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Preface

Econometric theory, as presented in textbooks and the econometric literature gener-
ally, is a somewhat disparate collection of findings, rather than the well integrated
organized whole it might seem at first sight. Its essential nature is to be a set of
demonstrated results that increase over time, each logically based upon a specific
set of axioms or assumptions, but rather than becoming collectively complete, these
inevitably remain a fragmentary body of knowledge. The practice of econometric
theory consists of selecting from and applying this literature, as well as simultane-
ously evaluating it, so as to test its applicability and range, and support its further
advance.

Today this practice is closely associated with the creation, development, and use
of computer software and “econometric software” is the operational expression for
this theory. Originally, the development of this software focused on the implemen-
tation of a progressively enlarging set of estimators, but now its best expression
involves the attempt to provide not only the means to estimate parameters in differ-
ent ways but also to test each of the underlying assumptions in the most meaningful
way. The argument that might be made to buttress these assertions begins from the
observation that the range of estimators that have been discovered by econome-
tricians is reasonably extensive and that some of these are particular to a specific
context. However, the most generally applied estimator is Ordinary Least Squares
and, except in those situations where there is a priori knowledge of its unsuitability,
its role is to be the starting point. To the extent that, either in practice or in principle,
OLS plays this role, the consequence is then to give a particular importance to the
set of supplementary evaluative tests that are applied in conjunction with it.

Following from these considerations, this monograph presents, classifies, and
documents the particular diagnostic tests associated with Ordinary Least Squares
regression that are provided by the existing econometric software packages, with
the goal of supplying reliable and useful information to three categories of people:
econometric software developers, econometric theorists, and more generally those
economists who use this software. Towards this end, it attempts to both discover
and evaluate the present state of the art. The research behind it has been undertaken
in the form of an interactive survey, conducted not as an external examination but
instead with the active assistance and collaboration of the econometricians who have
created, designed and developed these packages. Furthermore, this investigation has
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viii Preface

been embarked upon with certain specific fact-finding intentions. One of these is
to provide a generally useful set of benchmark values of these diagnostic statistics.
Another is to determine how the individual tests have been implemented, assessing
both their degree of commonality and, wherever there are differences, why these
have occurred. However, this study should also be viewed in a broader context: it
is one of an ongoing series of contributions collaboratively produced by a number
of people since about 1995, who together attempt to consider and assess the vari-
ous computational aspects of the modern applied economics research environment.
The common perspective is that the existing software packages collectively define
the operational state of the art of econometrics, and at least certain aspects of the
general applied economic research environment, and that therefore it is vitally im-
portant for both econometricians and applied economists to understand the specific
characteristics of the research facilities available to and actually used by economists.

The statement of intent just provided clearly serves as an abstract. However, it
is possible that the scope of the investigation may not yet be wholly self-evident.
On the face of it, the idea of identifying, classifying, and presenting a particular
set of diagnostic tests seems simple enough, but any evaluation of the state of the
art must also compare what is with what could be, inevitably spawning a number
of questions, among them being: how and why were the particular tests imple-
mented by developers originally chosen? More specifically, what constitutes the
most appropriate set of diagnostic tests, both individually and collectively? Is this
the set actually offered by the existing packages, perhaps as a result of some type of
invisible hand selection process? Can a uniquely appropriate set actually be deter-
mined? In addition, certain more general questions may also ultimately need to be
addressed, among them: why limit the present study to Ordinarily Least Squares?

What is an econometric software package anyway? The definition of econometric
software is actually a nice question and to answer it raises more questions, the first of
which can be expressed as one of nature versus nurture; that is, should this answer be
approached by first addressing the nature of econometrics — or is its content simply
the evolutionary result of its nurture? The content of econometrics is of course a
question that has been addressed repeatedly since the 1930s, with as yet no definitive
conclusion reached. However, assuming for argument’s sake that its characteristics
are capable of being pinned down one might ask, can the nature of econometric
software actually be determined on this basis? Or to put this last question in slightly
different words, is it reasonable to expect that “econometrics” is so well defined in
its subject matter that a single econometric software package could in principle serve
as an operative expression of it? Might it instead be more appropriate to ask, to what
degree are the existing packages an operative reflection of particular topic areas of
the published econometrics literature? Given this more restricted interpretation, is it
then possible that the match between the literature and the software offerings is less
than exact, not only in subject matter but also in terms of the specific characteristics
of the algorithmic implementation?

These are all questions that finally need to be considered, but at the outset rather
than attempt to answer them directly, particularly in the order asked, it might be
better to approach the matter in a somewhat crabwise fashion, beginning by asking



Preface ix

first, what is software? Fortunately, the word “software,” generally referring to the
set of instructions that cause an electronic computer to operate in a particular way,
is nowadays a concept that is familiar to anyone who has used such a device, par-
ticularly during the past approximately thirty years, since the introduction of the
microcomputer. “Hardware,” in contrast, is of course the physical substance of a
computer, without the electricity. These machines are now ubiquitous and their use
ordinarily requires conscious interaction: from time to time, a user must “boot” and,
occasionally, “restart” the computer in a rather direct, hands-on manner, as well
as both “install” and “execute” software packages. Once the operating system and
so-called “applications” packages are in execution, they cause the machine to per-
form its useful work. The idea of “software” therefore requires little explanation as
a general concept, but there is nonetheless an evident degree of ambiguity inherent
in the compound phrase “econometric software.” Specifically, the definition of this
software might be considered from any of several perspectives: as software created
for economists and econometricians or by them, or that takes as its subject matter
the set of econometric techniques, or, possibly, simply as being that software that
economists or econometricians happen to choose to use professionally.

However, most fundamentally the critical issue is how this software shapes the
economist or econometrician’s interaction with his or her research materials and the
specific way in which theories and hypotheses are then confronted by empirical ev-
idence. Notice that the just mentioned alternative perspectives are each potentially
important to a particular evolutionary consideration of the computational meth-
ods employed by economists. For example, “happening to choose,” as a possible
historical explanation, would appear to imply at least a degree of exogenous influ-
ence by some other discipline on the creation of this software, since the software’s
prior existence is thereby indicated. Furthermore, if this ex post choice is commonly
made, it also implies at least a touch of disciplinary instability; that is, if economists
persistently choose to use “other” software, rather than what has been developed
endogenously, the extreme implication ultimately might be either the ongoing or a
one-time reorientation of economics, if not econometrics, because of the software
that happens to be used. After all, the tools employed can affect the specific work
done and hence the results obtained. Therefore, in the end, the evolutionary outcome
could finally be research that is done in conformity with and is shaped by some
“other” tradition, then affecting for better or worse the progress of econometrics.

In contrast, the several questions raised earlier about the inherent nature of
econometric software obviously take as given a presumed global stability, implic-
itly interpreting such software as being created in conformity with the existing
econometrics literature, with the techniques offered originally established by that
literature and then subsequently affecting its ongoing development. However, when
such questions are considered in this endogenous context, casting the definition
in terms of either who creates the software or for whom, such considerations in
each case still potentially raise questions concerning the likely evolutionary path of
economics and econometrics. Who creates the software, for instance, can result in
unexpected effects if the creators bring to the task an imperfect understanding of
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the current practice of econometrics. For whom, in contrast, suggests the existence
of a strongly held, or at least essentially self-conscious, concept of the particular
practices of economists and econometricians. It is possible of course to view at least
certain of these various potentialities as tenuous, but in the general scheme of things
it is important to give each of them some consideration, for none can be simply
rejected out of hand as being preposterous.

The fundamental question that is addressed by this study is the present state of
the art and an important consideration is how this came about. Rejecting both chance
and instability as likely possibilities, the selection of software for the present study
was made on the basis of the stated intentions of the developers of the programs
chosen, which initially required some investigation to identify the population of
candidate packages. It was first necessary to examine the relevant economics and
statistical literature, including the various lists of software that have been adver-
tised or posted on pertinent Internet websites during the past five to ten years as
being “of interest” to economists, particularly sites that aim to identify “resources
for economists,” such as www.rfe.org. Once a unified population list had been thus
created, the developers or vendors of these packages, as relevant, were contacted
and each simply asked if the software they offered was intended to be “econometric
software.” This “sampling” method is obviously somewhat informal and of course
left open the possibility that a given supplier might make an unsustainable claim, or
that an appropriate package might remain undiscovered, but actually each of these
potential problems were easy to minimize. To minimize wrongful inclusion, each
selected developer needed to provide information and participate actively, to con-
tinue as a member of the set. To minimize wrongful exclusion, the list of selected
packages has been advertised widely among economists since early 2003. Initially,
this list was circulated to discover possible additional candidate software packages.
Later, in 2004, a compendium of these packages, complete with developer-provided
descriptions, was published as both a chapter of a book and a paper in a special
issue of the Journal of Economic and Social Measurement. Simultaneously, a fairly
detailed study was made of the various design characteristics of the included pack-
ages and the findings also published in the book and special issue. This process
has provided both publicity and a clear statement of the properties of the included
packages, as well as contact information for the future. Notwithstanding any classifi-
cation problems that might be associated with this approach, its evident virtue is that
it permits inferences to be drawn about the characteristics of the included packages
from their designers’ and developers’ stated intentions. Furthermore, it is reasonable
to expect, over time, that packages that are developer-identified as econometric are
more likely to characterize and reflect econometric practice than those intentionally
developed for some other purpose.

An associated consideration was the choice of data to be used to make com-
parisons among the different software packages. The principal data set chosen was
selected well in advance. It consists of a previously published set of observations
that have the virtue of being both widely available and long-known to econometri-
cians, thus placing little burden on each software developer to acquire and use. After
all, it was not obvious in advance exactly what might be discovered, whether for
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instance the conformity between packages would be sufficiently great as to make
the comparisons to all intents and purposes a non-event. In practice, as a general
choice, this data set proved to be quite satisfactory as a means of demonstrating a
variety of interesting results, results that intentionally do not depend upon any type
of stress testing or the particular (read unusual) characteristics of the data employed.
It has long been known, from numerical accuracy tests developed by Wilkinson,
among others, designed specifically to test for specific types of computational errors
and problems, that it is often possible — with some ease — to expose particular short-
comings. In other contexts, such testing might be desirable, even as a supplement to
the present study. But, in this study, the first question to be considered was: what are
the differences, if any, under normal, even benign conditions? It would always be
possible, later, to stress test, but there is actually much to be learned in the absence
of this type of, potentially hostile, accuracy testing. Recall from the discussion
above that the results reported in this volume are the result of active (and cordial)
cooperation among econometric software developers, so that it was critical, from
the beginning, to proceed in a way that would provide a beneficial joint learning
experience. Not only was the purpose of this study to determine what values and
test statistics each econometric software package might produce, but why.

As the Chinese say, each journey begins with a single step; this study constitutes
that first step. However, as the comparisons began to be made, it became clear that
in certain instances the original data set chosen could not produce fully informative
results. Therefore, it proved useful to employ an alternative, easy to obtain, set of ob-
servations on US GDP, which specifically have been used to illustrate aspects of the
computation of specific unit root test statistics. But in all cases, with the sole excep-
tion of certain historical displays replicated to illustrate former ways of presenting
information, the principal numeric results shown in this volume are generated using
one or the other of these data sets and the observations themselves are included in
its appendix, as well as still being available from the original published sources in
hard copy, if not machine-readable form.

Furthermore, to insure the possibility of replication, each of these values has been
independently computed by a minimum of two econometric software packages and
usually by more than two. In particular, in the case of the diagnostic tests performed
in common by a number of packages, most if not all of these have been tested
for agreement. Whenever differences have been discovered, a concerted effort has
been made to determine why. In certain cases this evaluation has led to recoding
on the part of individual developers, although the details of such changes have not
been examined here: the purpose of the present study is not to track and report
on the historical changes in the individual packages, but rather simply to display
reproducible results produced by the existing set of econometric software packages.
An objective of this study is to provide benchmarks. In the future, anyone who
wishes to examine the numerical characteristics of a given package will be able to
assess them in the light of these results.

A central evaluative finding of this study is that in many cases the numbers
that have been produced by the surveyed packages differ in various important
ways. However, it must also be added quickly that there were actually only a few
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differences discovered in those instances in which developers intentionally imple-
mented the same formulae. Differences found almost always occurred because of
differences in the ways in which individual developers independently implemented
the tests, sometimes reflecting the particular identifying names used for test statistics
but in other cases the implementation of variations on known formulae. Further-
more, as is discussed later, program developers in some instances have intentionally
implemented a particular form of a diagnostic test, knowing in advance that they
were producing a variant. Sometimes these computational differences reflect the de-
veloper’s firmly held belief that this variant has better diagnostic properties. In other
cases, the differences occurred inadvertently. Ideally, a benefit of studies such as the
present one is that inadvertent differences will be minimized in the future.

In addition to numeric differences, when comparing one package pair-wise
against another, it was also found that packages commonly differ in their range of
offered diagnostic tests. There are a number of test statistics that are, or optionally
can be, displayed by all or nearly all packages, but there are also a number of others
provided only by one or two packages. To a degree, the observed differences charac-
terize the recent evolution of econometric software, for during the past ten to fifteen
years there has been an increasing tendency for econometric software packages to
display more and more test statistics, reflecting among other things the peer review
process of economics and econometrics journals, but also the more forensic method-
ology of modern econometrics. However, as just indicated, the particular choice of
the diagnostic statistics generated and displayed has often been made by economet-
ric software designers both competitively and independently, with the result that
there are now noticeable differences between packages — at least when they are
evaluated, snapshot fashion, as of a particular date. These differences may not per-
sist over time, once publicized, but they are documented here by a set of tables that
identify the test statistics offered by each of the individual packages. In contrast,
the numeric results displayed are more restricted: as mentioned earlier, only values
independently reported by two or more packages are displayed. The italics reflect
that individual packages are not always developmentally independent of each other.

This display choice is of course open to criticism. The range of statistics reported
by the packages collectively, as well as the fact that a particular statistic is generated
uniquely by a given package, are each findings that are of course quite relevant to the
present study in its attempt to discover and evaluate the state of the art. Therefore,
this information is provided. However, whenever a statistic is computed uniquely or
agreement between two or more independent packages could not be confirmed, the
consequence was to preclude its use as a benchmark value.

Evidently, this study is restricted in scope. Ideally, it might be desirable to de-
scribe each of the existing econometric software packages individually, explaining
both their present characteristics and the reason for those characteristics. There is
a story to be told in each case, but it is a story that can only be told by the indi-
vidual developers. Similarly, as an ideal, it might be desirable to establish a full
set of benchmark values for each of the statistics reported by each of the packages.
However, this goal also needs to be pursued separately later. The particular aims,
form, organization, and even the conclusions of this study reflect the newness of



Preface xiii

this type of investigation. It appears to be the first of its type, so that the best that
can be expected is for it to provide a limited result. On the positive side, this limited
result can act as an arbitraging ploy. One of the possible consequent effects may
be a greater commonality of pertinent results in the future, for inevitably any study
such as this one affects the design of software packages. It makes software develop-
ers and users each more aware of the facilities provided by the software packages
included in the study. It exposes the ways in which a given package differs from
other packages, which in itself is a spur to developers. The developers of individual
packages inevitably view certain other packages as prime competitors, so that in
this case especially, the information provided by a study such as this one is, at the
minimum, market informing.

More generally, the intention of this study is not to judge any particular package
relative to another, or to expose the computational defects of individual packages.
No attempt has been made to identify a particular set of numeric results with any
given package, except in the case of certain pertinent examples, which are provided
simply to illustrate the differences that can occur between packages. This study does
not evaluate individual packages, but instead the econometric software package as
a classification. To contrast and compare individual econometric software packages
more specifically might provide useful information for users of those packages, but
this course of action would distract attention from the essential findings of both com-
monalities and reported differences. In the final analysis, the essential purpose of
this study is to play the role of a mutual learning experience for all the participating
developers. Ideally, one of the effects will be to establish a collective understanding
of the present state of the art.

Of course, the present investigation is also limited by its focus on a single es-
timation technique. The choice to consider only diagnostic tests that are directly
associated with the Ordinary Least Squares parameter estimation technique can be
seen as motivated by several considerations. The first is that it can be argued that one
of the principal distinguishing characteristics of any econometric software package
is its inclusion of this technique among the offerings, notwithstanding that it may
be the inclusion of other techniques that distinguishes such packages from statisti-
cal and other types. It is the most basic of all the econometric parameter estimation
techniques, as well as the one most commonly used. However, in this choice too,
practicality has been allowed to dictate. Historically, there have been surprisingly
few attempts to consider either the design of econometric software packages or the
way in which econometric techniques have been implemented in these packages, in-
cluding their numerical accuracy and the other computational characteristics of the
results produced, so that it has seemed most sensible to start with what is ostensibly
the base case and to work outwards from there.

