Department of Economics

Single Equation Instrumental Variable Models

- Identification under Discrete Variation -

Konrad Smolinski

Thesis submitted for assessment with a view to obtaining the degree of
Doctor of Economics of the European University Institute

Florence, January 2012



EUROPEAN UNIVERSITY INSTITUTE
Department of Economics

Single Equation Instrumental Variable
Models

- Identification under Discrete Variation -

Konrad Smolinski

Thesis submitted for assessment with a view to obtaining the degree of

Doctor of Economics of the European University Institute

Examining Board:

Professor Richard Spady, Johns Hopkins University (External Supervisor)
Professor Helmut Lutkepohl, European University Institute

Professor Stéphane Bonhomme, CEMFI

Professor Richard Smith, University of Cambridge

© 2012, Konrad Smolinski
No part of this thesis may be copied, reproduced or
transmitted without prior permission of the author

Smolinski, Konrad (2012), Single Equation Instrumental Variable Models: Identification under Discrete Variation
European University Institute DOI: 10.2870/35896



Collaboration

I acknowledge that substatntial parts of this thesis result from an extensive and close colabo-
ration with prof. Andrew Chesher all through my visit at UCL & IFS, London in 2009-2011.
The influence of the intelectual circle around the Centre for Microdata Methods and Practices
is also present throughout these pages.

The second and the third chapters of the thesis follow from joint projects with prof.
Andrew Chesher and were published jointly in the CeMMAP Working Papers Series (CWP).

The second chapter was published under the title IV Models of Ordered Choice and
turned up as CWP37/09. Revised and slightly extended version of this paper was accepted
for publication in the Journal of Econometrics.

The third chapter appeared as CWP11/10 under the title Sharp identified sets for discrete

variable 1V models.

The last chapter is an independent work developed in a parallel to ideas presented in the
CeMMAP Working Paper CWP06/11, An instrumental variable models of multiple discrete

choice, by Andrew Chesher, Adam Rosen and myself.

Smolinski, Konrad (2012), Single Equation Instrumental Variable Models: Identification under Discrete Variation
European University Institute DOI: 10.2870/35896



Acknowledgments

A doctoral thesis is much more than doing research and producing pages. It is a unique
journey through which the author emerges, bravely having navigated turbulent winds of
personal limitations throughout. If anything this is what I learned during my time at the
EUI in Florence and what I experienced in the following years at CeMMAP in London.
Along the way I have met remarkable people who added immensely to my understanding
and to my life. Without their support, encouragement and challenge but also their simple
presence and hearted openness, many ideas and insights in these pages would not have been
possible. To all of them I express my deepest and heartfelt gratitude. However, it is possible
to give particular mention to only some of them here. I owe an additional debt of gratitude

to:

Richard H. Spady, my supervisor at the EUI in Florence who showed me widely opened
doors of conteporary economic thoughts and challenged me in econometrics with courage and

patience.

Andrew D. Chesher, my tutor at CeMMAP in London who presented me to the world of
modern econometrics whom I wish to particularly acknowledge for encouragement, persistence

in scientific inquiry and collaboration with this work and co-authorship of pages to follow.

My fellows from the famous Santa Rosa Community in Florence, Frank Betz, Stephane
Tock and in particular my dearest friend Matej Avbelj, with whom I had the privilege to be

associated and whose growth and development served to illuminate my own.

Georg Duernecker and Andrzej Siodmok for their scientific ingenuity and intellectual

challenge, lasting support and courage to follow through and reach the end of this project.

Olga Milajewa, Malgorzata Renes and Aleksandra Wlodarczyk for inner strength, per-

sonal support, dedication and deep caring in the final year of work on the doctorate.

Mayssun El-Attair, Dominika Renes, Magdalena Silska, Rafal Silski and Agnieszka Sondej

for their faith and hospitality. I thank you all for your friendship.

Colleagues at the EUI, CeMMAP and UCL for wonderful times and inspiration, countless

discussions and endless debates.

Smolinski, Konrad (2012), Single Equation Instrumental Variable Models: Identification under Discrete Variation
European University Institute DOI: 10.2870/35896



Lastly, but by no means least, my deepest gratitude goes to all my dearest colleagues
and friends who empowered my imagination and wonder or enriched me otherwise on the
path towards the Doctorate. They had to bear with me at a time of possession by abstract
concepts with very little patience for anything but a simplicity and sharpness of the ideas to

follow. Above all, your encouragement, support and openness has made this venture possible.

I dedicate this thesis to my grandfather Wlodzimierz Ignatiuk.

Warsaw, January 13, 2012

Smolinski, Konrad (2012), Single Equation Instrumental Variable Models: Identification under Discrete Variation
European University Institute DOI: 10.2870/35896



Contents

1 Instead of Introduction 9
1.1 Preface. . . . . . . . 9
1.2 Content of the Thesis . . . . . . . . . . . . 11

2 IV Models of Ordered Choice 13
2.1 Introduction . . . . . . . . .. 13
2.2 An IV model for ordered outcomes . . . . . . . ... ... 16
2.3 Identified sets with discrete endogenous variables . . . . . .. .. .. .. ... 18

2.3.1 Identification . . . . . . . . .. 18
2.3.2 Geometry of the identified set . . . . . . ... ... ... ... ... .. 21
2.3.3 Characterisation of the identified set . . . . . . . . . . . .. ... ... 24
2.4 Discreteness and identified sets in a parametric ordered probit model . . . . . 26
241 Models. . . . . . 26
2.4.2 Calculation procedures . . . . . . . ... L 28
2.4.3 Illustration A1 . . . . . . . 28
2.4.4 Illustration A2 . . . . . . e 30
2.4.5 Illustration B1 . . . . . . . .. 32
2.5 Concluding remarks . . . . . ... 33

3 Sharp identified sets for discrete variable IV models 49

3.1 Introduction . . . . . . . . . L. 49
3.1.1 The single equation instrumental variable model . . . . . .. ... .. 52
3.1.2 Relation to earlier work . . . . . . . . . ... 53

5

Smolinski, Konrad (2012), Single Equation Instrumental Variable Models: Identification under Discrete Variation
European University Institute DOI: 10.2870/35896



3.1.3 Planof thepaper . . . . . . . . .. ... 56

3.2 Theidentified set . . . . . . . ... 56
3.3 Sharp set identification of the structural function . . . ... ... ... ... 60
3.3.1 Upper and lower bounds . . . . . . .. ... ... ... ... ...... 71
3.3.2 Construction of a joint distribution of U and X . . . . . . . . ... .. 72
3.3.3 An alternative derivation of the set &(2z) . . . . . . . ... ... . ... 76
3.3.4 Binary outcomes . . . . ... ... Lo 78
3.3.5 Relationship to earlier results . . . . . .. ... ... ... ... 79
3.3.6  Alternative expressions for the bounds . . . . . . ... ... ... ... 81
3.4 Bounding inequalities for continuous endogenous variables . . . . . . .. ... 84
3.5 [Illustrative calculations, computation and estimation . . . . . .. .. ... .. 89
3.5.1 Examplesof bounds . . . ... ... ... ... ... ... ... ... 89
3.5.2 A Mathematica notebook . . . . .. ... ... ... ... ... ..., 91
3.5.3 Computation and estimation . . . . . . . ... ... ... ... .... 92
3.6 Concluding remarks . . . . . . . . ... 94

4 Core determining indexes for set identified models with discrete observ-

ables 105
4.1 Setup . . .. 108
4.1.1 Themodel . . . . . . . . . 108
4.1.2 Elemental level sets. . . . . . . . .. ... Lo 109
4.1.3 Identified set . . . . . . . .. 110
4.2 The Core . . . . . . e 111
4.2.1 Tightening bounds . . . . . . .. .. ... oo 111
4.2.2 Determinig the core . . . . . . . . ... Lo 114
4.3 Algorithm . . . . . . .. 115
4.3.1 Notation . . . . . . . . . 116
4.3.2 Construction . . . . . . .. 119
4.3.3 Concluding remarks on the algorithm . . . . . . . . ... .. ... ... 121
4.4 Tlustration . . . . . . .. L 122

Smolinski, Konrad (2012), Single Equation Instrumental Variable Models: Identification under Discrete Variation
European University Institute DOI: 10.2870/35896



4.4.1 Ordered Outcome IV Models . . . . . . . . . . ... ... ... .... 123
4.4.2 The algorithm in action . . . .. .. ... ... ... .. ... 126

4.5 Concluding remarks . . . . . . . ..o 131

Smolinski, Konrad (2012), Single Equation Instrumental Variable Models: Identification under Discrete Variation
European University Institute DOI: 10.2870/35896



Smolinski, Konrad (2012), Single Equation Instrumental Variable Models: Identification under Discrete Variation
European University Institute DOI: 10.2870/35896



Chapter 1

Instead of Introduction

1.1 Preface

Over the last decade, substantial interest in theoretical econometrics and microeconometrics
has been directed towards nonparametric models. Much work has been devoted to the devel-
opment of novel identification and estimation technieques and in particular, to the identifying
power of econometric models under various types of restrictions. Notable attention has been
focused on the conditional independence restriction and instrumental variable methods for
both continuous and discrete data problems. This immense effort has led to tremendous
outcomes in terms of theoretical findings and most importantly, new empirical practices.

Nowadays, we face an apparent emphasis on minimal restrictions of nuisance parameters of
the model, with a focus on specific structural features at the same time. New models permit
the relaxation of implausible restrictions frequently superimposed unwillingly in empirical
analysis of plain old econometric models.

In this spirit, recent developments in microeconometrics have given rise to increasing
interest in partially identified models. In these models, for the credibility of claims, the
feature of interest is bounded to a set rather then constituting of a point in the space of
parameters or functions. This in turn has its own place in economic practice.

Among many appealing and commonly investigated economic circumstances, partial iden-
tification frequently arises in econometric inquiry when researchers are faced with discrete
data, omnipresent in survey studies. Examples consider a very general class of the limited

information discrete outcome models with endogeneity when very little is known about the
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genesis of the process generating endogenous variable.

This thesis contributes to the aforementioned line of research and seeks to address a
somewhat limited, but I believe important, range of issues in a great depth. These issues are
concerned with the specification of identified sets in so-called single equation models with
endogeneity. We achieve identification via instrumental variable restrictions and focus on

discrete outcomes as well as discrete endogenous variables.

Our focus on discrete, ordered outcome models complements the vast majority of re-
search on econometric design under continuous variation. The latter, even though theoret-
ically sound, often becomes practically infeasible. We believe that this study provides a
level of unity to the partial identification framework as a whole and makes steps forward in
understanding some aspects of single equation instrumental variable models under discrete

variation.

10

Smolinski, Konrad (2012), Single Equation Instrumental Variable Models: Identification under Discrete Variation
European University Institute DOI: 10.2870/35896



1.2 Content of the Thesis

The thesis is organized as follows. Chapter I studies single equation instrumental variable
models of ordered choice in which explanatory variables may be endogenous. This chapter
provides results on the properties of the identified set for the case in which potentially en-
dogenous explanatory variables are discrete, with a sharpness result when the endogenous
variable is binary. The results are used as the basis for the calculations showing the rate of
shrinkage of the identified sets as the number of classes, in which the outcome is categorized,

increases.

Chapter II discusses general characterization of the identified sets of structural functions
when endogenous variables are discrete. Identified sets are unions of large numbers of convex
sets and may not be convex or even be connected. Each of the component sets is a projection
of a convex set, that resides in a much higher dimensional space, onto the space in which a
structural function resides. We develop a symbolic expression for this projection and give a
constructive demonstration that it is indeed the identified set. Also, we develop an expression
for a set of structural functions for the case in which endogenous variables are continuous
or mixed discrete-continuous and show that this set contains all structural functions in the

identified set in the non-discrete case.

In Chapter III we introduce core determining partitions, indexes and sets for the models
with discrete observables and continuous latent heterogeneity. Core determining indexes and
sets give rise to the finite number of the core determining inequalities, i.e. the collection
of the ultimate identification questions. We introduce an algorithm to deliver the core de-
termining indexes and illustrate the method for the ordered outcome instrumental variable

model studied in previous chapters.
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Chapter 2

IV Models of Ordered Choice

This paper studies single equation instrumental variable models of ordered choice in which
explanatory variables may be endogenous. The models are weakly restrictive, leaving unspec-
ified the mechanism that generates endogenous variables. These incomplete models are set,
not point, identifying for parametrically (e.g. ordered probit) or nonparametrically specified
structural functions. The paper gives results on the properties of the identified set for the
case in which potentially endogenous explanatory variables are discrete. The results are used
as the basis for calculations showing the rate of shrinkage of identified sets as the number of

classes in which the outcome is categorised increases.

2.1 Introduction

This paper studies single equation instrumental variables models for ordered outcomes in
which explanatory variables may be endogenous. These models arise in structural econometric
analysis of individuals’ choices amongst ordered alternatives, or of individuals’ attitudes
arranged on an ordinal scale and they arise in many other settings in which data are interval
censored continuous outcomes.

A common ploy when dealing with endogenous variation in a discrete response situation is
to presume that the discrete response is generated in a recursive, triangular system along with
the endogenous variable. Then, calling on some further restrictions, a control function method

is used as the basis for identification and estimation. See for example Smith and Blundell
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(1986), Rivers and Vuong (1988), Blundell and Powell (2003, 2004), Chesher (2003).1

Unfortunately this strategy does not generally work when endogenous variables are dis-
crete.? And, as explained in Chesher(2009), the control function approach exploits strong
restrictions concerning the process generating the endogenous variables, restrictions which
may not be found plausible in many econometric settings. By contrast here we work with a
model which is far less restrictive in this regard, imposing conditions only on the structural

function generating the discrete response.

The model requires that a scalar ordered outcome Y, with M > 2 points of support, is
determined by a structural function h(X,U) which is weakly monotone in scalar unobserved
U. The observed vector of explanatory variables, X, and U may not be independently
distributed. However the model requires that U be distributed independently of instruments,
Z. We call the model a Single Equation Instrumental Variable (SEIV) model. The SEIV
model places no restrictions at all on the process generating the endogenous variable, X, and

in this respect is incomplete.

Thinking about Manski’s (2003) “Law of Decreasing Credibility” encourages us to take this
approach. It allows one to see what is lost by relaxing the strong restrictions of the triangular
control function model. It turns out that what is lost is point identification because the SEIV
model is generally set not point identifying. Dropping the restrictions of the control function

model leads to ambiguity.

This paper focusses on models with discrete endogenous variables, having K points of
support, {z1,...,2x}, and explores the identified sets the SEIV model delivers. The main

results are now summarised.

Since the structural functions of a SEIV model are monotone in scalar U there is a

threshold crossing representation in which U is normalised marginally uniformly distributed

The control function approach is used quite widely in applied econometric practice. STATA, Stata-
corp(2007) and LIMDEP, Greene (2007), are examples of widely used proprietary software suites armed with
commands to conduct control function estimation of models of binary responses.

2Chesher (2005) gives partial identification results for a control function model with discrete endogenous
variables.
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on the unit interval.

M |, hya(X)< U <1

\

In the discrete endogenous variable case a nonparametrically specified structural function,
h, is characterised by N = K x (M — 1) parameters, denoted , which are the values of the
M — 1 threshold functions at the K values of X.

Let H°(Z) denote the set of values of v identified by the SEIV model given FV

vXx|z» @

probability distribution for ¥ and X conditional on Z, when Z takes values in a set Z. Each
structural function is characterised by a point in the unit N-cube and H%(Z) is a subset of
that space.

The identified set delivered by a nonparametric SEIV model is shown to be a union of
convex sets each defined by a system of linear equalities and inequalities. The number of sets
involved can be enormous in what at first sight seem to be small scale problems. For example
when M = K = 5 there may be over 300 billion component sets. The result is generally not
a convex set unless instruments are strong. We give examples in which the identified set is
not convex and, indeed, not connected. Shape restrictions (e.g. monotonicity) or parametric
restrictions can bring substantial simplification.

A system of inequalities given in Chesher (2008) defines an outer set, C°(Z), within which
the SEIV model’s identified set lies. We develop expressions for these inequalities for the
M outcome, discrete endogenous variable case. We propose a second system of inequalities
defining a set of values of v, D°(Z), and show that the identified set resides in the intersection
C'(2)=C(2)nDO(2).

When the outcome Y is binary C°(Z) is a subset of DY(Z) and, as shown in Chesher
(2008), in that case C°(Z) is the identified set H°(Z). Here we show that when the endogenous
variable is binary C°(Z) is the identified set however many categories there are for Y.

Finally we examine the impact of response discreteness on the identified sets. The discrete
response model studied here is a non-additive error model and the results for such models

for continuous outcomes given in Chernozhukov and Hansen (2005) show that there can be
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point identification in SEIV models when observed responses are continuous. So it is to be
expected that as the number of categories observed rises there is reduction in ambiguity and

an approach to point identification.

We investigate this in the context of a model with parametrically specified structural
functions such as arise in ordered probit models. We find that in the cases considered identi-
fied sets for a parameter such as a coefficient in a linear index shrink at a rate approximately
equal to the inverse of the square of the number of classes in which the outcome is cate-
gorised. In the example, when Y is categorised into 10 or more classes, the SEIV model

delivers identified sets which are very small indeed.

The paper is organised as follows. Section 2.2 give a formal definition of the SEIV model

and defines its identified set of structural functions.

Section 2.3 develops the main results for nonparametrically specified structural func-
tions with discrete endogenous variables. In Section 2.3.1 a piecewise uniform system of
conditional distributions of U given X and Z is introduced and conditions under which a
structural function lies in the identified set are stated. The geometry of the identified set for
nonparametrically specified structural functions is discussed in Section 2.3.2 and systems of
inequalities obeyed by values of these functions that lie in the identified set are set out in

Section 2.3.3 Proofs of propositions are given in an Annex.

Section 2.4 illustrates the results using a parametrically specified model which, in the
absence of endogeneity, would be a conventional ordered probit model. This Section gives
results on the rate of shrinkage of identified sets as the number of categories of the discrete

outcome increases. Section 2.5 concludes.

2.2 An IV model for ordered outcomes

In the SEIV model a scalar ordered outcome Y is determined by observable X, which may

be a vector, and unobserved scalar U. Restriction 1 defines admissible structural functions.
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Restriction 1. Y is determined by a structural function as follows:

Y = h(X,U) =

M thl(X)< U ShM(X)

\

with, for all x, ho(x) = 0 and hy(z) = 1 and for all x and m, hp(z) > hp_1(z). U is

normalised to have a marginal uniform distribution on [0, 1].

Specifying the values of Y to be the first M integers is an innocuous normalisation because
Y is an ordered outcome.

U and X are not required to be independently distributed so the model allows elements of
X to be endogenous. However U is required to be distributed independently of instrumental

variables, Z, as set out in Restriction 2.

Restriction 2. U and instrumental variables Z which take values in some set Z are inde-
pendently distributed in the sense that the conditional distribution function of U given Z = z

satisfies Fyz(ulz) = u for all u € [0,1] and z € Z.

Restriction 1 excludes the instrumental variables from the structural function. Neither
restriction imposes any conditions on the process generating X. Now consider the identifying
power of this model.

Let FO

YX|Z denote some distribution function of ¥ and X conditional on Z. Imagine a

situation in which data are informative about this distribution for values of Z that lie in a
set Z. If this distribution function is compatible with the SEIV model then there exists (i)

a structural function h® with threshold functions {h9 }M_, and (ii) a distribution function

0
FUX|Z’

h = hO and FUX|Z = FI(J)X|Z

both admitted by the SEIV model and such that the following condition holds when

nglz(m,bﬂz) = Fyx|z(hm(z), z|2), for all: z € Z, m and =z. (2.1)

There may be more than one admissible structure (h, Fyrx|z) satisfying (2.1) because

it may be possible to compensate for variations in the x-sensitivity of the threshold func-
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tions {hm}%le by adjusting the u- and z-sensitivity of Fy x|z leaving the left hand side of
(2.1) unchanged while respecting the independence Restriction 2. So the model is partially
identifying.

For a distribution F{} let S°(Z) denote the set of structures identified by the model

X|Z
comprising Restrictions 1 and 2. This is the set of structures admitted by the SEIV model
and satisfying (2.1). The set of structural functions identified by the model, denoted H°(Z),

is the set of structural functions h which are elements of structures lying in the identified set.
HO(Z> = {h : Jadmissible FUX|Z s.t. (h, FUX|Z) S SO(Z)}

The set H°(Z) is a projection of the set S°(Z).

This set is difficult to characterise and compute when X is continuously distributed be-
cause determining whether there exists a distribution function Fyyx|7 that can accommodate
a particular structural function may require searching across an infinite dimensional space of
functions.

However Chesher (2008) shows that when Y is binary the identified set is determined by
a system of inequalities in which the distribution function Fy x|z does not appear. One of
the contributions of this paper is a similar result for the case in which a scalar endogenous
explanatory variable X is binary and Y takes any number of values.

When X is discrete, say with K points of support, the distribution function Fy x|z can
be characterised by a finite number of parameters for each value of Z and the identified set
can be computed when M and K are not too large. The remainder of the paper studies the

case in which the explanatory variable, X, is discrete.

2.3 Identified sets with discrete endogenous variables

2.3.1 Identification
When X is discrete and K-valued with X € {z;}X,, the threshold functions are characterised
by the parameters
Ymi = ham (), me{0,.... M}, ie{l,...,K}
18
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of which N = (M —1)K are free, that is not restricted to be zero or one. Define v; = {ymi }M_,
and v = {y £, with | for alli € {1,..., K}, v0: = 0, vs; = 1.

In the discrete X case an identified set of structural functions is a set of values of -,
comprising a subset of the unit N-cube.

When determining whether a structural function characterised by a value of v lies in the
identified set it is sufficient to search across distribution functions which, at each value z of

the instrumental variables are characterised by the following parameters.

5mij(Z)EFU\XZ(’Ymi’~TjaZ)7 mG{O,l,...,M}, (i,j)E{l,...,K}

Let (z) denote the list of values Byi;(2), m € {1,..., M}, (i,5) € {1, ..., K} for some value
z. For all (i,7) € {1,..., K} define o;j(2) = 0 and Bar5(2) = 1. Let 3(Z) denote the list of
values of 3(z) generated as z varies across Z.

