,
namely the time periods from 1975 through 1999 and households with a car and at least one child.
The number of data points used varies from 715 (in 1997) to 1509 (in 1975), for a total of 26341.
For each year, we extract the budget corresponding to that year’s median expenditure and, following
Section 5.1, estimate the distribution of demand on that budget with polynomials of order 3. Like
BBC, we assume that all consumers in one year face the same prices, and we use the same price data.
While budgets have a tendency to move outward over time, there is substantial overlap of budgets
at median expenditure. To account for endogenous expenditure, we follow Section 5.2, using total

household income as instrument. This is also the same instrument used in BBC (2008).

17We attribute some very slight nonmonotonicities in the “power curves” to simulation noise.
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We present results for blocks of eight consecutive periods and the same three composite goods
(food, nondurable consumption goods, and services) considered in BBC.'® For all blocks of seven
consecutive years, we analyze the same basket but also increase the dimensionality of commodity
space to 4 or even 5. This is done by first splitting nondurables into clothing and other nondurables
and then further into clothing, alcoholic beverages, and other nondurables. Thus, the separability
assumptions that we (and others) implicitly invoke are successively relaxed. We are able to go further
than much of the existing literature in this regard because, while computational expense increases
with K, our approach is not subject to a statistical curse of dimensionality.”

Regarding the test’s statistical power, increasing the dimensionality of commodity space can
in principle cut both ways. The number of rationality constraints increases, and this helps if some of
the new constraints are violated but adds noise otherwise. Also, the maintained assumptions become
weaker: In principle, a rejection of stochastic rationalizability at 3 but not 4 goods might just indicate
a failure of separability.

Tables 3 and 4 summarize our empirical findings. They display test statistics, p-values, and the
numbers I of patches and H of rationalizable demand vectors; thus, matrices A are of size (I x H).
All entries that show Jy = 0 and a corresponding p-value of 1 were verified to be true zeros, i.e.
Tgpc is rationalizable. All in all, it turns out that estimated choice probabilities are typically not
stochastically rationalizable, but also that this rejection is not statistically significant.?’

We identified a mechanism that may explain this phenomenon. Consider the 84-91 entry in
Table 4, where Jn is especially low. It turns out that one patch on budget Bs is below Bg and two

patches on Bg are below Bs. By the reasoning of Example 3.1, probabilities of these patches must

18p5a reminder, Figure 2 illustrates the application. The budget is the 1993 one as embedded in the 1986-1993 block

of periods, i.e. the figure corresponds to a row of Table 4.
19Tables 3 and 4 were computed in a few days on Cornell’s ECCO cluster (32 nodes). An individual cell of a table

can be computed in reasonable time on any desktop computer. Computation of a matrix A took up to one hour and

computation of one Jn about five seconds on a laptop.

2011 additional analyses not presented here, we replicated these tables using polynomials of degree 2, as well as setting
7~ = 0. The qualitative finding of many positive but insignificant test statistics remains. In isolation, this finding may
raise questions about the test’s power. However, the test exhibits reasonable power in our Monte Carlo exercise and also
rejects rationalizability in an empirical application elsewhere (Hubner 2017).

We also checked whether small but positive test statistics are caused by adding-up constraints, i.e. by the fact that all
components of 7 that correspond to one budget must jointly be on some unit simplex. The estimator @ can slightly
violate this. Adding-up failures occur but are at least one order of magnitude smaller than the distance from a typical

7 to the corresponding projection 7).
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3 goods 4 goods 5 goods
I H Jn pl| I H Jv p| 1 H Jv p
75-81 |36 6409 3.67 .38 |52 39957 543 29|55 53816 4.75 .24
76-82 | 39 4209 11.6 .14 |65 82507 5.75 .39 |65 82507 5.34 .31
77-83 |41 7137 9.81 .17 |65 100728 6.07 .39 |68 133746 4.66 .38
78-84 |32 3358 7.38 .24 |62 85888 2.14 .70 |67 116348 1.45 .71
79-85 |35 5628 .114 .96 | 71 202686 .326 .92 |79 313440 .219 .94
80-86 | 38 7104 .0055 .998 | 58 68738 1.70 .81 |66 123462 7.91 .21
81-87 | 26 713 .0007 .998 | 42 9621 .640 .89 |52 28089 6.33 .27

82-88 | 15 42 0 1]21 177 298 .60 | 31 1283 9.38 .14
83-89 | 13 14 0 1115 31 .263 .49 15 31 9.72 .13
84-90 | 15 42 0 1115 42 251 .74 |15 42 10.25 .24

85-91 | 15 63 .062 .77 |19 195 359 45|21 331 359 44
86-92 | 24 413 192 .71 33 1859 7.27 35135 3739 946 .28
87-93 |45 17880 1.33 .74 |57 52316 6.60 .44 |70 153388 6.32 .38
88-94 |39 4153 1.44 .70 |67 136823 6.95 .38 |77 313289 6.91 .38
89-95 | 26 840 .042 .97 |69 134323 4.89 .35 |78 336467 5.84 .31
90-96 | 19 120  .040 95|56 52036 4.42 .19 |76 272233 3.55 .25
91-97 | 17 84 .039 .93]40 7379 3.32 .26 |50 19000 3.27 .24
92-98 | 13 21 .041 97|26 897 .060 .93 | 26 897 .011 .99
93-99| 9 3 .037 .66 |15 63 0 1|15 63 0 1

TABLE 3. Empirical results with 7 periods. I = number of patches, H = number of

rationalizable discrete demand vectors, Jn = test statistic, p = p-value.

add to less than 1. The estimated sum equals 1.006, leading to a tiny and statistically insignificant
violation. This phenomenon occurs frequently and seems to cause the many positive but insignificant
values of Jyn. The frequency of its occurrence, in turn, has a simple cause that may also appear
in other data: If two budgets are slight rotations of each other and demand distributions change
continuously in response, then rationalizable population probabilities for the relevant patches of these
two budgets will sum to just less than 1. If these probabilities are estimated independently across

budgets, the estimates will frequently add to slightly more than 1. With 7 or 8 mutually intersecting



3 goods

I H Jn p
75-82 | b1 71853 11.4 .17
76-83 | 64 114550 9.66 .24
77-84 | 52 57666 9.85 .20
78-85 |49 76746 7.52 .26
79-86 | 55 112449 .114 .998
80-87 | 41 13206 3.58 .58
81-88 | 27 713 0 1
82-89 | 16 42 0 1
83-90 | 16 42 0 1
84-91 | 20 294 072 .89
85-92 | 27 1239 2.24 .68
86-93 | 46 17880 1.54 .75
87-94 | 48 39913 1.55 .75
88-95 | 42 12459 1.68 .70
89-96 | 27 840 .047 .97
90-96 | 24 441 389 .83
91-98 | 22 258 1.27 .52
92-99 | 14 21 .047 .96

TABLE 4. Empirical results with 8 periods. I = number of patches, H = number of

rationalizable discrete demand vectors, Jn = test statistic, p = p-value.
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budgets, there are many opportunities for such reversals, and positive but insignificant test statistics

may become ubiquitous.