Even as a first examination, rather than a complete examination, the present
study could not have been produced without the active assistance, advice and sup-
port of econometric software developers individually and collectively. I am grateful
to my fellow econometricians who are software developers, as well as to others
who have provided information, comments and suggestions. I appreciate in par-
ticular the assistance and advice of Jerry Adams, Irma Adelman, Micah Altman,
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Richard Anderson, Terry Barker, David Belsley, Herman Bierens, Jon Breslaw,
Guiseppe Bruno, Ian Cahill, Paul Calvert, Allin Cottrell, Clint Cummins, Kenneth
Berk, James Davidson, Tom Doan, Jurgen Doornik, Mark Eisner, Ray Fair, Arthur
Goldberger, Richard Goldstein, Clive Granger, William Greene, Bronwyn Hall,
Robert Hall, Stephen Hall, Tim Harrison, David Hendry, Peter Hollinger, Charles
C. Holt, Lawrence Klein, Robert Lacey, Cynthia Latta, Edward Leamer, James
LeSage, David Lilien, James MacKinnon, Keith May, Michael McCracken, Bruce
McCullough, Marc Nerlove, Ray O’Brien, William Peterson, Peter Phillips, Richard
Pierse, Robert Pindyck, Brian Poi, Ross Preston, Duo Qin, David Reilly, Colin Rose,
Ronald Schoenberg, Lucy Slater, Houston Stokes, Daniel Suits, Robert Summers,
William Teeters, Gareth Thomas, Kenneth White, Mike Wickens, Vince Wiggins,
Mark Wiley, Clifford Wymer, Achim Zeileis, and Arnold Zellner for their patient
willingness to assist me. I am also indebted to Arthur Goldberger, Bronwyn Hall,
David Hendry, and Peter Hollinger for kindly making available to me both early
manuals and particular examples of regression displays that have been used in the
preparation of this monograph. I express my especial debt to Houston Stokes for his
constant willingness to provide me repeatedly with code, documentation, and ana-
lytical assistance during the process of determining the characteristics of the various
computations made. I am wholly responsible for all errors of fact and omission, and
for all opinions stated that are not identified as quotations.

Newagen, Maine Charles G. Renfro
12 January 2007
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Introduction

This study examines multiple aspects of the way in which the development of
computer software, specifically econometric software, has affected and, in the
future, might affect the practice of econometrics. Its publication is preceded by over
50 years of software development and use, during which time economists have paid
little attention to the possibility that the particular computational tools they employ
might have any discernable impact on their research, and which therefore might
imply the lack of perceived need for such a study. Except for the speed of calcula-
tion effect of the electronic computer, which has long been recognized, software as
an affective econometric tool is a novel idea. Indeed, historically, econometricians
have usually interpreted the “tools of econometrics™ to be its conceptual methods,
often considered somewhat abstractly. For example, in 1966, under this rubric and
when considering the econometric testing of an hypothetical statement about the
empirical world, Jacob Marschak (1966), following Harold Hotelling, distinguished
between economic theory-based maintained, or “prior” propositions, as assump-
tions or ‘“specifications,” in contrast to those properties to be immediately tested
against observation. He optimistically characterized these specifications as possibly
derived from prior observation, perhaps as a result of sequential testing, although
he spoke of models and “structures” in a fashion that to modern ears might seem
somewhat anachronistic. The idea of testing being a truth discovery process is im-
plicit in his argument, perhaps stemming from a common acceptance then of at
least quasi-axiomatic foundations for economic theory. Yet he also recognized, in
a way that is still up-to-date (p. ix), the difficulty the economist has in assigning
“future validity to the patterns of the past. For policy change may consist in chang-
ing the very mechanism by which the environment influences economic variables,”
requiring that the economist “must therefore peek in the interior of the notori-
ous “black box™ that operated in the past and describe policy changes as specific
changes of that interior.” This recognition of a policy inspired requirement to rep-
resent economic phenomena in a manner so as to permit the economist to make
out-of-sample predictions using structural knowledge is historically significant, for
the distinction that Marschak made between the “black box” reduced form and
its corresponding, possibly changeable structural representation involves of course
both the identification problem and the well-known Cowles Commission methodol-
ogy (Marschak, 1953). Directly and indirectly, a consequence of this distinction was

C.G. Renfro, The Practice of Econometric Theory, Advanced Studies in Theoretical 1
and Applied Econometrics 44, DOI 10.1007/978-3-540-75571-5,
(© Springer-Verlag Berlin Heidelberg 2009



2 Introduction

the adoption of a conceptual approach, beginning in the 1940s (Haavelmo, 1944;
Hood & Koopmans, 1953; Koopmans, 1950; Morgan, 1990; Qin, 1993), that then
gave rise to a substantial econometrics literature.

However, before considering further this literature and subsequent developments,
it is important to take note of the fact that the 1940s, when the original constructs
and conceptual framework of this approach were conceived, was also a time during
which only the first baby steps were being taken towards the creation of modern
computational facilities. In addition, in retrospect these years mark also an early
and formative stage in the development of the capability both to measure a broad
range of economic concepts and to make these measurements widely available in a
timely manner. In the 1930s or before, any economist who wished to conduct ap-
plied research was often first required, as an individual, to collect or at least gather
and compile the set of observations used, if not always transform them for use, a
situation that persisted even into the 1950s, or arguably even much later (Barger
& Klein, 1954; Klein, 1950; Klein & Goldberger, 1955; Tinbergen, 1939). The
modern, somewhat centralized, organized provision of macroeconomic statistics by
governmental agencies, international organizations, and other data sources was only
just beginning in the 1940s (Carson, 1975; Foss, 1983; Kendrick, 1995; Kenessey,
1994; Stone, 1997). The organized collection and widespread availability of mi-
croeconomic data for applied economic research is a more recent development,
particularly in the form of both cross-section and panel data sets. Of course, some
enterprising economists still conduct their research in soup to nuts fashion, but this
is now the exception, rather than the rule.

This 1940s coincidence of circumstance is of greater present day import than
it might at first seem. Both the computational advances of the past approximately
60 years and the improvements in data quality and availability might be viewed
initially as wholly beneficial effects of specialization, providentially aided by tech-
nological progress. The productivity implications of the electronic computer are
obvious, as are also those of the economist’s present capability to obtain, almost
as a gift, substantial quantities of economic data in machine-readable form. As a
consequence, economists have been able to conduct applied research on a scale and
at a level of detail that would have astounded Marshall, Mill, and Wicksell, or even
Fisher, Keynes, and Schumpeter. However, when the good fairy gives, the bad fairy
often manages to take something back.

Not invariably, but often over these years, the process of making measure-
ments and organizing them for use, including providing the accounting framework,
where appropriate, has become ever more the sanctioned province of the economic
statistician, in effect thereby freeing the applied economist from the necessity.
National income statistics, index numbers, and other such economic measure-
ments of course predate their formal econometric use, but given the accounting
framework supplied by Keynes’ General Theory and How to Pay for the War
(Hicks, 1990; Keynes, 1940; Kurabashi, 1994) and increased government support
for the collection and dissemination of aggregate economic statistics in the post
World War II period, there has been progressively a more pronounced tendency for
the economic analyst to “outsource” to the economic statistician this measurement
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function. Likewise, cross-section and panel microeconomic data sets are also often
collected separately and then made available to analysts. Although there is still a
tendency in some countries and contexts to view both primary data and economic
statistics proprietarily, more often governmental statistical organizations and oth-
ers now readily provide these data (not always free of charge), sometimes in the
form of public use samples and other times as aggregates or in another guise, to
the point, most recently, that they are frequently supplied in electronic form via
the Internet. For a balanced view, it is important to remember that to achieve this
type of ready-access to data took many years. Even into the 1990s, although the
economist no longer necessarily needed to make original measurements and take re-
sponsibility for the initial organization of economic statistics, data acquisition could
be troublesome, sometimes involving the need for the end user to keypunch from
“hardcopy” (Renfro, 1997, 1980). Certain significant transmission barriers still re-
main (Harrison & Renfro, 2004), as will be considered in Chap. 7. And of course, as
mentioned, data collection or compilation has to a degree continued to be an integral
part of applied research, but the predominant tendency is for the economic analyst
to obtain data providentially.

Computational developments have followed a generally similar course. In the
earlier years — between 1951 and in some cases possibly even as late as the 1980s —
to apply the full range of econometric methods, or in the earliest years even a sub-
set of these, required computer programming skills, or a willingness to use older,
more manual methods (Desai, 2007). With the necessity then for the entire modern
computational infrastructure to be developed, including not only the creation of par-
ticular econometric software packages but also computer programming languages,
subroutine libraries, and more powerful operating systems, the capacity of the typi-
cal applied economist to employ even a few of the econometric methods described
in the burgeoning literature was initially quite limited, a circumstance that persisted
for years. To bring about the change that has occurred, the software developer might
be viewed as having played a parallel role to the economic statistician. The ultimate
outcome would appear to be to provide on the desktop what, with qualifications,
might be seen as the capacity for any interested economist to employ almost any
(standard) econometric method using any of a number of widely available software
packages. However, to the degree that this result has been achieved, it has occurred
only during the past ten years, providing another point of similarity.

A pertinent aspect of these historical developments is that they also involve sig-
nificant externalities. Considered generally, one of the effects of “outsourcing” the
provision of much of the data used for research has been some loss of control by the
economist over the way in which economic measurements are made, as well as a
loss of information about their particular characteristics, to the point that it is not al-
ways evident that all economists understand that theoretical concepts can sometimes
differ significantly from the ostensibly equivalent measured concept. As a rule, the
economic statistician neither ordinarily operates under the control of the analyst nor
necessarily considers economic research requirements when establishing collection
and data construction methodologies, as Lawrence Klein for example recognized
in 1950 (Klein, 1950, p. 123ff). An additional consequent circumstance is that the
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analyst necessarily depends for information about this measurement process upon
whatever descriptions the originating data source provides at whatever degree of
generality or detail. Of course, the argument can be made that this outsourcing has
occurred “within the family,” inasmuch as the economic analyst and the economic
statistician may share training and other background attributes — and may even
jointly evaluate existing and prospective measurement methodologies. But it is true
nevertheless that this functional separation potentially creates divergent incentives.

On the other hand, it is also possible to ask (although possibly difficult to
answer) just how much freedom economic statisticians have had to select be-
tween alternative methodologies and how this freedom has lead them to make
choices significantly different from those the research economist might have made
instead? The economic statistician performs under various constraints. In many
important cases, the primary data that are used to construct final economic mea-
surements are originally collected in order to fulfill an administrative function
(Alexander & Jabine, 1980; Cartwright, 1983; Cartwright & Aarmknecht, 1980;
David & Robbin, 1981; Kleiner, 1980). Often political or administrative consid-
erations may otherwise dictate the characteristics of the final data sets produced
(Heckman, 2000; Keller & Wansbeek, 1983; Manser, 1992; McGuckin & Nguyen,
1990; McKelvey & de Leeuw, 1982; Popkin, 1993; Triplett, 1991, 1993). The en-
vironmental circumstances under which the data used for economic research are
originally obtained and processed may therefore be more determining than exactly
who performs these tasks. These are each important circumstances that can have
particular effects, but what is fundamental is that applied research findings can be
affected both by the measurement characteristics of the data used and by what the
analyst does not know concerning them.

Of course, there are also additional, potentially related issues that might be
examined, such as whether the statistical properties of such data make them suit-
able or not for modeling and testing using econometric methods (Spanos, 1995).
However, whenever econometric theorists address this question, they ordinarily
consider it in the context of a much more restricted measurement circumstance, usu-
ally involving the presupposition that, in the first place, the observations accurately
represent the economic concepts to which they ostensibly correspond. From this per-
spective, judging by the literature, the relevant question for the theorist to consider
is then commonly seen to be the econometric methodology to employ, once having
obtained data that as measurements have properties that are in some sense contex-
tually optimal, given the one or more concepts measured. Notice that the division
of labor between the econometric theorist and the applied economist that thereby
occurs is for the theorist simply to become a supplier of tools — tools in the sense of
econometric techniques and methods — and for the applied economist to be left with
the responsibility to recognize which tool should be applied in which context. The
operational problem this labor division poses is that whatever the theorist’s ultimate
findings they may have at best limited applicability empirically, for in any likely
real world circumstance the most appropriate “tool” for the applied economist to
use may not yet have been created. As a practical matter, what is desirable (indeed
necessary) is for the theorist to have considered carefully measurements that, as



Introduction 5

observations, have empirically realized properties. At the end of the day, the eco-
nomic measurements available to the applied economist are what they are and must
be dealt with on their own terms, rather than as measurements the econometrician
might wish for.

On the computational side, among the questions that need to be considered is the
degree to which the econometric software developer and the user of that software
have divergent interests and incentives? One might also ask more generally, exactly
how do the characteristics of particular software affect applied research? These are
each important questions, for in the case of the first, the user of the software, the
economic analyst, is clearly just as dependent on the good offices of the software
developer as upon those of the economic statistician, both to make accurate and
appropriate calculations and for necessary information. The software developer, in
contrast, may not feel the need, nor necessarily be able, to provide software that is
at once uniformly accurate, theoretically well founded, and capable of permitting
the analyst to perform his or her research in the most efficacious manner. It is by no
means self-evident that the econometric techniques so far proposed by theoreticians
are each capable of being implemented accurately or, if so implemented, will pro-
vide empirically a theory-justifiable result. It is in addition difficult for the developer
to know how to design software that is both easy-to-use and leads the economist to
employ it in an effective manner. There is also the direct question of incentives,
pecuniary and non-pecuniary; as to the latter, the econometric theorist occupies an
honored place in the academic pantheon, but the econometric software developer, as
such, does not, notwithstanding that it can be argued that both bear a similar level
of responsibility.

McCullough & Vinod (1999, p. 633) have recently considered aspects of the
marketplace for econometric software and have argued that

Apart from cost considerations, economists generally choose their software by its user-
friendliness or for specialized features. They rarely worry whether the answer provided by
the software is correct (i.e., whether the software is reliable). The economist, whose degree
is not in computer science, can hardly be faulted for this: is it not the job of the software
developer to ensure reliability?

There is an evident element of rhetoric in these words, however, taking the
McCullough-Vinod assertions and question at face value, what is the mechanism
whereby the econometric software developer is encouraged to supply what the
research economist needs, including reliable software, but may neither demand
(assuming it to be already supplied) nor be willing to pay for? Does easy-to-use, as
perceived by the typical economist, unambiguously equate to able-to-use well?

Until recently, topics like these have not been openly considered in the economic
and econometric journal and broader literature, notwithstanding the frequent men-
tion of the computer itself, beginning in about 1960 (Adelman & Adelman, 1959;
Adelman, 2007; Klein, 1960). The idea that the use of this device might in-
volve any particular interpretative or evaluative difficulties, either potentially or
actually, only began to be addressed to any significant degree in the later 1990s
(McCullough, 1997; Renfro, 1997). Before that, although not entirely unnoticed
(Zellner & Thornber, 1966), there was very little, and then only sporadic, discussion
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of these aspects of the research use of the computer, even if, to a degree, they have
been considered in the (arguably closely associated) statistics literature (Berk, 1987;
Cohen, 1983; Francis, 1981; Wetherill, Curram, Burman, Duncombe, Hailstone,
& Kempson, 1985). In addition, as will be demonstrated later, the economics and
econometrics literature also exhibits a rather serene sense of computational timeless-
ness beginning in the 1960s. Year to year, to the degree that computer capabilities
and use have been described at all in this literature, their characteristics have been
portrayed as being much the same, notwithstanding the actual, rather fundamental
technological change during the past almost 50 years. For instance, a reader, how-
ever careful, will be hard put to identify, on the basis of this reading alone, what the
precise successive effects of the mainframe, minicomputer, and personal computer,
or of the Internet, have been, in their impact on research methodology, practices, or
results. Of course, not every incremental change that occurred during the progress
of this technological caravan had any necessary significance; for example, it might
have been hard for anyone at the time to perceive the impact of many of the individ-
ual hardware changes.

However, overall there was a sea change, the like of which might never again
occur, particularly in any future equal-size time period. Evidence of the magnitude
of the change only very dimly appears — or, rather almost wholly does not — in
the majority of the articles written by economists and econometricians. It is the
lack of information that is especially notable. Among other things, only occasion-
ally is it possible to determine which software package was used in a particular
research project, or anything of its characteristics, or sometimes even if one was
used — although that one must have been used may be evident from the nature of the
computations performed. Not to describe the software employed is still normal for
economists, but, as will be discussed in Chap. 2, this convention strongly contrasts
with the research practices in other disciplines, for example, those in the biological
and medical sciences. More generally, this silence may be symptomatically more
indicative of the state of the art of applied economic research than much of what has
been reported.

As a consequence of these circumstances, the inferences about applied research
practices able to be drawn reliably by a reader of the economics and economet-
rics literature are now limited. Those likely to be drawn will often rest upon a
number of questionable presumptions. Considering first the beliefs of the typical
analyst, he or she often appears to think, judging in part from the lack of com-
ment to the contrary, that the data have a particular, well-understood meaning as
empirical measurements. There is also seeming faith that the software calculations
performed are appropriate (McCullough, 1997; McCullough & Vinod, 1999). Yet
there are also occasional indications of doubt. Economists who have revealingly
considered aspects of the relationship between economic concepts and economic
observations include Blinder and Deaton (1985), Eisner (1989), Griliches (1985,
1986), Leontief (1971), Morgenstern (1960), Slesnick (1998), and Wilcox (1998),
although, of course, not all problems addressed are necessarily related to the use
of the computer (Renfro, 1980, 2006). Furthermore, historical examples of research
that explicitly consider the measurement characteristics of the data used certainly
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exist, such as Friedman’s work on the consumption function. Of course, separate
studies also continue to be made the explicit purpose of which is to examine mea-
surement topics. But recently, with the development of the Internet, and as its role
in worldwide data dissemination has progressively enlarged, increasingly data sets
appear to have come to be accepted more and more on trust by analysts, rather than
after painstaking inspection and evaluation.