Values fp;j(2) with ¢ = j are relevant because observational equivalence requires that if

~ lies in the identified set then for each z € Z, m and ¢ the equality

Fyixz (ymil®i, 2) = Fy|x z(m|a;, 2) (2.2)

must hold. The conditional distribution F )0(‘  is identified so (2.2) is effectively the observa-
tional equivalence condition (2.1).
The independence restriction together with the uniform distribution normalisation of the

marginal distribution of U requires that for each m, ¢ and z the following condition holds:

K
Ez—Fuixz (il X, 2)) = D Fuixz (ymiles, 2) Pro[X = 212 = 2] = Y (2.3)

j=1
so values of f,;;(2) with ¢ # j are also relevant. Here Eg(‘ 4, indicates expectation taken
with respect to the distribution F' )Oq , with the conditioning variable Z taking the value z.
So, for each point x; in the support of X the values of the conditional distribution
functions, Fy xz(ulzj, z), at each value of u € 7 are relevant when determining whether
~ is in the identified set. Other values of u are not relevant because they play no role in
the fulfillment of the observational equivalence condition (2.2) or the independence condition

(2.3).
19
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If 4y, and 7,y are adjacent® values of the threshold parameters then the definition of
Fy|x 7z for any values, z; and z of the conditioning variables can be completed by connecting
Fy\xz(Ymilzj, 2) and Fyyx z(Ymeir |25, 2) with straight line segments delivering histogram-like
piecewise uniform conditional distributions.*

Let Prg denote probabilities calculated using a particular distribution function F}(l x|z

Define conditional probabilities for X given Z:

() =PrX =xi|Z2=2 ie{l,...,K}
and define 6°(z) = {0%(2)}£ . Let

0i(2) = Pr[X = x| Z = 2] ie{l,...,K}

be conditional probabilities of X given Z

Define conditional probabilities and cumulative probabilities of the outcome:

Q. ()=PrlY =m|X =2;,Z=2], mec{0,....,.M}, ic{l,....,K}
m
a%(z) =) adi(z),  me{0,...,M}, ie{l,... K}
n=0

with a,(2) = 0 for all i and z, and lists of conditional probabilities as follows.
K
o} () = {ani(2) m= a’(z) = {a}(9)},,

ad(z) = {a% (=)}, a(2) = {ad(=)}

Consider a structure characterised by

1. ~: a list of values of threshold functions,

2. B(2): alist of values of conditional distribution functions of U given X and Z obtained

as Z takes values in Z, and,

3If there is no st € v such that vm; < Vst < Ymsis then ymi and 7,,7;s are adjacent.
4Using straight line segments ensures that the independence condition:

EX\z=:[Fuixz (u|X,2)] = u

holds for all w € (0,1) and z € Z.
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3. 6(2): a list of values of conditional probabilities of X given Z = z, §(2) = {0;(2)}X,

where 0;(z) = Pr[X = z;|Z = 2], obtained as z varies across Z.

Such a structure lies in the set identified by the SEIV model associated with probabilities
a%(z) and §°(2) and a set of instrumental values Z if and only if the following three conditions

hold for all z € Z.

I1. Observational equivalence. For m € {1,..., M} andiec{1,...,K}
Bimii(2) = Gmi(2)  8i(2) = & (2)

I2. Independence. For m € {1,... .M} andi € {1,...,K}

K

Z 5?(2)577113'(2) = Ymi-

j=1
I3. Proper conditional distributions. For (m,n) € {1,..., M} and (3,j,k) € {1,..., K}

if Ymi < Ynj then 6mzk(z) < ank(z)-

2.3.2 Geometry of the identified set

When determining whether a particular value of « lies in the identified set, the ordering of
the elements of v is crucial in determining whether there exist distribution functions which
satisfy condition I3.

There are L = (K(M — 1))!/((M — 1)!)¥ admissible orderings of the N elements of v
which are not restricted to be zero or one.> For example, when M = 3 and K = 2, there
are 6 of the possible 24 orderings that are admissible. The 18 inadmissible orderings have
Y11 > Y21 OF 712 > Y22 or both.

Let [ index the admissible orderings of 7. For each | € {1,...,L} define sets S?(z) and

HY(2) as follows.

SP(2) = {(7, B(2),6(2)) : 7 is in order [ and (v, B(2),8(2)) respects 11-13}

"There are (K (M — 1))! permutations of the free elements of . Amongst these only 1 in each (M — 1)!
have a sequence v; in ascending order and there are K such sequences to be considered so only 1 in each
(M — 1)1 have all these sequences in ascending order.
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Table 2.1: Number of admissible orderings of gamma with (upper) and without (lower)
monotonicity wth respect to X

Monotonicity with K
’ M ‘ respect to X 2 3 4 \ 5

2 Yes 1 1 1 1
No 2 6 24 120

3 Yes 2 5 14 42
No 6 90 2,520 113,400

4 Yes 5 42 462 6006
No 20 | 1,680 369, 600 168, 168,000

5 Yes 14 462 24,024 1,662,804
No 70 | 34,650 | 6,306,300 | 305,540,235, 000

HY(2) = {~:~isin order l and 3 (B(z),6(2)) s.t. (v,8(2),d(z)) € Slo(z)}

The set S (z) is the set of structures admitted by the SEIV model that have v in order [ and
deliver the distribution F> x|z for Z = z. The set HY(z) is the projection of this set onto the
component v, that is onto the structural function.

Since for any ordering, [, conditions I1-I3 comprise a system of linear equalities and
inequalities, each set Slo (z) is convex, or empty. It follows, from consideration of the Fourier-
Motzkin elimination algorithm®, that the set H(z) is also defined by a system of linear
equalities and inequalities, so it is also convex or empty.

The identified set of values of « in order [ obtained as z takes all values in the set of

instrumental values Z, denoted HY(Z), is the following intersection of the sets H?(2):

H(2)= () H)(2)

zEZ

which is convex or empty. The identified set of values of « of all orders is the union of the

sets HY(Z), as follows.

L
H(z) =Jn'z
=1

Thus the identified set of values of v, that is the identified set of structural functions, is a
union of convex sets but that union may not itself be convex.
If there is a value [ such that #H;(Z) contains values of 7 in which no pair of elements have

a common value and for more than one value of [ there are sets H;(Z) which are non-empty

6See Ziegler (2007).
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then the identified set is not connected.

This is so because each set H;(Z) lies in one of the N! orthoschemes” of the unit N-cube
and the orthoschemes have intersections only at their faces where there is equality of two or
more elements of . In the example in Section 2.4 there are a number of cases in which the

identified set is disconnected.

When instruments are strong or there are highly informative additional restrictions (for
example parametric restrictions) the sets H;(Z) may be empty for all but one value of [
and then the identified set is convex. Otherwise the identified set may be very irregular and
complex, composed of the union of a very large number of convex subsets of the identified
set. With M and K as low as 4 the value of L is 369,600 and as M or K increase the value

of L quickly becomes astronomical.

Additional restrictions can bring some simplification. For example suppose the threshold
functions are restricted to be monotone in a scalar explanatory variable X, with a common

direction of dependence, say all non-decreasing.

The problem of finding the number of admissible orderings of ~ under this restriction
can be recast as the problem of finding the number of ways of filling a (M — 1) x K matrix
with the integers {1,2,..., (M — 1)K} such that the array increases both across columns and
across rows. With K = 2 this is the Catalan number ﬁ(i(]{‘f:ll))) and the restriction of

monotonicity with respect toX brings an (M — 1)-fold reduction in the number of admissible

orderings.

Table 2.1 shows the value of L for values of M and K up to 5 together with the number
of admissible orderings once monotonicity with respect to X is imposed.® The monotonicity
restriction can bring large reductions in numbers of admissible orderings but when M or K

are at all large there remain huge numbers of admissible orderings of ~.

"The orthoschemes of the unit cube are the regions within which points obeying a particular weak ordering
of coordinate values lie. For example in a 3-cube within which lie (z,y, z) there are 6 orthoschemes defined
by the inequalities z <y < z, y < z < 2, etc. See Coxeter (1973).

8The row and column ascending matrices encountered here are special cases of Young Tableaux. The
NumberOfTableaux command in the Combinatorica package (Pemmaraju and Skienka, 2003) of Mathematica
(Wolfram Research, Inc., 2008) was used to compute those entries in Table 2.1 in which montonicity with
respect to X is imposed.
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2.3.3 Characterisation of the identified set

Chesher (2008) shows that all structural functions in the set identified by the SEIV model
associated with a conditional distribution function F{} x|z and a set of instrumental values Z

satisfy the following inequalities for all u € (0,1) and z € Z.
ProlY < h(X,u)|Z = z] < u < Pro[Y < h(X,u)|Z = 2]
In terms of threshold functions these inequalities are as follows.
M M
Z Pro[(Y =m) A (hp(z) <u)|Z =2z] <u < Z Pro[(Y = m) A (hm—1(z) < u)|Z = 2]
m=1
For the discrete endogenous variable case, there is the following representation.
K M-1
Z 69( 2)1(Ymi < w) <u<2250 )1 (Ym—1,i < u) (2.4)
i=1 m=1 i=1 m=1

These inequalities have implications for v as set out in the following Proposition which is

proved in the Annex.

Proposition 1. For any z, if the inequalities (2.4) hold for all w € (0,1) then for all | €
{1,...,M} and s € {1,..., K} the following inequalities hold.

M-1

K
Z 5 <7mz < f)/ls < Vis < Z Z 50 (me 1,3 < '7[5) (25)

i=1 m=1 i=1 m=1

For any ordering [ of v let CP(z) denote the set of values of v that satisfy the inequalities
(2.5) of Proposition 1. Since these inequalities define an intersection of halfspaces each set

CZO (z) is convex or empty, as is its intersection
= () (=)
z2€Z

Define CY(Z) as the set of values of v of any ordering that satisfy the inequalities of Proposi-

tion 1 for all z € Z when calculations are done using a distribution FY x|z This is the union
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of the sets CP(2):
L
c¢'(z)=Jal@)
=1

and, like the identified set, H°(Z), the set of values 7 defined by the inequalities of Proposition

1, C°(Z), is a union of convex sets. It may not itself be convex nor need it be connected.

Chesher (2008, 2009) shows that, when Y is binary, C°(Z) is precisely the identified set,

H°(Z). When Y is not binary this may not be so.

This can be seen by considering Proposition 2, proved in the Annex. Proposition 2,
which follows directly from conditions I1-13, places restrictions on values of + that lie in the
identified set. It will be demonstrated in Section 2.4 that there can be values of v which

satisfy the inequalities of Proposition 1 and fail to satisfy the inequalities of Proposition 2.

Proposition 2. If v lies in the identified set associated with probabilities a°(z) and 6°(z)
for instrumental values, z, varying in Z, then for all (m,n) € {1,..., M} with n > m and

all i € {1,..., K} there are the following inequalities, (i) for each z € Z:

Vi = Ymi > 6 (2) (Gni(2) — i (2)) (2.6)
and (ii):
Yoi = i > max (07 (2) (Gni(2) = Fmi(2))) - (2.7)

Let DY(Z) denote the set of values of v that satisfy the system of inequalities (2.7) of

Proposition 2. Since D°(Z) is an intersection of halfspaces it is a convex set.

Values of ~ that lie in the set identified by the SEIV model obey the inequalities of
Proposition 1 and Proposition 2 so the identified set lies in the intersection of the sets defined

by the inequalities of the two Propositions as stated in Proposition 3.

Proposition 3. The identified set, H'(Z), is a subset of C°(Z) = C%(Z)ND°(2).

Like C°(Z) the set C°(Z) is a union of convex sets as can be seen by expressing it as

follows.

c’(2) =

Crw=

(C'(2)nD°(2))

=1
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When Y is binary the inequalities (2.6) of Proposition 2 reduce to the following.
07 (2)ali(2) <y S 1+ 0(2)(1 = afy(2)) i€ {l,....K} (2.8)

The inequality (2.5) of Proposition 1 requires that

K
250 2)ali(2) Sy <14 8 (2)(1—alj(z))  ie{l,...,K} (2.9)

j=t

and it is clear that (2.8) is satisfied if (2.9) is satisfied. Therefore when Y is binary C%(Z) C

DY(2Z) so C°(Z) = C°(2) confirming the result of Chesher (2008) for the binary endogenous
variable case: for binary Y, C%(Z) is the identified set H°(Z).

If the explanatory variable, X, is binary then éO(Z) is the identified set, as stated in

Proposition 4, which is proved in the Annex.

Proposition 4. When X is binary H°(Z) = éO(Z) no matter how many points of support
Y has.

The inequalities defining C°(Z) of Proposition 4 involve probabilities about which data
is informative and the value ~ that characterises a structural function. The values of the
elements of 3(Z) that define the conditional distribution functions of U given X and Z do
not appear in these inequalities. So Proposition 4 points the way to fast computation of the
identified set. In Section 2.4 it provides the basis for computations that illustrate identified
sets in a parametrically restricted ordered probit model with a binary endogenous variable

and from M = 2 to M = 130 points of support for the ordered outcome Y.

2.4 Discreteness and identified sets in a parametric ordered

probit model

2.4.1 Models

We now investigate the nature of the identified sets delivered by a parametric ordered probit

model with a binary endogenous variable. In this model the structural function is paramet-
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rically specified, as follows.

1, 0< U <®(s (e —ap— a1 X))
v — 2 a P(s(e1 —ap — a1 X)) < U § (s (c2 — ap — a1 X)) (2.10)

M , ®(seyr—ao—a X)) < U <1

Here ® denotes the standard normal distribution function, the constants ci,...,cp—1 are
threshold values defining cells within which a latent normal random variable is classified, and
ap, a1 and s are constant parameters. Throughout X is binary with support {—1,+1}, There
is the independence restriction: U L Z, U is normalised Unif(0,1).

In one portfolio of illustrations (A) the model specifies the values of the threshold param-
eters c1,...,cpy—1 as known, and s as known and normalised to one. This leaves just two
unknown parameters, ag and a1, and it is easy to display the identified sets graphically. In
these illustrations M, the number of levels of the outcome, is varied from 2 to 130.

In another illustration (B) M is held fixed at 3 and the model specifies the thresholds,
c1 and co, along with the slope coefficient, a;, as unknown parameters. In these illustrations
the values of ag and s are normalised to respectively 0 and 1.

In all cases the instrumental variable takes equally spaced values in the interval [—1, 1].

There are a number of reasons for choosing this particular parametric model and set up

for this exercise.

1. Many researchers doing applied work will base their analysis on parametric models and

the ordered probit model is a leading case considered in practice.

2. When studying the impact of the discreteness of the outcome on identified sets it is
convenient to have objects like the parameters ag and a; which remain stable with a

common meaning as the discreteness of the outcome is varied.

3. The number of unknown objects in a fully nonparametric analysis is N = K (M —1) and
the identified set can be highly complex comprising the union of an enormous number
of sets associated with each possible ordering of the N values delivered by the structural

function - see Table 2.1. The parametric model severely restricts the number of feasible
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orderings and, as explained below, it is not necessary to search across many possible

orderings when determining the extent of the identified set.

2.4.2 Calculation procedures

The calculation of an identified set of parameter values for a particular distribution F{l x|z
and set of instrumental values Z proceeds as follows.

A fine grid of values of the parameters (e.g. ap and a; in the illustrations in set A) is
defined. A value, say (ag, aj) is selected from the grid and the value of v, say v*, determined
by (ay,aj) is calculated. Recall that «y is a list of values of the threshold functions defined
by a model at the points of support of the discrete endogenous variable.

With a value 4* to hand the ordering of its elements, say [*, is determined and the
linear equalities and inequalities defining the convex set H{ (Z) can be calculated. In all the
illustrations, because X is binary, H (Z) = C.(Z). If v* falls in this set then (af,a}) is in
the identified set, otherwise it is not.

Passing across the grid the identified set is computed. Care is required because the set
may not be connected and sometimes component connected subsets of the identified set can be
small. To avoid missing component subsets, dense grids of values are used in the calculations

presented here.

2.4.3 Illustration A1l

The probability distributions used in this illustration are generated by triangular Gaussian

structures with structural equations as follows.

Y* = ar X +W
X* = 0524V
.
1 —0o< Y* <¢g
2, a< Y* <ey -1, —0o< X* <0
Y = X =
+1 0< X* <+
M , cpy1< Y <4
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Table 2.2: Illustration Al: Threshold values

Number of Classes: M ‘ Threshold Values (¢;) ‘ Shading in Figure 1
2 {0.0} red
4 {£0.1,0.0} blue
6 {£0.3,£0.1,0.0} red
8 {%£0.7,40.3,£0.1,0.0} blue
10 {£1.1,£0.7, £0.3,£0.1,0.0} red
12 {£1.5,£1.1,£0.7,40.3,£0.1,0.0} green
14 {£1.8,£1.5,£1.1,40.7,£0.3,£0.1,0.0} black

The value of «; in this illustration is 1 and the distribution of (W,V) is specified to be
Gaussian and independent of Z.

0 1.0 0.5
|Z ~ Ny )

Vv 0 0.5 1.0
These structures are closely related to a special case of the parametric Gaussian models of
discrete outcomes studied in Heckman (1978).
Expressed in terms of a random variable U which is uniformly distributed on the unit

interval the structural functions are as follows.

1, 0< U <®(cr + X)

, P +X)< U <P+ X)

WX, U)

M , Plcy1+X)< U <1

There are 10 values in Z as follows.

Z = {+1.0,+0.777, £0.555, +0.333, +0.111}

In this illustration the number of classes in which Y is observed is increased from 2

through 14 with threshold values as set out in Table 2.2.

Identified sets for the two parameters, (ag,a;), are drawn in Figure 1. The sets are
rhombuses arranged with edges parallel to 45° and 225° lines. Identified sets are superimposed

one upon another.
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The largest rhombus drawn in Figure 1 is the identified set with M = 2. Because the
outcome is binary this is the set C°(Z).

The identified set with M = 4 is the rhombus comprising the lowest blue chevron and
what lies above it but excluding a narrow strip on the edge of the two upper boundaries. This
narrow strip (coloured dark blue) is the set C°(2)NDY(Z). Notice that this does not extend all
the way along the upper edges of the set because for the case M = 2, C%(Z) = C°(2) C D°(2).

The identified set with M = 6 (respectively 8) is the rhombus comprising the second
lowest red (respectively blue) chevron and all that lies above it apart from the narrow dark
blue shaded strip on the edge of the two upper boundaries.

The identified set with M = 10 is disconnected and comprises the two small red shaded
rhombuses in the upper part of the picture. The identified set when M = 12 is the small
green shaded rhombus in the centre of the picture and the identified set when M = 14 is
the tiny black shaded rhombus at the intersection of the horizontal and vertical dashed lines.
Further increases in numbers of classes deliver sets which are barely distinguishable from
points at the scale chosen for Figure 1.

As the number of classes rises the extent of the identified sets falls rapidly but the passage
towards point identification is complex and even when the sets are quite small they can be

disconnected.

2.4.4 Illustration A2

In this illustration the class of structures generating probability distributions is as in Illus-

tration Al and, as there, a; = 1. But there are now 5 values in Z as follows
Z ={+1.0,+£0.5,0.0}
and the number of classes is varied through the following sequence.
M € {2,4,6,8,10,12, 14,16, 18,25,50, 75}

Threshold values are chosen to “cover” the main probability mass of the distribution of Y

marginal with respect to X and Z. They are chosen as quantiles of a N (0, (2.4)?) distribution
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associated with equally spaced probabilities in [0,1], e.g. {1/2} for M = 2, {1/3,2/3} for
M = 3. The identified sets are drawn in Figure 2-5.

Figure 2 shows identified sets for M = 2 (red), M = 4 (blue) and M = 6 (green). Notice
that in the latter two cases the identified sets are disconnected comprising two rhombuses. On
the upper edges of the upper rhombus in the case M = 4 is a narrow dark blue strip marking
the intersection C°(Z) NDY(Z) which does not lie in the identified set. This intersection is
empty in the other cases shown in this Figure and in Figures 3 - 5.

Figure 3 shows identified sets for M = 8 (red), M = 10 (blue) and M = 12 (green). The
identified set for M = 10 is disconnected. Notice that the scale is greatly expanded in this
Figure - the identified sets are rapidly decreasing in size as the number of classes observed
for Y increases. The outline unshaded rhombus in Figure 3 is the identified set for M = 6
copied across from Figure 2. Boxes formed by the dashed lines in Figure 2 show the region
focussed on in Figure 3.

Figure 4 shows identified sets for M = 14 (red), M = 16 (blue) and M = 18 (green).
Again the scale is greatly expanded relative to the previous Figure. The outline unshaded
rhombus is the identified set for M = 12 copied across from Figure 3.

Figure 5 shows identified sets for M = 25 (red), M = 50 (blue) and M = 75 (green). Yet
again the scale is greatly expanded relative to the previous Figure. The lower part of the
identified set for M = 18 is drawn in outline. All the identified sets are connected and of
very small extent. The situation is now very close to point identification. The identified set
at M = 100 is not distinguishable from a point at the chosen scale.

The two panes of Figure 6 plot logarithm (base e) of the lengths of identified intervals
for ap and a; against the logarithm of the number of classes in which Y is observed. Figure
7 plots the logarithm of he area of the identified set for ag and a1 against the logarithm of
the number of classes. In each case the points are quite tightly scattered around a negatively
sloped linear relationships suggesting approach to point identification at a rate proportional
to a power of the number of classes”. OLS estimates indicate that the lengths of the sets for
ap and a; both fall at a rate proportional to M ~2! and that the area of the identified set for

ao and a; falls at a rate proportional to M 3.

9Where sets are disconnected the lengths of the identified sets for individual parameters are the calculated
as the sum of the lengths of disjoint intervals and the area of the sets for a pair of parameters is calculated
as the sum of the areas of the connected component sets.
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The fine details of this approach and the geometry of the identified sets depends on fine
details of the specification of the structures generating the probability distributions such as

the precise spacing of the thresholds.

2.4.5 Illustration B1

The class of structures generating probability distributions is as in Illustration Al and, as in

that illustration there are 10 values in Z, as follows.

Z = {41,+0.777,+0.555, +0.333, £0.111}

In this illustration there are M = 3 classes throughout. The values of ag and s are normalised
to respectively zero and one. The unknown parameters are the thresholds ¢; and ce and the
slope coefficient a;. This is the sort of set up one finds when modelling attitudinal data where
threshold values are unknown parameters of considerable interest.

In the structure generating the probability distributions the values of the thresholds are
as follows

(c1,¢2) = (—0.667, 40.667)

and a1 = 1.

The identified set resides in a 3-dimensional square prism of infinite extent: R x (0,1)2.
Figures 8, 9 and 10 show slices taken through this at a sequence of values of a; showing at
each chosen value of a; the associated identified set for (¢1,c2). In all cases this is connected
and resides in the upper orthoscheme of the unit square because the restriction co > ¢ has
been imposed.

In each case the rectangular regions (shaded red and green) indicate combinations of
(c1,c2) which at the chosen value of a; lie in the set C°(Z). The green shaded regions indicate
combinations of (¢, cp) that at the chosen value of aj are in the intersection C°(Z) NDO(Z).
These combinations of (ai,c1,c2) do not lie in the identified set. The red shaded regions
indicate combinations of (c1, ¢2) that at the chosen value of a1 are in the intersection C(Z) =

C°(Z2)ND°(Z). These combinations of (ay,c1,c2) are in the identified set.

The extent of the regions in the ¢; X ¢o plane grows as ay falls towards the value 1.0 and
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then shrinks as a; falls further.

2.5 Concluding remarks

Single equation instrumental variable models for ordered discrete outcomes generally set iden-
tify structural functions or, if there are parametric restrictions, parameter values. Complete
models, for example the triangular control function model, can be point identifying, but in
applied econometric practice there may be no good reason to choose one point identifying
model over another.

For any particular distribution of observable variables the sets delivered by the SEIV
model give information about the variety of structural functions or parameter values that
would be delivered by one or another of the point identifying models which are restricted
versions of the SEIV model.