The phenomenon of estimated choice frequencies typically not being rationalizable means that

there is need for a statistical testing theory and also a theory of rationality constrained estimation.

The former is this paper’s main contribution. We leave the latter for future research.
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8. CONCLUSION

This paper presented asymptotic theory and computational tools for nonparametric testing of
Random Utility Models. Again, the null to be tested was that data was generated by a RUM, inter-
preted as describing a heterogeneous population, where the only restrictions imposed on individuals’
behavior were “more is better” and SARP. In particular, we allowed for unrestricted, unobserved
heterogeneity and stopped far short of assumptions that would recover invertibility of demand. We
showed that testing the model is nonetheless possible. The method is easily adapted to choice prob-
lems that are discrete to begin with, and one can easily impose more, or fewer, restrictions at the
individual level.

Possibilities for extensions and refinements abound, and some of these have already been ex-

plored. We close by mentioning further salient issues.

(1) We provide algorithms (and code) that work for reasonably sized problem, but it would be

extremely useful to make further improvements in this dimension.

(2) The extension to infinitely many budgets would be of obvious interest. Theoretically, it can be
handled by considering an appropriate discretization argument (McFadden 2005). For the proposed
projection-based econometric methodology, such an extension requires evaluating choice probabilities
locally over points in the space of p via nonparametric smoothing, then use the choice probability
estimators in the calculation of the Jn-statistic. The asymptotic theory then needs to be modified.
Another approach that can mitigate the computational constraint is to consider a partition of the space
of p such that RE = PyUP, - - -UPy;. Suppose we calculate the Jy-statistic for each of these partitions.
Given the resulting M-statistics, say J]%,, . ,Jf\y, we can consider JN'** := maxi<m<m TN or a
weighted average of them. These extensions and their formal statistical analysis are of practical

interest.

(3) It might frequently be desirable to control for observable covariates to guarantee the homogeneity
of the distribution of unobserved heterogeneity. This requires incorporating nonparametric smoothing
in estimating choice probabilities as in Section 5.1, then averaging the corresponding Jy-statistics over

the covariates. This extension will be pursued.

(4) Natural next steps after rationality testing are extrapolation to (bounds on) counterfactual demand
distributions and welfare analysis, i.e. along the lines of BBC (2008) or, closer to our own setting,

Adams (2016) and Deb, Kitamura, Quah, and Stoye (2016). This extension is being pursued.
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(5) The econometric techniques outlined here can be potentially useful in much broader contexts. Ex-
isting proposals for testing in moment inequality models (Andrews and Guggenberger 2009, Andrews
and Soares 2010, Bugni, Canay, and Shi 2015, Romano and Shaikh 2010) use a similar test statistic but
work with H-representations. In settings in which theoretical restrictions inform a V-representation
of a cone or, more generally, a polyhedron, the H-representation will typically not be available in

practice. We expect that our method can be used in many such cases.
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SUPPLEMENTAL MATERIALS

APPENDIX A: PROOFS AND FURTHER DETAILS OF INFERENTIAL PROCEDURES

Proof of Theorem 3.1. The proof uses nonstochastic demand systems, which can be identified with
vectors (di,...,dy) € By X --- x Bj. Such a system is rationalizable if d; € argmaxyep, u(y),j =
1,...,J for some utility function wu.

Rationalizability of nonstochastic demand systems is well understood. In particular, and ir-
respective of whether we define rationalizability by GARP or SARP, it is decidable from knowing
the preferences directly revealed by choices, hence from knowing patches containing (di,...,ds). It
follows that for all nonstochastic demand systems that select from the same patches, either all or none
are rationalizable.

Fix (Py, ..., Py). Let the set Y* collect one “representative” element (e.g., the geometric center
point) of each patch. Let (Py, ..., P}) be the unique stochastic demand system concentrated on J* and
having the same vector representation as (P, ..., Py). The previous paragraph established that demand
systems can be arbitrarily perturbed within patches, so (P, ..., Py) is rationalizable iff (Py, ..., P}) is.
It follows that rationalizability of (Pi,..., Py) can be decided from its vector representation 7, and
that it suffices to analyze stochastic demand systems supported on )*.

Now, any stochastic demand system is rationalizable iff it is a mixture of rationalizable non-
stochastic ones. Since Y* is finite, there are finitely many nonstochastic demand systems supported
on it; of these, a subset will be rationalizable. Noting that these demand systems are characterized
by binary vector representations corresponding to columns of A, the statement of the Theorem is

immediate for the restricted class of stochastic demand systems supported on Y*. ]

Proof of Theorem 3.2. We begin with some preliminary observations. Throughout this proof, ¢(13;)
denotes the object actually chosen from budget B;.

(i) If there is a choice cycle of any finite length, then there is a cycle of length 2 or 3 (where
a cycle of length 2 is a WARP violation). To see this, assume there exists a length N choice cycle
c(B;) = c(Bj) = c(Bg) > ... = c(B;). If ¢(By) > c(B;), then a length 3 cycle has been discovered. Else,
there exists a length N — 1 choice cycle ¢(B;) > ¢(Bg) > ... = ¢(B;). The argument can be iterated
until N = 4.

