BESRATRWERLRREM

e

Econometric G L)
Hn o I g S i S (Seventh Edition)

g - H - #84K (William H. Greene) #

@ P EARKF AR




. EBEFREFENELFEFEM

ZEREEAHM - &Mﬁ%ﬂ

ITE 2 AP

Econometrlc <%W hfwj
Analysis ;‘; il Q/?h hon

AEE - H - ’F?}?Mﬁ jam H. Gree e % .
&, 4 EX

R E AR X Hhi4t
. ;ib:"]:?“ .



e i (52

Jj|

ANEt+45, RELE2RANIZFLRUNRAFT, XW+AKBLT 33k, £H
=" MARRS, 7 ‘Bt EE6BATHERTHEEm, IRARE —HARERS
FRARBMEE—ET (FF) HFERYUTFRHIR, EFX LU NERHFREMUAE B,

NEEBREFEEURERFRE, PEARAFHRHEF A, Z4F - F LK.
EEERSERBAHRAR, BRTETRE “GFERERIIAM, RAEHMCHE: 4
FEBREEWTFRMZCRE, EHRFLVTFENETREURAMBEABELRERY 5%
Wiy ERAE, Fras#op B o8 ESMRGEF AR EAE T X HAM

BMEAR, I HRZRFIAM LRy, PEREX. BEENELEF¥K.
FHUR—GRRBEFFRLESNEREAM, JETREL, FAHELESEEFGATHE
EENERHFFRNEFHMTIGKR, #EN AFESE, HRF¥E,

KRG BMEEAUTHA:

F—, BMHERLT 2 E. XA HM LB AE N L HIRAT R FHEM, BET L
AL N TR EERE

Fo, REAXEREMAFE. RRFHAMAKEEALTHFFEUR ZHENH%,
BAMERBEH BT T LXEH, BLERFEREM K REM A B e O L Ea#/TT

& 2 Mo
F=, NERDFRUMHE. RRFEMERZRZ LR WESNFHFNE, EXLHEE
AR AT FA B9 3 BT R A

B, RBAE, MBEY, ARFEM —FTEHENEFRE LREHERN T B A XE
HEWEREFE, A E, RENKBXBETESNRRESBHG M L%,

FhH, REBANEF IR KEES L HRATHRIE, KRZ|HM VR TREF
BN EHMEIR, wHFFM, PPTRERE S XA, RAEF, tREANZFENFHER
R, EHFEHEA,

KRB MBRELBERBEF XLV WARBEFER, CESCNELF X THEFLR
W) AR HWiEfES, RINAELES RAAIRTERALENRT LR FHEMBTNEL,
HHBEBR, AERENFTR, B TEAHAMNGELEFLNTE, EFFXCERLR, F
FHREMGTRASZZLA, RNERFLE AEEFREETHFEAMEN, UERNAEUEH
JRA B Rt A

P EARKF R




PREFACE

—T0/0/ 0

ECONOMETRIC ANALYSIS

Econometric Analysis provides a broad introduction to the field of econometrics. This
field grows continually—a list of journals devoted at least in part, if not completely,
to econometrics now includes The Journal of Applied Econometrics, The Journal of
Econometrics, The Econometrics Journal, Econometric Theory, Econometric Reviews,
Journal of Business and Economic Statistics, Empirical Economics, Foundations and
Trends in Econometrics, The Review of Economics and Statistics, and Econometrica.
Constructing a textbook-style survey to introduce the topic at a graduate level has
become increasingly ambitious. Nonetheless, I believe that one can successfully seek
that objective in a single textbook. This text attempts to present, at an entry level, enough
of the topics in econometrics that a student can comfortably move from here to practice
or more advanced study in one or more specialized areas. The book is also intended as
a bridge for students and analysts in the social sciences between an introduction to the
field and the professional literature.