For the nonparametric case we have developed a system of equalities and inequalities
that bound the identified sets of structural functions delivered by a SEIV model in the case
when endogenous variables are discrete. We have shown that when either the outcome or
the endogenous variable is binary the inequalities sharply define the identified set. The
inequalities involve only probabilities about which data is informative and the identified sets
can be estimated and inferences drawn using the methods set out in Chernozhukov, Lee and
Rosen (2009). Some illustrative calculations for the binary outcome case are given in Chesher
(2009).

Calculations in a parametric model suggest that the degree of ambiguity attendant on
using the SEIV model reduces rapidly as the discreteness of the outcome is reduced. Research
to determine the extent to which this is true in less restricted settings is one of a number of

topics of current research.
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ANNEX: PROOFS OF PROPOSITIONS

Proof of Proposition 1. Consider some arrangement of the elements of v in which two
elements, v, < 7, are adjacent so that there is no element y,; € 7 satisfying v, < vgr < Vis-

Consider u € (yxr, Vis] and the right hand side of (2.4), reproduced here.
K M
S Z Z (7m 1,2 < u)

This inequality must hold for all w in (7., V5] and so must hold at the supremum of the

interval which is its maximal value, 7,5, and so there is:

715<ZZ50 ('Ym 11<’Yls)

i=1 m=1

which is the right hand side of (2.5).
Now consider some arrangement of the elements of v in which two elements, v;, < Ypr
are adjacent so that there is no element vy satisfying v, < vt < Ypr. Consider u € (Y15, Ypr)

and the left hand side of (2.4), reproduced here.
K
DN 8 (2)ab (2)1(mi < u) < u
i=1 m=1

This inequality must hold for all u in (75,7, and so must hold as in (2.4) with strong
inequalities at every value of w in the interval and so with weak inequalities at the infimum

of the interval which is s, and so there is:

K
Z 510 m )1 (Ymi < Yis) < s

which is the left hand side of (2.5). O
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Proof of Proposition 2. Since v is in the identified set for each z € Z there exists a
distribution function characterised by [(z) satisfying conditions I1-13. Conditions I1 and 12

imply that:

Vi = 0Y(2)ani(z) + ) 67(2)Bnij(2)
j#i

Ymi = Oani(2) + D 63(2)Bmii ()
el
and the result (i) follows on subtracting and noting that the properness condition I3 ensures

that for, each i and j, Bnij(2) > Bmij(2) because n > m. The result (ii) follows directly on

intersecting the intervals obtained at each value z € Z. [

Proof of Proposition 4. Consider candidate structural functions, that is, values of 7,1
and Y2, m € {1,...,M — 1}. Define 5(Z) so that conditions I1 and I2 are satisfied for all

z € Z. There is only one way to do this: for each m, to satisfy Condition I1:

Bmii(2) = ami(2)  Bm2z(2) = af(2) (2.11)

and to satisfy Condition 12:

8(2)Bm11(2) + 69(2)Bm12(2) = Ym1

5?(Z)Bm21(z)+5g(z)6m22(z) = Tm2

and, on combining these results, for m € {1,..., M} there are the following expressions

_ Ym1 — 8(2)a (2)

_ Ym2 — 03(2) G (2)
05(2)

Bm12(z) )

Bma1(z)

(2.12)

It is now shown that for every v € C°(Z) the value of 3(Z) defined by (2.11) and (2.12)
as z varies across Z satisfies the properness condition I3. It follows that C°(Z) € #°(Z) and
Proposition 3 states that H°(Z) C C°(Z), so it must be that H(Z) = C°(Z) in this binary

endogenous variable case.

To proceed, consider the distribution function characterised by B,,;1(2) form € {1,..., M —

1} and j € {1,2} and any z € Z. Here conditioning is on X = 21 and Z = z. The argument
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when conditioning is on X = 9 goes on similar lines and can be worked through by exchange

of indices in what follows.

Condition I3 is satisfied if for every adjacent pair of values 75 < 74j:

Bsi1(2) < Brj1(2)

and there are four possibilities to consider as follows.

Al i =1, j = 1. In this case ¢ = s+ 1 because 51 < 1 are adjacent. Properness

requires that Bs11 < fs41,11 but (2.11) ensures that this holds because fs11 = a%(z) <

d2+1,1(2) = Bsy1,11-

A2 i =1, j = 2. Properness requires that 8511 < 21 which, on using (2.11) and (2.12),

requires that:

19 — 05 (2 z
0(2)_'72 520((2)) 2()

which is written as follows.

07 (2)ad (2) + 83(2)apy(2) < 72 (2.13)

If v € C%(2) then the inequality (2.5) holds and, on its left hand side, replacing ;s by

~¢2 there is:
M—1

K
Z Z 85 (2) i (2)1(Ymi < 12) < Y2 (2.14)

=1 m=1

and since 51 < 72 and the values are adjacent the left hand side of (2.14) as follows:

~

Z ap,1(2) + 63(2) Z apa(2) = 87 (2)a% (2) + 05 (2)aty(2)

m=1

and so (2.13) holds.

A3 i =2, j = 1. Properness requires that fs2; < ;11 which, on using (2.11) and (2.12),

requires that:
52 — 05(2)agy ()
07(2)

37

Smolinski, Konrad (2012), Single Equation Instrumental Variable Models: Identification under Discrete Variation
European University Institute DOI: 10.2870/35896



which is written as follows.
Ys2 < 89(2)a4) () + 85 (2)ady(2) (2.15)

If v € C°(2) then the inequality (2.5) holds and, on its right hand side, replacing ;s by

~s2 there is:

K M
Vs2 < Z Z 57 (2) i ()1 (Ym-14 < Vs2) (2.16)

i=1 m=1
and since vs2 < 71 and the values are adjacent the right hand side of (2.16) is as

follows:

t 2
60(2) D ama(2) +83(2) Y afia(z) = 81(2)af (2) + 63 (=)@ (2)

m=1 m=1

and so (2.15) holds.

A4 i =2, j =2 It must be that t = s + 1 because v52 < 2 are adjacent. Properness

requires that Sg21 < Bs41,21 which, on using (2.12), requires that:

Vs2 = 05(2)a%(2) _ Yst12 — 09(2)a2, 1 9(2)
00(2) - §9(2)

which is written as follows.

5(2](2)042+1,2(Z) < Vst1,2 — Vs2 (2.17)

If v € D°(2) then the inequality (2.6) of Proposition 2 holds and replacing 7y,; and Y,

by respectively 7s41,2 and 752 gives the following:

Yor1,2 — Vs2 > 09(2) (@8+1,2(Z) —al(2)) = 58(z)a8+172(z)
and so (2.17) holds.

It has been shown that for any z € Z and for all v € C%(z) = C%(z) N D(2) there are
conditional distribution functions characterised by 8(z) defined as in (2.11) and (2.12) such

that conditions 11, I2 and I3 hold.
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Let 5(Z) be the conditional distribution functions generated using the definitions (2.11)

and (2.12) as z varies within Z. Since C°(Z) = () C°(z), values v € C°(Z) lie in every set
2€Z

C%(z) and so for each such value of 7 there are conditional distribution functions in 3(Z)

such that conditions I1, 12 and I3 are satisfied. It follows that C°(Z) C H°(Z) and since
HO(Z) C CO(Z), it follows that HO(Z) =C°(Z). O
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Figure 2.1: Illustration A1l. Outer sets and identified sets in a binary endogenous variable
SEIV model with a parametric ordered probit structural function with threshold functions
of the form ®(¢; — ag — ajz) as the number of categories of the outcome varies from 2 to 10.
The dark blue strip at the upper margin of the rhombuses is not part of the identified sets.
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Figure 2.2: Illustration A2. Outer sets and identified sets delivered by a binary endogenous
variable SEIV model with a parametric ordered probit structural function, intercept ag and
slope a;. Number of categories of the otucome, M: 2(red), 4(blue) and 6(green). The dark
blue strip at the upper margin is not in the identified sets.

1.05
|

1.00

aq

0.95
|

T
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

o

Figure 2.3: Illustration A2. Identified sets delivered by a binary endogenous variable
SEIV model with a parametric ordered probit structural function, intercept ag and slope a;.
Number of categories of the outcome, M: 8(red), 10(blue) and 12(green).
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Figure 2.4: Illustration A2. Identified sets delivered by a binary endogenous variable
SEIV model with a parametric ordered probit structural function, intercept ag and slope a;.
Number of categories of the outcome, M:14(red), 16(blue) and 18(green).
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Figure 2.5: Illustration A2. Identified sets delivered by a binary endogenous variable
SEIV model with a parametric ordered probit structural function, intercept ag and slope a;.
Number of categories of the outcome, M: 25(red), 50(blue) and 75(green).
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Figure 2.6: Illustration A2. Reduction of identified set as the number of outcome categories
increases: (upper pane) logarithm of length of the identified interval for ag plotted against
logarithm of number of categories of the outcome, Y, (lower pane) logarithm of length of the
identified interval for a; plotted against logarithm of number of categories of the outcome,
Y.
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Figure 2.7: Illustration A2. Reduction of identified set as the number of outcome categories
increases. Logarithm of area of the identified set plotted against logarithm of number of
categories of the outcome, Y.
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Figure 2.8: Illustration B1l. Three class ordered probit model with unknown threshold
parameters ¢; and cp and slope coefficient a;. Cross-section of the identified set (red) and
outer set (red and green) for ¢1,co and a; at selected values of a;.
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Figure 2.9: Illustration B1. Three class ordered probit model with unknown threshold
parameters ¢; and ¢y and slope coefficient a;. Cross-section of the identified set (red) and
outer set (red and green) for ¢1,co and a; at selected values of a;.
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Figure 2.10: IlNlustration B1. Three class ordered probit model with unknown threshold
parameters ¢; and cp and slope coefficient a;. Cross-section of the identified set (red) and
outer set (red and green) for ¢1,co and a; at selected values of a;.
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Chapter 3

Sharp identified sets for discrete

variable IV models

Instrumental variable models for discrete outcomes are set, not point, identifying. The paper
characterises identified sets of structural functions when endogenous variables are discrete.
Identified sets are unions of large numbers of convex sets and may not be convex nor even
connected. Each of the component sets is a projection of a convex set that resides in a much
higher dimensional space onto the space in which a structural function resides. The paper
develops a symbolic expression for this projection and gives a constructive demonstration that
it is indeed the identified set. We provide a Mathematica™ notebook which computes the set
symbolically. We derive properties of the set, suggest how the set can be used in practical
econometric analysis when outcomes and endogenous variables are discrete and propose a
method for estimating identified sets under parametric or shape restrictions. We develop
an expression for a set of structural functions for the case in which endogenous variables
are continuous or mixed discrete-continuous and show that this set contains all structural

functions in the identified set in the non-discrete case.

3.1 Introduction

This paper gives new results on the identifying power of single equation instrumental variable
(SEIV) models in which both the outcome of interest and potentially endogenous explana-

tory variables are discrete. These models generally set rather than point identify structural
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functions.! The paper derives the sharp identified set for the general case in which there is

an M-valued outcome and there are endogenous variables with K points of support.

The discrete outcome, discrete endogenous variable case studied here arises frequently
in applied econometrics practice. Examples of settings in which the results of the paper are
useful include situations in which a binary or ordered probit, or a logit or a count data analysis
or some semiparametric or nonparametric alternative would be considered and explanatory
variables are endogenous. We study nonparametric models but, as we show, characterizations
of identified sets for nonparametric models are very useful in constructing identified sets in

parametric cases.

In the instrumental variable model studied here an M-valued outcome, Y, is determined
by a structural function characterised by M — 1 threshold functions of possibly endogenous
variables X. Instrumental variables, Z, are excluded from these threshold functions. The
instrumental variables and the stochastic term whose value relative to the threshold functions
determines the value of Y are independently distributed. When endogenous variables have
K points of support the structural function is characterised by N = K(M — 1) parameters:
the values of the M — 1 threshold functions at the K values of X. A conventional parametric

model, for example an ordered probit model, places restrictions on these N objects.

The model studied here places no restrictions on the process generating values of the
potentially endogenous variables X. It is in this sense that it is a single equation model.

By contrast the commonly employed control function approach to identification employs
a more restrictive triangular model which places restrictions on the process generating the
potentially endogenous variables.? That model generally fails to deliver point identification
when endogenous variables are discrete so the SEIV model is a leading contender for appli-
cation in practice.

The single equation approach taken in this paper has some other points to recommend
it. For example, structural simultaneous equations models for discrete endogenous variables
throw up coherency issues, first studied in Heckman (1978) and subsequently discussed in,
for example, Lewbel (2007). These can be neglected in a single equation analysis. Economic

models involving simultaneous determination of values of discrete outcomes can involve mul-

!See Chesher (2010).
2See for example Blundell and Powell (2003, 2004), Chesher (2003), Imbens and Newey (2009).
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tiple equilibria. See for example Tamer (2003). Taking a single equation approach one is free
to leave the equilibrium selection process unspecified.

After normalisation the structural function in the discrete-outcome, discrete-endogenous
variable case is characterised by a point in the unit N-cube. The set that is identified by
a single equation instrumental variable model is a subset of this space. We show that the
identified set is the union of many convex sets each of which is an intersection of linear half-
spaces. The faces of these component convex polytopes are arranged either parallel to or at
45° angles to faces of the N-cube. The identified set may not be convex or even connected.

The convex components of the identified sets are projections of high-dimensional sets
onto the space in which the structural function resides. Direct computation of these sets is
challenging. Calculation for small scale problems can be done using the method of Fourier-
Motzkin elimination. However for M or K larger than 4 the computations are prohibitively
time consuming because of the very large number of inequalities produced during the process
of projection. Almost all of these are redundant, but determining which are redundant is
computationally demanding. The key to solving this problem is to make use of the structure
placed on the problem by the SEIV model.

We consider probability distributions for Y and X conditional on Z = z for values of z
in some set of instrumental values Z. We develop a system of inequalities which must be
satisfied by the N values that characterise a structural function for all structural functions
that are elements of structures admitted by the SEIV model which generate these probability
distributions. The identified set of structural functions must be a subset of the set defined by
these inequalities. We show using a constructive proof that the set is precisely the identified
set.

Calculation of the convex components of an identified set using the expressions we present
here is very easy. The remaining, non-trivial, computational challenge is to deal with the
very large number of convex components that arises when M or K is large. This problem
disappears if sufficiently strong shape restrictions can be invoked. Parametric models are
useful in providing these. An alternative is to employ shape constrained sieve approximations.

We show how recently developed results on set estimation and inference when sets are
defined by intersection bounds can be used to operationalise the results given here.

Finally we extend the analysis to the case in which endogenous variables are continuous or
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mixed discrete-continuous and derive a set of structural functions within which all functions
in the identified set lie. We conjecture that this is the identified set. A constructive proof
remains to be completed.

The restrictions of the SEIV model are now set out and then the results given here are

set in the context of earlier work.

3.1.1 The single equation instrumental variable model

In the SEIV model a scalar discrete outcome, Y, is determined by a structural function h as

follows.

Y = h(X,U) (3.1)

Here U is a scalar unobservable continuously distributed random variable and X is a list of
explanatory variables. These explanatory variables may be endogenous in the sense that U
and X may not be independently distributed. The focus is on identification of the structural
function h.

In practice there may be variables appearing in h that are restricted to be exogenous (dis-
tributed independently of U) and the results of the paper are easily extended to accommodate
these but for simplicity we proceed with the structural function specified as in equation (3.1).

The structural function h is restricted to be monotone in U for all values of X. It is
normalized weakly increasing in what follows and the marginal distribution of U is normalized
uniform on the closed unit interval [0, 1]. The support of X is denoted by X.

The discrete outcome Y has M fixed points of support and without loss of generality
these are taken to be the integers 1,..., M. Since h varies monotonically with U there is the

following threshold crossing representation of the structural function: for m € {1,..., M}:

h(z,u) = m if and only if hy—1(x) < u < hyp ()

with ho(x) =0 and hy(z) =1 for all z € X.
In this set-up a standard parametric probit model for Y € {1,2} would have threshold

functions as follows:
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where ®(-) is the standard normal distribution function. A standard logit model would have
hi(z) = (1 + exp(ag + a1z)) ™"

In this paper, except in Section 3.4, we study the case in which X is discrete with a finite
number, K, of points of support: X = {z1,...,zx}. The objects whose identification is
considered are the values of the M — 1 threshold functions at the K values taken by X.

If the model restricted X to be exogenous then it would identify the threshold functions
at each point in the support of X because in that case Pr[Y < m|X = z] = hy,(z).

The SEIV model does not require X to be exogenous but admits instrumental variables,
one or many, discrete or continuous, arranged in a vector Z which takes values in a set Z.
The instrumental variables Z and U are independently distributed and Z is excluded from

the structural function.?> The model set identifies the structural function.

3.1.2 Relation to earlier work

The SEIV model studied here is an example of the sort of nonseparable model studied in
Chernozhukov and Hansen (2005), Blundell and Powell (2003, 2004), Chesher (2003) and
Imbens and Newey (2009).

All but the first of these papers study complete models which specify triangular equation
systems in which there are structural equations for endogenous explanatory variables as well
as for the outcome of interest. When endogenous variables are continuous these models can
point identify structural functions but when endogenous variables are discrete they may not.
Dealing with the discrete endogenous variable case, Chesher (2005) introduces an additional
restriction on the nature of the dependence amongst unobservables providing a set identifying
triangular model with discrete endogenous variables. Jun, Pinkse and Xu (2009) provide some
refinements. Point identification can be achieved under parametric restrictions such as those
used in Heckman (1978).

Discreteness of endogenous variables is not a problem for SEIV models, indeed it brings
simplifications - for example eliminating the “ill posed inverse problem” which arises when
endogenous variables are continuous. This is shown clearly in Das (2005) where additive

error nonparametric models with discrete endogenous variables and instrumental variable

3 At no point in the development is Z required to be a random variable. It could for example be a variable
whose values are set by an experimenter. The key requirement is that the conditional distribution of U given
Z = z be invariant with respect to changes in z within the set Z.
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restrictions are considered. Because of the additive error restrictions this construction is not
well suited to modelling discrete outcomes which sit more comfortably in the nonseparable

error setting studied here.

Chernozhukov and Hansen (2005) study a nonadditive-error SEIV model like that con-
sidered here, focussing on the case in which the outcome is continuous. The identification

results of that paper are built around the following equality which, when Y is continuous,

holds for all 7 € (0,1) and all z € Z.
PrlY =h(X,7)|Z=2]=7 (3.2)

Additional (completeness) conditions are provided under which the model point identifies the

structural function.

The condition (3.2) does not hold when Y is discrete. Instead, as shown in Chernozhukov
and Hansen (2001), there are the following inequalities which hold for all 7 € (0,1) and
z€Z.

PrlY < h(X,7)|Z =z] <7 < Pr[Y < h(X,7)|Z = 2]

These imply that the inequalities:

maZXPr[Y <WMX,7)Z=z<71< mi%lPr[Y < WX, 7)|Z = 2] (3.3)
ze zE

hold for all 7 € (0,1) as shown in Chesher (2007, 2010). The result is that the SEIV model
generally fails to point identify the structural function when the outcome Y is discrete.
However the model can be informative about the structural function as long as Z is not a

singleton.

To see this suppose that for some value m and two values in Z, z; and 29, Pr[Y <
m|Z = z1] # Pr[Y < m|Z = z3]. The restrictions of the model imply that in this case h,,(z)
is mot constant for variations in x in admissible structures which generate the probability
distribution under consideration. This is so because if h,(z) were constant, equal say to h,,

then for all z € Z, Pr]Y < m|Z = z] = h}, so any variation in Pr[Y < m|Z = z] with z rules
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out the possibility that h,,(x) is constant for variations in x.# At least the set of structural
functions identified by the SEIV model excludes structures with constant threshold functions

if the outcome and the instruments are not independently distributed.

The set identifying power of the SEIV model when the outcome is discrete was first studied
in Chesher (2007). Let H(Z) denote the identified set of structural functions associated with
some probability distribution Fy x|z for Y and X given Z = z € Z > Chesher (2007, 2010)
develops a set, denoted here by C(Z), based on the inequalities (3.3). It is shown that, when
Y is binary and X is continuous, H(Z) = C(Z) and C(Z) provides tight set identification.

In other cases it is an outer set in the sense that it can be that H(Z) C C(Z2).

Chesher (2009) studies the binary outcome case, proving H(Z) = C(Z) when endogenous
variables are discrete, considering the impact of parametric restrictions and shape restrictions,
and giving some results on estimation under shape restrictions employing results on inference

using intersection bounds given in Chernozhukov, Lee and Rosen (2009).

In Chesher and Smolinski (2009) a refinement® to C(Z), denoted D(Z), is developed.
This delivers the identified set when there is a single binary endogenous variable no matter
how many points of support the outcome Y has. The results are used in an investigation of
the nature of the reduction in extent of the identified set as the number of points of support

of Y increases in an endogenous parametric ordered probit example.

This paper studies the general finite M-outcome, K-point of support discrete endogenous
variable case and develops a further refinement” to C(Z), denoted £(Z) and shows that £(Z)

is precisely the identified set, H(Z).

4There is the following.
PrlY <m|Z=2] = > Pr[U<hp|X =ax,Z =2 Pr[X = 2|7 = 2
k

= Pr[U < hp,|Z = 2]

Since the model excludes Z from the structural function h and requires U and Z to be independent the only
way in which Z can affect the distribution of Y is through its effect on X and then only if h is sensitive to
variations in X.

5Tt would be clearer to give a distinctive symbol to the probability distribution under consideration, e.g.
F19X|Z and label the various sets accordingly thus: H°(Z), C°(Z) and so forth. We do not do this here
because the notation quickly becomes cumbersome. However it is important to keep in mind that each of the
sets under discussion is associated with a particular probability distribution.

5By a refinement we mean that D(Z) C C(Z) with the possibility that D(Z) C C(Z)

"Here, by a refinement we mean that £(Z) C D(Z) C C(Z).
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3.1.3 Plan of the paper

Section 3.2 defines the set identified by the SEIV model and reviews its characteristics.

Section 3.3 develops the new set, £(Z), shows that it contains the identified set, and
then gives a constructive proof that £(Z) is the identified set. This is done by proposing an
algorithm for construction of a proper distribution for the unobservable U and endogenous
X conditional on values of instrumental variables which for any value of v in £(Z) delivers
the probabilities used to construct the set while respecting the restriction that U and Z be
independently distributed.

Section 3.3.1 develops some properties of the identified set. Section 3.3.2 presents the
algorithm for constructing the distribution of U and X given Z which is used to demonstrate
that £(Z) is the identified set. Section 3.3.3 gives an alternative derivation of the set £(Z)
which is useful in linking the results of this paper with earlier results.

Section 3.3.4 sets out properties of the set £(Z) when the outcome is binary. Section
3.3.5 shows how the set £(Z) is related to the set defined in Chesher (2010). Section 3.3.6
gives alternative expressions for the inequalities defining the new set which help clarify its
relationship to the set defined by the inequalities (3.3).

Section 3.4 derives a set £4(Z) which is shown to contain all structural functions in the
identified set for cases in which X is continuous or mixed discrete-continuous and is equal to
the set £(Z) when X is discrete.

