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1. Introduction

HE CowLes ComMissioN for Research
in Economics created a revolution in
econometric methods and practice dur-
ing its years at the University of Chicago
from 1939 to 1955. This article describes
that revolution, together with some of
its antecedents, and attempts to put it
in perspective today, using simple exam-
ples and no matrix algebra.t

a. A Brief Sketch of the Origin of the
Cowles Commission

Alfred Cowles was an investment
counselor in Colorado Springs, Colorado.
He told me in 1952 that after the stock

!'Two earlier retrospective works on the Cowles
Commission are Christ (1952), a nonmathematical
history of its first twenty years, and Clifford Hildreth
{1986), a detailed and technical account of its work
at the University of Chicago from 1939 to 1955. Theo-
dore W. Anderson (1991) and James Heckman {1992}
discuss Trygve Haavelmo's contributions. Christ
(1985, Section VII), deals with the identification
problem. Roy Epstein (1987) and Mary Morgan
{1990) discuss the history of econometrics in general,
including the Cowles Commission’s contributions.
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market crash of 1929, he realized that
he did not understand the workings of
the economy, and so in 1931 he stopped
publishing his market advisory letter,
and began research on stock market
forecasting.® Harold T. Davis, a mathe-
matician who spent summers in Colorado
Springs, put him in touch with Irving
Fisher at Yale, president of the fledgling
Econometric Society. Fisher had known
Cowles’ father and uncle when all three
were undergraduates at Yale. Davis and
Fisher proposed an economics research
organization and a journal. The idea ap-
pealed to Cowles, and he agreed to pro-
vide financing. The Cowles Commission
was founded in Colorado Springs in 1932,
and Econometrica began publishing in
1933. The Commission’s Articles of In-

2 Cowles and his associates generated random stock
market advice, and random portfolio choices, and
compared them with actual market newsletters and
actual fire insurance company portfolios. They found
that on the average the actual advice and portfolios
were slightly inferior to the random ones. The best
actual advice and portfolios were about as good as
the best random ones, but the worst actual ones were
worse than the worst random ones (Cowles 1933).
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corporation give its purpose as “to ad-
vance the scientific study and develop-
ment . . . of economic theory in its rela-
tion to mathematics and statistics.” It
moved, with Cowles himself, from Colo-
rado Springs to Chicago in 1939.

Jacob Marschak came to Chicago as
professor, and to the Cowles Commission
as research director, in 1943. It was he
who assembled the staff that created the
econometrics revolution. He had orga-
nized an informal econometrics seminar
that met in New York on weekends dur-
ing 1940-1942; it included Abraham
Wald, Trygve Haavelmo, Tjalling Koop-
mans, and others. The Cowles theoreti-
cal econometric work began in earnest
with Marschak’s arrival, and continued
during the early years of Koopmans’ re-
search directorship, which ran from 1948
to 1954,

Seminars at Cowles were lively infor-
mal affairs. Students as well as senior
members were encouraged to participate
in the discussion, and did so with enthu-
siasm. To maintain a semblance of order,
Marschak established the “Cowles Com-
mission rule” under which discussion
from the floor was prohibited until after
the speaker had finished his or her pre-
pared remarks, except for “clarifying”
questions, Members soon learned to
preface their interruptions by saying “I
have a clarifying question,” and the chair
for that day had to rule as to whether
the interruption was clarifying or not.

In 1955, after James Tobin of Yale had
declined to move to the Cowles Commis-
sion to become director, the Commission
moved to Yale instead, and Tobin be-
came director. As Marschak put it, if
Mohammed would not come to the
mountain, the mountain had to go to
Mohammed. The attractions included
faculty appointments in Economics at
Yale for Cowles research associates, and
the Cowles family’s willingness to pro-
vide an endowment at Yale (hence the

change in name from “Commission” to
“Foundation™).

b. The Main Components

The two main components of the
Cowles econometric revolution at Chi-
cago were

® an explicit probabilistic framework, and

® the concept of a simultaneous equations

model.

The Cowles program was intended to
combine economic theory, statistical
methods, and observed data to construct
and estimate a system of simultaneous
equations that could describe the work-
ings of the economy. The aim was to
learn from such a system of equations
how economic policy could improve the
performance of the economy.