This tendency to accept on trust may to a degree be a consequence of the modern
greater separation between the process of making measurements and the research
use of the resulting data, for relatively few economists now either need or wish to
perform the roles of both data producer and user during their careers, either simul-
taneously or serially. As indicated earlier, it appears to be progressively less true
that each individual analyst, or a closely supervised research assistant, will neces-
sarily have compiled the data sets used or even understand from past experience the
nuances of their measurement qualities. A lack of interest, familiarity, and possibly
also respect for data collection and production activities may be fostered not only
by this self-reinforcing separation, but also by the relatively few incentives that exist
for economic research workers to take the trouble to ferret out the necessary infor-
mation to understand in detail the particular measurement characteristics of the data
they use, as will be considered later.

Similarly, there is a reinforced separation between software development and
the analyst’s use, reflecting both the skills required for software development and
the current availability of already developed packages. Because the typical analyst
often — perhaps usually or even almost always — employs software created by others,
so long as the chosen package appears to work, there are obvious “don’t rock the
boat” incentives simply to presume that the operations said to be performed are those
actually performed, especially to the degree it seems difficult or even impossible for
that person to self-validate the software used — or to discover in the mainstream
literature its reliability in each context. Even when curious, the analyst may often
find it politic not to ask any questions, for it is not always clear exactly who to ask or
which specific evaluative questions to ask. And, whenever there is no requirement
to identify to others the particulars of the program used, there is yet another reason
not to probe too deeply. See no evil, hear no evil; don’t ask, don’t tell. Today, for
the analyst the most rational self-preserving action is to use a program that appears
to be widely employed, which might also be construed to imply that someone else
must have previously assessed its reliability.

In the absence of contradictory information, this situation obviously also im-
poses on the reader of published research reports almost the necessity to presume —
often, perhaps almost always (Anderson, Greene, McCullough, & Vinod, 2007,
McCullough & Vinod, 1999) — that the calculations performed are accurately de-
scribed by the author and that any descriptions of the data used can be given full
faith and credit, involving not only the absence of such things as transcription
errors and “computer bugs,” but also the expectation that the software used ac-
tually performed the described operations. Sports events commonly are viewed
with the aid of instant recall, but in contrast published applied economic research
normally offers little either to enable the subsequent replication of results or to
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assure the reader in some other confirmatory way that the “facts” presented are the
facts (Anderson, 2006; Anderson et al. 2007; Dewald, Thursby, & Anderson, 1986;
McCullough, McGeary, & Harrison, 2006; McCullough & Vinod, 2003). The lure
of the surrogate production function for the father has seemingly been replaced
by the charm of “stylized facts” for the children and grandchildren. Notice that
the issue is not simply assurance of the particular calculations performed, but also
whether the data observations employed can, if necessary, be determined after the
fact. Notably, it is still the exception, rather than the rule, that journals, for instance,
require authors to provide the reader, directly or indirectly, with sufficient informa-
tion to permit later replication of the reported results (Anderson, 2006; Anderson
et al., 2007). However, these statements are not made in order to suggest that the
software available to economists is unreliable nor should they necessarily be read
as commentary about actual research practices. They are simply statements about
the current faith-based research environment.

Historically, in the various well-known assessments of the methodology of econo-
metric practice, much has been made of the process whereby reported econometric
results have been obtained, perhaps via the process of executing numerous regres-
sions and then making arbitrary choices (Leamer, 1978, 1983). However, what
is addressed here is a different issue. It much more fundamentally involves the
consideration of the individual calculations made each step of the way, as well
as the particular data observations employed, rather than the manner in which an
economist might interpret and selectively present in a publication the results earlier
displayed on a succession of computer screens or paper printouts. It is important to
discriminate between effects that are due to sloppy or imperfect research practices,
which are not the primary subject of this monograph, and those that are intrinsic to
the modern use of computer software per se, which are. However, it is nonetheless
important to take account of the ways that such research practices can amplify these
intrinsic effects.

As indicated earlier and will be discussed in more detail later, the electronic
computer and formal econometrics are, for the most part, contemporaneous. The
computational situation that originally arose from the essentially coincident early
development of formal econometrics and that of the electronic computer, as this
played out during the 1940s, 1950s and 1960s, has since been accentuated by the
parallel development, during the past 40 years, of a time series oriented, often eco-
nomically atheoretic, more statistically cast econometric literature, in some cases
originating in other disciplines, that to a large degree has now been absorbed into
the econometric canon (Box & Jenkins, 1984; Greene, 2003; Hendry, 1995; Sage &
Melsa, 1971; Spanos, 1986). Why these circumstances are particularly important is
because of the extent to which econometric estimation and testing methodology has
consequently increased in scope and variety. One of the results is that the textbooks,
handbooks, and other summary presentations have necessarily become increasingly
more selective, reflecting the difficulty of providing, even in volumes that total
800 to a 1,000 pages, more than a partial view of econometric ideas and theory.
In addition, whereas it is conventional to view the emergence of at least certain
of the competing econometric “schools” during the 1970s and 1980s to be the
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consequence of the carefully evaluated unsatisfactory forecasting performance of
certain macroeconometric models as an inherent and necessary flaw, it is equally
possible to interpret this criticism as a red herring and instead to see the overall
development of econometrics in the years since as increasingly focused on and
sponsored by what econometricians “can do well rather than the issues that are
of importance in economics” (Wickens, 1997, p. 524). Symptomatic of this focus
may be the sheer number of theoretical econometric results occurring as techniques
seeking an application, rather than developed in response to evident need.

The argument can be made that, rather than the current “schools” resembling
warring groups struggling over a coterminous common ground, what has instead
happened is that each new band has staked out an essentially separate preserve with
certain overlaps. The divisions between schools isolate those that are economically
theoretic from the atheoretic, and those that stress economic theory from those that
more enthusiastically embrace pure econometric theory and techniques, in a man-
ner that defies a neat cross-tabular summary (Gilbert & Qin, 2006; Spanos, 2006).
A recent taxonomy by Kevin Hoover that emphasizes macroeconometric applica-
tions identifies five “main” econometric methodologies, but also various minorities
(Hoover, 2006, p. 73ff). An additional distinguishable separation is between those
who use time series data, often macroeconometric, and cross-section or panel data,
most often microeconometric. In some cases, it is also possible to isolate user
characteristics, and thus, for instance, to speak of financial econometrics (Fogler
& Ganapathy, 1982; Gourieroux & Jasiak, 2001) or cliometrics (Costa, Demeule-
meester, & Diebolt, 2007; Demeulemeester, & Diebolt, 2007), as specially focused
applications areas that, in time, may each involve the further development of rele-
vant econometric techniques. Econometrics can be presented, on the one hand, as
a collection of estimation and testing principles and techniques, and by emphasis
glorify the building of econometric methodology tools. Alternatively, it is possible
to present it as a collection of discovery and testing methodologies and to emphasize
both the application of its methodological tools and its continuing special relation-
ship to economics as a discipline.

Considered simply as an expanding body of techniques, econometrics can of
course be lauded for its cornucopian diversity. However, in its relationship to its
origins, a revealing contrast exists at the present time between econometrics and
experimental economics. Prominent practitioners of the latter have noticeably and
proudly recently praised its advance as implying an increasingly important partner-
ship between experiment and economics (Holt, 2003; Plott, 1991). Econometricians
are instead more likely to begin evaluations of their chosen (sub)discipline by ex-
tolling the development of “a powerful array of statistical tools for modeling all
types of data” (Spanos, 2006, p. 5), only to confess subsequently that “what is
conspicuously missing from current econometric modeling are genuinely reliable
methods and procedures that enable one to discriminate between the numerous
models and theories that could fit the same data equally well or better” (p. 7). It
is certainly true that estimation methods have been developed that can be applied
to time series, cross-section and panel data sets, to both linear and nonlinear
specifications. In concert, numerous (mis)specification and other tests have been
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proposed in a variety of journals. Set against this profusion of techniques are judg-
ments, like that by McCloskey, that “no proposition about economic behavior has
yet been overturned by econometrics” (McCloskey, 1985, p. 182), which has since
been quoted by others (Keuzenkamp & Magnus, 1995, p. 5). Yet it is also signifi-
cant that, in practice, actual computational experience has (still) been comparatively
restricted among economists, a circumstance that as indicated earlier is masked by
the long-standing tendency of econometricians to speak and write as if the existing
computational facilities mirror the theoretical literature, when in fact, there are sig-
nificant differences and disparities. If the modeling and testing being done is still
being performed by a small group of computer savvy econometricians, rather than
economists generally, it might be appropriate to regard much of the continuing hue
and cry about associated research practices as no more than a tempest in a teapot.
As well as the number of techniques potentially available for use and the question
of which of them should be used under what circumstances, the degree and amount
of that use is critically important to the question whether, for all its pretensions,
econometrics now has any true relevance for economists generally?

As always, it is possible to raise yet one more red flag. But the most pertinent
follow-on question is, in the present context how much does the general situation
matter? Given the limited scope of the present survey-based investigation, it might
appear most reasonable to put aside all these broader, potentially discordant issues
and to proceed simply, emphasizing the survey findings and taking the position that,
within the bounds of this study, the computational circumstances are likely to be
well understood by econometricians, if not by every economist. The argument might
be made that Ordinary Least Squares is an estimation methodology that is familiar to
all. At some point as students, most econometricians, and many economists, might
be presumed to have made the relevant calculations themselves. The fact that com-
putational experience at the extremes could be limited is only to be expected. Solace
can be taken in the thought that it is not always necessary to examine the general
case first in order to consider a special case. To the degree that the issues associ-
ated with the difficult cases are not familiar, they might be considered separately
and later. Thus it would appear most reasonable to begin by presenting the survey
findings in a very straightforward way.

However, the very newness of this type of survey investigation of the specific
characteristics of a type of software argues for a more general and measured ap-
proach. It cannot be assumed that the history of either the development of the
computer or of the way in which economists have used it is necessarily famil-
iar to everyone as a self-conscious recollection. Furthermore, although it might be
supposed that the computer, as a device, is suited to the computational needs of
economists, this is actually a supposition that needs examination. To consider this
matter carefully is of course in keeping with a long-standing investigatory tradi-
tion: for example, economists do not automatically accept a priori that factor prices
will in all circumstances necessarily be equilibrated by trade. So what is the jus-
tification to accept on faith computability as an inevitable property? One way to
begin to approach this topic is to start with a history of the use of the computer
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by economists, describing it in White Rabbit fashion, as recently characterized by
Marc Nerlove (2004), courtesy of Lewis Carroll:

The White Rabbit put on his spectacles. “Where shall I begin, please your Majesty?” he
asked. “Begin at the beginning,” the King said gravely, “and go on till you come to the end;
then stop.”

However, such a foot-forward approach automatically assumes the relevance of
the history to the audience, when in fact it may not yet be absolutely clear either that
there is a history — in the sense of the past as a necessary prologue to the present — or
that there is anything particular now about the way in which the modern economist
interacts with the electronic computer.

The approach that has been adopted in the successive chapters of this volume is
to begin, at Chap. 1, with a description of the characteristics of economists’ present
use of the computer, but in a way that considers briefly several aspects of the general
history of computing. Computation, in the original sense of making numerical cal-
culations, of course started in the more distant past. It developed over the centuries
in an increasingly sophisticated way so as to permit substantial engineering feats and
provide support for such major events as the industrial revolution, in the process also
enabling the development of accounting and banking, among other foundation activ-
ities. As indicated earlier, one interpretation of the effect of the electronic computer
is that calculation has simply become more rapid since this device was introduced
to its first users in the very early 1950s — including economists, as it happens. The
speed of the computer evidently permits a sequence of possibly complex calcula-
tions to be performed in seconds or minutes, if not always nanoseconds, that prior
to its introduction might take even multiple life times to complete. This time com-
pression, so to speak, obviously implies an advance in human analytical capabilities.
But notice also that this change is not simply a matter of speed. It is instead a com-
bination of speed with the ability, because of that speed, to organize a sequence of
logical operations, among them arithmetic calculations, so as to achieve, in at least
some cases, a result quite different from that possible for a person, or even a num-
ber of people, to achieve with pencil and paper in the time allotted to human life.
Time compression permits the computer, as in the case of chess playing machines,
to achieve by accelerated brute force what the human mind must either achieve by
intuition or not at all. As a consequence, this time compression is in effect transcen-
dental, whether or not it ever provides a foundation for the development of artificial
intelligence.

This organization of a sequence of logical operations is today usually referred to
as programming and this activity has certain characteristics that need to be consid-
ered at the outset. In particular, it is useful to consider both the circumstances under
which this process is conceptually straightforward, and those when it is not — and to
consider also why in the latter case such aspects as design and precise implementa-
tion matter. In their historical treatment of econometrics as a subject, economists and
econometricians have traditionally placed the stress upon mathematical representa-
tions, including statistical results and formulations, rather than upon the numeri-
cal analytical characteristics of the corresponding calculations. The conventional
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assumption has almost always been that there is essentially no difference between
the statement of an econometric result as a mathematical representation and in the
context of a computer-resident algorithm. In contrast, the argument that will be
made in Chap. 1 is that there is a difference and that one way to view this dif-
ference is in terms of the degree of ability to replicate results from one algorithmic
implementation to the next. An obvious question is, what are the necessary and suffi-
cient conditions to achieve this property of replicability? Considered from a slightly
more philosophical point of view, replicability at will implies the ability under the
right circumstances to confirm that a proposition is empirically true or, more strictly
speaking, to confirm its lack of falsification. A single reported result involves simply
one degree of freedom, from which valid inferences cannot be drawn.

However, there is also the question that this use of the charged terms “necessary”
and “sufficient” raises, namely the degree to which mathematical and statistical rep-
resentations are inherently “computable.” Anyone with the least familiarity with
calculus cannot help but be aware that, except in the simplest cases, the calculations
associated with the computation of the point value of a derivative or the area under
an integral will ordinarily involve a degree of approximation. Alternatively, Taylor’s
expansion is a familiar example of a mathematical representation that explicitly
incorporates an approximation residual. But, in addition, there is also a broader
sense in which the step from the familiar mathematical and statistical economet-
ric representations to the computer world of algorithmic implementations can be
considered — and this has to do with the degree to which it is possible to view econo-
metric theory as having an operational significance. To put this idea in its starkest
terms, to what degree can it be supposed that this theory actually has “real world”
relevance? There is no question in any econometrician’s mind of the circumstances
under which linear Ordinary Least Squares has the property of being Best Linear
Unbiased, but the associated existence proof of this property casts no light upon
whether there is necessarily a real world applied economic context in which this or
any other set of optimal or near optimal properties can actually be achieved.

These are several of the themes and topics that are considered in Chap. 1, not
withstanding that within the scope of this chapter they cannot be exhaustively con-
sidered. This monograph is fundamentally concerned with the state of the art of
econometric software as an expression of econometric theory, so that the purpose
of the discussion in that chapter is not to do more than to address a series of is-
sues that may ultimately need to be considered in greater detail in order to help to
place econometrics on a secure logical foundation. Achim Zeileis (2006, p. 2988)
has recently distinguished between “computational econometrics” and “economet-
ric computation,” arguing that the first of these mainly concerns mathematical or
statistical methods “that require substantial computation” whereas the second in-
volves the algorithmic translation of “econometric ideas into software.” The first
of these initially might appear to be more naturally associated with the existential
question of computability, yet there is also a sense in which they both are. As an op-
erational issue, econometric methods that involve substantial computation require
the use of the computer, so that in both cases the question whether the property
of computability can be achieved is quite relevant. However, econometric methods
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necessarily have an additional operational quality, which is defined by the existence
(or not) of one or more states of the world in which they can be expected to be
applicably valid.

Chap. 1 ends with a consideration of the presumptions that stand behind and
frame the investigative survey that yields the empirical results reported in this mono-
graph. The characteristic assumption that both econometricians and economists
have almost always made about the development of econometric software is that
this software represents a distillation of econometric theory. Actually, this assump-
tion is false, for over the years not only has econometric software become the test
bed of the operational relevance of received economic theory, it has in addition in-
creasingly defined the operational limits of that theory. As is demonstrated by the
findings reported here, as a group and in practice the existing econometric soft-
ware packages increasingly have begun to establish the developmental program
for econometric theory. This operational result has occurred as a consequence of
the particular estimation methods and statistical tests that have been selected by
econometric software developers, that have thereby been made available generally to
economists and econometricians, not to mention the particular way these have been
implemented. However, to assert such a role for this software of course presumes
the existence of such a thing as “econometric software.” One of the reasons to con-
sider such matters in Chap. 1 is the finding that econometric software packages do
not generate identical results, even when a given data set is used, a consequence not
only of the way in which elementary calculations are made, but also the more gen-
eral choice of what calculations have been performed. However, it is also relevant
that the explanation for the variety of results is not that certain packages necessarily
generate erroneous results. The explanation is more subtle, in a way that is diffi-
cult to summarize in an introduction, so for the moment, this mystery will be left
unrevealed.

Once having considered in Chap. 1 certain defining aspects of econometric soft-
ware, Chap. 2 provides an historical description of its development and salient
properties, but also the characteristics of its use, users, and developers. The use,
users, and developers have together been formative to the properties of this soft-
ware, as might be expected. Some of these properties are a consequence of the
particular way that computers and the computational environment have developed
during the past more than 60 years. Some are a consequence of the historical pat-
tern of the development of economic and econometric knowledge, and the way in
which that knowledge has been transmitted among economists and to students, par-
ticularly by textbooks in the earlier years. Econometrics is a comparatively new
sub-discipline with still-developing mores and practices, originally communicated
inter-generationally by textbooks and personal contact but today increasingly by the
software used. Particular properties of this software are the result of the various in-
centives that have conditioned its development, as well as the combined academic
and commercial environment for and in which it has been created and developed.