Section 3.5 gives some illustrative calculations, describes a Mathematica notebook which
does symbolic calculation of the convex components of the identified set and discusses esti-
mation and inference.

Section 3.6 concludes.

3.2 The identified set

In this Section the set identified by the SEIV model is defined and notation is introduced.
We consider situations in which X, which may be a scalar or a vector, is discrete and

takes values in the set X = {:ck}le. In this case the structural function h is characterized
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by N = K(M — 1) parameters as follows,

Yk = han(Tk), me{l,....M -1}, ke{l,...,K}

which are arranged in a vector v, as follows.®

Y= [’7117"‘7’711('7721’"'7’72K7"'77M—1,17"'77M—1,K]

Identification of the vector v is studied in this paper. Fach element of ~ lies in the unit
interval so each value of 7 is a point in the unit N-cube. The identified set is a subset of the
unit N-cube. There are the restrictions vy, < vk for { < m and all k. Henceforth “for all £”
means for k € {1,..., K}.

Consider a particular probability distribution for ¥ and X given Z = z € Z. The
identified set of values of v associated with this distribution contains all and only values of ~
for which there exist admissible conditional probability distributions of U and X given Z = z
for all values of z in Z such that the resulting structures deliver the probability distribution
under consideration. Notation for that probability distribution is now introduced.

For values z € Z, for m € {1,...,M} and k € {1,..., K}, there are the following point
probabilities:

pmk(2) =PrlY =mAX = x| Z = 2]

and cumulative probabilities:

pmk(2) =Pr[Y <mAX =uxi|Z = 2]

and probabilities marginal with respect to Y:

0k(2) =Pr[X = ok Z = 2] = pui(2).

Data are informative about these probabilities.

8If T is a matrix with (m, k) element equal to v,k then v = vec(I”). Considering ., the 7th element of
v, there are the following relationships.
r=m-1)K+k

k = r modulo K m=(r—k)/K+1
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For all k define: vor = 0, yme = 1, pok(2) = por(z) = 0. In what follows “for all m”
means for m € {0,..., M}.
Associated with a particular value of v and each value z € Z, define a piecewise uniform

conditional distribution for U and X given Z, such that for all m, k and &'
ﬁmkk/(z) = PI“[U <Yk AN X = l‘k/|Z = Z]

and let 77(z) denote the complete list of (M + 1)K? such terms.”
A list of values of (v,7(z)) produced as z varies in Z characterizes a structure which is

admissible if it satisfies the following independence and properness conditions.

[1]. Independence. For all z € Z and for all m and k the following equalities hold.'°

K
Z ﬁmkk’(z) = TYmk (34)
k'=1

[2]. Properness. For all z € Z and for all j, k, I, m and k', fji(2) < T (2) if and

only if 7;; < Ymi. For all z € Z and for all k, k', fogi(2) = 0. For all z € Z and for all ¥’

Zszl ek (2) = 1.

If in addition the following observational equivalence condition is satisfied then the struc-

ture generates the probability distribution under consideration.

[3]. Observational equivalence. For all z € Z and for all m and k the following

equalities hold.

Nmkk(2) = Pmk(2) (3.5)

All and only structures that obey conditions [1], [2] and [3] are in the set of structures

identified by the model for the probabilities considered. Let S(Z) denote that set.

9Between each pair of adjacent knots, ¥k, each conditional density function for Y given X and Z is
uniform. The construction is justified in Chesher (2009). The conditional density functions have a histogram-
like appearance.

9The left hand side is Pr[U < ymi|Z = 2] which the independence restriction requires to be free of z. The
value 7, on the right hand side arises because of the uniform distribution normalisation of the marginal
distribution of U. See Chesher (2010).
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The identified set of structural functions, H(Z), is the set of values of ~ for which there
are values of 7(z) for z € Z such that the resulting structure is in the identified set, S(Z).
The identified set for v, H(Z), is the projection of S(Z) onto the unit N-cube within which
all values of v lie.

The geometry of these sets is considered in Chesher and Smolinski (2009). A brief account
is given here. Because of the properness condition [2] the order in which the elements of ~y
lie is an important consideration.

There are

T=(K(M—-1)!/(M-1)DH% (3.6)

admissible arrangements of the elements of .

In each arrangement, ¢t € {1,...,T}, the set of admissible observationally equivalent
structures defined by [1], [2] and [3], denoted by S;(Z), is either empty or a convex polytope
because it is an intersection of bounded linear half spaces. The identified set of structures is

the union of the sets obtained under each admissible arrangement.

T
s2)=Js(2)
t=1

In each arrangement, ¢, the identified set of structural functions obtained by projecting
away 7](z) for z € Z, denoted H(Z), is also either empty or a convex polytope. The complete
identified set of structural functions is the union of these convex sets. The result may not

itself be convex, nor even connected.

T
H(2) = JH(2)
t=1

Direct computation of an identified set of structural functions is difficult when M and K

are at all large. A head on attack would consider each admissible arrangement in turn and

! Arrangements in which there is a pair of indices m and m’ with m > m’ such that for some k, Vimi < Ym/k
are inadmissible. The formula for T arises as follows. There are (M]\il) ways of placing vi1, 721, ..., YM—1,1

in the N = (M — 1)K places available and only one order in which those values can lie. There are then
(N_A;Afl_l)) ways of placing vi2,7v22, ..., YM—1,2 in the remaining N — (M — 1) places. Continuing in this way

it is clear that there are
ﬁ N — (k—1)(M —1)
M—-1

k=1

admissible arrangements of v which on simplification yields the formula (3.6) for 7.
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use the method of Fourier-Motzkin elimination'? to project away the (M — 1) K? elements in
7(z) for each z € Z but this is computationally infeasible when M and K are large.
In the next Section we develop easy-to-compute sets which are shown to be precisely the

identified set of structural functions, H(Z).

3.3 Sharp set identification of the structural function

Conditions [1] - [3] place restrictions on values of (v,7(z)) for z varying in Z. They define
the identified set of structures: S(Z).

In this Section we develop implications of these restrictions for admissible values of ~,
that is for values of v that lie in the identified set of structural functions: H(Z). The result
is a list of inequalities that define a set denoted £(Z). We show that this is the identified set
H(Z).

The ordering of the elements of 7 is important. The set £(Z) is a union of convex sets,

E(Z), one associated with each admissible arrangement, ¢, of ~.

T
£z)=J&2)
t=1

Each set &(Z) is defined as an intersection of linear half spaces.

We proceed to develop a definition of a set £ (Z) obtained under a particular arrangement,
t, of the elements of . First it is necessary to develop notation and functions for dealing
with arrangements.

Let 7j,) be the nth largest value in an arrangement. Recall there are N = (M — 1)K
elements in v. We adopt the notation used in the literature on order statistics to denote the

ordered values of ~:

M S 2 S N-1] S Y

and we define v = 0 and Yy = 1.13

12See Zeigler (2007).

13 A more precise notation would carry an identifier of the arrangement ¢ under consideration and when
stating formal results we do employ such a notation, for example denoting the ordered elements of an ar-
rangement ¢ by 7y, .. .,V{y). During the exposition, while it is clear that a particular arrangement is under
consideration, we simplify notation and do not make dependence on the arrangement under consideration
explicit.
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Define functions m(n) and k(n) such that ¥,,(n)k(n) = V). Define m(0) = 0. With M =3

and K = 3, for which N = 6 and

v = (M1, 712, 7135 Y21, 722, V23]

and for the arrangement

(Y11, 7125 Y21, 7135 V23, V22)

(3.7)

the functions m(-) and k(-) are as shown below. We will work with this example throughout

this Section.

1 1 1
2 1 2
3 2 1
4 1 3
) 2 3
6 2 2

Figure 1 shows a configuration of threshold functions that is consonant with this arrange-

ment. In this case M = 3 so there are two threshold functions, hi(z) and ha(x).

Values of X are measured along the horizontal axis in Figure 1 and three points of support,

1, 2 and x3 are marked. Values of threshold functions are measured along the vertical axis

which is the unit interval [0, 1]. This axis also measures values of the unobservable variable

U.

At any value of x, values of U falling on or below the lowest threshold function deliver

the value 1 for Y, values of U falling between the two threshold functions or on the highest

threshold function deliver the value 2 for Y and values of U falling above the highest threshold

deliver the value 3 for Y. Notice that the upper threshold function is not monotone in z

reflecting the inequality o3 < y22.

Now define an inverse function n(m, k) such that vk = Vjp(m,k)) and note that n(m(n), k(n)) =

n. For all k define n(0,k) = 0.

For the arrangement (3.7) considered above the function n(:,-) delivers values as shown
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below.

The functions m(-), k() and n(-, ) are specific to the particular arrangement under consider-
ation and we could make this dependence explicit by writing ms(-), k:(-) and nq(-, ) but for

the most part this is not done in order to avoid excessively complex notation.

We use an abbreviated notation as follows: py,; denotes py,(n)k(n), thus:

D] = Pm(m)k(n) = Pr[Y <m(n) A X = zpn)|Z = 2]

and 7,1 denotes 7y, (nyr(nyr thus.
M’ = Tk’ = PTIU < Yk A X = 2p|Z = 2]

There are associated non-cumulative probabilities as follows.!*

Pn] = PrlY =m(n) A X = xk(n)]Z = 7]

NMn)k' = PI‘[U € (7[n71}77[n]] NX = 'rk’|Z = Z]

It is important to understand that 7,y = Z}Ll Nk but in general py,) # Z}l:l p[j) rather:

) m(n)
Pl = D Pikin) = D Pln(ik(m)]-
j=1 j=1

All these probabilities depend on the instrumental value z under consideration but this de-

pendence is not made explicit in the notation for the moment. Define pjqy = p = 0,

Nalk = Ml = 0

It is helpful to extend the definitions to cover probability masses associated with the Mth

Here too we could make dependence on the arrangement under consideration explicit in the notation, e.g
writing an] and nfi]k, but do not do so until we come to formal statements of results.
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point of support of Y so for all k& define
n(M,k)=N+k
and

m(N+k) = M

E(N+k) = k

which lead to

P[N-+k] =PrlY = MAX =uxx|Z = Z]

with associated cumulative probabilities
PNk = PrlY S M AX =ay|Z = 2] = Pr[X = a4|Z = 2] = 6.

Table 3.1 exhibits the probability masses 7y, for a general case with an M-valued out-
come and endogenous variables with K points of support and N = K(M —1). All values are
non-negative, values in column k sum to d; and the sum of all K(N + 1) probability masses
in the table is 1. We will make extensive reference to tables like this in what follows.

We consider a particular value z € Z and construct a set &(z), defining &(Z) as the

intersection of such sets for z varying in Z.

&(2)= ) &2

zEZ

To avoid cumbersome notation we do not make the dependence of probabilities on the chosen

value z explicit in the notation for the moment.

Each set &(z) is obtained by considering restrictions that Conditions [1] - [3] place on the
elements of v when they are in arrangement ¢. The restrictions arise because for all values
of 7 (see the final column of the Table) that lie in the identified set there exist values of the

probability masses 7, such that:

1. the sum of probability masses lying in rows 1 through n is equal to v, equivalently,
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Value of x ‘ Ordered
n T T9 e TK values of v
0 0 0 |---] 0 ol
1 M1 Mz || Mk My
2 M2 Mz | - | Meix 2]
N NN NNz | | N VN
N+1 | mgyyp |9t | | Nt VIN+1]

Table 3.1: Piece-wise uniform joint distribution of U and X conditional on a value of Z
arranged by ordered values of v (rows) and points of support of the endogenous variable X
(columns).

the sum of probability masses in row n is equal to vp,) — V-1

n K
DD ik =Yl

1=1 k=1
K
Z Milk = Yin] — Vn—1] = AV
k=1

2. all probability masses are non-negative,

3. probability masses sum over appropriate blocks of cells in the table to deliver the

observed probabilities ppy, ..., ppy-

Table 3.2 exhibits the blocks of cells over which probability masses must be aggregated for
the arrangement shown in equation (3.7). Table 3.3 shows the values that must be achieved
when summing within blocks if the observational equivalence condition is to be satisfied. For

example in the arrangement considered there is m(4) =1, k(4) = 3 and
4
pa =PrlY = 1A X =237 = 2] = ang) =Pr[lU <A X = 3|7 = 2]

=1

must hold if the observational equivalence restriction is to be satisfied. Another example:

m(7) = 3, k(7) = 1 and so observational equivalence requires that the following equalities
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Value of x ‘ Differences of ordered | Ascending list

n | x ‘ o ‘ T3 values of v of elements in ~
0 0

L mpgn | g2 | s Y — Vo] 1

2 0 mn | M2z | M2s Y2l — V12

3 | M@y | M2 | MEis V3] — V2] Y21

4 1 | g2 | M43 Y4l — 3] 73

O || ML | Mps)2 | M]3 V5l — V4] V23

6 || M6 | Mej2 | Me)3 V6l — V5] V22

7 | 2 | s Y7l — Vel 1

Table 3.2: Conditional mass function values arranged by ordered values of v and values of
the conditioning variable X showing blocks of cells whose mass must be aggregated when
considering the observational equivalence condition.

Value of x ‘ Differences of ordered | List of elements of ~y

n | x ‘ o ‘ x3 values of y in ascending order
0 0

L1 p Y~ o] 71

2 Pl2] Y2l — Y12

3 | P V3] — V2] Y21

4 Pl4] Y4l — 3] 713

5 Pls) V5l — V4] V23

6 Ple) Vel — V5] V22

T P | P | Pl V7 = Vo] 1

Table 3.3: Sums of probability masses in blocks of cells must aggregate to the indicated
probabilities if the observational equivalence condition is to be satisfied.

hold.
7

=4

In general there are M blocks in each column of the table. In each row exactly one
block terminates. The block of cells in which the mass pj, must lie is in the column of
the table associated with zj,) and in the rows that end at n(m(n),k(n)) = n and start at
n(m(n)—1,k(n))+1. So the observational equivalence restriction requires that the conditions:

n
Pln] = Z MMilk(n)
i=n(m(n)—1,k(n))+1
hold forn=1,...,N + K.

A particular value of v in arrangement ¢ can only support an allocation of probability
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mass satisfying Conditions (1) - (3) if the elements ~y},..., 7] are spaced sufficiently far
apart to permit the allocation of probability mass in the required amounts in the blocks of
cells that arise in the arrangement. For example, in the arrangement (3.7), considering Table

3.3, vy must be at least equal to pjy), Y2 must be at least equal to p1) + ppg) and so forth.

There are additional restrictions. For example 5 — 73y must be at least equal to p
and 7] — Y = 1 — g must be at least pp5 + pjg) + ppgj- We now develop a complete
characterisation of these inequalities which determine the spacing between elements of ~
under a particular arrangement such that the allocation of probability mass to blocks of cells

that is required to deliver observational equivalence is feasible.

To proceed we introduce the idea of the active indexes in a row. The active indexes in
row n are K distinct elements of the list {1,2,..., N + K}. These are the indexes, i, of
probabilities pj; to which cells in row n contribute. The active index for column £ of row n

is defined as follows.

ang =min{i: (n <i < N+ K) A (k(i) = k)}

The active index list for row n is defined thus: a, = {an1,...,anx}. Clearly apyi < an for
all m < n and k. For all k define agr = 0. Each active index list a,, has n as a member and

it is always the smallest member.

For the arrangement given in (3.7) there are, on considering Table 3.3, the following active

index lists.

n an
0 | {0,0,0}
1] {1,2,4}
2 | {3,2,4}
3| {3,6,4}
4] {7,6,4}
5| {7,6,5}
6| {7,6,9}
7| {7,8,9}
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We now introduce the idea of last-discharged indexes for a row. The last discharged index
for column k in row n is the index, ¢, of the probability pj;) falling in column k& whose block of
cells was most recently completed at row n. The last-discharged index for column k in row

n is defined for all £k and n € {1,..., N} as follows.

dpy = max {i : (0 <4 < n) A (k(G) = k)}

For all k define do, = 0 and dy41,x = N + k. Clearly d,;, < dpy, for all m < n and k.

The row n last-discharged index list is defined as d,, = {dy1, ..., dyx }. Each list d,, has n
as a member and, except in row N + 1, it is the largest member. For the arrangement (3.7)

there are, on considering Table 3.3, the following last-discharged index lists.

n dp,

0 | {0,0,0}
1] {1,0,0}
2 | {1,2,0}
3| {3,2,0}
4 | {3,2,4}
5143,2,5}
6 | {3,6,5}
7 1{7,8,9}

For a pair of indexes, (r,s) € {0,1,..., N + 1} with r < s there is a minimal probability
mass required to fall between 7}, and [y if observational equivalence is to be achieved.

This minimal mass is calculated as follows. In a column, k, there is a probability mass
equal to pjg,,] required to lie below 7}y because d, is the discharged index associated with row
s and column k. From this must be removed any probability mass associated with the active
index in column k of row r, a,, and any probability mass associated with active indexes for

rows prior to r in column k (and so discharged by row r). This mass is given by Play,]- This

ark}
can exceed pg ) so the minimal probability mass required to fall in the interval (7},
associated with X = z is max(0, pj4,,] — Pla,,]) and the total (across all values of X) minimal

probability mass required to fall in the interval (v, (5] is Z{le max (0, pia,,] = Pla,])-
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By way of example consider the arrangement (3.7) used before and the cases considered

earlier.

Y1) — Vo). The last-discharged indexes in row 1 are {1,0,0} and the active indexes in
row 0 are {0,0,0}. Only column 1 delivers a positive value and, noting that pjo = 0

there is:

) — o) = ) 2 P = P

2. Y2 — Vo). The last-discharged indexes in row 2 are {1,2,0} and the active indexes in

row 0 are {0,0,0}. Columns 1 and 2 deliver a positive value and, there is:

V2l — Vo] = V2] = P + P2 = Pt P

3. 5] — z)- The last-discharged indexes in row 5 are {3,2,5} and the active indexes in
row 3 are {3,6,4}. Notice that ds2 = 2 < asza = 6 so column 2 produces no positive

contribution. Only column 3 delivers a positive value and there is:

V5] — V3] = Pls) — Pla] = Ps)-

4. vz — Ya)- The last-discharged indexes in row 7 are {7,8,9} and the active indexes in

row 4 are {7,6,4}. Columns 2 and 3 produce positive values and there is:
Ym = =1 = = (P = Ple) + (Plo) = Play) = ppsy + pis) + P
From the argument so far it follows that for every pair of indexes
(r,s) €{0,1,...,N +1}

with » < s the following inequality must hold if the value of v in the arrangement under
consideration is to allow the allocations of non-negative probability mass required to satisfy

the observational equivalence restriction.

=

Vsl = W] 2 Z (0, Pldy) = Playy)) (3.8)
k=1
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This system of (N + 1)(N + 2)/2 inequalities defines a set of values of v denoted by &;(z)
associated with arrangement ¢ and instrumental value z.

All values of v in H;(z) must satisfy these inequalities, so H:(z) C &(2).

We can now give a formal statement regarding the convex components of the identified
set of structural functions. At this point we make explicit in the notation the dependence of

objects on the arrangement under consideration, ¢, and on the instrumental value, z.

THEOREM 1: Consider an arrangement t of

’YE [7117"‘771[(77217"'7/72K7'")’YMfl,lu“'v’nyl,K]

with ith largest element yf such that

7]
0=1y <y <+ < 9w < vy =1

where N = K(M —1). The correspondence between elements of the ordered and unordered
lists is given by arrangement-specific functions my(-), ki(-) and an inverse function n(-,-)

which are such that forn € {1,... N}, ke {l,...,K} and m € {1,...,M — 1}:

V[tn] = Yme(n)ki(n)

Ymk = ’ant(mk)]'

For all arrangements define my(0) = 0 and for all k: my(N + k) = M, k(N + k) =
k,ng(M,k) =N+ k, ny(0,k) =0. Forne€ {1,...,N + K} define:

with ,5'[50](,2) =0. Forall kand n € {1,...,N} define

aly(z) =min{i: (n <i < N+ k) A (k(i) = k)}

n

dby(z) =max{i: (0 <i<n)A (k(i) =k)}
and for all k define dor, = 0 and dyy1x = N + k. Define a set of values of vy, &(2),
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determined by the intersection of the following (N + 1)(N + 2)/2 linear half spaces:

K

M =M > Zmax(oaﬁfdsk(z)](z) = Plan(2(2)) (3.9)
k=1

with (r,s) €{0,1,...,N +1} and s > r.
Then:

1. The set Hi(z) is a subset of &Ei(z).

2. For every v € &(z) there exists a distribution of U and X given Z = z which is

piecewise uniform for variations in U that:

(a) is proper,

(b) satisfies the independence condition: for all i € {1,...,N}

i K
> () =y
j=1 k=1
(c) delivers the probabilities ﬁ'[fﬂ(z) forallie{1,...,N} and so satisfies the observa-

tional equivalence property.

Result 1 of the Theorem has already been demonstrated to be true because we showed that
all v € Hy(z) satisfy the inequalities that define the polytope & (z). It remains to show how to
construct the distribution referred to in Result 2. That is the subject of Section 3.3.2. First
two corollaries are stated and proved and simple upper and lower bounds on the elements of

~ are derived.
COROLLARY 1: For all t and z, E(z) = Hy(2).

PROOF: Result 1 of the Theorem states that &(z) C H¢(z) and Result 2 implies that

Hi(z) C &(2), from which it follows that &(z) = H(2).

COROLLARY 2: The set of values of the structural function identified by the SEIV model

1s as follows.

wor- 0o

t=1 \zeZ
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PRrROOF: This follows directly from Corollary 1 on noting the composition of the identified

set, H(Z).

For a particular arrangement many of the inequalities defining a set &(z) will be redun-
dant. The inequality given by setting s = N + 1 and r = 0 is always redundant!'® so there
are at most (N +1)(N +2)/2 —1 inequalities defining the polytope £:(z) and often far fewer.
This is investigated further in Section 3.5.

The identified set is determined by a large number of elementary inequalities which either
place upper or lower bounds on elements of + or lower bounds on differences of pairs of
elements of v. The convex polytope within which identified values of v lie in any particular
arrangement is a facetted IN-orthotope lying in the unit N-cube with all facets taken at angles

of 45° to the faces of the unit N-cube.

3.3.1 Upper and lower bounds

The inequalities (3.9) deliver simple upper and lower bounds on elements of v specific to an
arrangement ¢ and an instrumental value.

Suppressing dependence on the arrangement, ¢, and the instrumental value, z, and setting
r = 0 in (3.8) and noting that g = 0 and for all k, agr, = 0 and pp; = 0, there is for all

s€{l,...,N + 1} the lower bound:

K
N = D Pldus] (3.10)
k=1

which can be expressed in terms of non-cumulative probabilities as follows.

Yl = D Pu
=1

Setting s = N + 1 in (3.8) and noting that vy, = 1 there is for all » € {1,..., N +1}:
K
L= 2 > (0 = Fa,)

k=

1

5Tn this case the inequality (3.8) is 1 > 1.
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and so the following upper bound.

K
V) € D Plary] (3.11)
k=1

These are the bounds given in Chesher (2007, 2010).