The program required the develop-
ment of theoretical methods for solving
the identification problem, that is, for de-
termining the conditions under which
one can be sure that an equation fitted
to data is actually the equation one wants,
rather than a different equation, or a mix-
ture of the desired equation with other
equations. The program also required
the development of methods of estima-
tion and hypothesis testing suitable for
identified equations in simultaneous
equations models. In such models the
typical equation has more than one de-
pendent variable, so that ordinary least
squares regression is biased. In these two
tasks the program was enormously influ-
ential. However, the implications for ap-
plied work are still controversial, as we
shall see. '

The two chief originators of Cowles’
theoretical econometric work were Haa-
velmo and Koopmans. Both have re-
ceived Nobel Prizes in economics.?

3 Other Nobel Prize recipients associated with the
Cowles Commission at Chicago are Kenneth Arrow,
Gerard Debren, Lawrence Klein, Harry Markowitz,
Franco Medigliani, and Herbert Simon. Only Klein
was closely associated with the Cowles econometric
program.
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Haavelmo's pioneering contributions are
contained in two fundamental papers
(1943, 1944).* The main body of Cowles
theoretical econometric results is con-
tained in two Cowles Commission mono-
graphs, Koopmans (1950a) and William
C. Hood and Koopmans (1953). Many
of the papers in the former were first
presented in 1945 at a conference at the
University of Chicago.®

The rest of this paper is organized as
follows. Section 2 gives an overview of
the Cowles approach. Section 3 presents
a simple two-equation model whose spe-
cial cases will be used as vehicles to illus-
trate the Cowles work. Section 4 deals

* Haavelmo used explicit stachastic simultaneous
equations models and applied rigorous statistical in-
ference theory to them. Haavelmo (1943) is a short
clear demonstration, by means of simple examples,
of why least squares yields biased and inconsistent
estimators in simultaneous equations models, and
how to get consistent estimators in special cases that
we now recognize as just identified. Haavelmo (1944)
is a long and rather technical paper that sets forth
the approach followed by the Cowles group.

Koopmans' major theoretical econometric contri-
butions are contained in four important papers which
are included in these two monographs. The first
(1949) is a clear presentation of the solution of the
identification problem for linear models. The second
(1950b) rigorously defines exogenous and predeter-
mined variables. The third, by Koopmans, Herman
Rubin, and Roy B. Leipnik (1950a), is the Cowles
Commission’s theoretical econometrics magnum
opus; it gives the basic Cowles theorems on identifi-
cation and maximum likelihood estimation of simulta-
neous equations systems as a whole, in esoteric and
difficult mathematical notation. The fourth, Koop-
mans and Hood (1953), presents some of the Cowles
results, including some later ones concerning the es-
timation of ene equation at a time, in a form that is
rigorous but less technical and more readable than
Koopmans, Rubin, and Leipnik {1950a).

Also important were an early paper by Henry B.
Mann and Wald (1943), proving the consistency of
maximum likelihood estimators for simultaneous dif-
ference equations having no exogenous variables, and
three papers on the limited information maximum
likelihood method for estimating a single equation
in a simultaneous system, one moderately technical
by Meyer A. Girshick and Haavelmo (1947), abridged
in Hood and Koopmans (1953), and two quite techni-
cal by Anderson and Rubin {1949, 1950). Significant
theoretical contributions were also made by Mar-
schak, Leonid Hurwicz, and Herman Cherncff and
Rubin; see the bibliography.

with the identification problem and its
theoretical solution. Section 5 describes
simultaneous equations estimation and
testing methods and results. Section 6
deals with the Cowles assumptions. Sec-
tion 7 evaluates the Cowles work in rela-
tion to recent developments. Section §
is a brief summing up.

2. An Overview of the Cowles Approach
a. The Status Quo Ante

Already available before the Cowles
Commission came to Chicago were Leon
Walras' general equilibrium theory and
contemporary business cycle theories,
especially J. M. Keynes” General Theory.
Simon Kuznets, Richard Stone, Ray-
mond Goldsmith, and others were com-
piling data on national income and
wealth, and the U.S. Department of
Commerce was soon to begin annual
publication of the national accounts.