A specific aspect of this software is the set of diagnostic tests it makes available,
some of the circumstances of the development of which are considered separately
in Chap. 3. This treatment in isolation reflects, in part, the specific circumstances
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that have lead to the software implementation of these tests, as well as the timing of
that implementation. Many of the misspecification and other tests now implemented
were originally conceived as many as 30—40 years ago, a few date from the 1940s
and 1950s and one or two perhaps earlier. Most have been implemented widely only
during the past 10-15 years. These circumstances are a consequence both of the
particular historical development of econometric methodologies and of the develop-
ment of the personal computer and even the Internet since the 1980s. The economet-
ric methodology debates that punctuated the later 1970s and the 1980s created the
current range of methodologies and schools of thought, but the general awareness
of these schools permeated the body economic rather slowly, especially in terms of
econometric practice. Not until the 1990s did the textbooks noticeably begin to con-
sider explicitly the various tenets of these schools of thought and even then, it was
mainly the publication of supplementary methodology texts that began to create the
general awareness that exists today. More or less simultaneously, the advent of the
personal computer and the modern distributive environment changed the context in
which software is created, developed, and made available worldwide. Obviously the
spread of information about this software has additionally played a part.

As just indicated, to make sense of the current offerings requires some historical
perspective, so that it is perhaps not surprising that only in Chap. 4 are the survey
results first presented. The statistical tests considered in that chapter are to a de-
gree historically determined, for the majority of those displayed make up the set of
“core” statistics that could be found in econometric software packages even as early
as the 1970s and, in a few cases, before that. The tables presented starting in Chap. 4
are intended to reveal the statistics and tests that are offered by each of the existing
packages, as well as to provide some information about their particular characteris-
tics. The “core” statistics are general to almost all packages, but nevertheless involve
differences in implementation and thus perhaps interpretation.

These statistics arguably can be interpreted to be closely associated with the char-
acterization of the specification error. Qin and Gilbert (2001), in their consideration
of “the error term”, describe the various ways this unobserved specification com-
ponent has been viewed by econometricians in the context of the history of time
series econometrics, beginning in the 1930s, which range from an errors-in-data in-
terpretation to a residual representation of shocks and innovations. They point out,
among other things, the interpretative linkages between such opposing methods as
the VAR approach and the LSE method. However, most econometric software devel-
opers seem to have followed generalized tradition in their presentation of the “core”
statistics, notwithstanding that few have ever even briefly commented on the selec-
tion choices they have made. Therefore, it seems most appropriate, at the present
time, to consider these statistics as simply customary, as being those that developers
perceive that econometric software users expect.

The survey results that are presented in Chap. 5 are presented under the title “The
Failure of Assumptions.” This title is intended to refer to the standard Gauss-Markov
assumptions. The statistics and tests considered are those most closely associated
with these assumptions. As is pointed out early in the chapter’s introduction, one
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way to view these assumptions collectively is to recognize that they state the
characteristics of the parameter estimates that are computationally imposed by
the OLS estimator on the estimates themselves, although not always: for instance,
the sample residuals necessarily do not have, even ideally, the covariance properties
of the disturbances (Stokes, 2004a; Theil, 1971). The tests considered in this chapter
probe such pathologies as hetroscedasticity, serial correlation and other disturbance
properties, improperly omitted variables, and parameter non-constancy, but also
misspecification tests related to functional form, nonlinearity, and simultaneity.
Fundamentally, the survey results are presented from a fact-finding perspective,
rather than normatively.

The question of how to present these tests, as well as the range of tests presented,
was to a degree answered by the original decision to survey the existing packages
and to consider their development historically. A normative consideration of mis-
specification tests would need to take into account the entire universe of such tests,
and perhaps also such issues as the aims and appropriateness of each. Usage is pred-
icated on the availability of the tests, but of course availability does not determine
how the typical analyst applies them. As Keuzencamp & Magnus (1995, p. 6) have
recently commented, usage apparently verges on being “abundant” but the motivat-
ing purpose can be obscure:

Why test? Sometimes one wonders about the abundance of tests reported in empirical

papers, as the purpose of many of these tests is not always communicated to the reader.

Occasionally, the number of test statistics reported in a paper exceeds the number of obser-

vations used in calculating them! In many cases, the implications of a positive or negative

result are not made clear. If a null hypothesis that apes behave perfectly rationally is rejected

at the 5% significance level, do we care? And should we be interested in the normality of

the residuals, or would it be more useful to put the tests aside and read Darwin’s Origin

of Species instead? But perhaps it is inherent to our occupation as econometricians that we
stick to providing statistical inferences.

Possibly one of the follow on consequences of the present survey will be to
cause both econometric software developers and econometricians generally to con-
sider the normative issues that may be exposed by the test selection that developers
have made. This choice enables their use by the typical applied economist, but the
Keuzencamp-Magnus comments seem to imply that this use is not very well thought
out. An obvious question is how to encourage both thought and appropriate research
behavior?

Incidentally, the restriction of the survey to those tests associated with Ordinary
Least Squares reflects two considerations in particular. The first is simply that Or-
dinary Least Squares is the most obvious place to start. However, as suggested in
the Preface, it is also true that this survey has constituted a beneficial learning pro-
cess. In particular, it has revealed to econometric software developers what they
each have done, compared to others. Because of the nature of the survey, the survey
itself has in addition apparently caused the test coverage to expand. Some time for
further digestion may be necessary before it will be appropriate to consider the tests
made available in association with other estimators. If a further rationale is needed
for the limited choice of Ordinary Least Squares, it is simply that — in the absence
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of a priori knowledge that would suggest a different specification and a different
estimator — applied economists today still begin an investigation with OLS. This is
the point at which misspecification testing begins. After that, it is not yet clear what
the typical applied economist does next.

Of course, it is also possible to call into question the usefulness of this course
of action. Some econometricians would advocate quite a different approach. The
trouble is that econometricians have seldom considered, or perhaps even known
previously, the range of facilities that either has been available or how the individ-
ual offerings have been used. The motivation for the survey was to discover some
of the facts and then to present them, also illustrating by this presentation some
aspects of the developmental history of the supplemental statistical tests provided
by the existing packages. This thread of history, as much as anything else, explains
why Chap. 6 separately presents information about cointegration tests, as well as
those that involve the consideration of alternative specifications, including encom-
passing and non-nested specifications. From the results presented in that chapter,
it quickly becomes apparent — if not obvious before — that cointegration tests have
become popular with both econometric software developers and users of the soft-
ware. The findings also make it clear that the explicit testing of rival specifications
nevertheless represents an underdeveloped area. In the case of those packages that
promote or otherwise support the so-called General-to-Specific methodology, such
as PcGive, the stress has been upon a strategy that incorporates, so far as possible,
rival specifications, rather than to frame tests that discriminate between distinctly
different specifications. Other approaches are not always quite so self-informing in
purpose, but, in any case, all tests of alternative specifications essentially rely upon
a degree of overlap between them.

Chapter 7 represents a change of pace. This chapter presents a series of historical
displays, from several econometric software packages, that are collectively intended
to show how the “regression display” has evolved over the years. There are two as-
pects of the presentation that deserve particular attention. The first is the content of
the displays. Regression displays in the early days exhibited less information than
they do today. The second is the evolving design of these displays. It is probably
fair to say that few, if any, econometric software developers have taken the time and
trouble to consider deeply the ergonomics of information display when creating or
updating their packages. Easy to interpret, easy to read displays are possibly not
evocative of the spirit of applied economic inquiry, and perhaps as a consequence,
other than as a matter of salesmanship, it is not common to find econometric soft-
ware packages being promoted as easy-to-use or easy-to-interpret and understand.
Of course, no developer describes his or her package as hard to use and difficult to
interpret, but it is generally the econometric features where the marketing and sales
emphasis lies. However, it is also true that what is displayed, and how it is displayed
does affect the interpretation of the results generated. Therefore, it is worth con-
sidering how these displays have changed over the years, especially as historical
examples of the output generated are still available. This availability reflects that,
even in the case of the earliest of these, the developers are still active and have pre-
served at least a few examples of their work over the years. The interest in these
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displays may increase over time, to the point that they could ultimately be seen to
have a particular deeper significance, but even today there is something to be learned
from them as a group. It is in this spirit that Chap. 7 is provided.

Finally, Chap. 8 is the concluding chapter and in the nature of a conclusion,
it acts as an epilogue to this monograph. There is in addition a general appendix
that provides the data set used to generate the numerical results that are displayed
throughout this monograph. Actually, these data are now also available on several
websites, sometimes in a form that permits the observations to be imported easily
into a number of packages. As a consequence, it may not always be necessary for
anyone interested to keypunch the observations provided in this appendix, or from
another hardcopy source. Still, their provision in this appendix puts them near at
hand and available, should they be needed.



Chapter 1
Econometric Computation

“Arithmetic” is the elementary branch of mathematics that involves making specific
calculations using operators and rules governed by a relatively simple set of alge-
braic principles. Until approximately the middle of the twentieth century, a common
synonym for “calculation” was ‘“computation,” each of these terms then usually
being understood to refer to the process of making arithmetic calculations. Further-
more, until about that time, the word “computer” was the designation for a person
who professionally made these. As David Grier has pointed out (Grier, 1996, p. 53)
“human computation reached its zenith in the late 1930s and early 1940s and was
considered a substantial field. It had completed large, successful projects, such as
the Work Projects Administration mathematical tables project and had demonstrated
the effectiveness of organized computation. It had a journal, Mathematical Tables
and Other Aids to Computation, and prominent leaders. ..” including well-known
statisticians and mathematicians. During the seventy or so years since, a revolution
has occurred, both terminologically and computationally.

The word “computer” is now of course generally understood to refer to a
non-human electronic device that among its possible applications can perform cal-
culations, but can also be used for large scale organized information storage and,
most recently, for wide area communications. The variety of individual examples
of these devices is considerable. They can range in weight from a ton or more to
significantly less than a pound. They can vary in volume from room size to palm
size, or even smaller. An equally notable aspect of today’s machine is the technical
change it embodies — so much so that, in at least certain of their capabilities, the
most recent personal, even palm-sized devices dominate many, perhaps most room-
sized computers used as recently as 15-20 years ago. In addition, this change has
continued to accelerate. Arguably, when compared to the comparatively recent ma-
chines of the early 1990s, the most modern computers exhibit greater differences in
capabilities, characteristics, and potential than do the 1990s machines compared to
those of the early 1960s. Added to this, the computer has progressively become an
increasingly ubiquitous object, immediately familiar and recognizable, whether in
the form of Personal Digital Assistants (PDA), such as the Palm or Pocket PC; mo-
bile phones, particularly “smart phones;” or desktop and notebook computers. Last
but not least, “intelligent” computer chips are now to be found in a diverse range of
everyday products, among them automobiles, refrigerators, and music players.

C.G. Renfro, The Practice of Econometric Theory, Advanced Studies in Theoretical 19
and Applied Econometrics 44, DOI 10.1007/978-3-540-75571-5_1,
(© Springer-Verlag Berlin Heidelberg 2009
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However, proximity and widespread use have not wholly domesticated this
machine. Its capabilities and essential nature remain somewhat mysterious to many
people, possibly reflecting its continuous change, as well as its modern diversity, but
perhaps also the degree to which it failed to be fully understood from the start. In
the early 1950s, the media often portrayed it as an incredibly powerful “electronic
brain.” As if to confirm this characteristic, one of the computer’s first public acts
was to forecast correctly the outcome of the 1952 US presidential election. What
more might it do? Shortly thereafter, from time to time, it began to be touted as hav-
ing the near term potential to acquire “artificial intelligence,” raising in the minds of
some the specter of the machine as a conscious controlling intellect. This threat was
most famously evoked in 1968 by HAL, a soft-voiced, apparently sentient presence,
cast in a central and ultimately menacing role in the then futuristic film 2001. HAL
was described as having “become operational” at Urbana, Illinois on 12 January
1997, its name an acronym for Heuristically programmed ALgorithmic computer.
Yet when the computer is identified abstractly, simply by the name “computer” —
rather than by example as a member of an everyday device classification — it is
even now most commonly perceived to be a numerical calculation device, notwith-
standing its widespread use for word processing and a variety of other more general
tasks, on the desktop, laptop, or else behind the scenes as a server or in some other
collective role. Of course, such evocative comparisons as that almost any modern
computer can add numbers at well over a million times human speed, whereas the
modern passenger jet flies (only) 150 times faster than a person walks (Knuth, 1996,
p. 35), cannot help but reinforce the perception that the computer’s ability to make
rapid numerical calculations is its most significant characteristic.

This magnitude of calculation speed is impressive, and no less so now that it can
be achieved on both desktop and laptop, but to assess this machine properly, whether
in general or as used by economists, it is instructive to begin by recognizing that its
capabilities fundamentally originate in its essential nature as a logical device and,
following that, by next considering exactly what this might mean. The most signifi-
cant characteristic of the computer is its ability to store and process not only the data
used in calculations or other operations, but also the logical instructions that gov-
ern the work performed. These instructions, although individually elementary and
in each case selected from a restricted, machine-dependent set, nonetheless give it
the capacity to operate effectively. A logically ordered collection of these instruc-
tions, formed into a particular recipe or, more strictly speaking, an “algorithm,” can
be used to perform complex tasks, such as inverting a matrix. Algorithms can in
turn be sequenced and, in addition, then related to each other logically. Since 1946,
the process of selecting from among a fixed set of instructions in order to create
a logically organized sequence of coded statements, first as algorithmic tasks and
then as a collection of these to form a “program,” has been commonly referred to
as “programming,” this term being of course the gerundive form of the modern verb
“to program” (Grier, 1996).

In the early days, as a pedagogic aid, electronic computers were sometimes de-
scribed as “automatic digital computers” (Wilkes, 1956), essentially in order to
distinguish them, on the one hand, from human computers as “digital,” rather than
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flesh and blood, and, on the other, from the then common electromechanical desk
calculator, as operating “automatically,” without step by step intervention. As a
calculating device, the electromechanical desk calculator itself had only relatively
recently been introduced as an improvement on pencil and paper human computa-
tion, its introduction having occurred sometime around 1930. This calculator was
capable of operating on entire numbers, which removed the need for the user to per-
form each of the subordinate elementary arithmetic calculations step by step (Desai,
2007; Goldberger, 2004). However, each of these “gross” calculations only took
place at the moment it was individually invoked by the human operator. In contrast,
the “automatic” computer, by removing the need for intermediate human interven-
tion during a sequence of calculations, provided a transformative innovation, for
its automatic operation allowed numbers to be fed in as inputs and then operated
upon, perhaps repeatedly and variously, in much more complex ways than possi-
ble, or even conceivable, before. Furthermore, the logic embodied in the programs
stored in its memory permitted not only tasks, but also even composites of these to
be performed “automatically.” Of course, the “electronic” computer, operating elec-
tronically rather than electromechanically, could also perform each operation faster,
but this is a qualitative issue, or at least was in the beginning, notwithstanding the
important qualification that its electronic nature arguably also permitted much more
efficient access to “memory.” The initial effect was as just described, for subroutines
and even re-usable subroutine libraries were among the first practical innovations
(Wilkes, Wheeler, & Gill, 1951). Other important advances came later, effectively
as enhancements. For instance, until 1957, programs needed to be created using
machine or assembly language, at which point “high level” procedural languages
were introduced, originally in the form of Fortran (FORmula TRANSslation) (Backus
et al., 1957), followed in relatively short order by other programming languages,
some of them functionally comparable (Nerlove, 2004).

Machine and Assembly language are mutually distinguished by the characteris-
tic that the first is entirely numeric whereas the second incorporates mnemonics,
making it more intuitive to write, but both require programming to be done using
the elementary instructions particular to a given machine. In contrast, the creation
of higher level programming languages not only permitted, to varying degrees, the
transfer of finished programs from one brand of machine to another, usually requir-
ing some modification in the process, but also the ability to instruct the machine in
a “language” closer to, albeit still quite different from, the natural human language
of the programmer. Fortran in particular replaced the need to specify mathematical
operations arithmetically by the ability to use familiar algebraic forms and conven-
tions, to at least some degree. It also provided a notation quite intuitive to engineers
and other people with similar mathematical training. One of the constituent inno-
vations was the use of a “compiler.” The particular reference to “translation” in the
name Fortran refers to the use of an automated translator program, a “compiler,”
which converts the human written Fortran “source code” statements into machine
language, and which is then followed by the use of a “linker” to resolve external
references and otherwise bind, or “link,” together the procedures and other parts of
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the program for execution. Although logically more complex, involving machine
interpretation, translation, and linking of the compiled source code written by peo-
ple, the consequence was a substantial simplification of the human programming
process, if also a reduction in the individual programmer’s ability to control exactly
how the machine executes the programmed tasks.

The primary intention of this particular description is to convey in what ways
programming is in principle both conceptually straightforward and from a certain
perspective rather basic, viewed as a matter of organizing tasks by selecting from
a fixed and restricted set of instructions. With the advent of higher-level languages,
programming obviously also became less tedious, faster and much easier to do.
However, when this activity is explained in the way it has just been — with the
focus upon the historical transition from human to machine computation, so as to
emphasize the parallels that exist between the formulaic execution of a series of
instructions by an electronic machine and the same calculations when manually
performed by a person — the effect is to abstract from the deeper design issues that
are associated with the choice of which tasks to perform, as well as the particular
benefits of performing them in a specific way. Such abstraction can also have the
effect of making the modern software development process seem much less vital
and creative than it is, as can also any simple extrapolation of the past environment
and practices into the future.