NEW TO THIS EDITION

This seventh edition is a major revision of Econometric Analysis. Among the most
obvious changes are

® Reorganization of the early material that is taught in the first-semester course,
including
—  All material on hypothesis testing and specification presented in a single
chapter
—  New results on prediction
—  Greater and earlier emphasis on instrumental variables and endogeneity
— Additional results on basic panel data models
e New applications and examples, with greater detail
Greater emphasis on specific areas of application in the advanced material
New material on simulation-based methods, especially bootstrapping and Monte
Carlo studies
Several examples that explain interaction effects
Specific recent applications including quantile regression
New applications in discrete choice modeling
New material on endogeneity and its implications for model structure

THE SEVENTH EDITION OF ECONOMETRIC ANALYSIS

The book has two objectives. The first is to introduce students to applied econometrics,
including basic techniques in linear regression analysis and some of the rich variety
of models that are used when the linear model proves inadequate or inappropriate.
Modern software has made complicated modeling very easy to do, and an understanding
of the underlying theory is also important. The second objective is to present students
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with sufficient theoretical background so that they will recognize new variants of the
models learned about here as merely natural extensions that fit within a common body
of principles. This book contains a substantial amount of theoretical material, such as
that on GMM, maximum likelihood estimation, and asymptotic results for regression
models.

This text is intended for a one-year graduate course for social scientists. Prereq-
uisites should include calculus, mathematical statistics, and an introduction to econo-
metrics at the level of, say, Gujarati’s (2002) Basic Econometrics, Stock and Watson’s
(2006) Introduction to Econometrics, Kennedy’s (2008) Guide to Econometrics, or
Wooldridge’s (2009) Introductory Econometrics: A Modern Approach. 1 assume, for ex-
ample, that the reader has already learned about the basics of econometric methodology
including the fundamental role of economic and statistical assumptions; the distinctions
between cross-section, time-series, and panel data sets; and the essential ingredients of
estimation, inference, and prediction with the multiple linear regression model. Self-
contained (for our purposes) summaries of the matrix algebra, mathematical statistics,
and statistical theory used throughout the book are given in Appendices A through
D. I rely heavily on matrix algebra throughout. This may be a bit daunting to some
early on but matrix algebra is an indispensable tool and I hope the reader will come
to agree that it is a means to an end, not an end in itself. With matrices, the unity of a
variety of results will emerge without being obscured by a curtain of summation signs.
All the matrix algebra needed in the text is presented in Appendix A. Appendix E and
Chapter 15 contain a description of numerical methods that will be useful to practicing
econometricians (and to us in the later chapters of the book).

Contemporary computer software has made estimation of advanced nonlinear mod-
els as routine as least squares. I have included five chapters on estimation methods used
in current research and five chapters on applications in micro- and macroeconometrics.
The nonlinear models used in these fields are now the staples of the applied economet-
rics literature. As a consequence, this book also contains a fair amount of material that
will extend beyond many first courses in econometrics. Once again, I have included this
in the hope of laying a foundation for study of the professional literature in these areas.

One overriding purpose has motivated all seven editions of this book. The vast
majority of readers of this book will be users, not developers, of econometrics. I be-
lieve that it is simply not sufficient to recite the theory of estimation, hypothesis testing,
and econometric analysis. Although the often-subtle theory is extremely important,
the application is equally crucial. To that end, I have provided hundreds of numerical
examples. My purpose in writing this work, and in my continuing efforts to update it,
is to show readers how to do econometric analysis. I unabashedly accept the unflatter-
ing assessment of a correspondent who once likened this book to a “user’s guide to
econometrics.”

PLAN OF THE BOOK

The arrangement of the book is as follows:

Part I begins the formal development of econometrics with its fundamental pillar,
the linear multiple regression model. Estimation and inference with the linear least
squares estimator are analyzed in Chapters 2 through 6. The nonlinear regression model
is introduced in Chapter 7 along with quantile, semi- and nonparametric regression, all
as extensions of the familiar linear model. Instrumental variables estimation is developed
in Chapter 8.

Part II presents three major extensions of the regression model. Chapter 9 presents
the consequences of relaxing one of the main assumptions of the linear model, ho-
moscedastic nonautocorrelated disturbances, to introduce the generalized regression
model. The focus here is on heteroscedasticity; autocorrelation is mentioned, but a de-
tailed treatment is deferred to Chapter 20 in the context of time-series data. Chapter 10
introduces systems of regression equations, in principle, as the approach to modeling
simultaneously a set of random variables and, in practical terms, as an extension of the
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generalized linear regression model. Finally, panel data methods, primarily fixed and
random effects models of heterogeneity, are presented in Chapter 11.