Attempts to estimate simultaneous
supply and demand equations are much
older than the Cowles Commission. Mar-
cel Lenoir (1913), Philip Wright (1915),
Elmer J. Working (1927), and Ragnar
Frisch (1933) understood that if the sup-
ply curve alone shifts, then price-quan-
tity data trace out the demand curve, and
if the demand curve alone shifts, the data
trace out the supply curve. But none of
these showed what to do if both curves
were shifting.

The ordinary least squares method was
well known to economists as a means of
estimating and testing a single linear
equation having an additive disturbance.
Koopmans in his doctoral dissertation
(1937) had generalized it by showing
rigorously how to estimate a linear equa-
tion when all variables are measured with
stochastic errors. He specified the joint
probability distribution of the observable
variables, based on assumptions about
the joint distribution of the measurement
errors, and obtained estimators by the
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method of maximum likelihood. Most of
the Cowles Commission’s work concen-
trated on models whose stochastic ele-
ments were disturbances to equations,
rather than errors in variables as in Koop-
mans early study. Nevertheless, his ex-
plicit treatment of stochastic elements by
the method of maximum likelihood was
found in all the Commission’s theoretical
econometric work.

There had been some early successes
with estimation methods for simulta-
neous equations systems, but they had
not been generally recognized and ac-
cepted by economists. Sewall Wright, a
son of Philip Wright, had devised the
related method of path analysis (1925,
1934). Further, Philip Wright (1928; pos-
sibly with Sewall's help, though the book
does not indicate this) and Jan Tinbergen
(1929-30) gave the correct solution, ap-
parently independently, to the problem
of estimating linear supply and demand
curves when both curves shift, for a spe-
cial case that we now recognize as just
identified, but their work was not re-
ferred to in Haavelmo's papers or in the
Cowles theoretical econometric mono-
graphs.

Empirical econometric studies had be-
come more frequent. Henry Schultz at
Chicago, in his monumental demand
study (1938), went far beyond his teacher
Henry Moore. Wesley Mitchell's work
(1913, 1927) had provided a great deal
of understanding of business cycle behav-
ior, albeit without mathematical models.
The famous paper by Charles W. Cobb
and Paul H. Douglas (1928) on the aggre-
gate production function had long since
appeared. The first macroeconometric
models had been prepared by Koopmans’
mentor for the Netherlands (Tinbergen
1937, 1959) and for the United States
(1939).

Frisch in an unpublished memo (1938)
had criticized Tinbergen’s models for not
attending to the identification problem

{(without using that term), and he pro-
posed a sufficient condition for the
nonidentifiability of a linear dynamic
difference-equation model having no
exogenous variables and no disturbances
that is similar to the standard condition
we use today, but he did not arrive at
the definitive solution of the problem.
And Milton Friedman (1940) had criti-
cized Tinbergen’s U.S. model from a dif-
ferent point of view, urging that it not
be accepted unless and until its predic-
tions had been tested successfully against
new data.

b. The Central Idea of the Cowles
Econometric Approach, and Some
Key Concepts

The Cowles workers regarded eco-
nomic behavior as the result of the simul-
taneous interaction of different agents,
as exemplified most simply by the inter-
section of a supply and a demand curve.
For this reason they built their econo-
metric methods around systems of simul-
taneous equations.