(i) Call a length 3 choice cycle irreducible if it does not contain a length 2 cycle. Then a choice
pattern is rationalizable iff it contains no length 2 cycles and also no irreducible length 3 cycles. (In

particular, one can ignore reducible length 3 cycles.) This follows trivially from (i).
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(iii) Let J = 3 and M = 1, i.e. assume there are three budgets but two of them fail to
intersect. Then any length 3 cycle is reducible. To see this, assume w.l.o.g. that B is below Bjs,
thus ¢(Bs) > ¢(By) by monotonicity. If there is a choice cycle, we must have ¢(By) = ¢(Bz2) > ¢(Bs).
c(B1) = ¢(B2) implies that ¢(B2) is below Bj, thus it is below Bs. ¢(B2) > ¢(Bs) implies that ¢(B3) is
below By. Thus, choice from (Ba, Bs) violates WARP.

We are now ready to prove the main result. The nontrivial direction is “only if,” thus it suffices
to show the following: If choice from (B, ..., B;_1) is rationalizable but choice from (By, ..., Bs) is not,
then choice from (Bps41,..., B7) cannot be rationalizable. By observation (ii), if (B,...,Bs) is not
rationalizable, it contains either a 2-cycle or an irreducible 3-cycle. Because choice from all triplets
within (B, ..., Bj_1) is rationalizable by assumption, it is either the case that some (B;, B;) constitutes
a 2-cycle or that some triplet (B;, By, By), where i < k w.l.o.g., reveals an irreducible choice cycle.
In the former case, B; must intersect B, hence i > M, hence the conclusion. In the latter case, if
k < M, the choice cycle must be a 2-cycle in (B;, By), contradicting rationalizability of (B, ..., Bj_1).
If ¢ < M, the choice cycle is reducible by (iii). Thus, ¢ > M, hence the conclusion. O

Proof of Lemma 4.1. Letting v, =v — (7/H)1y in C; = {Av|v > (7/H)1g} we have

C: = {Alv:+ (v/H)1g]|lv: > 0}

= C&(r/H)Aly

= {t:t—(r/H)Alyg € C}

where @ signifies Minkowski sum. Define

¢ =—BAly/H.

Using the H-representation of C,

C: = {t:B(t—(r/H)Aly) <0}

= {t:Bt < —7¢}.
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Note that the above definition of ¢ implies ¢ € col(B). Also define

d = —BA

= {Pn}

where ®pp, = biap, 1 <k <m,1 <h < H and let e}, be the h-th standard unit vector in RY. Since

ep > 0, the V-representation of C implies that Aej, € C, and thus

BAe, <0
by its H-representation. Therefore
(S.1) ®yp, = —epBAep, >0, 1<k<m,1<h<H.
But if k < m, it cannot be that

aj € {z: bz =0} forallj

whereas

b.ap =0
holds for m+1 < k < m,1 < h < H. Therefore if k& < m, oy, = bzah is nonzero at least for one

h,1 < h < H, whereas if k > m, ®x;, = 0 for every h. Since (S.1) implies that all of {‘bkh}thl are

non-negative, we conclude that

L A
¢k:H;¢'kh>0

for every k < m and ¢, = 0 for every k > m. We now have
Cr={t:Bt< —71¢}
where ¢ satisfies the stated properties (i) and (7). O

Before we present the proof of Theorem 4.2, it is necessary to specify a class of distributions,
to which we impose a mild condition that guarantees stable behavior of the statistic Jn. To this
end, we further specify the nature of each row of B. Recall that w.l.o.g. the first m rows of B
correspond to inequality constraints, whereas the rest of the rows represent equalities. Note that
> 0,1 <i<1I;,1 <j < J, represented by

the m inequalities include nonnegativity constraints m;;

the row of B consisting of a negative constant for the corresponding element and zeros otherwise.
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Likewise, the identities that ZZIJ: 1 Ti|; is constant across 1 < j < J are included in the set of equality
constraints.?! We show in the proof that the presence of these “definitional” equalities /inequalities,
which always hold by construction of 7, do not affect the asymptotic theory even when they are (close
to) be binding. Define K = {1, ...,m}, and let K be the set of indices for the rows of B corresponding
to the above nonnegativity constraints and the constant-sum constraints. Let I = K\ KP, so that

.m < 0 represents an economic restriction if k € KCF .22 Recalling the choice vectors (djj1, -5 dy) Nj)
are IID-distributed within each time period j,1 < j < J, let d; denote the choice vector of a consumer

facing budget j (therefore w.l.o.g we can let d; = d;j;). Define d = [dy, ...,d);]’, a random I-vector of

binary variables. Note E[d] = 7. Let
g = Bd
- [glv"'agm]/-

With these definitions, consider the following requirement:

Condition S.1. For each k € K%, var(gy) > 0 and E[|gr/+/var(gx)|>T¢] < c2 hold, where ¢; and cz

are positive constants.

This type of condition is standard in the literature; see, for example, Andrews and Soares (2010).

Proof of Theorem 4.2. By applying the Minkowski-Weyl theorem and Lemma 4.1 to Jy and
JIN (Tn), we see that our procedure is equivalent to comparing
Jv = min N[&—t]Q[x —1{]
tcRI:Bt<0
to the 1 — a quantile of the distribution of

= min N —t'Qn,, —t
IN {eRIBI< —mr [ﬁm ] [77‘1'1\1 ]

with ¢ = [¢/, (0, ...,0)"], ¢ € RT,, where
_ . 1 -
Ny = Ty + \/NN(O’ S)v

Ny = argmin N7 — ] Q7 — ).
tcRI:Bt<—71n¢
211t we impose the (redundant) restriction 17~ = 1 in the definition of C, then the corresponding equality restrictions
would be ijzl m;|; = 1 for every j.

221y (4.6), KT contains only the last row of the matrix.
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Suppose B has m rows and rank(B) = ¢. Define an ¢ x m matrix K such that K B is a matrix whose
rows consist of a basis of the row space row(B). Also let M be an (I —¢) x I matrix whose rows form

an orthonormal basis of kerB = ker(K B), and define P = (Iﬁf ). Finally, let § = B# and h = Mr.