The second half of the book is devoted to topics that will extend the linear regression
model in many directions. Beginning with Chapter 12, we proceed to the more involved
methods of analysis that contemporary researchers use in analysis of “real-world” data.
Chapters 12 to 16 in Part III present different estimation methodologies. Chapter 12
presents an overview by making the distinctions between parametric, semiparametric
and nonparametric methods. The leading application of semiparametric estimation in
the current literature is the generalized method of moments (GMM) estimator presented
in Chapter 13. This technique provides the platform for much of modern economet-
rics. Maximum likelihood estimation is developed in Chapter 14. Monte Carlo and
simulation-based methods such as bootstrapping that have become a major compo-
nent of current research are developed in Chapter 15. Finally, Bayesian methods are
introduced in Chapter 16.

Parts IV and V develop two major subfields of econometric methods, microecono-
metrics, which is typically based on cross-section and panel data, and macroeconomet-
rics, which is usually associated with analysis of time-series data. In Part IV, Chapters 17
to 19 are concerned with models of discrete choice, censoring, truncation, sample selec-
tion, duration, treatment effects, and the analysis of counts of events. In Part V, Chap-
ters 20 and 21, we consider two topics in time-series analysis, models of serial correlation
and regression models for nonstationary data— the usual substance of macroeconomic
analysis.

REVISIONS

I have substantially rearranged the early part of the book to produce what I hope is a
more natural sequence of topics for the graduate econometrics course. Chapter 4 is now
devoted entirely to point and interval estimation, including prediction and forecasting.
Finite sample, then asymptotic properties of least squares are developed in detail. All

of the material on hypothesis testing and specification search is moved into Chapter 5,
rather than fragmented over several chapters as in the sixth edition. I have also brought
the material on instrumental variables much farther forward in the text, from after the
development of the generalized regression model in the sixth edition to Chapter 8 in this
one, immediately after full development of the linear regression model. This accords
with the greater emphasis on this method in recent applications. A very large number
of other rearrangements of the material will also be evident. Chapter 7 now contains
a range of advanced extensions of the linear regression model, including nonlinear,
quantile, partially linear, and nonparametric regression. This is also a point at which the
differences between parametric, semiparametric, and nonparametric methods can be
examined. One conspicuous modification is the excision of the long chapter on linear
simultaneous equations models. Some of the material from this chapter appears else-
where. Two-stage least squares now appears with instrumental variables estimation.
Remaining parts of this chapter that are of lesser importance in recent treatments, such
as rank and order conditions for identification of linear models and 3SLS and FIML
estimation, have been deleted or greatly reduced and placed in context elsewhere in the
text. The material on discrete choice models has been rearranged to orient the topics
to the behavioral foundations. Chapter 17 now broadly introduces discrete choice and
random utility models, and then builds on variants of the binary choice model. The
analysis is continued in Chapter 18 with unordered, then ordered choice models and,
finally, models for counts. The last chapter of the section studies models for continu-
ous variables in the contexts of particular data-generating mechanisms and behavioral
contexts.

I have added new material and some different examples and applications at numer-
ous points. Topics that have been expanded or given greater emphasis include treat-
ment effects, bootstrapping, simulation-based estimation, robust estimation, missing
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and faulty data, and a variety of different new methods of discrete choice analysis in
microeconometrics. I have also added or expanded material on techniques recently of
interest, such as quantile regression and stochastic frontier models.

I note a few specific highlights of the revision: In general terms, I have increased the
focus on robust methods a bit. I have placed discussions of specification tests at several
points, consistent with the trend in the literature to examine more closely the fragility
of heavily parametric models. A few of the specific new applications are as follows:

e  Chapter 15 on simulation-based estimation has been considerably expanded. It
now includes substantially more material on bootstrapping standard errors and
confidence intervals. The Krinsky and Robb (1986) approach to asymptotic
inference has been placed here as well.

e A great deal of attention has been focused in recent papers on how to understand
interaction effects in nonlinear models. Chapter 7 contains a lengthy application
of interaction effects in a nonlinear (exponential) regression model. The issue is
revisited in Chapter 17.

e As an exercise that will challenge the student’s facility with asymptotic
distribution theory, I have added a detailed proof of the Murphy and Topel (2002)
result for two-step estimation in Chapter 14.

e Sources and treatment of endogeneity appear at various points, for example an
application of inverse probability weighting to deal with attrition in Chapter 17.