The Cowles view was that to under-
stand a particular aspect of economic be-
havior, such as the price of food, or ag-
gregate personal consumption, one
wanted a system of equations capable of
describing it. These equations should
contain relevant observable variables, be
of known form (e.g., linear, log-linear,
quadratic), and have estimatable coeffi-
cients, The Cowles program was in-
tended to provide a method for choosing
the variables relevant to a particular
problem, obtaining a suitable system of
equations, and estimating the values of
its parameters. Little attention was given
to how to choose the variables and the
form of the equations; it was thought that
economic theory would provide this in-
formation in each case. More about this
later. The main effort was directed to es-
timating the equations once they had
been formulated.
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Experience had shown that except for
definitional identities, no equation ever
describes observable economic behavior
exactly. This may be because of an incor-
rect mathematical form for the equation;
errors of measurement in the data; the
presence of variables that are difficult or
impossible to observe, or some combina-
tion of these. Hence the equations were
assumed to contain two types of vari-
ables: systematic observable variables
that are ingredients of economic theory
(prices, quantities, government expendi-
tures, tax rates, . . .}, and nonsystematic
unobservable variables that represent
random disturbances to equations.® The
random disturbance in each equation is
supposed to account for the discrepancy
between the actual observed value of a
variable and its theoretical value given
by the systematic part of the equation.
Assumptions were made about the prob-
ability distributions of the random distur-
bances, in order that the statistical prop-
erties of estimators of the parameters of
the equations could be deduced by Ney-
man-Pearson methods.

The observable variables were further
classified into two types: endogenous,
whose behavior is to be explained by the
system of equations, and exogenous,
whose values are assumed to be gener-
ated outside of the system of equations
and taken as given. Exogenous variables
can be stochastic or nonstochastic. Exam-
ples of variables often assumed to be en-
dogenous are quantities of inputs and
outputs demanded and supplied, prices,
wages, and interest rates, Examples of
variables often assumed to be exogenous
are weather, population, and public pol-

Two other types of variables should be consid-
ered: systematic unobservable variables representing
expectations held by market participants, and ran-
dom unobservable variables representing errors of
measurement of systematic variables. The Cowles
Commission did little work on these two, although
as noted above Koopmans (1937) had dealt with the
latter.

icy variables. The Cowles work did not
have much to say about the crucial issue
of how to decide whether a variable
should be treated as endogenous or ex-
ogenous, although Koopmans (1950b)
had presented rigorous definitions. Of
course, if a policy variable is determined
by some systematic process that responds
to private behavior, then it must be en-
dogenous. More about this later.

The endogenous variables at any time
were further classified into two types: the
current values at that time, and the
lagged values. The lagged endogenous
variables were said to be predetermined
as of that time, because they are not af-
fected by the current operation of the
system. Exogenous variables are also pre-
determined. The current endogenous
variables at any time were said to be
jointly dependent as of that time.

The end product envisioned by the
Cowles strategy for an applied economic
problem was thus a system of simulta-
neous equations that would describe how
the jointly dependent variables are de-
termined simultaneously, given the val-
ues of the parameters, the predeter-
mined variables, and the disturbances.
Because the disturbances are unobserv-
able and assumed to be random, they
are typically replaced for forecasting
purposes by the expected values of
their probability distributions (usually
zerq).

A song, written by graduate students
to the tune of “The American Patrol”
march and presented in about 1949 at
one of the skits that enlivened parties
at the Economics Department, explained
the Cowles Commission’s objectives to
skeptics in the Department (and there
were some). Here it is:

We must be rigorous, we must be rigorous,
We must fulfill our role.
If we hesitate or equivocate
We won't achieve our goal.
We must elaborate our systems complicate
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To make our models whole.
Econometrics brings about
Statistical control!

Our esoteric seminars

Bring statisticians by the score.

But try to find economists

Who don't think algebra’s a chore.
Oh we must urge you most emphatically
To become inclined mathematically
So that all that we've developed
May some day be applied.

The applied econometric work of the
Cowles Commission, inspired by Mar-
schak and directed at the improvement
of macroeconomic policy, had a definite
Keynesian flavor. Friedman was one of
the most persistent critics of the Cowles
brand of econometrics, not only from the
point of view of econometric methods (as
exemplified by his critical review of Tin-
bergen's U.S. model) but also because
of his skeptical view of Keynesian models
and the Keynesian consumption func-
tion.” A couple of verses from another
song, to the Gilbert and Sullivan tune
of “When 1 Was a Lad,” presented at
the same party, exemplify this (remem-
ber that Friedman had been a student
of Arthur F. Burns, and assigned Alfred
Marshall’s Principles to his own students):

When I was a lad [ served a term
Under the tutelage of A. F. Burns.
I read my Marshall completely through
From beginning to end and backwards toa.
I read my Marshall so carefully
That now 1 am Professor at the U. of C.