3.3.2 Construction of a joint distribution of U and X

We propose an algorithm for constructing a joint distribution for U and X given Z = z for any
value of v that lies in a set £;(z) constructed using a sequence of probabilities ppj, ..., pin]-
We then prove Result 2 of Theorem 1 by showing that the distribution has the required
properties, namely that it is proper, that it satisfies observational equivalence, delivering
the probabilities pyjj, ..., ppy) that determine &(z), and that it satisfies the independence

restriction as expressed in (3.4).

While setting up notation and giving the details of the workings of the algorithm depen-
dence of objects such as pj,), Mn)s Mnjks nk and dpy on the arrangement under consideration
and the instrumental value is suppressed in the notation.'® In what follows sums from a to

b, S0 ();, with b < a are by convention equal to zero.

We have introduced the active index lists a,, and we now make use of ordered active index

lists ap, = {an[]; - - -, anx]} Where:
min{an1, ..., ank} = app1) < Gpjg) < -+ < Qy[g] = MAX{An1, - - -, Ak }-

Note that for all n € {1,...,N + 1}, a, = n. The ordered active index list for the

180f course the IV restriction ensures that Y[n] does not vary with the instrumental value z.
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arrangement (3.7) is as follows.

n ag

0 | {0,0,0}
1| {1,2,4}
2 1 {2,3,4}
3| {3,4,6}
4 | {4,6,7}
5| {5,6,7}
6 | {6,7,9}
7| {7,8,9}

For i passing through the sequence: 1,2,..., N + 1 and, at each value of ¢, for j passing
through the ascending sequence: 1,2,..., K the algorithm produces values 7, calculated

recursively as follows:

n(i,7) = min(G(i, 7), max (0, R(4,7))). (3.12)

with component objects defined as follows.

(%5 7) = Milk(ayy)

j—1
G(i,j) = Ay — Y (i, )
j'=1
i—1
R(i,§) = play,) — > i ()

i'=n(m(a;[;))—1,k(a;[;))+1

It will shortly be shown that for every value of 7 that lies in the set £(z) this algorithm
fills the cells of a table with probability masses which are (i) non-negative while (ii) delivering
total masses within groups of cells that respect the observational equivalence restriction and

(iii) allocating a total mass of exactly A~y in row i for each i € {1,..., N +1}.

In each row G(i, 1) has the value A~y and for j € {2,..., K + 1} there is the following

recursion.

73

Smolinski, Konrad (2012), Single Equation Instrumental Variable Models: Identification under Discrete Variation
European University Institute DOI: 10.2870/35896



Note that

K K
G(i, K + 1) = My = > i, §) = My = D mgn
=1 k=1

so when G(i, K + 1) = 0 for all ¢ the algorithm delivers probabilities that satisfy the inde-

pendence restriction.

In each row ¢ the first cell to be addressed is the one with the smallest active index in
that row. This is the cell that completes in row i the block of cells in column k(i) which
must contain probability mass py; if the observational equivalence condition is to be satisfied.
R(i,1) is the mass to be allocated to that cell to bring the total to pj;. The next cell to
be addressed is the one in the column k(a,) corresponding to the next active index to be
discharged. Up to an amount R(7,2) is allocated in this cell. This is the mass which, if
allocated to that cell, would bring the mass in the block of cells in which the cell appears up
t0 Pla;y)- The process proceeds with j incrementing until j = K with probability mass being
allocated to cells until all the mass Ayp) has been allocated after which (as will be shown)

zero values appear in the cells of row 1.

We now show that when ~ lies in the set & (z) the algorithm delivers probability masses
in each cell such that the observational equivalence condition is satisfied. Then we prove that

the independence and properness conditions are satisfied.

If 7 lies in the set &(z) then by construction there is sufficient probability mass available
between every pair of values 7|, and 7}y to permit the allocation of probability masses
Ppls - - - » P[N] in their appropriate locations. The probability mass py; is equal to Pr[Y" = m(i)A
X = xy(y|Z = 2]. The cells in which this mass must be allocated lie in the column associated
with ;) and terminate in row 7. They start in the row given by n(m(i) — 1,k(i)) + 1. The

observational equivalence condition is therefore: for all i € {1,..., N}

i

> Melk(i) = Pl

t=n(m(i)—1,k(i))+1

The proposed algorithm fill blocks of cells in index order, pyy first, ppp second and so on.
At each step of the process the algorithm allocates as much probability mass as possible to the

blocks of cells associated with probabilities pj; which have the lowest values of i accessible at
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that point.!” The algorithm delivers the required allocations of probability mass for values of
~ that lie in &£ (z) because such values have elements that are sufficiently separated to permit
the required allocation of probability masses.

It is shown in the Proposition below that whether or not the value of v lies in &(z) the
algorithm (i) allocates non-negative probability mass in every cell and (ii) never allocates
more than an amount Ay} in row i, for i € {1,..., N}. When the value of v lies in &(z), a
total mass of 1 is allocated by the algorithm because the observational equivalence condition
is satisfied. Since, as shown below, an allocation exceeding A~ cannot occur for any i and
Zf\i +11 A~y = 1, when the value of v lies in &(2) the algorithm must place a probability
mass ezactly equal to A7) in each row ¢ € {1,..., N}, thus satisfying the independence
condition. The properness conditions is satisfied because (i) all probability masses allocated
are non-negative and (ii) since the observational equivalence condition is satisfied a total
mass of 1 is allocated.

Here is the Proposition setting out some properties of the algorithm. These obtain whether

or not v € &(z).

Proposition 1:

1. For all © and j:

(a) m(i,j) < G(i,4),

(b) G(i,j) > 0,

(c) m(i,j) =0,

(d) G(i,7) is a non-increasing function of j.

(e) If for some j, G(i,j) > n(i,j) then for all j' < j, G(i,7") > n(i,j") and n(i, ;') =
max(0, R(i, ).

2. The algorithm allocates a probability mass of at most Avj; in row i, that is:
K

D ik < Ay
k=1

7This occurs because the algorithm uses ordered active indexes.
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The proof is in Annex 1.

3.3.3 An alternative derivation of the set &(z2)

In order to relate the inequalities that define the set &(z) to the inequalities given in Chesher
(2010) and Chesher and Smolinski (2009) it is useful to give an alternative derivation and
expression for the set & (z).

Associated with the lists of active and last-discharged indexes there are arrays of cu-
mulative probabilities which are useful in the subsequent analysis. They also provide an
alternative characterisation of the set &(z).

Consider the ith largest element 7j;. If this lies in the identified set then for each ¢
€ {1,..., N} there exist non-negative values of the cumulative probabilities 7j;;, which sum
to 7j across k € {1,..., K}. The set &(z) is derived by finding lower and upper bounds for
each term 7, in the sum, producing bounds on differences of elements of v by combining
the bounds.

Each cumulative probability ;) is bounded below by the mazimum of the terms pj; that
appear in rows 1 through ¢ of the column associated with zj. That bound is Aix = pjg,,)
where d;, is the last-discharged index in column k of row 1.

Each term 7, is bounded above by the minimum of the terms py; that appear in rows
7 through N + 1 of column k. That bound is m;, = Plai] where q; is the active index in

column k of row 1.

Combining results there are the following bounds for all ¢ and k:
ik < Mgk < ik (3.14)

and on summing and noting that for - in the identified set the independence condition holds

so that ;) = Zszl Nk there are the following lower and upper bounds.
K K
AN = Z Aik < Vi) < Zﬂ'ik =m (3.15)
k=1 k=1
Making explicit dependence on the arrangement under consideration, ¢, and the instru-
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mental value, z, defining

k=1 k=1
and intersecting the bounds (3.20) across z € Z gives the following inequalities which hold

for each arrangement ¢ and for all i € {1,...,N}.

max (M(2)) < Vi) < 12111%1 (75 (2)) (3.16)

The inequalities (3.14) can also be used to place bounds on differences, Vs] — Vr]> 88
follows. For all s and r in {0,..., N+ 1} and for all k there are bounds on 7y, and on —jj,y,

as follows:

— Tk < _ﬁ[r]k < =Nk

and on adding there are the following bounds.
Ask — Tk < ﬁ[s]k - ﬁ[r]k < sk — Ak (317)

Summing across k there are the following inequalities.

K

K
)\s*ﬂ-r:Z()\k*ﬂ-’rk)<’Y Zﬂ-sk* Tk —773*)\ (318)
k=1 k=1

This is nothing more than a direct implication of (3.15) but the lower bound here can be
improved upon by exploiting the properness condition [2]. Thus, consider values s and r such
that s > r. If 7 is in the identified set then for all s > r the inequality 7 — 7;x > 0 holds.

The lower bound in (3.17) can therefore be tightened as follows.

maX(O, sk — er) <7 Mslk — ﬁmk < ek — Mk (3.19)
77

Smolinski, Konrad (2012), Single Equation Instrumental Variable Models: Identification under Discrete Variation
European University Institute DOI: 10.2870/35896



Summing across k gives the following bounds which hold for all s > r € {0,..., N + 1}.

K

Zmax(o, Ask - 7Trk> < ")/[S] — "ym < Tsg — /\7» (3.20)
k=1

The set defined by these bounds is precisely the set & (z).

Making explicit the dependence of the terms in these bounds on the arrangement under
consideration, ¢, and the instrumental value z, and intersecting the bounds (3.20) across
z € Z gives the following inequalities which hold for each arrangement ¢ and for all N +1 >

s>r>0.

K
¢!,(2) = max (Z max(0, Al (2) - mv»)
k=1

min (74(z) — AL(2)) = ¢.,.(2) (3.21)

zEZ T

These bounds define £/(Z), the component of the identified set in which v is in arrangement
t. The union of these sets, UZ;I E(2), is the set £(Z), previously defined, which is equal to

the identified set H(Z).

3.3.4 Binary outcomes

When Y is binary there is just one threshold function and the parameters of interest are
Y11, Y125 - - -, V1K - We now show that in this case the lower bound in (?7?) is zero when s > 0
so these bounds place no restrictions on 7 additional to those defined by (3.16).

Without loss of generality we consider an arrangement ¢ in which the elements of + are
arranged in the order of the index k. The situation for a case in which K = 6 is as pictured
in Table 3.4. Notice that with the given arrangement of 7 for every value of n, k(n) = n, so
the values pp, lie on the diagonal in Table 3.4. Because Y is binary there is only one such
entry in each column.

We now show that for all indices s > r > 0 the terms Ay, — 7, are zero or negative for
all k£ from which it follows that the lower bound in (??) is zero.

Consider some value k and the difference Agp — m,p with s > r. Referring to Table 3.4 it
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Value of X ‘ Ordered

n | x ‘ T ‘ 3 ‘ T4 ‘ Ts ‘ xg | valuesof v | v | k(n)
of o ] o]l o] o] 0] o0 ol 0

LA Apg [ M2 | mgs | Muga | s | e git 71| 1
2 M2l | P2l | M213 | M214 | M2s | 216 V2] V12 2
3 M) | W32 | Ps] | Msla | M85 | Msle V3] 713 3
4| Mpagn | g2 | M3 | Py | Miags | Mage V4] Ya | 4
O || M1 | Mis)2 | Ms)3 | Msla | Pls] | Mis)e V] M5 | O
6 Nl | Mel2 | Mel3 | Mela | Mels | Ple] 6] Y16 6
71 01 ) 03 04 Js 6 V] 1

Table 3.4: Conditional distribution-mass function values for a binary outcome example with
observational equivalence restrictions imposed.

can be seen that values taken by A, and 7% are as follows.

0 , s<k Plk] > T <k
Ask = Trk =
ﬁ[k] , S22 k 61{: , > k

The resulting values of Ay — 7,1 are therefore as shown below.

Values of \gp — Tk

s<k|s=k s>k

r<k|-Pw | —Pw | O
r==k * 0 0
r>k * * Pk] — Ok

All the values are zero or negative and the result is that the lower bounds QZT(Z) are zero.
Therefore in the binary Y case the restrictions imposed by the bounds (??) for r # 0 have
no force. It is shown in the next Section that the bounds obtained from (?7) setting r = 0,
equivalently the bounds (3.16), are identical to the bounds given in Chesher (2009, 2010)

which are shown in those papers to define the identified set H(Z).

3.3.5 Relationship to earlier results

It is shown in Chesher (2010) that all structural functions h that lie in the set identified by

a SEIV model given a particular probability distribution Fy x|z with Z = z € Z satisfy the
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following inequalities for all 7 € (0, 1).

machr[Y <h(X,T)|Z=z2<71< mlz;ijr[Y < h(X,7)|Z = 2] (3.22)
z€ z€

Here probabilities are calculated using the distribution Fy x 7.

The inequalities generated by (3.22) as 7 varies over (0,1) define a set of structural
functions referred to as C(Z) in Chesher and Smolinski (2009). When X is discrete and
characterized by a vector v as in the previous discussion the set C(Z) is a union of convex

sets, C;(Z), one associated with each arrangement, ¢, of ~.

T
=Ja(:z
t=1
Each set C;(Z) is an intersection of sets obtained as z varies within Z.

= Jclz)

zEZ

We now show that the bounds (3.22) are identical to those generated by (3.16) as n
varies over {1,..., N}. Chesher and Smolinski (2009) show that in the discrete endogenous
variable case considered here the bounds (3.22) hold for all 7 € (0,1) if and only if the
following inequalities hold for all l € {1,...,M — 1} and s € {1,...,K}.

M—-1

K
< < < — <
gleagz Pk (2)1(Ymk < Yis) < s < Izrélz{zlz Z Pk (2) 1 (Ym—1,6 < )

k=1 m=1 k=1m=1

Consider a particular arrangement of v and its nth largest element, v[,;. Substituting 7},

for ;5 above gives the following.

K M-1
gleagl; Zl P (2)1(Ymk < V) < Yy < mm; E:IPmk 1(Ym—1k <) (3.23)
=1 m= m

Comparing this with (3.16) it can be concluded that the bounds are identical because both
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of the following equations are satisfied:

M-1

Pldn) (2) = Pk (2)1 (Yot < V) (3.24)
m=1

Plan)(2) = k(2 Z Pk (2)1(Vm—1k < Vn)) (3.25)

and on the right hand side of (3.24) and (3.25) are the expressions summed over k to produce
the bounds in (3.23).

3.3.6 Alternative expressions for the bounds

The objects A\yx(2) and 7,k (2) can be expressed in terms of probabilities involving the struc-
tural function for n € {1,..., N} as follows.

PrlY < h(xp, Y1) NX =2|Z =2] , ne{l,...,N}

Ank(2) = (3.26)

PrlY < h(xp, vpn) A X = 23| Z = 2] , n=N+1
Tnk(2) = PrlY < h(ap, yp)) AX =ax|lZ =2] , ne{l,...,N+1} (3.27)

With these expressions in hand the bounds (3.16) can be written:

An(Z) = max (Pr[Y < h(X,yp41))|Z = 2])

z2€EZ

gélg (Pr[Y < h(X,y))|Z = z]) =m(2) (3.28)

and the bounds (??) take the following form.

ST
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—sT Z2EZ

¢ (2) = max(3" max{0, Pr[Y < h(ag,ysen) A X = 21)|Z = 2]
k

~PrY < h(zpp) AX = 2ilZ = 2]}) (3.30)

Vr(2) = min (my(2) = X(2)) (3.31)

These expressions are elucidated using the example considered earlier. Table 3.5 shows
the values of \,; and 7,; in the arrangement used in the example. Dependence on the value
z is no longer made explicit in the notation.

Table 3.6 shows the value of the structural function h(x,u) for all the combinations of x
and v that arise in (3.26) and (3.27) in this example. For example the entry for n = 3 and
k = 2 under the heading 7,2 is h(w2,7v3)) = h(z2,721) = 2. The entries in this Table are
easily verified by referring to Figure 1.

Consider for example \j2. From (3.26) we have
Ao = Pr[Yy < h(z, V) AN X = 22| Z = 2]
and since 7[5 = 723 there is, from Table 3.6, h(x2,723) = 2. Accordingly
A2 =PrlY <1AX =237 = 2]

which is equal to p12 as shown in Table 3.5 in the entry for n =4 and k = 2.

Consider for example m33. From (3.27) we have
w3z = Pr[Y < h(xs,y3)) A X = 23|Z = 2]
and since 3] = 421 there is, from Table 3.6, h(x3,721) = 1. Accordingly
ma3 = Pr[Y < 1A X = a3|Z = 2]

which is equal to p13 as shown in Table 3.5 in the entry for n = 3 and k = 3.

3.4 Bounding inequalities for continuous endogenous variables
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k= k= k=3
| Tn) ‘ Y(n+1) ‘ Anl ‘ Tnl | An2 | Tn2 | An3 | Tn3

0 y1 || O p11 | 0 p12 | 0 P13
711 V12 pii | pun | O p12 | 0 P13
12 Vo1 pi1 | p21 | p12 | p12 | O P13
Y21 V13 p21 | p21 | p1z | p22 | O P13
Y13 Y23 P21 | P31 | P12 | P22 | P13 | P13
Y23 Y22 P21 | P31 | P12 | P22 | P23 | P23
V22 1 P21 | P31 | P22 | P22 | P23 | P33

1 P31 | p31 | P32 | P32 | P33 | P33

Sl o|ala|lwl v ~|of s

Table 3.5: Values of A, and m,; in the arrangement used in the example.

k=1 k=2 k=3
’ n | Yn) ‘ Yint1) ‘ A:dp1 | Brmpr | At Ao | Bimpa | A A | Br s
0] 0 [ 1 1 1 1 1 1 1
1 Y11 Y12 2 1 1 1 1 1
2 Y12 Y21 2 2 2 1 1 1
3 Y21 Y13 3 2 2 2 1 1
4 13 | o3 3 3 2 2 2 1
5 Y23 Y22 3 3 2 2 3 2
6 | 722 1 3 3 3 2 3 3
7| 1 3 3 3 3 3 3

Table 3.6: For the arrangement used in the example these are the values of A: h(z, Vj41))
appearing in the definition of A\,; and of B: h(xy, fy[n]) appearing in the definition of m,.
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So far the endogenous explanatory variable X has been required to be discrete. The argu-
ment used to develop the inequalities defining the identified set in that case can also be used
in the continuous X case to define inequalities which, when constructed using probability
distributions Fy x|z for z € Z, must be satisfied by all structural functions in the observa-
tionally equivalent structures that generate that distribution. At this time we do not have a
proof of sharpness when M > 2 in the continuous case.!® The development given here also
applies in the discrete X case.

Consider probability distributions Fy x|z for z € Z and an admissible structural function
h(-,-). Consider values x € X and z € Z and consider restrictions on admissible distributions
Fy x|z which must hold if the structural function h and a distribution Fyy x|z are to define a
structure which generates the probability distribution Fy x|z with Z = 2.

We derive expressions for the minimal and maximal probability mass that Fyxz with
X =z and Z = z can assign at or below a value u € (0, 1] given the requirement that Fy; x
and h must deliver the probability distribution Fy|xz with X = 2z and Z = 2. Let these
minimal and maximal probability masses be denoted by respectively B(u, z, z) and B(u, z, 2)

so that there is the following inequality.
E(’LL,ZE,Z) < FU\XZ(U|:B> Z) SE(U7$7Z) (332)

These bounds depend on /& and on the probability distribution Fy|x z(ylx, 2).
Integrating with respect to the conditional distribution of X given Z = z and, noting

that the independence restriction requires

/FU|XZ(U’$72)dFX|Z(»"3Z) =u

holds for all w € (0, 1] and z € Z, delivers the following inequality which holds for all u € (0, 1]

and z € Z.

/B(u,x,z)dFX|Z(:c|z) <u< /B(u,w,z)dFXZ(ac]z) (3.33)

The inequality places restrictions on h and involves Fy x|z with Z = z.

Now consider two values of U, u; and ug with u; > wo, and the mazimal probability

8The set derived in this Section is shown to be the identified set in the binary Y continuous X case in
Chesher (2010).
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mass that an admissible distribution function Fyxz with X = x and Z = z can assign to
the interval (ug,u;] given the requirement that Fyixz and h must deliver the probability
distribution Fy|xz with X = x and Z = 2. This is equal to the maximal mass that can lie

at or below u; less the minimal mass that can lie below us, as follows.
Fuixz(uilz, 2) — Fyxz(u2lz, z) < B(uy, 2, 2) — B(ug, z, 2) (3.34)

The expression on the right hand side here is always non-negative because

B(Ul, Z, Z) Z ﬁ(ula JI,Z) Z E(u27 1"7'2)

the second inequality following because u; > uy. The inequality (3.34) does not improve on

the inequality (3.32) which delivers the inequality (3.34) on adding the two inequalities:

Fyxz(uilz,z) < B(u,z,2)

—Fyixz(uglr,2) < —B(ug,w,2)

which come directly from (3.32).

Now consider two values of U, u; and ug with uqy > ug and the minimal probability
mass that an admissible distribution function Fyxz with X = z and Z = z can assign to
the interval (ug,u1] given the requirement that Fiyx|; and h must deliver the probability

distribution Fy|xz with X =2 and Z = z.

This is at least equal to the minimal mass required to lie at or below %1 minus the maximal
mass that can lie below ug, so there is the following inequality for all (uj,u2) € (0,1] with

u1 > ug and for all z € Z.
Fyixz(uilz, 2) — Fyxz(ugle, z) > B(ui, x, z) — B(ug, x, 2)

This is a direct implication of the inequality (3.32). However the right hand side of this

inequality can be negative, and since u; > ug, an admissible distribution must satisfy

Fyixz(wlz, z) > Fyxz(uzlz, 2)
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and so the bound can be improved as follows.
FU|XZ(U1’3:7 Z) - FU|XZ(U2’3:7 Z) 2 ma‘x(07§(ula Z, Z) - E(u% x, Z)) (335)

Integrating with respect to the conditional distribution of X given Z = z and exploiting the
independence restriction gives the following inequality which must hold for all (uq,us) € (0, 1]

with w1 > w9 and for all z € Z.

up — ug > /maX(O,B(ul,x,z) — B(ug, 2, 2))dFx|z(z|z) (3.36)

The inequalities (3.33) and (3.36) depend only on the structural function A(-,-) and the
distribution Fy x| 7z(y,x|z) at the value z under consideration. They must hold for all z € Z

leading to the following intersection bounds.

maéc/B(u,$,z)dFX|Z(;v|z) <u< mig/B(u,m,z)dFX|Z(x|z) (3.37)

ze zE

up — ug > magc/max(O,B(ul, x,2) — B(ug, x, 2))dFx 7 (x]2) (3.38)
zE

It remains to determine expressions for B(u,x,z) and B(u,z, 2).

First consider the upper bound B(u,,z) and consider values u € (hpy—1(z), hpm(x)].
In this case Y = m, the distribution Fyxz cannot allocate a probability mass larger than

Pr[Y < m|X = z,Z = z] at or below the value u, and so there is the following.

B(u,z,z) =Pr]Y <m|X =x,Z = z] = Pr[Y < h(z,u)|X =2,Z = 7] (3.39)

Now consider the lower bound. Suppose u € (hp—1(x), hy(z)). In this case h(z, u) = m.
The distribution Fy|xz could allocate all the probability mass associated with Y = m to the

interval (u, hp ()] so the probability mass required to fall at or below u is as follows.