The past has provided a formative learning experience in several important re-
spects, in terms of econometric practices and theory, as well as econometric compu-
tation. During the period from the late 1950s through the early 1970s, econometrics
emerged in a specific way, its self-discovery shaped and channeled by the particular
historical circumstances of that time and the antecedent causes of these, as well
as the unreflective youth of this sub discipline then. In those days, econometri-
cians focused a substantial amount of their attention upon the types and properties
of parameter estimators. Likewise, the emphasis in the published descriptions of
econometric software naturally tended to be upon these estimators (Belsley, 1974;
Eisner & Pindyck, 1973; Hendry & Srba, 1980; Pesaran & Slater, 1980). Further-
more, the stress was almost always placed upon their mathematical representations,
rather than upon their numerical analytic characteristics and the evaluative aspects
of their use. Perhaps as a consequence of this history — which has been for the
most part unexamined in the literature, and occurred rather unselfconsciously at the
time — many economists today appear to regard econometric software development
as consisting of no more than the act of stringing together a sequence of source code
statements in order to copy and make operative algebraic formulae easily extracted
from the published econometrics literature. This perception seems to have given
rise to a perceptible tendency for many econometric software users to regard its cre-
ation to be simply an act of translation, or perhaps the process of fitting together
according to blueprint a prefabricated set of building blocks.

There have also been certain recognized disincentives for econometricians to
focus attention on software development any more than minimally necessary, or to
examine carefully the interrelationships between the logical aspects of the software
creation process and the development of econometrics. David Hendry, for instance,
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has suggested that “empirical research and programming both require dispropor-
tionately large time inputs relative to their professional evaluation, have very long
gestation lags,. . .and [the findings] are difficult to publish. Thus [these pursuits]
cannot be recommended as ways to establish or develop a career. . . Developing new
technology (estimators, tests, distributions, etc.), however, is relatively straightfor-
ward, fairly rapid for the most part, and easy to publish when the result is ‘new’ and
‘correct”” (Hendry, 1993, p. 115). Incentives and disincentives are the very stuff
of economics. To take an interest in programming and econometric software de-
velopment would seem therefore to be the graveyard of any academic economist’s
professional ambitions, justifiable only as a minimally diverting hobby, spoken of
only to trusted colleagues.

These ideas have here been broached quite tentatively. The several circumstances
just recounted, and inferences that initially have been drawn from them, will need
to be evaluated more carefully before any final conclusions can reached, but tak-
ing them for the moment at face value, it would appear to be nothing short of
rash, and certainly likely to be considered misguided, to suggest any sort of a cen-
tral disciplinary role for econometric software development in the future. However,
such a role may not be unthinkable. It can be argued that the prevailing impres-
sions of this activity constitute a serious misunderstanding of the essential nature
of econometric computation, both actually and potentially, in its relation to both
econometric theory and practice. The interpretation of software creation as be-
ing necessarily parasitically derivative ignores, for instance, not only the possible
complexities associated with turning a mathematical-statistical problem into an op-
erative algebraic-arithmetic solution, but also the numerous large and small design
choices that are involved in this process and that, in the end, may have an important
effect on the degree to which econometrics develops successfully in the future.

For the theorist, a particular econometric problem can appear to have only cer-
tain, often seemingly axiomatically determined mathematical and statistical aspects,
but such a perspective necessarily abstracts from the larger question of the real world
context that defines the actual problem and its nature. Whatever apparently defini-
tive theoretical result is obtained can be only an incomplete and partial solution
operationally, pertinent and valid only under very particular circumstances that may
or may not ever be empirically realized. As a software developer, the econometri-
cian who incorporates new theoretical econometric results may therefore be faced
with the often-difficult task of not only evaluating the relevance, hence the oper-
ational validity of the theoretical solution, but also implementing these results in
a way that is contextually meaningful. This operationally focused econometrician
consequently not only needs to understand the theoretical advances that are made
but also to exercise independent judgment in the numerical implementation of new
techniques, for in fact neither are blueprints provided nor are the building blocks
prefabricated.

Nor can econometric software development, properly pursued, be characterized
as passively receptive, evaluative only ex post. Instead, it should be regarded as
being an inherently creative activity, potentially co-equal and mutually complemen-
tary in content and purpose with theoretical econometrics, in a way that helps to
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establish the areas in which theoretical advances are required. Of course, a self-
serving seemingly fulsome declaration of this type is always easy to make; what
needs to be addressed immediately is why it might be true. One of the reasons to take
it seriously is the changing nature of econometric computation and its consequent
growing importance to the ongoing development of economics and econometrics,
especially since the early 1980s. It has not always been true that econometric
software development has necessarily been creative in the above sense. The first
programs, created by economists in the 1950s and 1960s during the early days of
computing, often — but by no means always — both were limited in function and im-
plemented calculations that intentionally mimicked formulae found in econometric
textbooks. Even today programs can be written in the same way. However, increas-
ingly as the years have gone by, it has become much more common for econometric
software packages to be developed as progressively more capable tools intended
to permit a broadly defined variety of sophisticated operations to be performed.
Although in the beginning, as will be described, the focus was often simply upon
learning to use the computer, both as a alternative to and an extension of the desk-
top calculator and other manual methods previously employed, as the years have
passed the implications of this computer use have become better understood. As a
consequence, programs have increasingly exhibited more and more of a conscious
design element both inside and out. In modern times, one aspect of the econometric
software development process is that it fundamentally involves both the designer’s
choice of which econometric facilities to include or leave out and, properly done,
also the need to consider carefully the numerical analytic characteristics of the spe-
cific algorithms implemented. Furthermore, not only have econometricians become
increasingly aware of the numerical subtleties that may be involved, starting in
about 1967 (Longley, 1967), but in addition the types of calculations performed have
become more numerically analytically challenging (McCullough & Renfro, 1998,
2000; Stokes, 2005) and may in the future become even more so.

An additional, very significant aspect of the modern computer experience is that
specialization among economists has increasingly occurred: there is now a notice-
ably sharp separation between the development and the use of econometric software
packages. In principle, any economist might aspire to program a computer and then
to self-create a software package but, in practice, programs today are developed by
the few for the many. One of the consequences of this specialization has been to
introduce an element of user dependence, now grown to a sufficiently great degree
that for many economists whichever set of econometric operations can be performed
by their choice of program or programs has for them in effect become the universal
set. It has become more common for economists to specialize their analyses to a
particular program, rather than to choose among programs at the beginning of each
project based upon knowledge of the particular specialty characteristics of each.

When stated baldly in this fashion, such assertions smack of exaggeration.
However, it is not necessary to debate whether or not the typical economist today
has already become computationally dependent upon the programs and facilities
that are presently familiar. What is significant is that it is possible to imagine a time
and circumstance that the computer on a person’s desk or in the palm of his or her
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hand will at that time define the effective choice set, at least for particular tasks,
shaping and controlling the way they are performed. Even short of this event, it is
also possible to imagine both a time and circumstance that the programs and facili-
ties made immediately available to the person will significantly influence and limit
the choices made. Anyone who takes the time and trouble to evaluate how people
employ any of the analytical programs available to them is likely to agree that a de-
gree of dependence inevitably occurs. For example, fully 20 years ago Kenneth Berk
(Berk, 1987) suggested that although statistical “software should [have] the features
to do readily what needs to be done,” that in fact there is a “tendency for the user
to do what is readily available in the software,” and consequently that “. . .packages
have enormous influence over. . . analysis, especially over [that of] the less sophis-
ticated users.” More recently, Stephen Hall (Hall, 2003; Renfro, 2004b, c, p. 71)
expressed the view that, as a determinant of econometric practice, “software plays
a much greater role than either we realize or than it really should. . . The basic point
is that econometric practice is defined by what most econometricians [are easily
able to] do.” A complementary consideration is that espoused by David Hendry
(Hendry, 1993, p. 314), when he asserted that “no matter how powerful and general
econometric theory may become, it is only of operational value after it has been
implemented in computer software.”

Another important consideration is the particular way in which software, once
created, tends to evolve in its life cycle. It is a commonplace that widely adopted
programs soon begin to exhibit even a glut of features, possibly reflecting both the
desire of existing users to capitalize on their knowledge investment and the incen-
tives for program developers and vendors not only to attempt to retain these users
but also to profit by selling upgrades and enhancements. However, what is presently
most significant about these tendencies is not the particular whys and wherefores,
but rather that one of the consequences has been for programs to evolve into progres-
sively more comprehensively applicable tools. To some degree this evolution has
taken the form of the development of interrelated program suites, such as Microsoft
Office. But irrespective of the particular manifestation, this comprehensiveness is
also the effect of technological developments such as the Internet, as well as the
metamorphosis of computers from large stationary objects into small, easily trans-
ported, and widely used devices. It takes little imagination to visualize a future
scenario in which the various aspects of the combined process of both acquiring
and analyzing economic, financial, and societal data will increasingly become, from
the perspective of the user, completely internal to the computer, albeit via a broad-
band, possibly wireless Internet connection.

This progressively greater comprehensiveness of features, to include broadband
wide area data capture, might well ameliorate some of the effects of the depen-
dence mentioned earlier. However, it is important to recognize that a characteristic
of a computer program is that the results it displays almost never permit its users
to infer from external observation the precise characteristics of the internal op-
erations. Notwithstanding the limited set of machine instructions available, their
permutations are sufficiently great, particularly as the absolute number of instruc-
tions used increases, that it is generally impossible, when confronted by a program
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that performs complex operations, to make reliable inferences about the character-
istics of the program’s operation simply from the output observed. It is of course
always possible that programming errors could have been made, but although an
important consideration, this is not the most critical issue. Even in the absence of
these, there are very few, if any, instances that the set of algorithms employed are
unique, jointly or severally. The old adage that there are nine ways to skin a cat
generally applies also to almost any computer program, especially one that is com-
prehensive in terms of the operations it performs. Except in trivial cases, it is a
complete misunderstanding of the nature of a modern econometric software pack-
age to think that for each operation there is always a unique, and necessarily best,
algorithm — interpreting this term here not in the narrow sense of code to perform
a specific well-defined task, but rather in the broader sense that includes also the
choice of which to perform. Furthermore, as will be discussed later, it also may not
be possible to extrapolate from this qualitative evaluation, if successful, to the way
in which the program will behave in other contexts, even when that evaluation is
made using independent benchmarks.

The implications of the several circumstances and tendencies that have just been
considered have not so far attracted sufficient attention, especially as regards their
possible impact on econometrics, both theory and practice. For instance, it is still
customary for both econometric textbooks and articles in econometric journals to be
written as if the software facilities available to the reader exactly represent the mate-
rial discussed or, in the absence of this, that he or she is almost certain to make any
necessary calculations and choices independently. In fact, this monograph stands in
testimony to the degree to which such representation does not occur, particularly in
the case of the existing widely used econometric software packages. Furthermore,
given the existence of these packages, self creation of computational facilities by
the typical economist is no more likely to happen than a modern traveler bound for
San Francisco who finds himself in New York is likely to choose to walk rather than
to fly, or at least take the train or drive. As a pedagogic exercise, the modern student
might occasionally perform certain simple calculations by hand or possibly learn to
program to some degree, but he or she cannot be expected, as a rule, to create a new
econometric package to replace or improve upon the existing ones.

Nor will any but a few trained econometricians attempt this task, for in a num-
ber of respects it is burdened with difficulty. Among the constraints, only a small
proportion of the source code that comprises an econometric software package per-
tains directly to econometric calculations. Much of the code instead relates to the
program’s human interface or to the general management of numerical data. Sim-
ply to understand the range of operations and ancillary calculations that need to
be performed can be daunting. The process of self-creating a new software pack-
age therefore involves a significant expenditure of time and effort, not to mention
the need to develop particular skills, investments that are likely to be seen as
disproportionate to any benefit the typical econometrician is likely to receive. As
an indication of what might be involved, it is revealing to ponder David Hendry’s
comments on his experience not of creating a program from scratch, but simply con-
verting an existing one, previously developed principally by him, from one context
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to another. He writes (Hendry, 1993, p. 314) that “had [he] correctly appraised the
effort that would be involved, [he] would not have started,” numbering among the
problems the difficulties posed for the “part-time programmer” to meet the interface
and documentation standards set by mass market packages. Just the amount of doc-
umentation required can be significant, whether or not professional standards are
enforced. Even to use and maintain a self-created program effectively over time can
require a substantial amount of documentation, which is therefore part of the “cost”
of program development and maintenance.

Of course, for the econometrician, several high level econometric programming
environments exist (Renfro, 2004b, c), including both Gauss and Ox, the existence
of which to a degree obviates the need for the serious student or the profes-
sional econometrician to start from scratch. Each of these, as well as other readily
available high level statistical-mathematical programming environments such as
Mathematica, Matlab, R, and S-plus (Amman & Kendrick, 1999; Belsley, 1999;
Herbert, 2004; Zivot & Wang, 2002), offer the potential to self-program specific
econometric calculations in a way that minimizes the need to cope with the human
interface, the computer’s operating system, and other econometrically extraneous
tasks. It is nevertheless true that these facilities are unlikely to be of immediate inter-
est to the typical student or even the typical applied economist, in a world in which
a number of other, more pre-formed econometric software packages already exist.
Furthermore, there is a fundamental difference between a single econometrician us-
ing the computer for his or her own work and the creation of software intended to
be used by economists generally. The report by an individual economist of a given
result does not usually provide economists everywhere the capability to evaluate
closely or replicate that result, especially given the minimal amount of detail that is
customarily provided in the economics literature, even when the results are reported
in a manner that potentially could allow examination of the way in which they have
been generated. The idiosyncratic way in which the details are usually promulgated
itself creates a barrier against their careful consideration by others, especially given
the environment in which applied economic research is conducted.

Of course, there may also be a more fundamental need for economists to adopt a
more scientific approach to both the presentation and evaluation of research findings,
involving a profound change in the conventions of modern economic and econo-
metric research. The pertinent issues are certainly not limited to the rather narrow
question whether or not any given economist or econometrician has the time, inter-
est, skills, and experience to create new software, either for local or more widespread
use. To read what has just been said with only this limited interpretation is to mis-
understand the essential nature of the argument made. Equally, the inference to be
drawn is not that econometric textbooks should no longer attempt to instruct their
readers about the calculations involved. Neither should it be that the modern applied
economist, or even the well-trained econometrician, standing alone, is confronted
with a difficult computational problem, although this may be true. Instead, as will be
discussed, the appropriate inference to draw much more broadly is that economists
and econometricians each need to recognize, and in their work explicitly take ac-
count of, the particular characteristics, aspects, and impact of the computational
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developments of the past 60 years. Furthermore, it will be argued, as suggested
earlier, that the time has come to treat these computational realities as integral to
the ongoing development of econometrics. It is possible to argue this position as a
particular necessity that follows from certain negative findings concerning the re-
search practices of economists (Anderson, Greene, McCullough, & Vinod, 2007;
Dewald, Thursby, & Anderson, 1986; McCullough, Mc Geary, & Harrison, 2006;
McCullough & Vinod, 1999, 2003). Alternatively, the argument can be based upon
the role that the development of econometric software now plays and will play in the
future under the best circumstances, for unless one wishes to argue that the purpose
of econometric theory is merely to amuse and divert the theoretical econometrician,
it is difficult to contradict the Hendry dictum quoted earlier about the circumstances
under which that theory becomes operable in the modern world.

So far the stress has been placed on the division that has occurred between those
econometricians who have, for one reason or another, chosen to develop economet-
ric software packages and the dominating majority of economists, who either use
these packages or possibly abstain from the use of the computer. This division is
demonstrable, but it is not yet necessary to consider further exactly why it might
persistently exist. Nor is it important per se that the work of a minority might be
somewhat generally under appreciated, short of the possibility of market failure.
However, what is immediately of concern is the potential for a significant effect
on economics and econometrics of future econometric software development: for
example, the consequence either might be that the practice of econometrics could
be measurably affected or else that the existing or future software packages might
provide results that differ in some significant way from those implied by the the-
oretical literature. Either or both these outcomes could be realized independently.
To begin to examine the specific questions that they each pose, it is relevant to start
by considering the circumstances of current and future econometric practice, both
theoretical and applied.

The Foundations of Computational Econometrics

As indicated, until very recently, there have been few attempts by economists to
consider the joint implications of the ongoing development of econometric theory,
on the one hand, and econometric software, on the other. However, at least some
of the underlying computability issues have previously been examined, and in a
pertinent context, for the nature of machine computation itself has been addressed
as a metamathematical question. Furthermore, certain fundamental results pertain-
ing to this form of computation can be seen to have an historical connection to
the attempt by Hilbert and others to demonstrate the completeness and consistency
of mathematical reasoning. Although the degree to which all this is immediately
econometrically pertinent may initially seem questionable, there are aspects that it
is important to consider and that ultimately will be seen to be quite pertinent to the
future development of econometric theory and practice.
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In the early twentieth century, David Hilbert championed the power of a carefully
developed axiomatic approach as the starting point of the development of any scien-
tific discipline. In principle, theory would provide an intuition free basis to examine
the connections between the axioms and the logical rules. A potential problem, how-
ever, is that axioms, even if they accord with possible states of the world — observed
facts — might be contradicted by a hitherto unobserved fact. Hence, not only is there
an obvious requirement that these axioms be both independent and mutually con-
sistent, as well as according with the observed facts, but it is also necessary, for
completeness, to rule out the possible existence of any, as yet, unobserved facts.
As a mathematician, Hilbert was of course familiar with Euclidian geometry and
the degree to which its axioms correspond to the almost self-evident characteristics
of physical space. Furthermore, he had already shown that, by restating geometric
axioms algebraicly, it is possible to demonstrate their consistency on the grounds
that if algebra is consistent, then so are the Euclidian axioms. However, for a vari-
ety of reasons (Nagel, Newman, & Hofstadter, 2001, Chaps. 2-3), in order to deal
with mathematical reasoning as a whole, Hilbert concluded that it was ultimately
necessary to construct and rely upon absolute proofs, beginning from a complete
formalization of a deductive system, with the aim of revealing the pure logical struc-
ture while dispensing with potentially misleading aspects. The plan, or “program”
as it was called, explicitly required all mathematical theories to be based upon a
finite and complete set of consistent axioms. The envisioned strategy was to per-
mit the proof of the consistency of more complicated mathematical systems using
progressively simpler systems, finally reducing the consistency of all mathemat-
ics to arithmetic, and by so doing provide mathematics with a secure, unassailable
foundation.