The seventh edition is a major revision of Econometric Analysis both in terms of
organization of the material and in terms of new ideas and treatments. I hope that
readers will find the changes helpful.

SOFTWARE AND DATA

There are many computer programs that are widely used for the computations described
in this book. All were written by econometricians or statisticians, and in general, all
are regularly updated to incorporate new developments in applied econometrics. A
sampling of the most widely used packages and Internet home pages where you can
find information about them are

EViews www.eviews.com (QMS, Irvine, CA)

Gauss www.aptech.com (Aptech Systems, Kent, WA)

LIMDEP www.limdep.com (Econometric Software, Plainview, NY)
MATLAB vwww.mathworks.com (Mathworks, Natick, MA)

NLOGIT www.nlogit.com (Econometric Software, Plainview, NY)
R www.r-project.org/ (The R Project for Statistical Computing)
RATS www.estima.com (Estima, Evanston, IL)

SAS WWW.sas.com (SAS, Cary, NC)

Shazam econometrics.com (Northwest Econometrics Ltd., Gibsons, Canada)
Stata www.stata.com (Stata, College Station, TX)

TSP www.tspintl.com (TSP International, Stanford, CA)

A more extensive list of computer software used for econometric analysis can be
found at the resource Web site, http://www.oswego.edu/~economic/econsoftware.htm.

With only a few exceptions, the computations described in this book can be carried
out with any of the packages listed. NLOGIT was used for the computations in the ap-
plications. This text contains no instruction on using any particular program or language.
(The author’s Web site for the text does provide some code and data for replication
of the numerical examples.) Many authors have produced RATS, LIMD EP/NLOGIT,
EViews, SAS, or Stata code for some of our applications, including, in a few cases,
the documentation for their computer programs. There are also quite a few volumes
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now specifically devoted to econometrics associated with particular packages, such as
Cameron and Trivedi’s (2009) companion to their treatise on microeconometrics.

The data sets used in the examples are also available on the Web site for the
text, http://pages.stern.nyu.edu/~wgreene/Text/econometricanalysis.htm. Throughout
the text, these data sets are referred to “Table Fn.m,” for example Table F4.1. The
“F” refers to Appendix F at the back of the text which contains descriptions of the data
sets. The actual data are posted in generic ASCII and portable formats on the Web
site with the other supplementary materials for the text. There are now thousands of
interesting Web sites containing software, data sets, papers, and commentary on econo-
metrics. It would be hopeless to attempt any kind of a survey here. One code/data site
that is particularly agreeably structured and well targeted for readers of this book is
the data archive for the Journal of Applied Econometrics. They have archived all the
nonconfidential data sets used in their publications since 1988 (with some gaps before
1995). This useful site can be found at http://qed.econ.queensu.ca/jae/. Several of the
examples in the text use the JAE data sets. Where we have done so, we direct the reader
to the JA E’s Web site, rather than our own, for replication. Other journals have begun
to ask their authors to provide code and data to encourage replication. Another vast,
easy-to-navigate site for aggregate data on the U.S. economy is www.economagic.com.
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1
ECONOMETRICS

1.1 INTRODUCTION

This book will present an introductory survey of econometrics. We will discuss the fun-
damental ideas that define the methodology and examine a large number of specific
models, tools and methods that econometricians use in analyzing data. This chapter will
introduce the central ideas that are the paradigm of econometrics. Section 1.2 defines
the field and notes the role that theory plays in motivating econometric practice. Sec-
tion 1.3 discusses the types of applications that are the focus of econometric analyses. The
process of econometric modeling is presented in Section 1.4 with a classic application,
Keynes’s consumption function. A broad outline of the book is presented in Section 1.5.
Section 1.6 notes some specific aspects of the presentation, including the use of numer-
ical examples and the mathematical notation that will be used throughout the book.