Then
, KB\ . " . [(KBY,.
s g ()] e ()]
Kl — Bt]\’ K[g— Bt
— i N (BT BN prvgpor (K1 B
Bt<0 h — Mt h — Mt
Let

K _
U, = {( h7> :7—Bt,h—Mt,B<t§0,B_t_07t€RI}

then writing « = KBt and h = Mt,
Kg—a\ Kg—
JN = min N( 9 a) PVQPl( 9 a).
(4)eth h—h h—h
Also define

K = no
Uy = {( h’y> ty = <3:>,7§ e Ry~ :O,nycol(B),heRIZ}

where col(B) denotes the column space of B. Obviously Uy C Us. Moreover, Us C Uy holds. To see
this, let (Igbf) be an arbitrary element of . We can always find t* € R! such that v* = Bt*. Define

t** =t + M'h* — M'Mt*

then Bt** = Bt* = ~*, therefore BSt** < 0 and B=t** = 0. Also, Mt** = Mt*+MM'h*—MM'Mt* =

h*, therefore (sz) is an element of U; as well. Consequently,

Uy = Us.
We now have
Kj—a\’ Kqg—
Jy = min N< 9 0‘) P—l’QP—1< 9 a>
(%) etts h—h h—h
Kg—a\ Kg—
- N(n)nn ( g-a P—l’QP—1< g-a
“Yels Yy )
Yy
Define
/
T(x,y) = < ) P1/QP1< >, reRye R,
)
and

t(z) == min T(z,y), s(g):= , min HElg =),
yeRI— v=ly=" =) 7= <047 =0,7€col(B)
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It is easy to see that t : R® — R, is a positive definite quadratic form. We can write

Jv = N mi HE[§—A))
y=[r=" 7= 7= <0,y==0,y€col(B)

= Ns(9)
= s(VNg).

We now show that tightening can turn non-binding inequality constraints into binding ones but not
vice versa. Note that, as will be seen below, this observation uses diagonality of 2 and the specific

geometry of the cone C. Let '?fN, G* and ¢* denote the k-th elements of Yoy = Biry, g and ¢.

Moreover, define v.(g) = [v'(g),....7™(9)] = argmin__p <0 <o 5 -4 coop) tElg — 7)) for
g € col(B), and let v¥(g) be its k-th element. Then 4, = v, (§). Finally, define 8.(g) = v-(g) + 7¢
for 7 > 0 and let 8%(g) denote its k-th element. Note v¥(g) = ¢* = 8¥(g) = 0 for every k > m and g.

Now we show that for each &k < m and for some § > 0,

BE(g) =0

if |gk| <76 and ¢ < 76,1 < j < m. In what follows we first show this for the case with = Iy, where
I; denotes the I-dimensional identity matrix, then generalize the result to the case where € can have
arbitrary positive diagonal elements.

For 7 > 0 and § > 0 define hyperplanes
Hf = (o : b = —76"),

Hy = {z : bz = 0},
half spaces
HZ,(0) = {a : b < 75},
and also
Sk(0) = {z € C : |bz| < 76}
for 1 <k <m. Define
L = Mplp 1 Hr,

a linear subspace of R!. In what follows we show that for small enough § > 0, every element z* € R/

such that

(S.2) z* € 51(0)N---NSd)NH),41(6)N---HJ, (6) for some g € {1,...,m}
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satisfies
(S.3) x*]CTGHfﬂ---ﬁHqTﬂL

where 2*|C, denotes the orthogonal projection of * on C;. Let gt = bpx*, k =1,...,m. Note that an
element z* fulfills (S.2) iff [¢**| < 70,1 < k < g and ¢*7 < 76, + 1 < j < /. Likewise, (S.3) holds
iff 7 (9*) = 0,1 <k < ¢ (recall Bf(¢g*) = 0 always holds for k& > m). Thus in order to establish the
desired property of the function 3;(-), we show that (S.2) implies (S.3). Suppose it does not hold;
then without loss of generality, for an element x* that satisfies (S.2) for an arbitrary small § > 0, we

have
(S.4) ¥ |C-e H{N---NH/NL and 2|C-¢ H,r+1<j<q
for some 1 < r < g — 1. Define halfspaces
H), ={z:bx< —r¢k},
Hy, = {z: bz <0}

for 1 <k <m,7 >0 and also let

F=HnNn---NnH.NC,

then for (S.4) to hold for some z* € R! satisfying (S.2) for an arbitrary small § > 0 we must have
F|(H{ N---NH] NL) Cint(HZ,,, N+ N HZ,)

(Recall the notation | signifies orthogonal projection. Also note that if dim(F') = 1, then (S.4) does

not occur under (S.2).) Therefore if we let
A(J)={z e R : 1z =J2z >0},
i.e. the simplex with vertices (J,0,---,0),---,(0,---,0,J), we have
(S.5) (FOAW) [(H{N---NHNL) Cint(H), ., N---NH], ).

Let {ai,...,ag} = A denote the collection of the column vectors of A. Then {the vertices of F' N
A(J)} € A. Let a,a € FNA(J). Let B(e,z) denote the e-(open) ball with center z € R!. By (S.5),

B (e, (alnj_y HT N L)) Cint(HY, ., N---NH) )N H/ 0N Hy,
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holds for small enough € > 0. Let a” := a + fAly, a” := a+ fAly, then
_ \/ /= _ _ N/ /= _
((al(MyH)NL)—a) (@a—a) = ((al(Nj=;H])NL)—a) (a”—a")
= 0

since a”,a” € (N}_H])NL. We can then take z € B (s, (d\(ﬂ;le}) N L)) such that (z—a)'(a—a) <
0. By construction z € C, which implies the existence of a triplet (a,a,a) of distinct elements in A4
such that (e —a)’(a — a) < 0. In what follows we show that this cannot happen, then the desired

property of 8, is established.

So let us now show that
(S.6) (a1 — ap)’(az — ag) > 0 for every triplet (ag, a1, as) of distinct elements in A.
Noting that aja; just counts the number of budgets on which i and j agree, define
¢(ai, a;) = J — aja;,

the number of disagreements. Importantly, note that ¢(a;, a;) = ¢(a;,a;) and that ¢ is a distance (it

is the taxicab distance between elements in A, which are all 0-1 vectors). Now
(a1 — ao)'(az — ao)
= a'lag - af]ag - a'lao + agao
= J = (a1, a2) = (J = d(ao, a2)) — (J — ¢(ag, a1)) +J
= ¢(ao, az) + ¢(ao, a1) — ¢(ar, az) > 0

by the triangle inequality.

Next we treat the case where (Q is not necessarily I;. Write

w 0 ... 0

0 w? ... 0
0= 2

0 ... 0 w?