As is done in the current Wikipedia descriptive entry, Hilbert’s program can be
stated in the form of five tenets:

Completeness: all true mathematical statements must be formally provable.
The Principle of Conservation: that, in a Platonic sense, proofs concerning real
objects, even if originally demonstrated in terms of ideal objects, should be
capable of proof employing only real objects.
Consistency: the formalism of mathematics should admit no contradictions.
Decidability: the truth or falsity of any mathematical statement should be
algorithmically decided.

e Formality: mathematical statements should be expressed formally, with the
operators defined by precise rules.

It should be noticed that the use here of the adverbial form of the word “algorithm”
constitutes modern usage. The idea of calculating the values of an ideal mathemati-
cal expression, such as an integral or differential equation, employing an organized
sequence of steps is not new, even to the twentieth century. However, the formal
study of the characteristics of this process appears to date no earlier than 1936 and,
with the advent of the electronic computer, the question whether an algorithm can
be established for any mathematical statement immediately became quite crucial.
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At first sight, Hilbert’s program per se cannot be said to have an immediately ob-
vious bearing on the development of econometric theory or practice. However, there
are close connections and these are possibly more direct than might be thought.
During the past seventy or so years, explicit mathematical reasoning has of course
become more and more adopted by economists, and although economists may not
always be conscious of what are, for them, pre-adoption developments in mathe-
matical thought, this is not to say that these have had no effect and do not still
cast a shadow. A noticeable characteristic of the theoretical econometrics literature
is that it abounds with ideal results. For instance, the effects of errors in data are
today most often ignored in this literature, except when this phenomenon is explic-
itly considered in isolation as a particular thing in itself, notwithstanding that the
existence of such errors is in practice endemic. Of course, it is not that any the-
orist is unaware of this circumstance; the worst that can be said is that he or she
is a victim of method: the particular justification for proceeding in this manner is
that, as a method, it permits precise and unambiguous results to be obtained. This
method is of course also employed pedagogically: when teaching econometrics, it is
a time-honored practice to begin with a particular set of assumptions, in the role of
axioms, using these, together with logical rules, to deduce a particular result. Sub-
sequently, the assumptions can then be progressively relaxed, usually one by one,
in order to expose the specific effect of each of them. However, when considering
the transition from econometric theory to practice, it is pertinent at some stage to
ask whether, in practice, it is operationally sufficient to understand these specific
effects in isolation? At some stage it is also pertinent to ask which, if any, of the sets
of assumptions specified by econometric theorists represent axiomatically a possi-
ble state of the world? That is, when considering the junction between econometric
theory and practice as a subject to be investigated, an often-ignored question needs
to be raised, namely whether historically econometricians have adopted too nar-
row a methodological focus? Moreover, if the answer is “yes,” it can then be asked
whether, as a consequence, the theoretical results obtained should be interpreted to
rest upon a foundation that is possibly neither logically consistent nor complete?

From the operationalist perspective, which is to say the perspective of the econo-
metrician who designs and develops econometric software, questions such as these
represent neither heretical thoughts nor a wayward desire to punch holes into the the-
oretical edifice, but instead must occur at some stage as an occupational necessity —
at least if, and to the degree, that this person sets out with the explicit intention
to provide a research tool that can be objectively evaluated as inferentially valid,
which will be assumed. Given this assumption, this person’s appropriate role can be
interpreted to encompass necessarily the study of any and all aspects of econometric
practice without restriction, including in particular all related aspects of economet-
ric theory. It is arguably incumbent upon him or her to begin by asking questions
about the degree to which econometric theory is both complete and consistent, in the
metamathematical sense; that is, pertaining to the analysis of formal mathematical
systems and the mathematical reasoning process. However, the term that will be
used here is metaeconometrics.
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Metaeconometrics can be considered to be the study of econometrics as a re-
search process, and there are potentially a number of distinct aspects to this study.
For example, questions could be raised about such things as the conventional in-
terpretation of what is meant by T—> oo in the context of the consideration of
estimator properties. In particular, in a given context, if a specific, theoretically con-
ceived economic specification is considered, which is defined (arbitrarily) in terms
of some observational frequency, such as annual, it is conventional to interpret the
concept of time going to infinity as an aspect of the extension of chronological time,
in fact as what amounts to be an infinite lengthening of the sample period. However,
among its characteristics, this convention abstracts from and raises certain questions
about the potential for structural change as the sample period is thereby conceptually
extended. Notice that for this imagined event to have meaning effectively requires
the presumption that all the circumstances of the observational process are time
invariant for all time.

As an alternative, it is possible to consider instead the progressively finer sub-
division of the original sample period, with perhaps an incidental extension of this
sample period in the process (for reasons that will be explained), and to recognize
that as a unit of time a “year” exists not only as a calendar year or other such stan-
dardized classification of a length of time, but can be considered to begin at any
arbitrary point along the time continuum. Consequently, within the time spanned
by the original, presumably multiyear, sample period there are of course a potential
infinity of segments, each a year long in length, for which in principle observations
could be conceived to exist, especially if what is considered to be measured is ei-
ther stocks or (average) flow rates at each of the infinity of “year” time intervals (in
fact, in truth, points) within the original, at least approximately fixed sample period.
So long as the lags, if there be any, are still considered to be of a year’s duration
or multiples thereof — which is why some incidental extension of the fixed sample
period might still need to be conceptually permitted — the specification itself can
be conceived to retain its properties as T—> oo in a manner that implies a pro-
gressively greater density of observation points within the original sample period.
Hence, rather than to consider the implications of a longer observation of a process
that can potentially change over time, an alternative is to consider the more intensive
observation of that process during a more or less fixed period of time, at least as a
mental construct.

Of course, the essential conceptual reason to imagine T—> oo is to be able to
consider the effect as the number of observations on the given economic process
increases without limit. But is it actually any less fantastic to imagine the result to
depend upon situational characteristics at the end of countable time, at the instant
of maximum physical entropy, than it is to contemplate counterfactually the more
frequent observation of variables within an essentially given fixed sample period
of historically elapsed time? That is, a time segment during which it is arguably
plausible to presume that the historically observable economic process has definite
characteristics? Of course, it is true that these alternatives might be expected to have
different implications for the properties of each estimator considered: for instance,
at least in a time series context, they could in fact imply something different about
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the possibility of estimator consistency, all other things equal. Notice, in particular,
when considering the specific aspects of each these T —>o0 cases, that to evaluate the
precise implications as a manifestation of T —>oo requires a meaningful concept of
what is actually being measured in each case. Notwithstanding years of econometric
theorizing, it is in reality not good enough — in the sense of being truly meaningful —
simply to consider abstractly a sequence of observations on a set of variables, for in
the abstract anything can be assumed. It is instead logically necessary to be able to
examine meaningfully exactly what is being measured and the precise properties of
those measurements.

Actually, this example is primarily intended to illustrate that “sample period,”
“observation interval,” “observational rate,” “sequence of observations on a given
set of variables,” and other such elements of econometric assumptions play an anal-
ogous functional role in econometric theory as do the geometrician’s “points” and
“lines,” or “between” and “lies on,” and so on, as the elements of the axioms in
geometric and other mathematical proofs. This correspondence is hardly surprising,
given the adoption by econometricians and statisticians of mathematical reasoning
as their logical method. However, there may in fact be an important and relevant
distinction between mathematical and econometric reasoning, inasmuch as math-
ematicians such as Hilbert (Ewald, 1996) have held that not only are such terms
primitive in the sense of being formally undefined, but in addition that, properly,
primitives should take their meaning from the axioms into which they enter.

Not all mathematicians have since agreed. Frank Ramsey, for one, who is well-
known to economists because of his seminal Economic Journal paper investigating
optimal savings rates (Ramsey, 1928), as well as other contributions on subjective
probability and utility and optimal taxation (Samuelson, 1970), famously took ex-
ception (Ramsey, 1925) to this Hilbertian formalist position, which effectively (and
intentionally) leads to mathematical propositions that have been stripped of meaning
in order to focus attention purely upon the logical proof generating process. Hilbert
essentially argued that the benefit of rigorous abstraction is that it focuses attention
on an examination of the logical relationships between the axioms, and prevents
the intuition from investing the primitives with meaning that can have the effect of
obscuring these logical relationships.

Hilbert’s program was a response to the mathematical environment of the late
nineteenth and early twentieth century and can be seen as an effect of the formu-
lation of antinomy paradoxes by, in particular, Cantor and Russell — the Russell
paradox of course arising from a consideration of the Set and Class of all things not
members of themselves. The antinomies each manifest themselves as an unsound
argument with a false conclusion. Furthermore, this conclusion is commonly an
evident logical impossibility. Antinomies characteristically are solved by resolving
either an axiomatic weakness or an inferential fault, however as Penelope Maddy has
pointed out, among its effects, the “axiomatization of set theory has led to the con-
sideration of axiom candidates that no one finds obvious, not even their staunchest
supporters.” She goes on to suggest (Maddy, 1988, p. 481) that, “in such cases. . .the
methodology has more in common with the natural scientist’s hypothesis formation
and testing than the caricature of the mathematician writing down a few obvious
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truths and proceeding to draw logical consequences” and, furthermore, that . . .the
central problem in the philosophy of natural science is when and why the sorts of
facts scientists cite as evidence really are evidence.”

One of the reasons to examine aspects of the Hilbert program here is in order
to bring out certain aspects of econometric reasoning. It is of course possible to
consider econometric theory in the context of mathematical reasoning without an
explicit reference to probability and the statistical calculus, in large part because of
the measure theory formalization of probability by Kolmogorov and Cox, among
others, a formalization that itself involves the representation of probability concepts
in such a way that they both can be considered apart from their meaning and can
be manipulated according to the rules of logic and mathematics. Mathematical logic
and reasoning can therefore be seen to absorb abstract statistical representations,
but does it then directly follow that these representations, mathematical or statisti-
cal, can be applied immediately to econometric computations and actual economic
measurements?

Certain of the historical aspects of the development of the Hilbert program have
been mentioned in passing. A sufficient reason to have mentioned this program at
all is to avoid an otherwise elaborate first principles discussion, but it is actually no
more necessary to consider this program in its historical context than it is to con-
sider Keynesian economics only in the setting of the decade in which the General
Theory was published. However, another particular reason to explore here certain
aspects of early twentieth century mathematical thinking is that this time represents
a transitional period. Before then, even pure mathematics was often conceived as
involving an argument based upon “true,” perhaps even self-evident axioms, that
led, through the proper use of logical rules, to a “true” conclusion, whether or not
this conclusion was a priori obvious (Maddy, 1988). Since then, it has become more
natural to consider arguments in which neither the axioms nor the conclusions are
necessarily based upon real world evidence. However, whenever this is done, there
is always some danger that the axiom primitives will become so nominalist in char-
acter, so divorced from any actual reference to a corresponding real world entity
or practice, that the only meaning they have is derived from the axioms in which
they are found. Commonly in this context, their empirical characteristics are oth-
erwise entirely undefined, so much so that it becomes impossible to match them
exactly with observable entities. Furthermore, it is often easy in such circumstances
to become insensitive to the fact that this transition has been made, unless careful
attention continues to be paid to the precise characteristics of these primitives in the
statement of the axioms.

It follows from such considerations that it is important to understand not only
that there are methodological connections between the development of econometric
theory, in terms of its logical reasoning and developments in certain other disci-
plines, but also that methodologies need to be fully contextually meaningful. It is
furthermore important to recognize that, although it may be justifiable to develop
a theory in an ideal context, any proper attempt to apply its findings empirically,
necessarily requires a consideration of the observability characteristics of its ax-
iomatic foundations. Therefore, in an operational context, econometricians cannot
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avoid asking such metaecconometric questions as: Does the historical inattention of
theoretical econometricians to the observational meaning associated with primitives
in econometric proofs imply the inability as yet to formalize econometric theory?
If so, the result is the ambiguity that although the truth of its proofs are generally
held to be independent of the truth or falsehood of the axioms, in fact they actually
may depend crucially upon a particular conception of the economic future and the
circumstances of the observational process. Indeed, they might depend upon a par-
ticular conception that is quite abstract and Platonically ideal in nature, rather than
being in any way grounded in the real world of actual economic measurements.
It might then be asked as a consequence, what permits econometric theory to be
considered to be applicable in practice?

As a possibly pertinent example, consider the metaeconometric implications,
when making a unit root test, of the non-rejection of the hypothesis in particular.
This outcome can be, and often is, construed to represent an inferential finding con-
cerning the economic process being modeled, specifically that shocks to the system
are permanent in their effects. Such a test, originating in econometric theory as a
(mis-)specification test, becomes in its practical application also a test of economic
circumstance — assuming of course its proper formulation and possibly a number of
other such caveats. However, the absolutely fundamental operational questions that
then arise include: are the axioms and postulates of econometric theory sufficiently
well founded that inferences of this type can be justified? Are the axioms themselves
sufficiently well established in this context, both as real world relevant statements
and in terms of the real world relevance of their primitives? Are the logical rules
that are used to develop the postulates, given these axioms, appropriate, not simply
in terms of the mathematical logic they incorporate (which might be presumed), but
also in terms of their selection? Or is the econometric theorist, consciously or not,
simply manipulating mathematical symbols in what is actually an entirely abstract,
nominalist way, yet choosing to pretend a real world meaning? Consequently, are
those operationally focused econometricians who, in turn, innocently if unthink-
ingly provide the applied economist with economic research tools and facilities in
danger of being no more than hapless accomplices? The theoretical econometrician
possibly may be able to avoid the need to answer, or even address such questions,
by adopting a similar position to that of the pure mathematician, at least to the de-
gree that he or she is willing to disavow anything other than purely coincidental
correspondence between econometric theory and the real world (although it is not
clear that this is actually sufficient salvation). However, the operationalist, the ap-
plied econometrician, has no such choice. He or she cannot avoid, at some stage,
addressing the real world meaning of econometrics.

Clearly, there are two metaeconometric questions in particular for which answers
would appear to be needed. First, there is the question whether econometric theory
can be said to apply to the real, as opposed to the ideal world, in the Platonic sense.
Second, there is the question of the possible logical contradictions, if any, contained
in this body of knowledge, as well as its degree of completeness and reliability as
a logical system. It is possible to consider these questions in a deeply philosophical
sense, which is generally not to the taste of economists. Alternatively, it is possible
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to consider these questions simply on the level of the creation of an econometric
software package that is said to embody econometric theory. Assuming that it is
possible to develop the algorithms to realize the formulae that inhabit this theory in
a numerically accurate way — an assumption that itself still needs to be considered
carefully and will be later — there remains the issue whether this theoretical embod-
iment is likely to be sufficiently complete and self-consistent that the user of the
package would in principle be able to make valid inferences?

In order to establish the roles of the possible participants in any investigation of
such questions, it might be argued, as was done earlier, that the theoretical econo-
metrician stands in relation to the operationalist as does the pure mathematician to
the user of mathematics who employs it to investigate or make statements about the
real world. The position of the theoretical econometrician might as a consequence
possibly be characterized as one of fundamental unconcern whether the axioms and
postulates are more than abstractly meaningful — although arguably the theorist must
still address whether these conclusions logically follow from the assumptions made,
as well as the logical consistency and completeness of econometric theory. The op-
erationalist, in contrast, must be concerned, if not with the question whether the
axioms assumed are actually true in each case, then at least with whether there ex-
ists a realizable state of the world in which they could be true. However, there are
responsibility limits: the operationalist, insofar as he or she is an econometric soft-
ware developer, has limited responsibility for how the software is applied; it is the
economist who uses an econometric software package who in the end must consider
the question of the truth of a particular set of assumptions, assuming of course that
he or she can depend upon the mutual reliability of both econometric theory and the
software package that is used.