T Melvin Reder (1982, p. 10) refers to “a fairly in-
tense struggle” at Chicago in the late 1940s and early
1950s involving Frank Knight and his students, in-
cluding Friedman, vs. the Cowles Commission and
its adherents, Friedman and Gary Becker (1957) ar-
gue that the goodness of fit of the least squares esti-
mate of the simple Keynesian consumption function
is in part a statistical illusion, because consumption
is being regressed on a variable (income) of which
consumption is a major part, and they propose a cor-
rect approach. Klein (1958) comments that their point
deals with least squares bias, and that it had been
recognized and made clear by Haavelmo (1943,
1947}, Friedman and Becker (1958) reply that Klein
may be right about this, but they think not. Friedman
(1957) presents his own version of the consumption
function.

{Chorus} He read his Marshall so carefully
That now he is Professor at the U. of C.
Of Keynesians I make mince meat
Their battered arguments now line the street.
1 get them in their weakest assumption:
“What do you mean by consumption function?”
They never gave an answer that satsifed me
So now I am Professor at the U. of C.

(Chorus) They never gave an answer that sat-
isfied he
So now he is Professor at the U. of C.

3. A Simple Hlustrative Model and More
Key Concepts

a. Model 1: The Generic Version of the
Simple Model

To illustrate the econometric methods
devised by the Cowles Commission, the
problems they solved, and some criti-
cisms of them, we will use a simple two-
equation linear model® that has two
endogenous variables y, and y,, two pre-
determined variables x, and x, which
may be either exogenous or lagged en-
dogenous, two random disturbances ¢,
and €,, and parameters denoted by B’s and
v's with subscripts (the B’s go with the
y’s, and the ¥'s go with the x’s). The sub-
script ¢ will be used to denote time. For
example, if annual data for 1951 through
1990 are used, t could take values from
one (for 1951) through 40 (for 1990). The
two equations are

Y t Bilee = vixe + yoXo T €y, (1)
Bettie T Yar = ¥3x1¢ t+ ey, (2}

This will be called Model 1. Though
it is simple, it is flexible enough to de-
scribe a variety of situations, as we will
see,

The equations of Model 1 as written
do not appear to contain constant terms.
We could include explicit constant terms
by adding +v, to (1}, and +vy; to (2).

8 Sometimes a simple transformation will render
an apparently nonlinear equation linear. For exam-
ple, a Cobb-Douglas production function with a mul-
tiplicative disturbance e”, such as ¥ = AK*LFe?, be-

comes linear with an additive disturbance « upon
taking its logarithm.
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To keep the ensuing algebra simple we
won't do this. However, the equations
as written can provide for constant terms,
in either of two different ways. First, sup-
pose we had included explicit constant
terms as just described. We could sub-
tract from each equation at time t its
mean calculated over the sample period
{for example, from t = 1 to t = 40). The
constant terms would cancel out, and the
equations would appear exactly like
(1-2) without an explicit constant term,
except that then all the variables would
be defined as deviations from their sam-
ple means. Second, if one of the x's (say
x)) never varies, but is always equal to
one, then the parameters attached to it
become explicit constant terms,

The disturbances are assumed to come
from a probability distribution, usually
with zero mean. If an equation has an
unknown constant term, this assumption
of a zero mean disturbance imposes no
restriction, because if the mean were not
zero, but were, say, five, then five could
be added to the constant term and sub-
tracted from the disturbance, thus yield-
ing an equivalent equation whose distur-
bance does have zero mean. But if an
equation is specified to have no constant
term, then the assumption that its distur-
bance has zero mean is a real restriction.

Let us suppose that equations (1-2} de-
scribe the behavior of two sectors of the
economy, perhaps (1) for the suppliers
and (2} for the demanders of a product.
Such equations were called structural by
Haavelmo {1944). The idea here is that
a change in the form or parameters of
one structural equation does not affect
other structural equations: in this exam-
ple a change in the demand equation
does not affect the supply equation, and
vice versa. Haavelmo used the name
structure to denote such a system of
structural equations when numerical va-
lues are specified for all its parameters,
including the parameters of the joint dis-

tribution of the disturbances as well as
the coefficients of the equations.