B(u,z,z) =PrlY <m|X =z,Z =z2] =PrlY < h(z,u)|X =z,Z = 7]

If u = hy(x) then Fyx, must allocate the probability mass associated with Y = m at or
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below u as well and the total probability mass required to fall at or below w is:
B(u,z,z) =PrlY <m|X =2,Z = 2] =Pr[Y < h(z,u)|X =2,Z = z2].

On considering all intervals in which w may lie, there is the following expression for the lower

bound.

M
B(u,z,2) =Pr[Y < h(z,u)|X = 2,2 =2+ Y 1u=hn(@)]Pr[Y =m|X = 2,7 = 2]
m=1

(3.40)

Substituting for B(u, z,z) and B(u,z,2) in (3.37) gives the following inequalities, which

are satisfied by all structural functions in the identified set for all u € (0, 1].

M
max {Pr[Y < h(X,u)|Z =z + Z /1[u =hp(x)|PrlY =m|X =2,Z = z]dFX|Z(a:|z)}
m=1
<u<

miélPr[Y < h(X,u)|Z =z (3.41)
zE

The bounds for binary Y and discrete X given in Chesher (2009), which are shown there to

define the identified set, arise as a special case.

When X is continuous events {u; = hy,(X)} have measure zero so the second term on

the left hand side of (3.41) is vanishingly small and the inequalities are as follows.

max PrlY < h(X,u)|Z = z] <u <minPr[Y < h(X,u)|Z = 2]
z€Z 2€Z

These inequalities were shown to define the identified set for binary Y and continuous X in

Chesher (2010).

Substituting for B(u,z,2) and B(u,z,2) in (3.38) gives the following inequalities, which

are satisfied by all structural functions in the identified set for all (u;,u2) € (0,1] with
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up > u2.

up — ug > mag(/max {0,Pr[Y < h(z,u1)| X =z, Z = 7]
zE
M
+ Z 1ug = hp ()] Pr[Y = m|X =z, Z = 7]
m=1

—Pr[Y < h(z,u2)|X = 2,7 = 2]} dFx z(z]2) (3.42)

When X is continuously distributed the second term makes an infinitessimal contribution

and the inequality simplifies as follows.

up — ug > mag(/max {0,Pr[Y < h(z,u1)| X =x,Z = 2]
z€E

—Pr[Y < h(z,u2)|X = 2, Z = 2]} dFx z(7|2)

The bounds (3.41) and (3.42) are precisely those given in (3.28) - (3.31) for the discrete
X case. This is so because setting u = vp,) in (3.39) and (3.40) for n € {1,..., N} gives the

following expressions

B(’Y[n],ﬂj‘,Z) = PI‘[Y < h(x7’7[n])|X =, 7= Z]

E(V[n]:xaz) = PI’[Y < h($77[n+1])|X =x,Z = Z}

which on evaluating at = z; and multiplying by Pr[X = x;|Z = 2] lead to the expressions
for A\pi(2) and mui(2) given in equations (3.26) and (3.27) in Section 3.12.

The set of structural functions which satisfy the inequalities (3.41) for all v € (0.1] and
the inequalities (3.42) for all (uy,us) € (0,1] define a set of structural functions denoted by
E4(Z). We have shown that when X is discrete this is the set £4(Z) = £(Z) which has
been shown to equal the identified set, #(Z). The argument given in this Section shows that
when X is continuous (or mixed discrete-continuous) H(Z) C £4(Z). We conjecture that

EA(Z) is the identified set in the non-discrete X case as well.

3.5 Illustrative calculations, computation and estimation
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3.5.1 Examples of bounds

We enumerate the bounds for a case with M = 3 and K = 3 and the arrangement of v shown

in equation (3.7) that has been considered throughout the paper.

Table 3.7 shows the values of lower bounds on 7y — ) for s (columns) and r (rows)

varying in {1,...,7}. For example the entry in the row for Y1) and the column for 3 gives
the bound

VB~ ) 2 PR
that is

Y21 — Y11 = P21

and note that this must hold for all z € Z. As z varies ps; varies and making this dependence

explicit and dependence on the arrangement explicit too there is the bound

Yo1 — 11 > max phy (2)
z€Z

which contributes to the bounds defining &(Z).

The model places no restrictions on some of the differences other than those arising
because of the ordering in the arrangement under consideration. An example is Yy — V2]
which is only required to be non-negative. Some of the restrictions that define a set &(Z2)

render others redundant. For example in Table 3.7 there is the restriction

V5] — V4] = Pls) (3.43)

which when satisfied ensures that two other restrictions are satisfied as follows.

V5] — V3 = P[]

V5] — V2 = P[]

The restrictions g — 3] > p[5] and yje] — V4] = p5) are also redundant, both being implied

by the restriction (3.43).
In the final column lies 7[7) which is equal to 1. The entries in this column give lower
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bounds on 1 — 7] where r varies from 1 to 6 down the rows of the Table. Subtracting
these entries from 1 (i.e. eliminating the leading unit terms and changing the signs of what

remains) delivers upper bounds on v, for r € {1,...,6}.

Lower bounds on the 7j,;’s are simply, for each r € {1,...,6}

> o <V
r'=1

as shown in Section 3.3.1.

Adding the negative of the upper bound for ~,] to the lower bound for v, delivers a lower
bound on v[q — 7},) which we can compare with the bounds shown in Table 3.7. Doing this
we find that the lower bounds on vy — (1), V5] — Y1)> V6] — V1] and Vje) — 7V[z) in Table 3.7 are
exactly the bounds obtained by comparing lower and upper bounds on individual elements

of ~.

The only inequality in Table 3.7 that survives these various eliminations is 51—y > pj3)-
So for this arrangement the set &(Z) is defined by this inequality and the lower and upper
bounds on the individual elements of v and the inequalities that express the ordering of the

elements of v in this arrangement.

In the M = 3, K = 3 example considered in detail in this paper there are 90 admissible
arrangements of v of which 15 are fundamental in the sense that each of these 15 generates
3! = 6 arrangements by permuting the index identifying the three values of the conditioning
variable. Annex 2 shows the bounds on 7 — 7} just as in Table 3.7 for each of these 15
fundamental arrangements. In the sequence presented there the arrangement considered in

this Section is number 8.

Comparisons amongst the inequalities on differences of elements of v and comparing those
inequalities with the implications of the lower and upper bounds on elements of ~ leads to
elimination of large numbers of the entries in the tables that refer to differences i) —
for s and r in {1,...,6}. In Arrangement 1 all such inequalities on differences disappear.
In Arrangement 2 only the inequality v5) — (3] > p|5] remains. In Arrangement 3 only the

inequality yi4) — V2] > pj4) remains. In other cases there are more survivors. For example in
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Y11 | Y12 | Y21 | 713 Y23 Y22 1

046 I I I A Y 5] el N7
71 | : O | ppy | pa | PertPp | Pt P t+Pe | L —Pap— Pl — Pl
Y12 | V] 10 10 | pp Pls] + Ple) L —pp) — P — P3| — Pl
Y21 | V3] : ©ol 0 P[] P[] L —ppp — P — P3] — Pla| — Ple)
713 | Vg : < : Pls) Pls) 1 — 01— ppap — Pag — Pl
Y23 | V] : 0 1 — 01— ppa| — Pa) — PsL — Ple
Y22 | Vg : 1 — 01— 03 — p — Plg)

Table 3.7: Values of lower bounds on vj, — ) for s (in columns) and 7 (in rows) for the
example arrangement.

Arrangement 11 the following three inequalities on differences of elements of v survive.

M3~ V2 = P
V5] — V4] = PP

Vo) — Y2l = Pls) T Ple]

In the example considered here the number of discrete outcomes is M = 3 and the number of
points of support of the endogenous variables is K = 3. When M or K are larger there are
many more contributions to the definitions of sets £(Z) coming from inequalities involving

differences of elements of ~.

3.5.2 A Mathematica notebook

This paper is accompanied by a Mathematica notebook which is viewable in the freeware
Math Player 7. The notebook does symbolic calculation of bounds as set out in Table
3.7. The user provides values for M, the number of discrete outcomes and K the number
of points of support of the endogenous variables. A stylised graphical display of the M —
1 threshold functions appears with the values associated with the K points of support of
an endogenous variable X highlighted. The user can manipulate these thereby generating
particular arrangements of «v. For each arrangement ¢ selected, the notebook produces a table

like Table 3.7 showing in symbolic form the inequalities defining a set &(z).

19The notebook can be downloaded from www.cemmap.ac.uk/wps/sisdvivin.nbp. Math Reader 7 is avail-
able at: http://www.wolfram.com/products/player/download.cgi .
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3.5.3 Computation and estimation

When M and K are both large computation of the set £(Z) is challenging because of the
large number of potential arrangements of -, that is of the K values of the M — 1 threshold
functions, that may arise. For example when M = K = 4 there are 369,600 admissible
arrangements rising to over 300 billion when M = K = 5. Shape restrictions are helpful in

reducing the scale of the problem.

In the binary outcome SEIV model a monotonicity restriction coupled with a single index
restriction, requiring that the threshold function is a monotone function of a scalar val-
ued function of endogenous and exogenous variables, brings great simplification as shown in
Chesher (2009). The use and benefit of restrictions on threshold functions such as monotonic-
ity, concavity, convexity and single-peakedness coupled with index restrictions is the subject

of current research.

Shape restrictions can also be introduced by employing constrained sieve approximations.
Parametric restrictions cut down the scale of the problem and provide a link to classical like-
lihood based analysis of discrete outcome data. This is illustrated in Chesher and Smolinski
(2009) where ordered probit structural functions are employed with a coefficient on a scalar
endogenous variable X that is common across threshold functions whose “intercept terms”
differ. This model embodies strong shape restrictions, requiring threshold functions to be
monotone in X and parallel after applying the inverse normal distribution function transfor-

mation.

As a prelude to consideration of methods for estimating identified sets in parametric or
otherwise shape constrained models, first consider a theoretical analysis in which one has to
hand probability distributions Pr[Y = m A X = zy|Z = z] for each value z € Z. Suppose
there is a parametric model or sieve approximating model for the structural function with
parameter vector ©. For any value 6 there is an associated value of v denoted by ~(6) which
is in some arrangement denoted by ¢(6). The values of () and () are easy to compute.

The value 6 is in the identified set of parameter values, denoted by H®(Z), if and only if
1(0) € &) (2).
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Define the non-negative valued distance measure D(6) as follows.

DO)=  min_((1(6) = w) ()~ w) (340

This is the squared Euclidean distance from «y (¢) to the point in the set &) (Z) closest to
7 () as the crow flies. The measure is zero if and only if v(0) € &) (Z) and so zero if
and only if § € HO(Z). The value of D(f) is easily found using a quadratic programming
algorithm and the expressions for the linear half spaces defining the sets £(Z) that we have
given in this paper.? The set of values of § that minimise the function D(-) is the identified
set HO(Z).

HO(Z)={h:0= argmin D(s)} = {6 : D(6) = 0}.

In applied econometric work there will be estimates of the probability distributions,
Pr[Y = mA X = x;|Z = 2] for z € Z, and so estimates of the sets &(Z). Let D() be the
distance measure arising when &(Z) in (3.44) is replaced by an estimate &(Z). The dis-
tance measure 15(0) has the properties required of Chernozhukov, Hong and Tamer’s (2007)
“econometric criterion function” Q(#) and their methods can be employed to estimate, and

develop confidence regions for, the set H®(Z).

It will be prudent to use bias corrected estimates of the sets £(Z). Bias arises because
the sets &(Z) arise as intersections of sets £(z) across values z € Z. The issue is explained
in Chernozhukov, Lee and Rosen (2009) (CLR) where a solution is proposed. This is directly

applicable in the case that arises here.

Define pt(2) = {pfl} (2),... ,pr](z)}. With 75 = 0 and yy41) = 1 all the constraints

defining a set & (Z) have the form

¢
Vs] — Vr] > rzneaé( (asr P (z)) (3.45)
for certain pairs of indices s > r selected from {0,1,...,N + 1}. Here ay, is a vector of

integers specific to the s — r comparison.

The proposal in CLR is to calculate an estimate of I*(ag, Z) = max,ez (ozsr . pt(z)) by

29An L1 norm and a linear programming calculation could be employed instead.
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calculating the maximum over z € Z of precision corrected estimates as follows.

o, Z) = max (asr « p'(2) + ko' (asr, 2))
z2EZ

Here o!(au,, 2) is the standard error of ag, « p'(2), Z is a data dependent set of values of z
that converges in probability to a non-stochastic set which contains arg max,cz (ozsr . pt(z))

and k is an estimate of

median (inf CUor « p1(2) = Clsr - ﬁt(z))
z€Z Ut(asm 2)

proposals for which are given in CLR.

The result is an asymptotically upward median unbiased estimate of the bound in (3.45).
Proceeding in this way gives bias corrected estimates of all bounds and thus bias corrected
estimated sets £ (Z) which will be used in the calculation of the distance measure D(6). An
example of inference using the CLR method in a binary outcome case is given in Chesher

(2009).

3.6 Concluding remarks

We have studied identification of a nonparametrically specified structural function for a dis-
crete outcome, focussing attention mainly on the discrete endogenous variable case. The
single equation instrumental variable (SEIV) model we have considered is attractive because
it places no restrictions on the process generating values of endogenous variables. Commonly
used control function alternatives based on triangular models do not deliver point identifi-
cation when, as here, endogenous variables are discrete unless there are strong parametric
restrictions.

The SEIV model set identifies the structural function. In the M outcome case the struc-
tural function is characterised by M — 1 threshold functions. When endogenous variables are
discrete the identified set is a union of many convex sets. In principle there is one such set
associated with each admissible ordering of the K values taken by M — 1 threshold functions

as endogenous variables pass across their K points of support.
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Each convex component of the identified set is the intersection of collections of linear half
spaces, each value of the instrumental variables generating one such collection. The number
and extent of the convex components of the identified set depends on the strength and support
of the instrumental variables. When these are good predictors of the values of endogenous
variables the identified set may comprise just a small number of convex components, perhaps
just one.

We have developed expressions for a set £(Z) which can be calculated for any probability
distribution of the outcome Y and endogenous variables X given instruments Z taking values
in a set Z. We have shown that when endogenous variables are discrete the set identified
by the SEIV model, H(Z), is equal to £(Z). We provide a Mathematica notebook which
conducts symbolic calculation of convex components of the identified set.

Unrestricted nonparametric estimation and inference pose challenging problems once M
or K are at all large. Parametric restrictions or shape restrictions reduce the scale of the
estimation problem. We have defined an easy-to-compute criterion function which can be
employed in estimation using the methods proposed in Chernozhukov, Hong and Tamer
(2007) with bias corrected estimates of bounds as proposed in Chernozhukov, Lee and Rosen
(2009).

A set of structural functions, £4(Z), has been derived for the general case in which
endogenous variables are continuous, mixed discrete-continuous or discrete. When X is
discrete the set £4(2) is the set £(Z) which is the identified set of structural functions when
endogenous variables are discrete. We have shown that in the non-discrete case all structural
functions in the identified set lie in the set £4(Z) and conjecture that in this case too it is

the identified set.
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ANNEX 1: PROOF OF PROPOSITION 1

1. (a) This follows directly from (3.12) which states that for all 7 and j, n(4,j) is either
equal to G(i,j) or, equal to max(0, R(7, 7)) if this is less than G(i, 7).
(b) For any i and j, if G(7,7) > 0 then n(i,j) > 0 because (3.12) states that (i, j)
is at least equal to G(4,j) or a non-negative quantity, namely max(0, R(%,j)).
The recursion (3.13) taken together with (a) and G(i,5) > 0 = n(i,j) > 0
implies that, for any 7 and j, if G(i,j7 — 1) > 0 then G(i,j) > 0. Since for all i,
G(i,1) = Ay} > 0, the result follows by induction letting j pass from 2 to K.
(c) As noted in the proof of (b), for all ¢ and j, G(i,5) > 0 = n(i,7) > 0 and the

result follows because the result (b) states that for all ¢ and j, indeed, G(,5) > 0.
(d) This follows directly from (3.13) and (a) and (c).
(e) If G(i,7) > n(i,j) then G(i,7) > 0 and since G(4, j) is a non-increasing function of
j,forall j” < j, G(i,j") > 0. Therefore, for all j < j, from (3.13), G(4,5") > n(i,5)
which by assumption also holds for j = j. From (3.12), if G(i,5") > n(i, ;) then

n(i, ') = max(0, k(i j')).

2. Suppose that for some j < K, G(4,5) < max(0, R(i,5)). Then n(i,j) = G(i,j) and
from (3.13) G(i,j + 1) = 0 and by repeated application of (3.13), for all 7/ > j,
n(i,j") = G(i,5’) = 0 and so

K
G(i,K +1) = Ay = > g = 0.
k=1

Suppose that there is no j < K such that G(7,j) < max(0, R(4,7)). Then, considering
J=K,
G(i, K) > max(0, R(i, K))
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SO

n(i, K) = max(0, R(i, K))

and so from (3.13)
K
G(i, K +1) = My = D e = G(i, K) = (i, K) > 0
k=1

and so

K
> ik < A
k=1

ANNEX 2

This Annex provides tables like Table 3.7 giving lower bounds on differences 7 — ] for the
15 fundamental arrangements of v in the M = 3, K = 3 case. In each case the final column
gives lower bounds on 1~y for r € {1,...,6}. Subtracting 1 from each of these expressions

and changing sign gives upper bounds on ~j,. Lower bounds are simply 7(,] > Sy P
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Y(6) = Y22

Y(s) = Y23

Y(4) =Y13

Y(3) = Y21
Y(2) = Y12

Y1) =Y11

Figure 3.1: Examples of two threshold functions for the case M = 3 and K = 3 that are
consonant with the arrangement of elements of v shown on the vertical axis. The outcome Y
takes the value 1 below the lowest threshold in the dark shaded region and the value 3 above
the highest threshold in the light shaded region. The vertical scale is the unit interval [0, 1].
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Chapter 4

Core determining indexes for set
1dentified models with discrete

observables

This paper introduces a constructive and practical algorithm for obtaining core determin-
ing indezes in a class of partially identified models. Core determining indexes give rise to
core determining sets and inequalities that are necessary and sufficient for the analysis of
identification.

We focus on designs with discrete observables and continuous latent heterogeneity. Ex-
amples comprise ordered outcome, multinomial choice or random coeflicient instrumental
variable models. We elucidate the method with an elementary example where a binary
endogenous covariate drives a three valued outcome. In the illustration we examine a non-
parametric ordered outcome model with endogeneity. We invoke an instrumental variable

restriction for identification.

Introduction

We propose a practical method to establish a finite number of moment inequalities char-
acterizing the identified sets in the class of partially identified models when the observable

variables are discrete. The method comprises of a large class of complete models prevalent
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in econometric practice. Instrumental variable models with discrete covariates, like ordered
outcome, multinomial choice, binary panel data or random coefficients models, account for

particular instances.

Without lost of generality we ground our discussion on generalized instrumental variable
models. We demonstrate the method by focusing on structural models where the discrete
outcome variable, Y, is a function of a vector of discrete covariates, X, and a vector of
latent, continuously distributed U. These models are silent about the source of endogeneity,
functional relationship between X and Z. For identification we call the instrumental variable
restriction that which invokes stochastic independence between latent U and the instrument
Z.

Y =h(X,U) UlZzZ U~Fy

Unobservable U follows the probability law Fy;. Chesher, Rosen, Smolinski (2011) demon-
strates that this class of models set, rather than point, identify structural functions A and

distributions of unobservables, Fy;.

The identified set, that is a set of structural functions and distributions of unobservables,
(h, Fy), obeys the following system of inequalities. For any subset S on the support of

unobservables, U,

Qs(h, Fiy) - / Wy > S A(ryalh) € S)Pro(Y =y, X = |7 = 2)
S yeY,xeX

must hold for all z in the support of the instrument, Z. The left hand side denotes the
probability mass allocated to the set S computed with respect to the probability law Fys.
The right hand side denotes a probability mass taken with respect to the distribution of the
data and aggregated over all level sets, 7, .(h), that are subsets of the proposed set S. A

detailed definition of level sets and discussion of this result are presented in the next section.

For now it is important to point out that this theoretical formulation may fall short
in practice. The inequality must hold for any subset S in the support of unobservables,
U, which in general is an uncomfortably vast space of sets and possibly infeasible to deal
with in applications. However, when there is discrete variation in observables it becomes

possible to characterize the identified set by a finite number of moment inequalities. This
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characterization constitutes the essence of the discussion coming up in this paper.

There have been a few attempts to address the question of determining a finite number of
moment inequalities characterizing the identified set in partially identified problems. Chesher,
Rosen, Smolinski (2011) is the closest to the attempt of this paper and demonstrates a
construction of a collection of a finite number of inequalities in the context of multinomial
choice instrumental variable models. Here we consider any model with discrete variation in
observables and a functional relationship between covariates and outcomes.

Galichon and Henry (2009) discusses incomplete models with discrete variation in unob-
servables. They propose to consider a power set of the support of unobservables to establish
core determining sets. Bersteanu, Molchanov and Molinari (2009, 2010) use techniques sim-
ilar to the results in Galichon and Henry (2009).

Our contribution to the existing literature is as follows. We extend previous results
to the general class of set identified discrete choice problems with discrete covariates but
potentially continuous latent heterogeneity. We provide a practical, computational method
for establishing a finite number of questions that are necessary and sufficient to address
identification.

In our analysis only a finite number of inequalities, say P indexed by p, characterize the
identified set, (h, Fy7). They constitute a small subset of all inequalities presented above. For

all values of the instrument Z and all p the identified set is characterized as follows.

Qu(h, Fyy) : / dFy > > Pro(Y =ym, X = 2|2 = 2) (4.1)
uecp() (m.k) €T, (h)

In this paper we focus on C,(h) and J,(h), namely core determining sets and core deter-
mining indexes. They give rise to core determining inequalities, Q,(h, F,), representing the
set of ultimate identification questions. Core determining indexes, J,(h), gather indexes of
discrete data points corresponding to the core determining sets, Cp(h), in a way that only
some subsets of U need to be examined. This significantly simplifies the practical implemen-
tation of the identification analysis. The model and data dictate both the number and the
form of J,(h) and Cp,(h) through sparsity of the data and shape restrictions imposed on the
structural function.

Having J,(h) and Cp(h) reduces the enormous practical challenge hidden in the general
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characterization of the identified set. So much so that possibly an infinite number of in-
equalities melts away and we need to cope with a potentially large, but limited, number of
identification queries.

We propose a practically feasible and easy to implement algorithm for obtaining core
determining sets Cp(h) and core determining indexes Jy,(h). We elucidate the method in
the context of the nonparametric identification problem studied previously by Chesher and
Smolinski (2009, 2010). The ordered outcome model with the instrumental variable restriction
serves as an example.