At this point, it might be useful to stop briefly, and attempt to state clearly —
and in a fairly straightforward and essentially summarizing manner — the particu-
lar way in which the foregoing should be interpreted. It is easiest to do this with
the aid of a familiar textbook example, the Gauss-Markov demonstration of the
properties of the Ordinary Least Squares estimator. As a theorem, this demonstra-
tion represents an abstraction. For instance, it says nothing about the characteristics
of economic phenomena, their measurability, nor the particular way in which they
might be successfully modeled. However, historically, the economist’s inferences
about economic phenomena have stimulated and shaped the development of econo-
metric theory: given particular inferences that invest the individual axioms with an
economic relevance (such as why particular variables could be jointly dependent),
econometrics can be seen to have evolved in the hands of econometricians via a
process of examining each of the axiomatic assumptions in turn. Successive vari-
ations on these assumptions have in time led to the development of the complete
set of estimators that have been derived and studied by econometricians. However,
it has been characteristic of the method of econometrics that, despite notable at-
tempts to define classes of estimators and to consider an interesting, rather extensive
variety of circumstances, no completely general theory statement has emerged that
subsumes all, or even a substantial portion of econometric theory collectively. There
is as yet no general theory of econometrics. It may even be true that this body of



36 1 Econometric Computation

results is more properly to be conceived as necessarily made up of separable logical
parts. Nothing said here should be interpreted as being critical of either this histor-
ical investigation or the results obtained, considered abstractly. It is only upon an
attempt to apply these findings to real world phenomena that it becomes fundamen-
tally necessary to begin to consider the completeness and consistency of this body
of knowledge. Furthermore, it is only upon this attempt that it becomes fundamen-
tally necessary to examine the circumstances under which this body of knowledge
can be applied to measured real world phenomena, even if it can also be argued that
it may be difficult to imagine a defensible justification for econometric theory in the
absence of the ability to apply it.

It has of course been taken as given here that the modern tool used to apply
the theoretically developed methods of econometrics is econometric software. The
historical and present development of this tool raises a number of econometrically
related, yet to a degree formally separate issues that have often simply been taken for
granted. One of these is its reliability. The intrinsic reliability of any such tool can be
seen to depend upon the fulfillment of at least two circumstances in particular. First,
given possible states of the world, there obviously must be corresponding possible
outcomes. These would appear to be econometric theory dependent; that is, there
must be a correspondence between the axiomatic foundations of econometric theory,
including primitive terms embedded in those axioms, and these possible states of the
world. Second, there is clearly also a computability requirement: the concept, stated
in terms of abstract econometric theory, must actually be computable, involving its
successful operational translation into one or more corresponding computationally
feasible, sufficiently numerically accurate algorithmic expressions, which are em-
bodied in the software that is developed. Of course, a calculation may, in principle,
be computable, without necessarily implying that in a given instance it will always
be computed correctly or in a numerically accurate way — or in a way that will nec-
essarily achieve the correct result; for instance, consider the difference between a
local and a global maximum. Nonlinear problems in particular can pose significant
computational problems, and there is also the issue of knowing after the fact that the
actual solution has been achieved (Brooks, Burke, & Persand, 2001; McCullough &
Renfro, 1998, 2000). Even ostensibly linear results are in fact, more often than
sometimes thought, potentially computationally difficult (Stokes, 2004a, 2005).

In order to explore each of these topics rigorously requires more careful devel-
opment and elaboration than this discussion has undertaken, but for the moment
enough has been said by way of introduction to establish some sense of the rele-
vant issues. Notice specifically that once one begins to think along these lines, it
becomes almost immediately evident that the more explicit development of opera-
tional econometrics, as an approach, poses a challenge to econometric theory, which
arises from the circumstance that questions both can and do occur in practice that
have not previous been examined in the theoretical literature. Furthermore, from
such deliberations it also becomes obvious that econometric practice is not only the
test bed, so to speak, of the relevance of received econometric theory at each point
in time, but also that operational econometrics must inevitably, over time, define
the developmental program for econometric theory. Historically, there has been at
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least a tendency for econometric theory to develop without regard to the questions
that, from an operational perspective, especially need to be answered. Recall from
earlier Hendry’s assertion that “Developing new technology (estimators, tests, dis-
tributions, etc.). .. is relatively straightforward, fairly rapid for the most part, and
easy to publish when the result is ‘new’ and ‘correct.””’

Towards the Evaluation of Econometric Software

The discussion so far has simultaneously entertained two potentially conflicting
ideas: on the one hand, that econometricians have almost always acted as if both
econometric theory and software are applicable as a matter of course and, on the
other, that it is not yet certain that either of these ideas are necessarily justified.
To this end, the preceding chapter section has addressed certain of the issues that
must stand behind any attempt to evaluate the existing econometric software as an
operational representation of econometric theory. Its purpose was to begin to es-
tablish a general frame of reference in order to permit the productive consideration
of econometric computation, as well as to determine the most relevant evaluative
issues. Fundamentally, it has been argued that it is not justifiable simply to assume
the applicability of econometric theory. There is a need to examine both the implica-
tions of the theory and the specific characteristics of the environment in which that
theory is applied. This environmental context obviously includes the computational
tools that might be used, in the form of the software available, in the past, now,
and in the future. A contextual aspect that also needs to be recognized is that the
adoption of the electronic computer as a replacement for earlier manual methods of
calculation did not occur on a one for one basis. Because of its relative speed and
the capability it offers to automate the computational process, the electronic com-
puter has increasingly been called upon to perform tasks that would not have been
attempted before its existence. Therefore, is there a point at which too much might
be asked of this machine? Do the developing econometric technologies (estimators,
tests, distributions, etc.) already threaten to exceed the ability to implement them
computationally? Would it be immediately apparent if this were true?

Such questions cannot be ignored. But is it yet immediately obvious exactly what
ideally defines “econometric software,” enough to distinguish it from any other type
and also to permit some type of qualitative assessment to be made of each poten-
tial candidate example? In earlier years — certainly in the 1960s and even into the
1970s and perhaps later — when economists referred to the software used for pa-
rameter estimation it was conventional to speak simply of a “regression” program,
possibly implying the inference that the program’s perceived dominant characteris-
tic at that stage was its use of (statistical) regression to estimate parameter values.
Notice that a characteristic of this inference might be that, then, any arbitrarily
chosen “regression program” was viewed as offering the econometrician or applied
economist all the necessary capabilities to practice econometrics. In effect, the tech-
nique and the method of performing it was seen to be one and the same. Does this
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conflation also reflect an implied lack of clear definition of the term “econometrics,”
at least as viewed from a modern perspective, and how long did this ambiguity last?
In particular, when did the econometric tools become “econometric”, rather than
“statistical” or something else?

Unquestionably, at some point, the separateness of “econometrics” became gen-
erally recognized. It might be reasonable to choose 1950 as a defining date, although
this recognition did not then instantly take the form of an illuminating flash for every
economist or statistician. So too, with the passage of time, the idea that a distinct set
of associated computational properties exists has gradually emerged, to the degree
that the term “econometric software” is now easily found in the modern literature,
but even today the specific distinguishing features may not be universally agreed.
Therefore, a subject that needs to be addressed is the process of discovery of ex-
actly what constitutes this category, in the form of an appropriate tool that might
be specifically designed for the use of an economist. It is an obvious truism that
the ideal tools of applied research do not simply appear like wildflowers, sown by
a benevolent deity. Furthermore, whenever any tools appear, from whatever source,
they do not always present themselves fully formed and instantly capable of being
used effectively. For best results, active cultivation is necessary, as is also — ideally —
constant attention and evaluation. There are at least two important issues: First, what
is needed? Second, how closely does what exists correspond to this necessity?

The Discovery of Econometric Software

An exploratory software capabilities survey is an obvious first step in this process
of discovery. Surveys of this general type first began to be made in the 1970s,
ostensibly to determine the properties of either statistical software generally or,
in a few cases, econometric software specifically (Francis, 1973, 1981; Francis,
Heiberger, & Velleman, 1975; Muller & Wilkinson, 1976; Rycroft, 1989, 1993,
1999). Unfortunately, these attempts have historically raised as many questions
as they have answered, especially in the case of the broader category, statistical
software. One of the inherent difficulties has been both the variety of programs given
this label and the diversity of their actual and potential functionality. Each of these
circumstances poses problems for an orderly, perceptive assessment. Furthermore,
whether as a direct consequence or not, the presentation of the survey results has
itself often been problematic: the categorical functional classifications of program
offerings have at times been too vaguely specified; for example, sometimes iden-
tifying simply whether or not each program performs some type of “multivariate
analysis” (de la Vina, 1985) or other too broadly defined operation. At other times it
has not been obvious why certain operations have been stressed and others ignored.

In general, the range of features and properties considered have commonly
tended to be somewhat arbitrary and, in particular, only rarely have they included
those, such as numerical accuracy, that would permit the qualitative evaluation of
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each program’s operating characteristics (Brillet, 1989; Lilien, 2000; McCullough,
1998, 1999, 2004; McCullough & Vinod, 1999). An obvious aim of these surveys
has been to define a group of programs that, on the basis of certain properties,
fall into the category or possibly a sub-category of econometric or statistical soft-
ware and then to consider the characteristics of each of the members of that group.
However, the benefit of making such surveys has not always been clear, neither to
software developers, who supply the information about their packages, nor to read-
ers of the published results. Even if a particular classification of programs has been
identified, the amount of associated disinformation can be substantial. Often, the
consequence has been to emphasize novelty, or perhaps only the developer-declared
range of each program’s coverage (seldom independently audited), rather than the
degree to which the software packages available at that time have jointly and sever-
ally provided the most appropriate facilities to support meaningful research.

In contrast, in order to begin to discover and evaluate the existing econometric
software as a collective research facility, the approach adopted here has been to im-
pose on the surveyed population a mildly restricted definition, the reason being to
focus attention upon specific, possibly defining program features. The extent of this
particular population was determined from a recently-taken census of econometric
software (Renfro, 2004b, c). Essentially, the programs included in this census were
those declared by their developers to be econometric in orientation and, in addi-
tion, to be capable of performing at least the basic misspecification tests and other
operations usually associated with linear-in-parameters Ordinary Least Squares re-
gression in an applied economic research setting. The focus of the present study is
consequently narrow, with the consideration of additional techniques and capabili-
ties left to the side, at least for the moment. However, during the initial candidate
discovery stage these restrictions were only lightly imposed: for instance, in order
to be selected for consideration, a particular program certainly did not need to per-
form this type of regression exclusively. Nor did the program need to offer it as a
principal program feature. Inasmuch as each included program’s relevant properties
are revealed individually in a series of tables, the criterion for inclusion was not
whether a given program did or did not exhibit any specific feature, beyond offering
Ordinary Least Squares. Furthermore, as indicated earlier, even this criterion was es-
tablished primarily because of the fundamental nature of this estimation technique,
rather than as an exclusionary requirement. As might have been expected, there was
no instance of a candidate program that performed any pertinent type of parameter
estimation technique that did not perform Ordinary Least Squares.

From the start, the fundamental goal has been to discover what econometric soft-
ware developers have intentionally done, both in response to a perceived existing
demand and as conscious innovations. As indicated in the Preface and Introduction
to this volume, this focus on Ordinary Least Squares represents only the initial stage
of a larger inquiry. Within the declared category of econometric software packages,
the goal is to examine the characteristics of the way in which such software has been
developed over time as an aspect of the present characteristics. To that end, this sur-
vey’s general purpose is to identify the degree to which each of the facilities these
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packages offer, individually and collectively, can be said to support adequately the
research needs of applied economists. This is an aim that makes it prudent to start
slowly and proceed deliberately, for this judgment evidently involves simultane-
ously the need to consider and evaluate the state of the art of econometrics. This
broader evaluation is important, for as discussed earlier, software developers ply
their trade within the evolving context of present-day disciplinary conventions and,
at each point in time, a particular body of knowledge. What is of interest is both the
ideas that have been embodied in the software and those that have not.

It is also relevant that the packages surveyed have in common the property of
being made unrestrictedly publicly available (although not free of charge in most
cases) and therefore, by implication, intended for wide general use, even if the ex-
pectation of each program’s developer might be that each user will have at least
some econometric training. One aspect of this situation is that a desirable charac-
teristic of the design and development of each program is what might be called
operational completeness, a phrase intended to express that, ideally, each possible
circumstance of its operation should be taken into account in advance by its devel-
oper. In the case of a program created by one person (or a development team) for
the use of another, that user is inevitably placed in a dependent position — dependent
on the software (and the hardware) to perform each operation. Moreover, as will be
discussed in the next chapter, this dependency exists irrespective of the degree to
which that user is able to control the selection of the specific techniques employed.
Dependency would also occur even if the software were to be supplied always on an
open source basis, for only some economists have the knowledge and skill required
to become intimately familiar with every program detail, not to mention both the
interest and time that would be required.

Furthermore, short of intimate familiarity, it is not always apparent which of the
various seemingly possible operations are computationally sensible, according to
the rules of the program’s logic, and which are not, even to an experienced user
of this type of software. Nor is this situation specific to the electronic computer:
for example, in the same sense, the driver of an automobile can suddenly find that
its speed is too great for present road conditions, possibly because of some just-
encountered environmental change. At each point in time, in both contexts, actions
beget reactions, leading to an outcome that could have serious implications. What
is more, in its consequences and interpretation, this outcome may be either difficult
to foresee or later comprehend, or both. Actually, in the case of software, it is not
always obvious either exactly when or that a “problem” has occurred. Certain of
these may manifest themselves as a program “crash,” or other obvious malfunction.
Others may yield serious errors that are not necessarily evident to the user. Con-
sider in contrast the rather more generous tolerances involved when reading a book:
misspellings, awkward sentence structure, and other such sins ordinarily have a neg-
ligible effect on the information transmission process or the usability of the book.

However, speaking of books, the present one has several characteristics that
specifically need to be taken into account. Fundamentally, its particular choice of
subject matter reflects that its primary purpose is to assist with the ongoing design
and development of econometric software packages. Therefore, as mentioned in the
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Preface, its aim is not so much to provide either the general reader or user of econo-
metric software with information about the individual programs surveyed, but rather
to place the stress upon the research facilities they offer collectively. It is princi-
pally addressed to theoretical econometricians and those who develop econometric
software in order to identify for this audience collectively which of the relevant
econometric techniques have to date been incorporated into the existing packages.
One of its functions, perhaps, is therefore also to help to set the agenda for a later
general discussion of other techniques that are candidates for inclusion in these
packages, in addition to, or even in lieu of at least certain of these. Furthermore,
although the purpose of the underlying survey is not per se to assess the numerical
accuracy of the each of the surveyed packages individually, the numeric values of
the statistics displayed throughout the volume have been computed as intentional
benchmarks, in a way that will be described. Therefore, after the fact, each pack-
age can be evaluated separately against these benchmark values — although certain
qualifications still apply.

Recall from the discussion in the Preface that, in order to maximize the use-
fulness of these numbers, the findings were made available to the developers of
the surveyed packages before publication — in an iterative fashion as the book was
being written — so as to permit a reasonably detailed collective evaluation of the
degree to which these programs all produce the same or comparable results. Out of
this interactive, feedback evaluation has come much of the information presented
later about the specific differences between packages, for as mentioned earlier one
of the discoveries made early in this process is that the numbers displayed can dif-
fer between packages, even when the input data are the same and the calculations
made are equally accurate. Usually, in each such instance, these differences reflect
differences in developers’ interpretations of the appropriate formulae to use.

Sometimes the differences are nominal, but, in other cases, substantive. Almost
always, they reflect that individual developers have made deliberate choices, illus-
trating also an aspect of the way in which the development of econometric software
affects econometric practice. Consider, for instance, Fig. 1.1, which provides an ar-
resting example of differences between packages. Not all the surveyed packages are
represented in this particular display. Its purpose is simply to show nominally iden-
tical values, for a given input data set, from each of a selected group of packages.
What is shown in this figure row by row are the values of the Akaike Information
and Schwarz criteria that each of the selected programs respectively generates, given
exactly the same observational inputs.

The particular reasons for these results, and their characteristics, are discussed
in Chap. 4, but it is obvious that they are not what might be expected a priori.
The pertinent question is, do such differences matter? The numbers are certainly
different, but in this instance should they be regarded as being substantively so,
enough to affect the inferences that might be drawn? Is the possible effect on these
inferences likely to be different for different users, depending upon the knowledge
and experience of each individual? An interesting aspect of this case is that none
of the programs represented here is guilty of any numerical inaccuracy, at least as
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Akaike Schwarz
B34S 194 .6275 198.6104
EViews 9.6314 2.7807
MODLER 6.7935 6.9429
Stata 192.6275 195.6147
TSM4 -96.3137 -97.8073
TSP 96.3137 97.8073

Fig. 1.1 Akaike and Schwarz test values

regards the numbers displayed in this figure. As a reflection of each developer’s own
intentions, each number shown is arguably correct and logically defensible.

Of course, econometric conventions and knowledge evolve. As a result, there has
been a noticeable change in the content of econometric software packages during
the past 30 years or so, towards providing not only a range of parameter estimation
techniques, but also a much broader selection of evaluative statistics, reflecting the
modern day emphasis on specification search. It is characteristic of this joint process
of search and parameter estimation that it involves the generation of both parameter
estimates and associated statistics. However, the aspect that is more emphasized in
this volume is the particular misspecification test facilities provided, rather than the
numeric parameter estimates. This emphasis is hardly surprising inasmuch as, in the
case of each test statistic, the parameter estimation technique has been controlled for
in the design of the underlying survey. Nevertheless there are certain evident broader
implications of the results presented: in particular, although the volume’s treatment
stops short of attempting to consider as specific topics either the methodology of
the use of software or the effect of the particular way in which the considered tests
can be or are used by analysts (Hoover & Perez, 1999; Lovell, 1983), its coverage
still makes it possible to consider not only what but also why. Both these aspects
are important inasmuch as the characteristics of econometric software packages are
not preordained, even if, to a degree, they are a direct consequence of the particular
historical development of econometrics as a sub-discipline of economics.