The statistic Jy in (4.1) can be rewritten, using the square-root matrix Q'/2
Tn= _min [& =yl ]
n*=Q1/2nmeC
or

— : A*_ */A*_*
IN nggg*[ﬂ n " =0



S9
where
¢ = {QYV2Auly >0}
= {A"v|v >0}
with
A* =[al,...,a}),af = QY%a;,,1 < h < H.
Then we can follow our previous argument replacing a’s with a*’s, and using

A*(J) = conv([0, ...,w;, .0 e R i=1,...,1).

instead of the simplex A(J). Finally, we need to verify that the acuteness condition (S.6) holds for
A" ={aj,...,a}}

For two I-vectors a and b, define a weighted taxicab metric
I
¢Q(a7 b) = Zwl|az - b2|a
i=1

then the standard taxicab metric ¢ used above is ¢q with Q = I;. Moreover, letting a* = Q'/2¢ and

b* = Q/2b, where each of a and b is an I-dimensional 0-1 vector, we have
I
a*'b* = will — |a; — bill = @ — ¢a(a,b)
i=1
with @ = 31 w;. Then for every triplet (af, a},a}) of distinct elements in A*

(a] —ag)' (a5 —ap) = @ — ¢alar,a2) — @+ ¢alao, az) — @ + pa(ao, a1) + © — ¢alao, ao)
= ¢qalar,az) — ¢alao, az) — ¢palao, ar)

> 0,

which is the desired acuteness condition. Since Jy can be written as the minimum of the quadratic
form with identity-matrix weighting subject to the cone generated by a*’s, all the previous arguments
developed for the case with = I; remain valid.

Defining € ~ N(0, 9) and ¢ = BE,

7 KB ! KB
A K M >("77N + N - t>] PPt K o )(ﬁm S L)

= N min t(K [%N"’N_IDC—’YD
y=lyS' A= Y S <—TN by =0,y€Ecol(B)
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N;
n=1»

conditional on data {{dmn}szl} j=1,2,...,J. Moreover, defining 7 = v + 7n5¢ in the above,

and using the definitions of 3;(-) and s(+)

jN ~ N min t(K -’?TN+TN¢+N71/2C_'YT:|)
,YT:[’YTS/7,YT:/]I7,YTSSO,VT::(L’YTECO](B) L
= N min t (K ’YTN(Q) + TN¢ 4 N—I/QC . 77])
=[S 4T=) 4TS <0,4T==0,7 Ecol(B) L
= N min t(K _@N(g) + N‘1/2( _ VTD
=[S 4T= 4TS <0,4T==0,97 Ecol(B) L
= s (N2, () +<)

Let on(€) := NY28, (1n5€) for € = (&1, ..., &m)" € col(B), then from the property of 3, shown above,

its k-th element gpﬁ‘v for k£ < m satisfies
ek (€) =0

if |€F] < and & < 6,1 < j < m for large enough N. Note % (¢) = Nl/Qﬁ]’%(TNf) =0 for k > m.

Define £ := g/7Tn and using the definition of ¢y, we write

(8.7) IN ~ s («pN(f) + C) :

Now we invoke Theorem 1 of Andrews and Soares (2010, AS henceforth). As noted before, the
function ¢ is a positive definite quadratic form on R, and so is its restriction on col(B). Then
their Assumptions 1-3 hold for the function s defined above if signs are adjusted appropriately as
our formulae deal with negativity constraints, whereas AS work with positivity constraints. (Note
that Assumption 1(b) does not apply here since we use a fixed weighting matrix.) The function ¢y
in (S.7) satisfies the properties of ¢ in AS used in their proof of Theorem 1. AS imposes a set of
restrictions on the parameter space (see their Equation (2.2) on page 124). Their condition (2.2) (vii) is
a Lyapounov condition for a triangular array CLT. Following AS, consider a sequence of distributions
N = [T Tn) s N =1,2,...in PNC such that (1) VvV NBmy — h for a non-positive h as N — oo
and (2) Cov,y (VNB#) — ¥ as N — oo where ¥ is positive semidefinite. The Lyapounov condition
holds for b}, under my for k € KF as Condition S.1 is imposed for 7y € P. We do not impose
Condition S.1 for & € KP. Note, however, that: (i) The equality b, < 0 holds by construction for
every k € KP and therefore its behavior does not affect Jy; (ii) If vary, (gx) converges to zero for
some k € KP, then vVNb, [fi;y — firy] = 0,(1) and therefore its contribution to Jy is asymptotically
negligible in the size calculation. The other conditions in AS10, namely (2.2)(i)-(vi), hold trivially.
Finally, Assumptions GMS 2 and GMS 4 of AS10 are concerned with their thresholding parameter
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ki for the k-th moment inequality, and by letting Ky = N'/27y ¢y, the former holds by the condition
V' N7y 1 00 and the latter by 7 | 0. Therefore we conclude

liminf inf P <Cll—af=1-a.
WL B Py S Ga} =1 ma

O

Further details of the procedure in Section 5.1 Define ¢ (w) = (q1x(w), ..., g (w))’, where
¢ix(w),j =1, ..., K are basis functions (e.g. power series or splines) of w. Instead of sample frequency

estimators, for each j,1 < j < J we use

N;
ty = V) Q () D @V (W) diini) /N,
n(j)=1
N;
QU) = . ¢ D (wu)d" D (wy) /N
n(j)=1
7?('] = (ﬁllj""’ﬁ-ljlj)/’
T o= (7, 7]),

to estimate 7;|;, where A~ denotes a symmetric generalized inverse of A and K(j) is the number of
basis functions applied to Budget B;. The estimators 7;);’s may not take their values in [0,1]. This
does not seem to cause a problem asymptotically, though as in Imbens and Newey (2009), we may

(and do, in the application) instead use

Nj
;=G QK(])(wj),Q_(j) Z qK(])(wn(j))diU,n(j)/Nj ;
n(j)=1
where G denotes the CDF of Unif(0, 1). Then an appropriate choice of 7y is Ty = 10% with

n = min NjIj/trace(v%))
J

where v%) is defined below. Strictly speaking, asymptotics with nonparametric smoothing involve

bias, and the bootstrap does not solve the problem. A standard procedure is to claim that one used
undersmoothing and can hence ignore the bias, and we follow this convention. The bootstrapped test
statistic Jy (7x) is obtained applying the same replacements to the formula (4.5), although generating