Marschak (1950) characterized a model
by means of a set of a priori information
(true or false) about the structure, infor-
mation obtained from economic theory,
not from observed values of the variables.
Ideally this information tells how many
equations there are, what variables ap-
pear in each one, which variables are en-
dogenous and which are exogenous, what
lagged endogenous variables (if any) ap-
pear in the model, what is the form of
each equation, and what is the form of
the joint distribution of the disturbances
{normality is often assumed, for exam-
ple). Leonid Hurwicz (1950) defined a
model as a set of structures that are ad-
missible according to this a priori infor-
mation. Thus the problem in the Cowles
approach is first to construct the model,
and second to estimate the structure.

Often one wishes to forecast the future
value of an endogenous variable. In gen-
eral, a structural equation cannot do this,
because each structural equation typi-
cally includes two or more endogenous
variables. To obtain such forecasts, one
must solve the system of structural equa-
tions algebraically for the endogenous
variables. The result is called the reduced
form. Each of its equations gives the
value of one endogenous variable in
terms of the predetermined variables,
disturbances, and structural parameters.

To solve the system (1-2) for its re-
duced form, we compute its determi-
nant, which we denote by &:

3=1-FB (3)

Using this expression, the reduced form
of the system (1-2) is

yie = (U8) [{v1 — Brva)xp.
+ Yoxa: + (€1, — Breg)] (4}

yor = (1/8) {(vs — Boyi)ays
~ Boygxgr T (€2 — Boey)].  (5)
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Sometimes it is convenient to give new
names to the parameters and distur-
bances of the reduced form, and rewrite
it thus:

Yy = Txy, T WiaXs, + Uy, (6}

Yo = T X1y T MagXo, + gy (7)

Notice that if there is a change in any
of the parameters of either one of the
structural equation {1) or (2}, then the
parameters of both of the reduced form
equations change, because every one of
the B’s and ¥’s appears in both reduced
form equations {remember that 3 de-
pends on all of the @’s). Thus the struc-
tural equations can be thought of as the
elementary building blocks of the sys-
tem, while each reduced form equation
is a mixture of the structural equations.

To use the reduced form for forecasting
future endogenous variables, one obvi-
ously needs estimates of its parameters,
and forecasts of future values of the pre-
determined variables and disturbances.
Forecasts of exogenous variables must be
obtained by some method external to the
model. Future values of lagged endoge-
nous variables are obtained either from
past data, or from the past operation of
the system. The best forecast of a random
disturbance is its expected value, typi-
cally zero.

The system of equations (1-2) appears
to be static, because all the variables are
dated at the same time, t. It is indeed
static if the y's and x’s at time ¢ are four
different variables, such as price, quan-
tity sold, income, and production cost,
all pertaining to the same period of time.
Then we think of the y's as endogenous
and the x’s as exogenous.

b. Model 2: A Dynamic Version of
Model 1

However, if either or both of the «’s
stands for a previous period’s value of
one of the y's, then the system is dy-

namic. For example, suppose that by def-
inition

Xor = Y1 -1 {8)

This could be because in equation (1) y,
depends on adaptive expectations about
the future value of y,. Alternatively, it
could be because in (1) there is a lag in
the response of y; to changes in ..

The dynamic case of Model 1 obtained
by specifying that x, is last period’s value
of y,. as in (8), will be called Model 2.
In Model 2 x, cannot be exogenous, be-
cause it is determined by the past opera-
tion of the system. As noted earlier, x,,
(that is, y, ,— )} is said to be predetermined
at time t, and y;, and y,, are said to be
jointly dependent at time t.