We proceed as follows. Section 1 lays out a generic setup for the partially identified
complete models represented by generalized instrumental variable structures. Section 2 dis-
cusses identification and develops core determining partitions, indexes and sets for a class of
models with discrete observables and continuous latent heterogeneity. Section 3 presents a
constructive algorithm to attain core determining sets. Sections 4 elucidates the results in

the context of ordered outcome instrumental variable models. Finally section 5 concludes.

4.1 Set up

In this section we briefly introduce the model and present identification results. We define
elemental level sets that constitute the basis of the model and identification. We present
inequalities characterizing the identified set and show their equivalent representation for the

discrete outcome models. We also define core determining partitions, indexes and sets.

4.1.1 The model

We illustrate identification problem in a class of instrumental variable models where unknown
function h of the observable, discrete X and a vector of latent, continuously distributed U
determines discrete, scalar outcome Y. We assume that latent U is distributed according to
some distribution function Fyy. In general this distribution remains unspecified. The model
follows.

Y =h(X,U) Ul Z, U~ Fy
Instrumental variable restriction, U L Z, excludes dependence between U and the instru-

mental variable, Z. It must hold for all values of Z in the support of the instrument. We
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restrict random vector Z to have discrete support denoted by Z. We denote supports of Y, X
and U by YV, X and U respectively. Sets of discrete values ), X and Z have cardinality M,
K and R. We define them as follows.

Y= {ym}nj\{:l X = {xk}{f:l zZ= {Zr}§:1 U=RF

Data follows a probability law, Prg, represented by the conditional distribution F)[} x|z

Our model falls into the class of generalized instrumental variable models (GIV) studied
by Chesher, Rosen, Smolinski (2011). GIV models incorporate models where Y and X can be
both continuous or discrete. GIV models also allow for the structural h to be a correspondence
and therefore incorporates a possibility of delivering incomplete designs. Chesher, Rosen,
Smolinski (2011) shows that these models are set, rather than point, identifying in general and
discusses identification of the structural h together with a distribution of the unobservables,
Fy, that is a duple (h, Fyy). They derive a set of moment inequalities characterizing the

identified sets in the class of GIV models. We build on these results.

4.1.2 Elemental level sets

Elemental level set represents a set of values of unobservable U such that for given value of

zp € X, function h delivers the outcome vy, € Y as follows.

Tmg(h) ={u:  ym = h(wg, u)} (4.2)

Elemental level sets establish a relationship between sets of values of latent heterogeneity
and observable outcomes conditional on the value of the covariate. Notice that in general
they need not be closed or connected. The structural function, h, determines their shape.
Elemental level sets pivot our formulation of identification and constitute the basis of coming
developments of the core determining indexes, sets and inequalities.

We define collections of elemental level sets.

T(h) = Tk (M}Yymey  Tm(h) = ATmp(W)iopexr 7(R) = {Tm k() }ypevapex

The list 7% (h) assembles all elemental level sets corresponding to a particular value of the
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covariate, xx. Similarly, 7,,(h) collects elemental level sets for a given value of the outcome
Ym. Finally, the list 7(h) gathers all elemental level sets in the model.

The essential observation follows. For every value of z;, € X pairwise exclusive sets arise
in a collection 7;(h). This collection partitions the domain of unobservable Y. This remark
underlines and supports a constructive development of the algorithm in the paper. We state

it formally in the following lemma.

Lemma. For every value of the covariate, x € X, elemental level sets Ty, ;(h) in the list

Tr(h) partition the space of unobservables, U, according to the support of the outcome, ).

Proof. Consider some zj in X. Consider elemental level sets 7, ,(h) and 7, ,(h) of U that
correspond to outcomes yy, and y,,/, both in Y. Since h is a function then 7, ;(h) Ty 1 (h) =

(0 if and only if ¥, # Y- O

4.1.3 Identified set

Chesher, Rosen, Smolinski (2011) shows that the model set identifies the structural function,
h, and the distribution of unobservables, Fy;. Following these results, let S be a collection
of all subsets of Y. We characterize the identified set A as a set of structural functions and
distributions of unobservables, that is a set of duples (h, Fy), such that for any set S in S

the following inequalities must hold.

Qs(h, Fy) : / dFy >max Y Lzmu(h) € S)Pro(Y = ym, X = 24| Z = z,)
s Ym eV,xeX

(4.3)
The left hand side denotes the probability mass allocated to the set S computed with respect
to the probability law Fyy. The right hand side denotes a probability mass, taken with respect
to the distribution of the data, F§9X|Z7 aggregated over all elemental level sets, 7,, 1,(h), that
are subsets of the proposed set S. Inequalities must hold for all values z, in the support of
the instrument, Z.!

By specifying the distribution of U in the model we restrict the left hand side of the

inequality. Also by shaping the structural function, h, we form elemental level sets and

nequality (4.3) has its equivalent representation in the language of random sets theory. Let T (Y, X;h)
be a random set defined on the probability space over Y, X, Z and U as follows.

TY,X;h)={u: Y =h(X,u)}
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therefore interfere with the right hand side of the inequality.

4.2 The Core

We follow the results presented in Chesher, Rosen, Smolinski (2011), which shows that the
identified set in the multinomial choice model can be represented by a finite number of

inequalities.

4.2.1 Tightening bounds

Recall that S is a collection of all subsets in &/. We introduce the following notation. For
any S € S we define 79(h) to be a collection of all elemental level sets that are subsets of
S. Similarly, we define J%(h) as a collection of indexes of those elemental level sets that are

subsets of S.

() = {Tmxrh): such that 7, x(h) C S}

J%(h) = {(m,k):  such that 7,(h) C S}

We define a choice function, u, which transforms the collection of indexes into a set that is

a union of all elemental level sets indexed by the input collection.

(T 5 (h) = { us U mms(h)

(m,k)eT S (h)

The probability distribution of random sets can be charactarized by containment functionals. The contain-
ment functional of the random set 7 (Y, X;h) for every value of z in the support of Z follows.

Pro(T(Y,X;h) CS|Z=2)= Y 1rue(h) CS)Pro(Y =y, X =z|Z = 2)
TEX,yey

This is precisely the right hand side of (4.3). Therefore the identified set A of admissible duples (h, Fir)
can be characterized by the following set of inequalities.

vSeu: /dFUZmEa%(Pro(T(KX;h)§S|Z:z)
S z

As before, the left hand side takes a mass allocated to some set S in a support of unobservables. This mass
is compared with a probability delivered by a containment functional of a random set 7 (Y, X;h) that is a
subset of some set S and maximized over all values of the instrument. Chesher, Rosen, Smolinski (2011)
or Bernstenau, Molchanov, Molinarii (2010) use the language of random set theory presented by Molchanov
(2005).
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Let C%(h) be a set delivered by the choice function applied to the collection of indexes
J*5(h). Embodied within these definitions we characterize the identified set in the following
proposition.

Proposition 1. For any set S in S the following inequalities characterize the identifed

set of (h, Fy).

Qesny(h, Fu) / dFy >max > Pro(Y =ym, X =x|Z=2) (44)
C5(h) kTS (h)

Proof. We show that these inequalities are implied by the inequalities derived by Chesher,
Rosen, Smolinski (2011). Let S be a subset of S that collects all sets satisfying the following
restriction.

St Vgges TV ()=T(h) (4.5)

All sets in S generate the same indexes of the elemental levels sets. By applying the definition
of 79(h) and using the choice function, y, on the right hand side of the characterization of
the identified set in (4.3), we get the right hand side of (4.4). The right hand side takes the
same value for any set S € S. We denote this constant by p(S).

The inequality (4.3) holds for all S € S and in particular, it must hold for C%(h). By
construction, the set C9(h) is a subset of all sets S in S and is the set with the smallest
volume in S. Since Fy is a distribution function, it follows that the integral on the left hand
side is a monotone function of S, i.e. whenever S’ C S” then |, g dF < | gn dF. Hence the

following holds.

Vges C°(h) €S hence / dF = mig/ dF > p(S)
cS(h) seSJs

And it must hold for all subset S of S with property (4.5). O

Proposition 1 specifies inequalities that must hold for all subsets S € S, which in general
is an uncomfortably vast space of sets and is possibly unfeasible to deal with in practice.
They may lead to an infinite number of inequalities characterizing the identified set, as in

(4.3).
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When observables are discrete then the power set 7 (h) of all elemental level sets 7(h)
has 2MK elements. Therefore, all S € S deliver at most 2M¥ distinct collections 7% (h) and
the same maximal number of distinct sets C%(h). However, the maximal number of distinct
T2 (h) or C5(h) may often be much smaller then the size of the power set, 7 (k). This may
happen when some elemental level sets are subsets of others, which is induced by the shape
of the structural function and the support of unobservable heterogeneity.

A finite number of sets leads to a finite number of inequalities characterizing the identified
set. However, the number of inequalities may still be large because it is induced by the power
set of the number of all points of support of the observables in the model. Shrinkage can
occur when the set C'5(h) can be split into two disjoint sets, say C'5'(h) and C'5” (k). Then
the inequality defined by the set S can be induced from two inequalities defined by sets S’
and S”. The following corollary formalizes this observation.

Corollary 1. [Inequality Qespy(h, Fiy) is induced by inequalities ch/(h)(h, Fy) and
chlr(h)(h, Fy) if following conditions hold.

(@) T =T WUIS (h)  and ) TV H)NT (h) =0

Proof. Suppose conditions (i) and (i) hold. They imply the same conditions on C°(h), C¥'(h)
and C5”(h). The integral on the left hand side of (4.4) is a linear operator. Therefore, it
can be split into a sum of two integrals over disjoint sets induced by S’and S”of everywhere
possitive measure Fyy. For every value of z,, the right hand side of (4.4) splits into two sums
over all elements in 7% (k) and 5" (h) respectively. Hence for every value of the instrument,

inequality (4.4) induces two inequalities for S” and S”.

S / dFy > Z Pro(Y = ym, X = xx|Z = 2z)
7 (h) (mk)eT S (h)
S / dfFy > Z Pro(Y = ym, X = x|Z = 2,)
Csl/(h)

(m,k)eTS" (h)

If they both hold for all z,. € Z then the inequality generated by S must hold by the property

of max operator and the fact that Fyy and Pry and non-negative everywhere. O
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4.2.2 Determinig the core

We define the core determining partition of S. Let P be index set {1, ..., P}. A collection of
P subsets of S indexed by p, Sp, we call the core determining partitions of S if the following

conditions hold. For any subset S, € S,(h) and any subset S, € S;(h):
(a) T (h) = J%(h) if and only if p = g,
(b) For any S € Sy(h) Corollary 2 applies only to a set S itself and the empty set (.

Condition (a) states that all sets in the p!* element of the core determining partition, S,(h),
generate the same collection of indexes. Condition (b) asserts that the inequality (4.4) pro-
duced by any subset S of the core determining partition S,(h) cannot be derived from in-
equalities induced by two non-empty and distinct sets in Sp(h).

A list of indexes induced by the element of the core determining partitions, Spy(h), we
call core determining indezes, Jp(h). The set generated by the choice function on J7,(h) core
determining indexes we call the core determining set, C,(h). For every p € P element of the

core determining partition, Sp(h), is defined as follows.
Vses,n  Jp(h)=T5(h) and  Cp(h) =C(h)

We formulate the characterization of the identified set.
Proposition 1. For every p in the index set, P, core determining indexes, Jp(h), and

sets, Cp(h), induce core determining inequalities Qp(h, Fyr) as follows.
Qu(h, Fyy) : / dFy >max Y Pro(Y =ym, X = z4|Z = z) (4.6)
Cp(h)

A collection of all P core determining inequalities, Q(h, Fr), characterizes the set of structural
functions and distribution of unobservables, the set of admissible duples (h, Fyr). That is the
identified set A.

Proof. The identified set A is characterized by (4.4) that must hold for all S € S. The
result follows directly by definition of core determining partitions and Corollary 2 applied to

Cy(h). O
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This result comes obviously from the construction of the core determining indexes. The
core determining set is connected in the sense that it is impossible to partition it into two
non-empty subsets composed of distinct elemental level sets. However, the core determining

set can be a disconnected set because elemental level sets it contains need not be connected.

We derive the collection of core determining partitions of S that induce a finite collection
of subsets of S, which are necessary and sufficient for characterization of the identified set.
This collection of core determining sets together with a collection of corresponding core
determining indexes delivers a collection of the core determining inequalities, i.e. a set of

ultimate identification questions.

S(h) ={Sp(h)};. T (h) = {Tp(h)}}

p=1
C(h) ={Cp(}  Qh Fu) = {Qp(h, Fu)}L,

All collections have the same cardinality P. Cardinality depends on the complexity of
the problem driven by a structural function, h, dimensionally of latent heterogeneity U or
sparsity of the data. Apart from very specific designs we can not determine P analytically.
However, in what follows, we propose a numerical construction delivering collections J (h)

and C(h).

4.3 Algorithm

This section presents a constructive algorithm, which generates core determining indexes for
the single equation instrumental variable model when observables possess discrete supports.
The algorithm involves operations on subsets of the support of unobservables. In particular,
it requires predefined routines that perform elemental algebraic operations on sets, i.e. takes
unions, intersections or verifies if one set is a subset of the other. We assume that these

operations are available and can be incorporated as functions into the algorithm.

We begin by establishing notation. We outline the set up in fine detaill. We define
essential objects and functions and we briefly describe the evolution of the algorithm. Finally,

we discuss complexity and potential improvements of the construction proposed.
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4.3.1 Notation

At the outset, recall that the structural function, h, links a K valued covariate X and latent
vector U with the M valued outcome Y. The model delivers a list of elemental level sets,
7(h), for the specified function h. There are P = M x K distinct elemental level sets 7, 1 (h)
in that list. For every value x; we aggregate elemental level sets in rank lists, 74 (h), of
length M that partition the support of unobservables. We organize the list of elemental level
sets, 7(h), as a collection of K consecutive rank lists. In what follows, we utilize this fact
in the information matrix to simplify the algorithm and enhance construction of the core
determining indexes.

Throughout, we use curly parentheses interchangeably in two ways. On the one hand
as a collection or list of elements. On the other, as a function that uniquely concatenates
elements from different lists. Therefore whenever applied, curly parenthesis stand for a list

of distinct components.

Depth and height. The algorithm evolves in two dimensions dependently, which we call
the step and height of the algorithm. Step appears outer with respect to height in a sense
that the number of height levels, represented by d, changes in every step of the algorithm,
indexed by ¢q. We consider height to be superior with respect to step because climbing the
highest level terminates the algorithm. We express it in an alternating list of height level

paths, D,. We define the height level paths after an introduction of an information matrix.

Level Sets Indicators and Development Sets. A pair (m,k) uniquely indexes every
elemental level set 7, 1 (h). The number m indicates the value of the outcome and £ indicates
the value of the covariate. Given the structural function, h, there are L = M - K distinct
pairs of this type since there are L distinct elemental level sets in the model. In the initial
step of the algorithm, denoted by zero, all the (m, k) pairs compose the initial list of length
L of elemental level set indicators, J°(h). The list delivers a corresponding initial list of
development sets, CO(h), i.e. a list equivalent to 7(h) at step zero. As the algorithm evolves,
the list of level set indicators, J9(h), gets updated and expands by one component in every
step ¢ of the construction. At the same instant the list of development sets, C(h), evolves

accordingly. The choice function, u, establishes correspondence between level set indicators
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and development sets.

Ci(h) = {CAM T TR = {TFW)},E where  Ci(h) = p(7,(R))

Inheritance Indexes and Link Function. We employ a list of inheritance indexes, N9,
to encode the content of the level set indicators, Jj (h), with respect to the remaining elements
in the collection, J9(h), while the steps of the algorithm alter. We define the initial list of
inheritance indexes as follows.

NO = {{1}7 e {P}} and N = {Ng}PJrq

p=1

Inheritance indexes turn out to be very useful in practice. They trace the evolution of the
development sets in C?(h) obtained from level set indicators in J9(h) in all preceding steps
of the algorithm. This knowledge allows for the shortening of the height level path, D, at
almost every step of the procedure when the construction expands and a new set arises.

Further we introduce the link set function, A\, that is essential to our developments. It
is a four valued function that verifies the relationship between two test sets, S and S’. The
definition of the link function follows and the table enumerates outcomes that the function
A delivers.

VS7S’€S A (Sa S,) — {®7 G, 370-}

| A(S,9) | Relationship
0 SNS' =0
C scs
D Sos
o S NS #( and neither S € S" nor S O 5

Information Matrix. Finally we introduce a binary information matriz, A, which en-
codes the information content of the algorithm at every step ¢q. The information matrix is a
square matrix in which the p® row(column) has assigned the p!” development set from the

list of all development sets C?(h). Therefore the size of the information matrix at step ¢ of
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the algorithm is P, x P, and corresponds to the number of elements in C4(h)2.

Entries in
the information matrix depict the knowledge, or lack of, concerning the relationship between
development sets in C9(h). As long as the relationship between the n‘* and the b** develop-
ment sets in C4(h) remains unknown, the (n,b) entry of the informatin matrix, Az’b, stays at
value one. It gets updated to zero when the outcome of the function A applied to Cf(h) and
C{(h) is revealed.

Entries of the matrix A? get updated from one (uncertainty) to zero (certainty) while
climbing up the hight levels, d, of the construction. In subsequent steps of the algorithm,
the information matrix A? expands with new columns and rows that match the new items in
the augmented list of level sets indicators, J(h). This process continues until uncertainty
encoded in the information matrix has been dispelled, i.e. is all entries has been set to zero.
The state of information matrix A? governs both the height level, d, and step, ¢, of the
construction and determines when the algorithm terminates.

The rows and columns of the initial information matrix, A°, correspond to the elements
in the initial list of development sets, CY(h), that is complete list of L elemental level sets
collected in 7(h). As set out, this collection binds rank lists, 74x(h), that incorporate prior
knowledge from the model. We recall that, by definition, rank lists comprise pairwise disjoint
sets partitioning space of unobservables for every value of the covariates, xp. Therefore, the
outcome of the link function A applied to any two distinct elemental level sets within every
rank list 7,(h) is known a priori and delivers an empty set, (). Blocks of zeros encode this
prior knowledge into the initial information matrix.

Let 157 be a square M x M matrix of ones and let 0p; be a square M x M matrix of
zeros. We initialize information matrix, A%, as a square matrix with K x K block elements

as follows.

0 1, if k<l
Ak,l:

(075 otherwise

The initial infirmation matrix is an upper triangular matrix composed of square blocks 1, .

Height Levels Path. Let D? be a hight levels path that collects positions of all ones in

the information matrix A?. Let AZ , be a bit of information; the element of the information

2where P, = L +q.
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matrix A? corresponding to the n' row and the b*" column at the ¢*” step of the algorithm.

We define a height levels path, D9, at the ¢*" step as follows.
D? = {(n,b) : for which Al , =1}

The number of ones in the initial information matrix, A, is equal to the sum of dimensions
of all its 157 blocks, that is Dy = MK x M(K — 1)/2. That being so, there are Dy height
levels to climb in the first step of the algorithm or rather, Dg relations to be inquired from

the link function A. The number of inquires evolves progressively in succeeding steps indexed

by q.

4.3.2 Construction

The algorithm has two major parts, (i) the initialization chunk and (ii) the learning loop. In
the former we initialize basic objects according to the structure of the model and definitions
outlined. In the latter, the algorithm finds core determining indexes by exploring the infor-
mation matrix and climbing up the height levels path. The Algorithm frame presents these

two parts schematically.

Initialization. For the specified model and proposed structural function, h, we begin by
setting up basic objects as defined above. These are the information matrix A, the list of
level set indicators, JY(h), inheritance indexes, N¥, and initial height levels path, DY. We
set out a list of development sets, CY(h), by applying the choice function y, to a list of indexes
from J9(h).

Henceforth, we ask for a predefined class of set objects with an empty and full sets
as special elements of the class. This class must represent sets in the domain U of latent
heterogeneity U. We also require predefined elemental methods conducting operations on
subsets of Y. These are union and intersection. Lastly we define link function . Both step,

q, and height level, d, are initialized with zeros. The learning loop follows.

Learning Loop. In the learning part, the algorithm progressively updates step, ¢, until it
reaches the top of the height levels path, D?. A loop command Until in the algorithm frame

expresses this process. The height index, d, controls the loop cycle and its value points on
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an active loop. In every round it increments by one, d <— d + 1, until it reaches the top of the
height levels, D,. The height index, d, indicates element on the height levels path D? and
hence, it provides pointers n and b. These pointers indicate elements in the list of level sets
indicators, J,{ and ._7bq. We call them active level sets indicators3. Next the algorithm applies
the choice function, u, to the active level sets indicators and finds related development sets,
Ct and C/, called active development sets hereafter.

Active development sets evaluated with the link function A deliver the link indicator L'g.
Depending on the value of this indicator one of four actions may happen.

If active development sets are mutually exclusive then link function returns an empty set,
with link indicator set to (). It means there is no common area in the active development sets
and the algorithm remains actionless on level set indicators.

When one of active development sets is a subset of the other then the link indicator, Eg,
takes one of two values, either C or D. In both cases we consider the superset to be parental
with respect to the subset. Suppose that Cj is a subset of C/, in which case C} is parental for
Ct. Then level sets indicators, J,{, of the subset development set, Cji, are incorporated into
the parental level set indicators, 77, i.e. they are merged together into an updated parental
active level sets indicator, J! < {7, 7, }.

Finally, if the link indicator, ﬁg, delivers a value o then the active development sets
have a common area and can be possibly married. The algorithm concatenates active level
sets indicators into the temporal level sets indicator, Zyn, < {7, 7'}, with the corre-
sponding temporal development set, Cimp < f(Zymp). Inheritance indexes get updated
Nimp < {Ni, N}, n, b} tracing active level sets.

If the temporal development set, Cypyp, has its twin in the list of development sets, CI(h),
say the p* element, then the algorithm merges their corresponding level sets indexes j;?“ —
{T3, Timp } and N,?“ — {NJ, Nimp . However, if the temporal development set, Cyp,p, does
not have a twin in the list of development sets C?(h), then the link remains and the list of level
set indicators expands, J9! + {J% Znp}. This implies an expansion of the information
matrix AY by additional row of zeros and column of ones with zeros at positions indicated by

inheritance indexes Nypp. The algorithm defines new height levels path, DI+ related to the

3We drop dependence on the structural function, h, in the notation for the active level sets indicators, 7,
and the active development sets, C{.
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updated information matrix A%t!. This way we move to the next step of the construction,

q < q+ 1, and start walking height levels path from the beginning again, d < 0.

Algorithm 4.1 Development of the core determining indexes.

INITIALIZE:
Define information matrix AO, level sets indicators J° and inheritance indexes N©.

Create height levels path D° of length Dy from unit elements of the information matrix,
AL,

Set step ¢ = 0 and height d = 0.