Try Tequires a slight modification. Let 7j;, (j) be the j-th block of the vector 7j,,, and 6%) satisfy

. =1
’LA)](\JI)U%) —p I1;, where

o = 1, @ ¢8O (w,)Qn () AP, © Q3 ()5 (w,)]
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with Qn(j) = BlgK0) (w,(;))q" D (wn;)) ], AY = BED (wn(s) ® ¢80 (wy5)a8 D (wy(5))], and
20 (w) = Covld; n(j)lwn(j) = w]. Note that »0)(w) = diag (p(j)(w))—p(j)(w)p(j)(w)’ where pU) (w) =

[p1);(w), ., pr;|j(w)]'. For example, one may use
o9 =1, ® ¢ (w,YQ~ (NG, © @~ (7)g" D (w,)]

with A7) = & X002y [29) (wa) @ 650 (wy(5))a50) (wyy)) |, £ (w) = diag (9 ()~ (w)pP (w)',
FO(w) = [y (), By (@)} and Pisw) = KDY G ()TN ¢5O (wais))dis sy /Ny We
use 7y = (G (1), oy iy (J))) for the smoothed version of Jy(7x), where 7y (j) = 7y (j) +
ﬁN(o,@%)),j =1,..,J.

Noting {{d;|jn( }ZI 1 Wn(j )}7];[(]3):1 are IID-distributed within each time period j,1 < j < J, let
(dj, w;) denote the choice-log-expenditure pair of a consumer facing budget j. Let d = [d], ..., d’;]" and

W = [wi, ..., ws]'; and define g = Bd = [g1, ..., gm]" as before. Let W; denote the support of wy, ;). For

a symmetric matrix A, Ay signifies its smallest eigenvalue.

Condition S.2. There ezist positive constants ci, ca, 0, and ((K), K € N such that the following
holds:
(i) meC;
(ii) For each k € K&, var(gr|lw = (wi,...,wy)") > s*(Fi,...,Fy) and E[(gx/s(Fy, ..., Fy))tw =
(Wi, ...,wy)'] < c1 hold for every (wn,...,wy) € Wi x ---Wy;
(ili) supwew, |pij;j(w) — qK(w)’Bg” < 1 K79 holds with some K -vector Bg) for every K € N,
1<i<I,1<j<J;
(iv) Letting ¢% = Ck ;q", )\minE[(YK(wn(j))E]VK(wn(j))’] > co holds for every K and j, where
Ck,j, K € N,1 <75 < J are constant nonsingular matrices;

(V) max; sup,epy, 175 (w)]| < e2¢(K) for every K € N.

O
Condition S.2(ii) is a version of Condition S.1 that accommodates the conditioning by w and series
estimation. Conditions S.2(iii)-(v) are standard regularity commonly used in the series regression
literature: (iii) imposes a uniform approximation error bound, (iv) avoids singular design (note the
existence of the matrices Ck ; suffices) and (v) controls the lengths of the series terms used.

The next condition imposes restrictions on tuning parameters.

Condition S.3. 7y and K(j),j = 1,...,J satisfy \/N;K=°(j) 1 0, (K (5))2K(j)/N; 1 0, j =1,...,J,
™~ 4 0, and \/nTy T 0.
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Proof of Theorem 5.1. We begin by introducing some notation.
Notation. Let by ;, k=1,...,m, i =1, ..., I denote the (k,) element of B, then define

br(5) = [Dk,Ny N 1415 O, Ny N1 425 -y Dk Ny ;)

for1<j<Jand 1<k <m. Let BU := [b1(§),....bm(j)] € R™. For F € Fand 1< j < J,
define

. . . / J !
PP (w) = Epld; iy lwny = wl, 7@ =pP(w;),  wp=[mg),omd) ]

and

Eg)(w) = Covpldjn(j) | wn() = wl.

]7”

Note that 2% (w) = diag (pgg> (w)) — 9 (w)p? (w'.

The proof mimics the proof of Theorem 4.2, except for the treatment of 7. Instead of the
sequence y, N = 1,2,... in P NC, consider a sequence of distributions Fy = [Fin,..., Fyn], N =
1,2,... in F such that \/WBU)TF%]& — hj,h; < 0,1 <j < Jas N — oo. Define Q%zf =
By [050) (w,(3))a" D (wny))] and 2F) = By [BOLY) (w,)BD @ ¢50) (wy,3)) 05D (wyy ()], and
let

) N —1 . N —1 .
Vi) = L © ¢K 0 (w; QY 12 L 0 QF) ¢ (w))]

N
and

J
VEiy == Z VF(ZV)
j=1

Then by adapting the proof of Theorem 2 in Newey (1997) to the triangle array for the repeated

crosssection setting, we obtain
VNV, 2Bl — my] <& N(0,Ly,).

The rest is the same as the proof of Theorem 4.2. O

Further details of the procedure in Section 5.2 To estimate Tgg, we can proceed in two
steps as follows. The first step is to obtain control variable estimates €,;),n(j) = 1,..., N; for each

j. For example, let FU)

wlz be a nonparametric estimator for F,,, for a given instrumental variable 2
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in period j. For concreteness, we consider a series estimator as in Imbens and Newey (2002). Let

r(2) = (ri(2),...,7LL(2)), where r¢1(2),£ = 1, ..., L are basis functions, then define

N]
FY) (w]z) = 3 Y 9 (2 Huw,g) < w)/N;
n(j)=1
where
N
RG) = Y "D ()" (z)) )
n(j)=1

Let

En(j) = ﬁiﬂi(wn(])!'zn(j)),n(]) =1,..,N;

Choose a sequence vy — 0,vy > 0 and define 1y (¢) = (¢ + vi)?/4vy, then let

;

1 ife>1+ovun

1—LN(1—8) ifl—uvy<e<l+wouy

IN(E) = Qe ifoy <e<1-—uvy
(N (€) if —oy <e<wopy
0 if e < —wpn

N

then our control variable is €,y = YN (€n(j)); n(j) = 1, ..., Nj.