The preceding explanations of exoge-
nous and predetermined variables are
plausible, but are not suitable for rigor-
ous statistical analysis. Koopmans (1950b)
gave rigorous definitions as follows. (i}
A variable x (meaning the whole series
of values of x for all £ is exogenous if
and only if the value of x at every time
period is statistically independent of all
disturbances in the system, past, pres-
ent, and future. Note that an exogenous
variable can be stochastic, or not. (ii) A
variable is endogenous if it is not exoge-
nous. (iii} A variable x, is predetermined
at time t if and only if x, is statistically
independent of all present and future dis-
turbances in the system, but not neces-
sarily of past disturbances. Thus in Medel
2, where (8) holds, xy, (that is, y, ;) will
be predetermined at time ¢ if €, and €,
are serially independent, but it cannot
be exogenous: it cannot be independent
of the previous disturbance €;, , be-
cause it is influenced by €, ,_, through
the lagged version of equation (1). Exoge-
nous variables are always predeter-
mined, but the converse is not true. (iv)
A variable dated at time ¢ is jointly depen-
dent at time t if it is not predetermined
at time ¢t. In Model 2, note that y; ,_,
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is jointly dependent at time £ — 1, but
predetermined at time £ or later.

A dynamic system determines the time
paths of the endogenous variables from
time ¢ onwards, if it is given the values
of the parameters, the time paths of the
exogenous variables and disturbances,
and the initial values of the lagged en-
dogenous variables as of time t. To study
the behavior of a dynamic system we as-
sume that the exogenous variables and
disturbances are held constant for the fu-
ture. The system may generate cycles,
or not. It may be stable (that is, the en-
dogenous variables may approach equi-
librium values), or not. In order to dis-
cover the dynamic behavior of a system,
we need to find its final form, that is, a
set of equations similar to the reduced
form except that each endogenous vari-
able is expressed in terms of its own
lagged values {not those of others) and
exogenous variables and disturbances
(this term is due to Tinbergen 1939).

Let us return to the dynamic Model
2. We can still use the structural system
{1-2) and its reduced form (4-5), remem-
bering that x,, is y, ,_; as in (8). In this
case the final form equation for y; is ob-
tained simply by substituting y, ,_, for
x, in the reduced form equation (4). It
expresses ty;, as a function of x;, and
Y1.e-1, thus

Y1 = (1/8) [{(v1 — Bryatu + Yalr,i—1
+ (€1 — Brea)].  (9)

The final form equation for y, is found
as follows: first write equation (2) for time
t — 1; solve the result for Bgy, ,—; then
substitute the resulting expression in (5)
to get

Yo, = (1/8)
[{vs — Boyoxis + Yoo r—1 — YoVaXie—1
+ (€1 — Pa€y, — 'Yzez,t-l)]- (10)

Notice that when the exogenous vari-
able x; and the disturbances €, and e,

are held constant, the final form equa-
tions (9} and (10) are alike except for their
constant terms. Each can be written as

Y = ('Yzfﬁ)yi,t—l + 9, i=1lor2 (1)

where 6, is a constant depending on the
values of x; and the parameters and €s.
These final form equations are first order
linear difference equations. Each has the
same characteristic root, v,/8. The system
is stable for both y, and y, if the root is
less than one in absolute value, and un-
stable for both otherwise. Further, it has
oscillations for both if the root is nega-
tive, and not otherwise. The fact that all
endogenous variables in the system have
the same dynamic behavior is not an acci-
dent; it is typical of linear systems.

The equilibrium values of ¢, and y,
can be found from (11) by setting the
lagged and current values equal; the re-
sult is

Y = 0,/[1 — (v5/8)]. (12}
c. The Recursive Form

An interesting special case of a strue-
tural model occurs when two conditions
are met: (i) one of the equations contains
only a single jointly dependent variable,
another equation contains only two (that
one and one other), another contains only
three (those two and one other), and so
on, until the last equation which contains
them all; (ii} the disturbances to all the
equations at any time t are statistically
independent of each other. Such a model
is said to be recursive. Model 1 above
would be recursive if either B, or B, were
zero (or both} and the disturbances €,
and €y, were independent of each other
for all ¢. In that case, if B, were zero,
y1» would be predetermined in equation
(2); similarly, if B, were zero, y,, would
be predetermined in equation {l); and
if both B; and B, were zero, the two equa-
tions would determine y;, and y,, inde-
pendently of each other.
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The Cowles theoretical results were of
course not confined to a two-equation
model. They dealt with arbitrary num-
bers of equations, endogenous variables,
exogenous variables, and lags of the en-
dogenous variables. In more general sys-
tems, where the number of endogenous
variables appearing with a lag is greater
than one, and/or where the longest lag
of any endogencus variable is greater
than one, each final equation is of second
or higher order, that is, contains two or
more lagged values of its endogenous
variable. In that case the characteristic
roots can be complex numbers and hence
the dynamic path of the system can in-
volve cycles of any length, not merely
oscillations up and down in alternate pe-
riods as in the case of a first-order final
equation such as (9) or (10).