1.2 THE PARADIGM OF ECONOMETRICS

In the first issue of Econometrica, Ragnar Frisch (1933) said of the Econometric Society
that

its main object shall be to promote studies that aim at a unification of the
theoretical-quantitative and the empirical-quantitative approach to economic
problems and that are penetrated by constructive and rigorous thinking similar
to that which has come to dominate the natural sciences. But there are sev-
eral aspects of the quantitative approach to economics, and no single one of
these aspects taken by itself, should be confounded with econometrics. Thus,
econometrics is by no means the same as economic statistics. Nor is it identical
with what we call general economic theory, although a considerable portion of
this theory has a definitely quantitative character. Nor should econometrics be
taken as synonomous [sic] with the application of mathematics to economics.
Experience has shown that each of these three viewpoints, that of statistics,
economic theory, and mathematics, is a necessary, but not by itself a sufficient,
condition for a real understanding of the quantitative relations in modern eco-
nomic life. It is the unification of all three that is powerful. And it is this unifi-
cation that constitutes econometrics.

The Society responded to an unprecedented accumulation of statistical information.
They saw a need to establish a body of principles that could organize what would
otherwise become a bewildering mass of data. Neither the pillars nor the objectives
of econometrics have changed in the years since this editorial appeared. Econometrics
concerns itself with the application of mathematical statistics and the tools of statistical
inference to the empirical measurement of relationships postulated by an underlying
theory.

The crucial role that econometrics plays in economics has grown over time. The
Nobel Prize in Economic Sciences has recognized this contribution with numerous
awards to econometricians, including the first which was given to (the same) Ragnar
Frisch in 1969, Lawrence Klein in 1980, Trygve Haavelmo in 1989, James Heckman
and Daniel McFadden in 2000, and Robert Engle and Clive Granger in 2003. The 2000
prize was noteworthy in that it celebrated the work of two scientists whose research
was devoted to the marriage of behavioral theory and econometric modeling.
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PART | 4 The Linear Regression Model

Example 1.1 Behavioral Models and the Nobel Laureates
The pioneering work by both James Heckman and Dan McFadden rests firmly on a theoretical
foundation of utility maximization.

For Heckman'’s, we begin with the standard theory of household utility maximization over
consumption and leisure. The textbook model of utility maximization produces a demand for
leisure time that translates into a supply function of labor. When home production (work in
the home as opposed to the outside, formal labor market) is considered in the calculus, then
desired “hours” of (formal) labor can be negative. An important conditioning variable is the
“reservation” wage—the wage rate that will induce formal labor market participation. On the
demand side of the labor market, we have firms that offer market wages that respond to such
attributes as age, education, and experience. What can we learn about labor supply behavior
based on observed market wages, these attributes and observed hours in the formal market?
Less than it might seem, intuitively because our observed data omit half the market—the data
on formal labor market activity are not randomly drawn from the whole population.

Heckman’s observations about this implicit truncation of the distribution of hours or
wages revolutionized the analysis of labor markets. Parallel interpretations have since guided
analyses in every area of the social sciences. The analysis of policy interventions such as
education initiatives, job training and employment policies, health insurance programs, mar-
ket creation, financial regulation and a host of others is heavily influenced by Heckman’s
pioneering idea that when participation is part of the behavior being studied, the analyst
must be cognizant of the impact of common influences in both the presence of the interven-
tion and the outcome. We will visit the literature on sample selection and treatment/program
evaluation in Chapter 18.

Textbook presentations of the theories of demand for goods that produce utility, since
they deal in continuous variables, are conspicuously silent on the kinds of discrete choices
that consumers make every day—what brand of product to choose, whether to buy a large
commodity such as a car or a refrigerator, how to travel to work, whether to rent or buy a
home, where to live, what candidate to vote for, and so on. Nonetheless, a model of “random
utility” defined over the alternatives available to the consumer provides a theoretically sound
plateform for studying such choices. Important variables include, as always, income and
relative prices. What can we learn about underlying preference structures from the discrete
choices that consumers make? What must be assumed about these preferences to allow
this kind of inference? What kinds of statistical models will allow us to draw inferences
about preferences? McFadden’s work on how commuters choose to travel to work, and on
the underlying theory appropriate to this kind of modeling, has guided empirical research
in discrete consumer choices for several decades. We will examine McFadden’s models of
discrete choice in Chapter 18.