The second step is nonparametric estimation of P(J {y € zy)j|lw = w; ,€}. Let Xn() = (Wn(5)s En(i))s
n(j) = 1,...,N; for each j. Write sM0)(y) = (s12¢ ‘)(X) S smG)mG)(X))'s where spar)(x), X €
RE+L m =1,..., M(j) are basis functions, then our estimator for P(] {y € z)jlw =-,e =} evalu-

ated at x = (w,¢) is

o N;j
PO {yeaplwel = MO0 (@) Y MO Rai)diinty /N
n(j)=1
_ SM(])(X)/aM(J)
where
Nj N;
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Our endogeneity corrected conditional probability 7(p;, ; ;) is a linear functional of P {y € zjj|lw =

—

thus plugging in py) {y €x; U\w =w; 5} into the functional, we define

ylw,e
m(pj, i) = /0 y|w€{y€:p|j\w—w e} de
I ~M(j
= D(])/az (])7
1 4 W,
where  D(j) = / sMO (7] ] de i=1,..,0,5=1,..,J
0 15

and

—_— e e

7@ = [ﬂ—(pla x1|1)> ceey 7T(p17 wh\l)’ 7-‘—(]927 wl\?)a ceey 7T(p27 .1‘[2‘2), cey W(pJa x1|J)7 ceey ﬂ—(pJa xIJ|J)],'
The final form of the test statistic is

Jecy = N min [Tec — Av]'A[Tec — Av).
Z/ERh

The calculation of critical values can be carried out in the same way as the testing procedure in Section

5.1, though the covariance matrix v(j )

correction, the modified version of v](\],) is

needs modification. With the nonparametric endogeneity

oY) = [, @ D()YSy () AP (1, @ Sn(j) " D())

where
' , , , o I
Sn () = E[s™D (00))sM D (xni)) 1, &Y = AY) + AY),
AP = ESD (x) ® sMD (x03))5M D (i)', AY) = Elmgyml ;)
with
Z73(‘”()() = COV[dj,n(j)|Xn(j) = XL
L / / / /
My (j) = [ml,n(j)>m2,n(j)= T 7ij,n(j)] )
Min(G) =

. 9 | N
1*3[’Y1\r(€m(j))a5 y\wg{yemulwm(g ()} 5™ ()™ iy B () 7779 (2005 M)

di\jn(j)» Wn(s)s Zn(j)

RN(]) = E[TL(j)(zn(j))rL(j)(zn(j))/]a Umn(j l{w ) < Wiy, ])} w\)z( Win(4) |zn(] )

]75}7
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Define

npc = min NjIj/trace(ﬁg) )s
J

then a possible choice for 7 is 7n = 1/%. Proceed as in Section 5.1, replacing @%) with a

50 for j=1,...,J, to define the bootstrap version Jgc.

consistent estimator for vy

We impose some conditions to show the validity of the endogeneity-corrected test.

Let &,(;) be the value of the control variable e for the n(j)-th consumer facing budget j.
Noting {{d;|; n(;) }1il7wn(j)a5n(j)}7jj&):1 are IID-distributed within each time period 7,1 < j < J, let
(dj, wj,e5) denote the choice-log expenditure-control variable triplet of a consumer facing budget j.
Let d = [d},....d}), w = [wi,...,wy]', e = [e1,...,e;] and define g = Bd = [g1, ..., gm]" as before. Let
Xj = supp(Xn(j))> Zj = sSupp(2n(j)), and & = supp(e,(;)), 1 < j < J. Following the above discussion,

define an R-valued functional

1 1 1 2 J J
7(PL) o PO ) = (P e (P ) mija(Po oo Trypp (P ), sy (P ),y (P

where
1
Py oy . () _
Wi‘J( y|Jw 6) T /(; Py|]'w,5 {y € xl\]‘w = wj,g} de

. F(]) )|ZTL(J)) fOI‘ every ,]

and &,(;) 1= w|z(

Condition S.4. There exist positive constants ci, ca, 01, 0, ¢ (L), (s(M), and (;(M), L€ N, M € N
such that the following holds:

(i
(ii

(iii

The distribution of w conditional on z,(;y = z is continuous for every z € Z;, 1 < j < J;

n(j) n(j
SUPP (W) |ens) = €) = SupP(wyy) for every e € [0,1], 1< j < J;

Py .,P( ) yec;

ylw,e " ylwe

3

)
)
)
(iv) Foreachk € KT, var(gg|lw = (w1, ..., wy)' e = (e1,...,e5)) > $*(F1, ..., Fy) and E[(gr/s(F, ..., Fy))*
W = (w1, ...,wy)",e = (e1,...,5)"] < c1 hold for every (wi,...,wy,€1,...,e5) € Wi X --- Wy X
ELx &y
(v) Letting 7™ := Cpjr", Amin B[ (2,,(j)) 7" (2n())] = ¢2 holds for every L and j, where Cpj, L €
N, 1 <5 < J, are constant nonsingular matrices;
(vi) max;sup,cz, 175 (2)|| < 1 (L) for every L € N.
(vii) SuPwew, -z | wl)z(w, z) —rL(z)’ag)(w)\ < e L7 1 < j < J holds with some L-vector a(Lj)(-)
forevery LEN, 1 <5< J;
(viii) Letting sM = Ch;sM, /\minE[gM(Xn(j))gM(Xn(j))] > ¢y holds for every M and j, where

C’MJ, M e N, 1< j<J, are constant nonsingular matrices;
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(ix) max;sup,cx, 1S ()| < C¢(M) and max; SUPyex, 105M (x) /02| < e1¢1 (M) and (s(M) <
CG (M) for every M € N;

(x) supyex, Py(qulﬁ{y € z;lw, e} — sM(x)'g ’j ) < ¢iM~%, holds with some M-vector g for
every M e N, 1 <i<I;1<j<J;

(xi) PY

ylw,e

{y € my)|lw, e}, 1 <i < I;,1 < j < J, are twice continuously differentiable in x = (w,¢).

op (4)
ox y|w €

Moreover, maxi<j<j Max1<;<1; SUPyey, {y € :Ci|j|w 5} H <e¢; and

o2 pl)
oxox’ y|w € {y € 331‘]|U} 8}

Max) <;j<J MaX] <i<[; SUPyey; ‘ <c.