LEARN:
Until d < D, proceed:

(1) Update d<+d+1
(2) Set indexes, n and b, corresponding to the d* element of DY.
(3) Evaluate L]+ A(u(Ji), u(Jy))) and Set A] , < 0. Check IF:

LY = then do nothing
L% =C then Update indexes, J! < {71, 7'}
Eg =D then Update indexes, J,i + {J4, jbq}
53 = ¢ then
Set Ly + { T, T} and Cpmp < c(Lymp) and Ny, < {N7, N1, n, b}
If: Cump is equal to ¢(Jy), for any p, then Update indexes J < Ly
Else: do the following;:
Update the list of indexes J9T < {J9, Zimmp} and N (N9 Ny }

Define matrix A9T! as A9 extended by a row of zeros and a column of
ones

Update the last column of A9T! with zeros at positions in Nimp-

Create height levels path D?™! of length D41 from unit elements of the
information matrix, A+!,

Set step ¢ < ¢+ 1 and Set heigth d < 0

4.3.3 Concluding remarks on the algorithm

The algorithm develops a list of core determining indexes, J(h). It is constructive in a sense
that it learns about the structure of the model progressively. It expands the initial list of
core determining indexes and always delivers the core in finite number of steps.

We find it very helpful to use the information matrix in the construction. It simplifies
the algorithm and sustains all the information necessary. Also inheritance indexes improve

the efficient use of information by the procedure. By tracing the history and the content of
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level sets indicators the algorithm avoids double checks.

The information matrix brings some limitations to the storage of the data and perhaps,
to search speed. We conjecture that by substituting the search over the information matrix
by some form of evolution trees or other, more sophisticated, search methods could enhance

speed of the procedure.

4.4 Tllustration

Generalized instrumental variable models, to which this work refers, comprise of an immensely
rich class of set identified models. When dealing with discrete data, the identified sets can
be characterized by the inequalities (4.6). The algorithm presented in the paper delivers core
determining indexes and sets.

Identification of complicated models with high dimensional heterogeneity requires anal-
ysis of sets placed in high dimensional spaces. Numerical representation of any subsets in
these spaces leads to considerable practical twists. Therefore, dimensionality of the unob-
served heterogeneity and richness of functional space of the structural h and distribution
Fy is of significant practical concern and can substantially influence the complexity of the
identification analysis.

However, to demonstrate methodological insights we find the ordered outcome instru-
mental variable model remarkably instructive. Its univariate nature of the error term brings
enormous simplification and clarity to the picture. At the same time, the model comprises
all the features of the method delivering core determining indexes, yet allows for simplicity
of demonstration.

This model has been studied by a number of authors. Chernozhukov and Hansen (2005)
provides identification results and propose estimation for the set up with continuous outcome.
Chesher (2010) shows that the model set identifies the structural function h and derives an
outer set that comprises the identified set. Chesher and Smolinski (2009) discusses inequalities
necessary for the characterization of the identified set when the outcome is discrete and the
explanatory variable is binary. Chesher and Smolinski (2010) characterizes the identified set
under discrete variation of the outcome and the explanatory covariates.

This section presents an illustrative model in the notation proposed in the previous sec-
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tion. We apply the algorithm and discuss its steps. We present core determining sets and

indexes.

4.4.1 Ordered Outcome IV Models

We consider a class of ordered outcome instrumental variable models. In this class, the
unknown function i of the observable X and univariate, latent variable U determines the

outcome variable Y as follows.

Y=hnXU) ULZ U~Unif0,1]

An instrumental variable restriction, U 1 Z, excludes dependence between unobserved het-
erogeneity, aggregated in U, and the instrumental variable, Z. It must hold for all values in
the support of the instrument, Z € Z. We normalize the support of the latent variable to
a unit interval and restrict its distribution to uniform. The discrete outcome takes ordered
values indexed by integeres, m € ). The covariate X has K points of support indexed by k,
rp € X.

Subsequently, we pursue elementary illustration where a binary X explains three valued

outcome Y with supports defined as follows.

y=1{1,2,3} X ={z1, 22}

The model imposes a weak monotonicity restriction on the structural A in its second argu-
ment, U. This restriction implies a threshold crossing representation. Let u take some value

in (0,1] . Then for all m € {1,2,3} and k € {1, 2} the threshold crossing is written as

m = h(zg,u) if h—1k < U < i (4.7)

where the structural parameter h,, ; is an abbreviation for the m*" threshold function eval-
uated at point zy, that is h,,(x). For convenience, we use fixed parameters hg 1, ho2 and
h3,1, 32 to denote respectively the lower and upper limits of the support U.

There are four identifiable parameters in this model, two for each value of X. Weak

monotonicity imposes inequality restrictions on these parameters. There is one inequality on
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parameters hq 1, ho 1 corresponding to z1 and analogues inequality imposed on parameters

hi2,ho 2 corresponding to x».

{h171, h271,h172, h272} with h171 < h271 and h172 < h2’2 (48)

Elemental level sets

There are six elemental level sets. They divide the support of unobservables, a unit interval,
into three disjoint subintervals for 21 and x2 and deliver corresponding rank lists, 71(h) and
To(h). Division into disjoint sets is a consequence of the weak monotonicity restriction in this

model. Elemental level sets follow.

7’171(h) = {u ouE [h071, h171]} s 7'172(}1) = {u LoouE [h072, h172]}
7'271(h) = {u : u e (hl,lv hgyl]} s T272(h) = {u : S (h172, h272]}
T371(h) = {u : u € (hQ’l, h371]} s 7’3’2(h) = {u : u e (h2,2, hg’g]}

The left and right columns list elemental level sets that correspond to rank lists 71 (h) and
To(h) respectively. Let u take some value in [0, 1]. Then threshold crossing representation in

a language of elemental level sets follows.

1, if ue Tl’l(h) 1, if we T172(h)
h(-rl’u) =32, if we 7'271(}1) and h(an u) =342, if wue T272(h)

3, if ue 7’3’1(h) 3, if we T372(h)

The Identified Set

In the ordered outcome model, the distribution Fy is restricted to be uniform on a unit
interval, [0,1]. Any subset S of this interval is a set of values of u bounded by u; from above
and ug from below. Hence, the left hand side of inequalities in (4.3) simplifies to a difference

between the boundaries of the set S as follows.
Vi uselo,1) let S = {u: w <u<ug} then / dFy = w1 — us
S

When observables in the model demonstrate discrete variation then the identified set
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can be characterized by a list of finite number of core determining inequalities, as in (4.6),
driven by the core determining indexes and sets. In the ordered outcome IV model, the
core determining set, say Cp(h), translates to a subset of the unit interval bounded by the
values of structural parameters, say h,; and h,, ;. This fact together with restricted uniform
distribution of unobservables simplify the left hand side of the p** core determining inequality.

Eventually, it becomes a difference in the limiting values of the structural parameters.

Cp(h) = {u : hn,l <u< hm,k} then / dFy = hm,k - hn,l
ueCp(h)

Notice that Cp(h) is a subset of S. The left hand side of any p** core determining inequality is
straightforward to compute provided we know the corresponding core determining set, Cp(h).
Since every core determining set has its list of core determining indexes, the right hand side

of the core determining inequality computes easily.

Figure (4.1) depicts the intuition behind the characterization of the identified set in (4.3)
and (4.6) applied to the ordered outcome IV model. The left pane presents the red set
S bounded by values u; and up. This set contains two elemental level sets, 75 1(h) and
T2,2(h), marked as light blue, vertical stripes. On the right pane, we illustrate different set
S’, painted in dark blue and bounded by u; = h22 and ug = hq 1, This set contains exactly
the same elemental level sets as set S, namely 79 1(h) and 73 2(h). Therefore S" defines the
core determining set, Cp(h), corresponding to the core determining indexes ({2,1}, {2,2}).

The core determining indexes match both sets, S and Cy(h).
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T32 T32
Uq T3t T31
—— hy» uy o—h
hay —e— hay —e—
T22 T22
T21 T21
—— hyp —— hy2
hy; —e— Up hr—o
Uz *t T12
T11 T11
X1 X2 X4 X2

Figure 4.1: Both west and east panes present the same structural function h for the model
with three valued outcome Y and a binary covariate X. Gray and blue vertical stripes display
elemental level sets, 7,,, (k). Black bars, with blue dots for z; and blue diamonds for s,
denote the structural parameters, hy, . West pane shows the red set, S = (ug,u;] covering

two elemental level sets, 79.1(h) and 72 2(h). East pane displays related core determining set
in blue, Cp(h) = (h171, h272].

The next section demonstrates the construction of the core determining indexes and sets

for the elementary example presented in Figure 4.1.

4.4.2 The algorithm in action

In the ordered outcome model with three outcomes and binary explanatory variable there
are six arrangements of the structural parameters out of which three are substantively dis-
tinct. The remaining three are symmetric with respect to change of the second index of the

structural parameter. We set them out as follows.

(a) hi1 <hig <hgi <hap
(b) hi2 <hig <hgi <hss
(c) hi1 < hgy < hig <hsga

We illustrate development of the core determining indexes for the arrangement (a). The core

determining indexes and sets for arrangements (b) and (c) are graphed in the Appendix B.

Initialization part

The algorithm begins by initializing basic objects: a list of level sets indicators, inheritance

indexes and information matrix. There are six elemental level sets in the model and they
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compose the initial list of development sets, C°(h). Related is the initial list of level sets

indicators, J°(h), consisting of (m, k) indexes corresponding to the initial list of development

sets.
T ={Tym¥o=y . T(h) = {(1,1),(2,1),(1,2),(2,2),(1,3),(2,3)}
C'(h)={C)(M}p—r . C(h) = {ma(h),m21(h),731(h),12(h), T22(h), T32(h)}

Notice that the first three development sets, C?(h), C9(h) and CY(h), partition the unit
interval into mutually disjoint subsets. They form the rank list 71(h). The same applies to
the rank list 72(h), that contains the last three development sets, C9(h), C2(h) and C§(h).
The initial information matrix, A°, reflects this prior knowledge. It is initialized as a square
6 x 6 matrix that has six nonzero entries in the right-upper block of ones 13. Rows of this
block corresponds to the rank list 71(h) and columns represent the rank list 7o (h).

The initial height levels path, D°, picks indexes of the nonzero entries of the initial
information matrix, A?. These are the following nine pairs representing height levels of the

algorithm in the initial step.

D°={Dgtamy »  D'={(1,4).(2,4),(3,4),(1,5),(2,5),(3,5),(1,6),(2,6), (3,6)}

The list of level sets indicators is composed of single element lists indexed by p. The
initial list of inheritance indexes reflects this fact. Every element of this list is a singleton as

follows.

NP ={(1),(2),(3),(4), (5), (6)}

Learning Loop

We present learning process in two complementary tables in Appendix A. Table 4.2 shows
outcomes of the link function A when the algorithm climbs the height levels path D? (rows)
for every steps ¢ of the algorithm (columns). Table 4.3 presents progressive updates of the
list of level sets indicators, J%(h). Starting from the initial list, 7°(h), to the output list of
the core determining indexes, J(h). Updates in Table 4.3 in six steps of the construction

correspond to the values of the link indicator £7, different from the empty set, .
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Consider the first step of the construction, ¢ = 1 and the first height level, d = 1. Height
level sets path, Dj indicates on sets (1,4) for which the link function returns C. It implies
that the elemental level set 711 (h) corresponding to the first development set, CY, is a subset
of the elemental level set 7 2(h) corresponding to the fourth development set, C). Therefore
the algorithm updates the fourth component on the list of level set indicators, Jf(h), with

indexes corresponding to the first component of the list of level set indicators J)(h) as follows.

Ji(h) <« {TP(h), T (M)} ={(1,1),(1,2)}

Ci(h)  p(Ji(h) =m1(h) UTia(h)

Indexes of the first and the fourth components of the list of initial level sets indicators get
concatenated into a new list of level sets indicators, .741(h). Also the fourth development set

C{(h) gets updated as indicated in the second line.

The second and the third height levels, d = 2, 3, are silent about updates other then parts
in the information matrix AY. However, at the fourth height level the link function returns a
nonempty intersection, o, between the second development set C9(h) and the newly updated
fourth development set C}(h). This delivers new level sets indicator, J- (h), extending the
list of level sets indicators and moving the construction to the new step, ¢ = 2. The seventh

components of the level sets indexes and development sets follow.

T (h) < {Ti(h), T2 (h)} ={(1,1),(1,2), (2,2)}

Cr(h) < p(TF7(h)) =7111(h) Uria(h) UTa(h)

The inheritance indexes updates N < {ND, N} } = {1,4,2}. The new set leads to extension
of the information matrix by a row of zeros and a column of ones everywhere but positions
indicated by the inheritance indexes. Lastly, the new path of height levels is defined asD?!,

with its first element (2,5). The step index is updated to ¢ = 2 and d counter is reset.

In the second, third and fourth steps of the algorithm nonempty intersections appear at
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the first, fourth and the second height levels respectively. New level sets indicators follow.

Fi(h) = {TJy(h),T5(h)} ={(2,1),(2,2)}
{\-732(h)3t752(h)} = {(37 1)7 (272)}
L7140(h) = {j23(h),j93(h)}:{(2,1),(3,1),(2,2)}

J5 (h)

Obviously the algorithm creates corresponding development sets, C2(h), Cg(h) and Cfy(h).
At the end of each of these steps, the information matrix extends by a row of zeros and

column of ones reset to zeros at positions indicated by inheritance indexes.

gq=2 and d=1: Ng ={N;, 7.8} ={2,5,8}
g=3 and d=14: NG = {N5, N2, 9} = {3,5,9}
g=4 and d=2: Ny = {N3 NG, 10} = {2,3,5,9,10}

The fifth step of the construction appears particularly interesting. The algorithm updates
three times at height levels d = 2,4, 5 before expansion takes place at the sixth level, d = 6.
At the second level, the link indicator shows D for indexes (3,6). It means that the third
development set is parental with respect to the sixth one. The level sets indicator j35(h) is
updated with the indexes in J@(h). Also inheritance indexes updates, N3 < {NJ,NZ} =
{3,6}. At the fourth and fifth height level, the link indicator returns the value C for indexes
(3,9) and (3,10), meaning that the level sets indicators Jg (h) and Jj(h) get updated with
the indexes in J35(h). We emphasize that updates in steps four and five use level sets

indicators J3 (h) updated at the second level.

The algorithm expands the information matrix at the sixth height level when the link
indicator Eg delivers o for indexes (4, 8). It leads to an eleventh component of level sets indi-

cators J; (h) composed of elements in 73 (h) and Jg (h). The process of updating inheritance
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indexes at step ¢ = 5 results in the following.

¢q=5 and d=2: NS N, T} = {3,6}

g=5 and d=14: NG« {N3, Ny} = {3,5,6,9}
¢g=5 and d=5: Niy + {N3, N} =1{2,3,5,6,9,10}
¢g=5 and d=6: N = NS NG 11} = {2,4,5,8,11}

In the seventh step, a new set of indicators, J%(h), emerges at the first height level out
of J5(h) and J7(h). The algorithm moves to the last step where the height levels path D7
has eighteen height levels. The algorithm explores them all with the link function delivering
all possible values of the link indicator EZ. If the value is different from the empty set, 0,
then new test development set, Cypp(h), is compared with all existing development sets. If
such a set is already in the list of the development sets, C(h), then the algorithm updates
appropriate level sets indicators and inheritance indexes of the existing development set and
moves on. In this step all of the test development sets along the height level path have been

previously added to the collection of development sets.

At the very last step, the seventh, the algorithm reaches the eighteenth level on the height
levels path, D7, and terminates. It returns the final list of level sets indicators, J*(h), which

is precisely the list of core determining indexes 7 (h).

Table 4.1 presents a list of core determining indexes, J(h), together with a list of corre-

sponding core determining sets, C(h).

The lists comprise eleven components. The first six core determining sets are equivalent to
the elemental level sets. However, the third and the fourth core determining sets, C3(h) and
C4(h) are composed of unions of two elemental level sets. In both cases one of the component
sets is a parental set, 731(h) and 71 2(h) respectively, corresponding to the elemental level set
at the initialization stage. These sets extend the trivial list of elemental levels delivering the

outer set of the identified set.

Rows seven through eleven describe non-trivial components that, together with rows one
through six, deliver core determining collection of sets. We skip the twelfth trivial set, the

whole interval [0, 1]. Its corresponding core determining inequality always holds.
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’ P ‘ Cp(h) content of Cp(h) ‘ TIp(h)
1 (0,h11) = 71 {(1,1)}
2 | (hi1,ho1) = T {(1,1)}
3 (hg’l, h3,1) = T731UT32 {(3, 1), (3, 2)}
4 (0,h371) = T1UTi2 {(1,1),(1,2)}
5 | (hi1,h22) = T2 1(2,2)}
6 (h22,1) = T32 {(3,2)}
7 (0,h22) = Ti1UT1UTio 1(1,1),(2,1),(1,2)}
8 | (hea,h22) = T21UTe {(2,1),(2,2)}
9 (hgg,l) = ToUT31UT32 {(2,2), (3, 1),(3,2)}
10 (O,hgg) = TaUTi2UTi2UT9 {(1,1),(1,2),(2,1),(2,2)}
11 (h271,1) To,1 UT22UT31 UTs2 {(2, 1),(2,2),(3,1),(3,2)}

Table 4.1: Core determining indexes, J(h), and corresponding core determining sets, C(h),
with their components, elemental level sets. We suppress h from notation of elemental level
sets. We write 7, instead of 7, 1(h).

4.5 Concluding remarks

We propose a practical method for obtaining core determining sets and core determining
indexes in the class of partially identified models when the observable variables are discrete.
They give rise to core determining inequalities, i.e. the set of ultimate identification questions.

We focus on the models where discrete outcome is a non-additive function of discrete
covariates and continuous, latent heterogeneity. This setup comprises a large class of complete
models prevalent in econometric practice of which instrumental variable models with discrete
covariates, like ordered outcome, multinomial choice, binary panel data model or random
coeflicients, account for particular instances.

We elucidate our results in the context of ordered outcome model and demonstrate prac-

tical feasibility and usefulness of the approach proposed.

References

BERESTEANU, A., I. MOLCHANOV, AND F. MOLINARI (2009): “Sharp Identification Regions
in Models with Convex Predictions: Games, Individual Choice, and Incomplete Data,” In
CEMMAP working paper CWP27/09.

BERESTEANU, A., I. MOLCHANOV, AND F. MOLINARI (2010): “Partial Identification Using

Random Set Theory,” In CEMMAP working paper CWP40/10.

131

Smolinski, Konrad (2012), Single Equation Instrumental Variable Models: Identification under Discrete Variation
European University Institute DOI: 10.2870/35896



CHESHER, A.: (2010): “Instrumental Variable Models for Discrete Outcomes,” In Economet-
rica 18(2), 575-601.

CHESHER A., AND K. SMOLINSKI (2009): “IV Models of Ordered Choice,” In CeMMAP
Working Paper CWP 37/09.

CHESHER A., AND K. SMOLINSKI (2010): “Sharp Identified Sets for Discrete Variable IV
Models,” In CeMMAP Working Paper CWP 11/10.

CHESHER, A., A. ROSEN, AND K. SMOLINSKI (2011): “An instrumental variable model of
multiple discrete choice,” In CeMMAP Working Paper CWP 06/11.

CHESHER, A., A. ROSEN, AND K. SMOLINSKI (2012): “Generalized Instrumental Variable
Models”. In preparation.

CHERNOZHUKOV V., AND C. HANSEN (2005): “An IV Model of Quantile Treatment Effects,”
Econometrica, 73, 245-261.

MoLcHANOV, I. S. (2005): Theory of Random Sets. Springer Verlang, London.
GALICHON, A., AND M. HENRY (2009): “Set Identification in Models with Multiple Equi-

libria,” In working paper, Montreal and Ecoles Polytechnique.

132

Smolinski, Konrad (2012), Single Equation Instrumental Variable Models: Identification under Discrete Variation
European University Institute DOI: 10.2870/35896



Appendix A

g=1 qg=2 ¢g=3 g=4 g=5 q=6 q="7
dl | (n,b) Lf%b (n,b) Cflyb (n,b)  L£L | (n,b) Eflyb (n,b) Lflyb (n,b) Lfl,b (n,b) thb
1 (1,4) c (2,5) o (1,8) 0 (1,9) 0 (1,10) 0 (3,11) o (4,9)

2 (1,5) 0 (2,6) 0 (2,9) I (3,6) D (4, 10)

3 (1,6) 0 (3,4) [ (3,7) 0 (5,7) I
4 (2,4) o (3,5) o (3,9) C (6,7) 0
5 (3, 10) C (6,8) 0
6 (4,8) o (6,11) 0
7 (7,8) I
8 (7,9) o
9 Notation (7,10) o
10 thb =p(cd,ch) (7,11) o
11 (7,12) I
12 (8,9) o
13 (8,10) C
14 (8,12) o
15 (9, 10) c
16 (9,11) I
17 (9,12) o
18 (10,11) I

Table 4.2: This table illustrates seven steps of the algorithm with their corresponding height
levels paths for three (ordered) outcomes binary covariate instrumental variable model. The
analysis is conditional on the following arrangement of structural parameters, hi1 < hi2 <
ho1 < hgs. Columns describe seven steps of the construction. Rows relate to the height
levels of the algorithm. In each step ¢ and for every height d we present link indicators Eg,
that are results of the link function \ evaluated on the n'® and b** development sets, Cf and
ce.
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Progressive update of the lists of level sets indicators ..\NQQ&

g=1 q=2 q=3 q=4 q=>5 q=
T (h) T (h) T2(h) T3(h) T*(h) T5(h) T (h) JI(h)
T S
Jo(h) A%
) {96} = 77 | Js)
Jith) | ATy =~ T Jath)
T Joh)
Toh) Tsth)
.7y = 7 i
W zmt = 7 Jslh)
= defime Wi 7 = % {7} = 75 | Tl
S update (73.75) = T {J&ThY = Th Jio(h)
oo true/tatss e = a0
() concatenate @y = g | 2w

eeeeee (1,1),(2,1),(3,1),(1,2),(2,2),(3,2)

Table 4.3: Evolution of the level sets indicators, J%(h), in the progressive steps of the algorithm. In columns we illustrate updates and expansion
of the list of level sets indicators in the consecutive steps of the algorithm. Further right column presents core determining indexes, J(h),
for the three (ordered) outcomes and binary covariate instrumental variable model where the structural parameters are in the arrangement
hi1 < hi12 < ha1 < hga. Throughout we trace inclusion of elemental level sets with empty and filled circles. Circles marked in blue correspond
to elemental level sets in the rank list 71(h) and marked in black correspond to the sets in rank list 72(h). At the same time filled dots stand for
indexes that are included into level sets indicators. In the core of the table we drop h simplifying notation for the list of level sets indicators.
We write J,; instead of J(h).
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Appendix B
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Figure 4.2: Case A: The model with three outcomes and binary explanatory variable. Struc-
tural parameters in in the arrangement (b) h11 < h12 < ha1 < hgo. Graphs present core
determining sets, Cp,(h) in blue, and their corresponding elemental level sets.
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Figure 4.3: Case B: The model with three outcomes and binary explanatory variable. Struc-
tural parameters in in the arrangement (b) h12 < hi11 < hi12 < hgo. Graphs present core
determining sets, Cp(h) in blue, and their corresponding elemental level sets.
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Figure 4.4: Case C: The model with three outcomes and binary explanatory variable. Struc-
tural parameters in in the arrangement (c) hi1 < hag < hi2 < hago. Graphs present core
determining sets, Cp,(h) in blue, and their corresponding elemental level sets.
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