The connection between underlying behavioral models and the modern practice
of econometrics is increasingly strong. A useful distinction is made between microe-
conometrics and macroeconometrics. The former is characterized by its analysis of cross
section and panel data and by its focus on individual consumers, firms, and micro-level
decision makers. Practitioners rely heavily on the theoretical tools of microeconomics in-
cluding utility maximization, profit maximization, and market equilibrium. The analyses

are directed at subtle, difficult questions that often require intricate formulations. A few
applications are as follows:

e What are the likely effects on labor supply behavior of proposed negative income
taxes? [Ashenfelter and Heckman (1974).]

e Does attending an elite college bring an expected payoff in expected lifetime in-
come sufficient to justify the higher tuition? [Kreuger and Dale (1999) and Kreuger
(2000).]

e Does a voluntary training program produce tangible benefits? Can these benefits
be accurately measured? [Angrist (2001).]

e Do smaller class sizes bring real benefits in student performance? [Hanuschek
(1999), Hoxby (2000), Angrist and Lavy (1999).]

e Does the presence of health insurance induce individuals to make heavier use of
the health care system—is moral hazard a measurable problem? [Riphahn et al.
(2003).]

Macroeconometrics is involved in the analysis of time-series data, usually of broad ag-
gregates such as price levels, the money supply, exchange rates, output, investment,
economic growth and so on. The boundaries are not sharp. For example, an application
that we will examine in this text concerns spending patterns of municipalities, which
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rests somewhere between the two fields. The very large field of financial econometrics
is concerned with long time-series data and occasionally vast panel data sets, but with
a sharply focused orientation toward models of individual behavior. The analysis of
market returns and exchange rate behavior is neither exclusively macro- nor microe-
conometric. (We will not be spending any time in this book on financial econometrics. For
those with an interest in this field, I would recommend the celebrated work by Campbell,
Lo, and Mackinlay (1997) or, for a more time-series—oriented approach, Tsay (2005).)
Macroeconomic model builders rely on the interactions between economic agents and
policy makers. For examples:

® Doesamonetary policy regime that is strongly oriented toward controlling inflation
impose a real cost in terms of lost output on the U.S. economy? [Cecchetti and Rich
(2001).]

e Did 2001’s largest federal tax cut in U.S. history contribute to or dampen the con-
current recession? Or was it irrelevant?

Each of these analyses would depart from a formal model of the process underlying the
observed data.

1.3 THE PRACTICE OF ECONOMETRICS

We can make another useful distinction between theoretical econometrics and applied
econometrics. Theorists develop new techniques for estimation and hypothesis testing
and analyze the consequences of applying particular methods when the assumptions
that justify those methods are not met. Applied econometricians are the users of these
techniques and the analysts of data (“real world” and simulated). The distinction is far
from sharp; practitioners routinely develop new analytical tools for the purposes of the
study that they are involved in. This book contains a large amount of econometric theory,
but it is directed toward applied econometrics. I have attempted to survey techniques,
admittedly some quite elaborate and intricate, that have seen wide use “in the field.”
Applied econometric methods will be used for estimation of important quantities,
analysis of economic outcomes such as policy changes, markets or individual behavior,
testing theories, and for forecasting. The last of these is an art and science in itself that
is the subject of a vast library of sources. Although we will briefly discuss some aspects
of forecasting, our interest in this text will be on estimation and analysis of models.
The presentation, where there is a distinction to be made, will contain a blend of mi-
croeconometric and macroeconometric techniques and applications. It is also necessary
to distinguish between time-series analysis (which is not our focus) and methods that
primarily use time-series data. The former is, like forecasting, a growth industry served
by its own literature in many fields. While we will employ some of the techniques of
time-series analysis, we will spend relatively little time developing first principles.

1.4 ECONOMETRIC MODELING

Econometric analysis usually begins with a statement of a theoretical proposition.
Consider, for example, a classic application by one of Frisch’s contemporaries:

Example 1.2 Keynes’s Consumption Function
From Keynes'’s (1936) General Theory of Employment, Interest and Money:

We shall therefore define what we shall call the propensity to consume as the func-
tional relationship f between X, a given level of income, and C, the expenditure on
consumption out of the level of income, so that C = f(X).

The amount that the community spends on consumption depends (i) partly on
the amount of its income, (ii) partly on other objective attendant circumstances, and
(i) partly on the subjective needs and the psychological propensities and habits of
the individuals composing it. The fundamental psychological law upon which we are
entitled to depend with great confidence, both a priori from our knowledge of human