O
Since we use the control function approach to deal with potential endogeneity in w (income), Con-
ditions S.4(i)-(ii) are essential. See Blundell and Powell (2000) and Imbens and Newey (2009) for
further discussion on these types of restrictions. Just like Condition S.2(ii), Condition S.4(iv) is a
version of Condition S.1 that accommodates the two-step series estimation. Conditions S.4(iv)-(xi)
corresponds to standard regularity conditions stated in the context of the two-step approach adopted
in this section: (iv) and (x) imposes uniform approximation error bounds, (v) and (viii) avoid singu-
lar designs (note the existence of the matrices C; and Cjy; suffices), and (vi) and (ix) control the
lengths of (the derivatives of) the series terms used. Condition S.4(xi) imposes reasonable smoothness
restrictions on the (observable) conditional probabilities P;ﬁ}a{y € xjjjlw,e}, 1 <i < [;,1 <5< J.

The next condition impose restrictions on tuning parameters.

Condition S.5. Let 7y, M(j) and L(j), j = 1,...,J satisfy Tv 1 0, /pcTn T 0o, NjL(j)I*Q‘S1 10,
N;M ()7 4L 0, M(5)G (M (5))*L2(5)/N; 4 0, G(M(5)°L(7)/N; 1 0, and G (M (5))*¢(L(5))*/Nj 4 0
and also C(L(5)/N; + L(§)}=2%) <%, < C(L(j)/N;j + L(j)'=%%), for some 0 < C < C.

Proof of Theorem 5.2. The proof follows the same steps as those in the proof of Theorem 4.2,
except for the treatment of the estimator for w. Therefore, instead of the sequence wy, N = 1,2, ...
in P NC, consider a sequence of distributions Fy = [Fin,...,Fyn], N = 1,2,... in Fgc and the

{yEmU|w5}andF(‘) 1<i<I;,1 <5<,

N = 1,2,... such that \/N;/(M(j) Vv L(5)))BY g) — hj,hj <0,1 <j<Jas N — oo, where

TRy = 7T(P(|13)€ ,...,P;[B’EN) whereas the definitions of V(])

SEy = Ery[s™D ()59 (xa(5))'] as well as

corresponding conditional distributions P(|Jw e:Fy

1 < j < J are given shortly. Define

=(i N (s N . .
=) = By [BYSE) (xn() BY @ M0 (x03))sM D (x|



S18 KITAMURA AND STOYE

and
=0 = [BY @ Ly [Ery [mngiyme oo o] [BY @ L]
Sy MG IEFN T (5);Fn " (4); Fy M(j)
where
S (0) = Coviry[djn) PXngs) = s

L / / / /
MpG);Fn = [ml,n(j);FN7m2,n(j);FN7 e ’mlj,n(j);FN] )

Min(j);Fy =

. 0 _(; . ' N |
EFN |:7N(€m(]))PZ§‘|]3)7a7FN {y S :L"L‘]|wm(j)7€m(])} SM(j)(Xm(j))rL(J)(zm(j))/RFN (]) ITL(])(Z

de n(5)) Umn(j):Fy

diljn(j)» Wn(5)s Zn(j) ] :
Ry (7) = Ery [r"9 (zo))r" D (20()']s - tmn(iyiry = HWn(g) < Wi} — FﬁlN (W) 2n () )-

With these definitions, let

N

s N =11 _ /. N —1
v = [Im@@D(j)’ngN) ]EU) [Im@@sg D(j)

with Eg) — gV —|—§éj) . Define

N Tlry Fy
SR )
Viy = Z V FjN'
j=1
Then by adapting the proof of Theorem 7 in Imbens and Newey (2002) to the triangular array for the

repeated cross-section setting, for the j’s that satisfy Condition (iv) we obtain
1
VNV, 2B[r — npy] & N(0,L,).
The rest is the same as the proof of Theorem 4.2. O

APPENDIX B: ALGORITHMS FOR COMPUTING A

This appendix details algorithms for computation of A. The first algorithm is the depth-first
algorithm for generic computation of A. The second algorithm is a refinement using Theorem 3.2.
All implementations are in MATLAB using CVX and are available from the authors. Algorithms use

notation introduced in the proof of Theorem 3.2.

Computing A as in Theorem 3.1.
1. Initialize mj=..=my=1.
2. Initialize [ =2.

3. Set ¢(B1) =Ty 1,---,¢(Bi) = T, i.  Check for revealed preference cycles.
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4. If a cycle is detected, move to step 7. Else:

5. Ifl<J, setl=1+1, my=1, and return to step 3. Else:

6. Extend A by the column [my,...,my] .

7Ta. If my<I;, set m;=m;+ 1 and return to step 3.

To. If my=1; and mj_1 < [j_1, set my=1, mi_1=my_1+1, | =1—1, and return
to step 3.

Tc. If my=1;, m_1=1_1, and my_o < Ij_o, set my=my_1 =1, mi_o=m;_o+1,
l=1—-2, and return to step 3.

C...)

7z. Terminate.

Refinement using Theorem 3.2
Let budgets be arranged s.t. (B, ..., Byr) do not intersect By; for exposition of the algorithm,

assume B is above these budgets.

1. Use preceding algorithm to compute a matrix Apsy1,5_1 corresponding to budgets
(Barst, ..., By), though using the full X corresponding to budgets (By,...,Bs).%

2. For each column apry1—5-1 of Aprr1-7-1, go through the following steps:

2.1 Compute (using preceding algorithm) all vectors aja S.t.(a1a7,Grr41—7-1) 1S
rationalizable.

2.2 Compute (using preceding algorithm) all vectors ay s.t.(ap+1-J-1,07)
is rationalizable.

2.3 All stacked vectors (a}_,,, a4 ,7_1,0) are valid columns of A.

COwWLES FOUNDATION FOR RESEARCH IN EcoNoMics, YALE UNIVERSITY, NEw HAVEN, CT 06520.

E-mail address: yuichi.kitamura@yale.edu

DEPARTMENTS OF EcoNoMICS, CORNELL UNIVERSITY, ITHACA, NY 14853, AND UNIVERSITY OF BONN, GER-
MANY; HAUSDORFF CENTER FOR MATHEMATICS, BONN, GERMANY.

E-mail address: stoye@cornell.edu

23This matrix has more rows than an A matrix that is only intended to apply to choice problems (Basy1, ..., Bs).