Recall as well the earlier assertion — supported by the results presented in this
study — that these programs and their evolving characteristics have increasingly
shaped both that development and the general progress of economics as a discipline.
Broadly considered, this symbiosis is not surprising: economics from its begin-
ning has sought to explain the nature and causes of observed economic activity.
Together the electronic computer and software now provide the means to organize
and evaluate the data that economic activities generate. From this evaluation comes
in turn the ongoing development of the discipline, which then affects the further
development of its research tools, including econometric software. However, notice
that there is actually a more precise dynamic at work than just this. As touched upon
earlier, software development originally occurred self-creatively, to suit the personal
needs, practices, and beliefs of the individual investigator. In those days a motivating
aspect was commonly a previous absence of suitable software, making self-creation
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often a necessary first step (Renfro, 2004b, c¢). In contrast, today, a number of econo-
metric software packages exist. These programs might or might not be exactly what
is ideally needed, in each individual case, but jointly and severally they have been
created in order to suit what their developers perceive to be the needs of economists
generally, as well as their own.

Significantly, on the demand side, the existing packages now appear to be suffi-
ciently acceptable to economists that collectively they are widely used. In addition,
they seem to have coalesced into a relatively fixed and stable population over time.
This change from self-fabrication to the habitual use of what is off-the-shelf can be
ascribed to the wider availability of the computer, which has fostered specialization
and the creation of a market. However, as discussed earlier, rather fundamentally
this change also reflects the skills, interest, and time required to design and develop
additional or replacement software. Arguably, the necessary skills and development
time have both increased with the passing years, in part because of progressively
greater user expectations. Apparently there is also a high degree of habit persistence
on the part of users, with users commonly unwilling to convert from one program
to another, once a particular program has been adopted, which has resulted in a
perceptible inertial effect.

A danger inherent in these circumstances and frictions may be more of a tendency
for the econometric theorist to become isolated from the economic practitioner.
Obviously, to the degree that practitioners accept the software that is available,
rather than writing it themselves, having carefully studied the theory, the effect is
to impose an intermediary barrier between these two groups. Such intermediation
can perversely affect the interchange of information about econometric techniques.
Already, both textbooks and software manuals are perceptibly becoming focused
on the description of the techniques actually available in the existing econometric
software packages — rather than always on the issues of greatest present interest to
theoreticians. Of course, the econometricians who develop the software and those
who write the textbooks still read the theoretical literature, and some contribute to
it, which can be seen to explain the characteristics of the current offerings, but it is
interesting that, when asked, textbook writers such as William Greene, for exam-
ple, will indicate that, when considering the contents of each new textbook edition,
they examine the journals, but interact with applied economists directly and through
conferences “to see what people are doing” (Greene, 2003).

As significant, from the perspective of the typical applied economist, it also
seems to be true that the econometrics journals and handbook literature has be-
come progressively more forbiddingly specialized, as well as more voluminously
daunting. A measure of this effect can be seen in the fact that, as of January 2006,
a single journal, the Journal of Econometrics, had published a total of 130 volumes
since 1973, compared to the American Economic Review’s 95 volumes in the years
since 1911 or the Economic Journal’s 115 since 1891. Because of differences in
page count, this comparison is, to a degree, misleading, but it is nonetheless sug-
gestive. What may be equally revealing is the ease with which it is possible to find
instances in the theoretical literature that an author will describe as “popular” a par-
ticular technique or specific test that is not found in any of the existing econometric
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software packages, which suggests that its popularity exists, if at all, only in theory,
or perhaps just among the relatively small group of computer savvy econometric
theorists.

Of course, anyone approaches survey results with certain expectations and pre-
conceptions. Stepping back from the survey, and then considering from this longer
perspective the results presented in this volume, there are two possible polar infer-
ences that could be drawn. The first is that the techniques that are currently included
in the existing econometric software packages are exactly those that should be, and
that these are comprehensively applicable, sufficiently easy to use, and constitute
best practice. Alternatively, it is possible that these techniques do not, or in some
other way fall short. Of course, a more nuanced conclusion might instead be reached
by and by. However, the present survey is intended by design to be neutral in these
respects. Its purpose is not to draw or force any particular conclusions, but rather
simply to provide a statement of currently available offerings, which will then per-
mit later evaluation by anyone who chooses to consider the evidence presented.

In addition, as indicated earlier, this volume also provides benchmark results.
These are included for two distinct reasons. The first is that they provide both cur-
rent and future developers of econometric software packages with a ready means
of testing their own results, inasmuch as those shown are in all cases based upon
published data that are readily available in both printed and machine-readable form.
The second is that these results also permit developers, users, and evaluators of
econometric software to determine if, in each case, the technique implemented by a
specific package is standard or else particular to it. Howeyver, it is very important to
appreciate that if a value, independently generated later using the same data set, is
found not to match one or more of those shown here, the implication is not necessar-
ily that an error has been made by that program’s developer; the observed difference
may indicate only the unremarked use of a variant technique. Certain examples of
this common phenomenon are examined in the following chapters and, of course,
one example has just been displayed.

The Computer as a Computational Medium

It is obvious that the electronic computer has become indispensable as a computa-
tional medium. However, it is still important to assess both its characteristics and
adequacy in this role. The Hilbertian “program” to establish secure foundations
for mathematics was considered briefly earlier. As a statement of requirements for
logical consistency and completeness, this initiative is interesting as a touchstone for
a consideration of certain of the econometric issues that have been discussed, even if
it might be difficult to establish a sufficiently close correspondence to make it worth
attempting to pursue this idea more formally. However, in any case the Hilbert
program has a limited applicability, for in 1931 Kurt Gédel demonstrated that it
is impossible to achieve, at least when stated in its full generality (Godel, 1992).
Godel directly addressed the issue of decidability, or using Hilbert’s terminology
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the Entscheidungsproblem, the “decision problem.” In particular, Godel’s second
incompleteness theorem states, in effect, that any realistic mathematical theory is
unable to prove its own consistency (Giaquinto, 2004, pp. 165-230); or more partic-
ularly that “there are an endless number of true arithmetic statements which cannot
be formally deduced from any given set of axioms by a closed set of rules of infer-
ence” (Nagel et al., 2001, p. 109). An implication is that arithmetic does not provide
the means to prove its own consistency, and therefore cannot be used in the con-
text of or as a foundation for a more general proof. Godel’s result of course does
not affect the need to consider theoretic completeness nor axiomatic consistency;
it simply establishes the necessity for a degree of uncertainty to be associated with
this investigation.

On a more positive note, in 1936, as a variation on Godel’s proof, Alan Turing
(Turing, 1936, 1937) demonstrated that, in principle, a machine can compute any-
thing that can be calculated using “computable” numbers and, at the same time,
that this machine cannot determine whether the potentially solvable problems can
be solved, thus also showing that the Entscheidungsproblem cannot be solved, even
by what Turing called a “universal computing machine”; that is, using an idealized
general purpose computer. As a matter of definition, “computable” numbers are de-
fined by Turing (Turing, 1936, p. 230) to be “the real numbers whose expressions as
a decimal are calculable by finite means” using arithmetic operations. Turing char-
acterized the process of computation as a sequence of these operations, in fact as
capable of being represented by the movement of a tape, subdivided into “squares”
one each to a number, that could move forwards and backwards or, in his telling, left
and right and in the process be “scanned” by the machine. In the modern context,
Turing’s “tape” can be interpreted as representing computer memory, so that his pa-
per establishes abstractly the mathematical foundation of a computational algorithm
as a sequence of elementary operations. However, equally important as a practical
matter, the finite representation of real numbers in electronic computers has the in-
evitable effect of restricting their numerical precision, the implication being that
computer-based algorithms need to be considered as being distinct from idealized
mathematical representations. What in addition distinguishes any actual computer
from a universal computing machine is its finite total memory capacity.

Nevertheless, Turing’s results can be viewed as providing a perspective against
which to view the later development of the general purpose electronic computer,
the first example of which was the ENIAC (Electronic Numerical Integrator and
Computer), which became operational at the Moore School of the University of
Pennsylvania in February 1946. It was created by a team led by Presper Eckert and
John Mauchly. The US Army funded the construction of this machine, its particular
original attraction for the Army in the early 1940s being its prospective ability to
automate the tabulation of artillery firing tables; actually one of its earliest uses was
in connection with the design of the hydrogen bomb. Work on the ENIAC began in
1943. However, before it became operative in 1946, a different computer was con-
ceived by the same design team, namely the EDVAC (Electronic Discrete Variable
Automatic Computer). The EDVAC is historically significant as the first stored pro-
gram computer. It is therefore the direct ancestor of the modern computer, as well as
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being generally compatible, within real world restrictions, with Turing’s idealized
machine. At the time of the EDVAC’s design, the team included John von Neumann
as a consultant, who in 1945 produced the paper (Neumann, 1993/1945) that first set
out the architectural principles for the EDVAC and essentially those of the modern
stored program computer, an event that has since occasioned considerable debate
concerning the origins of each of the ideas expressed. However, without question,
von Neumann is the first person to create a computer program (Knuth, 1970).

This brief account risks leaving the impression that the computer suddenly
emerged fully formed during a given 10 year period in one particular context. In
order to provide a more rounded perspective, it is pertinent to consider also several
other, generally prior, circumstances. Arguably, economics is a naturally quantita-
tive discipline. The need to process considerable quantities of economic, financial
and societal data was certainly originally felt by economists and others much earlier
than the 1940s, as is suggested by the extent to which human computation became an
organized, professional activity during the early twentieth century, if not before. Out
of this need came the creation of what later became computer peripheral devices,
among other effects. In particular, the practical problems associated with counting
the robustly growing population of the United States, especially during the second
half of the nineteenth century, provided the stimulus to data processing innovation
on the part of Herman Hollerith.

The taking of a decennial census is mandated by Article 1 of the United States
Constitution, in order to determine both the proportional representation in the US
House of Representatives of each of the states and their proportionate shares for
certain direct taxes that may be levied by the federal government. The first census
took place in 1790, which was purely a population count, but by 1810 economic data
began to be collected in the form of a few questions on manufacturing activities.
Coverage of mining and a few commercial activities began with the 1840 census.
In 1905 the first separate Census of Manufactures was taken and since that time a
relatively comprehensive set of separate censuses have been instituted (albeit with a
noticeable lag) that have since helped to provide the foundation of the US economic
accounts, among other benefits. The amount of effort required in the earlier years
simply to tabulate the results, essentially explains this pattern of the slow extension
of the decennial census, although of course a certain degree of political infighting
was also involved.

The 1890 census was the first time mechanical tabulating machines were em-
ployed, which made it possible to compile that census in 2.5 years, compared to 7
years for the previous one, notwithstanding further population growth. These ma-
chines, designed by Hollerith and based upon punched cards, featured the first
automatic card feed mechanism and included the first keypunch machine, operated
using a keyboard. Subsequently, Hollerith’s Tabulating Machine Company merged
with two others to become in 1924 what is now known as the International Business
Machines Corporation. Some years later, in 1940, IBM underwrote the creation at
Harvard University of the so called “Mark I’ Automatic Sequence Controlled Cal-
culator, not an electronic computer, but nevertheless a large scale digital calculating
machine (Bloch, 1948). Among its characteristics, this electromechanical machine
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incorporated card readers for input and, for output, both a card punch and two elec-
tric typewriters. The later, “Mark II” version, also incorporated for input a paper
tape reader. These input devices were then perceived to provide in addition a way to
extend the machine’s memory (Bloch, 1948).

Much hangs on the single word “electronic.” The Mark I was not an elec-
tronic computer. Significantly, when tested against the Mark I, the ENIAC was
found to be able to perform individual calculations as much as 900 times faster
(Campbell-Kelly, & Williams, 1985; Wilkes, 1956). Because of this speed differen-
tial — which obviously would be even more pronounced today, were it to be tested
against a modern computer — the Automatic Sequence Controlled Calculator, being
in important respects a mechanical device, represents a dead end. It was an inter-
esting application of early to mid-twentieth century electromechanical technology.
However, it was an automatic computer, in the sense defined earlier. Moreover, as
Maurice Wilkes has pointed out, it was the “first automatic machine ever to be com-
pleted” (Wilkes, 1956, p. 20). It also happens to be the first automatic computing
machine to be used by an economist in his research.

The Computer as an Imperfect Computational Device

Turing’s universal computing machine has the characteristic of offering infinite
memory. In contrast, actual computers have finite memory, which inevitably im-
plies a degree of representational imprecision. Only certain real numbers can be
represented exactly but, in addition, there are limitations on the ability to create al-
gorithms that are themselves precise representations of mathematical expressions.
The inherent sources of computational error are usually identified as:

e approximation error
e roundoff error

Generally speaking, approximation error is due to inexact representations. In
turn, roundoff error can be ascribed to calculations made using numbers the rep-
resentations of which are limited in storage length to a finite number of digits. The
software developer’s challenge is to limit if not ameliorate the impact of these errors,
taking into consideration that, in some cases, the effects will be amplified — under
certain circumstances, even catastrophically so.

For various programming purposes, the memory of a computer can be logically
subdivided into groupings of binary digits, commonly characterized as “nibbles,”
“bytes,” and “words,” the latter of which is machine dependent but will ordinarily
be some integer multiple of each of the other two. A byte consists of 8 binary digits
and a nibble 4. However, economic observations, as well as the intermediate and
final results of econometric calculations, will ordinarily be stored as floating point
numbers, taking the form of a fractional part plus an exponent. The standard de-
fault, which can be changed, is to represent such numbers using 32 binary digits as
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so-called single precision numbers. As an example, consider the number 3,345,647,
the fractional part of which can be given as:

.334565

If it is represented to six places. Notice that here, as usual, the fractional part is
expressed in normal form, so that only significant digits are represented, inasmuch
as leading zeros would simply inhabit space to no purpose. In fact, the decimal point
is itself also redundant in this context since position alone conveys the necessary
information. Observe in addition that the rounding up convention has seemingly
been used, but this is not the only possible representational choice. The exponent is
obviously 107.

Of course, it is possible in principle to choose an exponent that, in effect, will
map any real number into the set between —1 and + 1. However, because of finite
computer memory, the number of digits of precision available to represent the frac-
tional part will necessarily be limited. This statement is true whether one considers
single precision numbers, double precision numbers, or for that matter numbers of
any finite storage length. Specifically, if f represents the number of binary digits
available for the fractional part of each number stored, and e those available for
the exponent, then these two numbers, taken together with the basis of the number
representation (generally base = 2 or base = 10), will determine the (finite) set of
machine numbers. These are the set of real numbers able to be represented exactly
within a given machine. In particular, notice that these are base specific.

The approximation problem mentioned earlier involves error that is due to the in-
herent inability in particular cases to achieve an exact solution, even in the absence
of rounding error, such as occurs when integrals and derivatives are approximated
using discrete expressions or a partial, finite sum is used to approximate an infi-
nite series. These instances should not be interpreted to include those that involve
approximation or other error that can be assigned to ignorance of the appropriate
functional form or errors made in the specification of an objective function, but only
those instances that there is a need to approximate a known mathematical expres-
sion. This type of approximation error is sometimes spoken of as truncation error
or discretization error.

During calculations, a fundamental computational problem can be seen to be how
to best approximate any real number that is not a machine number using one of the
numbers that is. It is important to realize also that, for any given machine numbers
x and y, the results of each of the elementary arithmetic operations x £y, X y, X/y
need not be machine numbers, leading among other things to a breakdown in the as-
sociative and distributive laws of arithmetic (Knuth, 1998, pp. 229-230). However,
the particular error implications of each of these operations are not immediately in-
tuitive. It is conventional to consider the implications (for any number u # 0 and its
represented value @) in terms of the relative error associated with this value:

& = (ﬁ_u)/u

In the case of both multiplication and division (and even in the case of square
roots) relative errors in the individual operands do not propagate strongly, although
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certain operations are restricted by the computer’s standard treatment of numeric
under and overflows as calculation “irregularities” (in particular, in the case of di-
vision, it is necessary that y # 0; in fact, y must be different from zero by at least
a certain, machine dependent, small amount). In contrast, in the case of subtrac-
tion and addition (when the signs of the operands differ), the relative errors of at
least one of the operands will be amplified, possibly drastically. In the extreme case
that x =y, subtraction will lead to cancellation, one of the serious effects being the
propagation of errors made in earlier calculations of x and y, before the subtraction
(or, what is the same thing, the addition of numbers of opposite sign). Notice also
that if, before the subtraction, x and y agree in one or more of their most signif-
icant digits, partial cancellation will occur, itself resulting in the amplification of
propagated error.

It is obvious that the various approximation errors, including those that occur
because of the approximation of real numbers using machine numbers, will prop-
agate during computations. Furthermore, mathematically equivalent expressions,
such as (a + b) + c versus a + (b + c¢), can lead to different results as a result
of the need to use floating-point arithmetic. As a consequence, the fact that two
different algorithms might appear to be mathematically equivalent is not necessarily
a consolation. An important consideration is the degree to which one of these is
numerically more trustworthy. However, as a matter of usage among numerical
analysts, trustworthyness as a property simply represents a comparative judgment;
one of two algorithms may be more trustworthy, but still not be numerically stable.
Of course, in some cases, it may be possible to develop an algorithm, considered
on its own, that is numerically stable, in the sense of involving roundoff error or
propagation error that is limited within certain bounds. Such an algorithm is said to
be well behaved or benign.

In addition, it is also necessary to recognize that certain circumstances exist in
which a chosen algorithm will become significantly more error sensitive. In partic-
ular, consider as an example the two equation system (Macon, 1963, p. 65):

X1+ 10x, =11
10x; + 101x, = 111

versus the alternative:

X1+ 10x, =11
10.1x; + 100x