Thus far we have seen how the system
of equations (1-2) in Model 1 can handle
the presence of constant terms, and how
it can describe either a static or a dy-
namic model. In the next section, by as-
signing different possible values (some-
times zero) to its parameters, we will
obtain and analyze several interesting
special cases.

4, The Identification Problem and Its
Theoretical Solution

a. Model 3: An Example of the Problem

As noted in Section 1, econometric
equations cannot be estimated unless
they are identified. Those who first tried
to estimate simultaneous equations mod-
els dealt with supply and demand. They
stumbled when they came to the identifi-
cation problem. They used a special case
of Model 1 in which equations (1) and
(2) are respectively the supply and de-
mand curves for a good, y, is quantity,
yo is price, x is a constant equal to one
so that v, and vy, are the equations’ con-
stant terms, and vy, is zero, so that the
only systematic variables in the model

are price and quantity. We shall call this
special case Model 3. It is as follows:

supply
demand.

(13)
(14)

Y+ By =v1 + €y
Bayre + Yoy = Y3+ €y

As noted above, they understood that
if the supply curve alone shifts (which
(13) will if y; + €, changes but v; + €,
and By do not), the observed price and
quantity data trace out the demand
curve, and if demand alone shifts, the
data trace out the supply curve, but if
hoth curves shift, the data trace out nei-
ther curve. Hence if one does not ob-
serve when and how the curves shift, one
cannot tell whether a curve traced out
by the price and quantity data is the sup-
ply curve, the demand curve, or neither.
They did not know what to do about this.

The Cowles workers called it the prob-
lem of the identification of structural
equations. It is not a problem of uncer-
tainty associated with sampling variation:
it does not go away as the sample size
becomes infinitely large.

b. Conditions for Identification

Koopmans (1949) defined an identi-
fied equation as one whose parameters
can be deduced from observed data, us-
ing the a priori information that is incor-
porated in the model (with no uncer-
tainty except the sampling error that
occurs in small samples). He gave neces-
sary and sufficient conditions for the
identification of the parameters of an
equation in a linear system, based on the
knowledge or belief that certain parame-
ters in the equation are zero. His order
condition is this: if an equation in such
a system is to have all its parameters
identified, at least G — 1 of its parame-
ters must be believed to be zero, where
G is the number of equations in the sys-
tem. The converse is almost always true
as well, that is, if an equation satisfies
this condition, its parameters are almost
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certain to be identified. It is called the
order condition because it can be ex-
pressed by saying that the order (i.e.,
the number of columns) of a certain
matrix® must be at least G — 1. When
we count the number of parameters be-
lieved to be zero, it makes no difference
whether a paramecter is a constant term,
or a coeflicient of a jointly dependent or
a predetermined variable,

There is no identification problem with
reduced form equations,'? because each
contains only one dependent variable.
The order condition holds automatically
for reduced form equations because
each is a complete one-equation system,
G = 1, and each excludes G — 1 = none
of its own variables. Because reduced
form equations are identified, any struc-
tural equation whose parameters can be
deduced from a knowledge of the re-

¥The matrix in question is obtained by omitting
from the matrix of the model’s structural coefficients
all columms in which the equation does not have a
prescribed zero. The so-cailed rank condition, also
set forth by Koopmans (1949), says that, when the
a priori information takes the form of such zero re-
strictions, an equation is identified if and only il the
rank of that same matrix is G — 1. The rank condition
is almost certain to be satisfied if the order condition
is, because the parameters in this matrix are very
unlikely to have a set of values that will make its
columns linearly dependent. However, if a model
is segmentable, in the sense that a subset of its equa-
tions determine a subset of its dependent variables,
the rank condition can fail even if the order condition
is met (see Christ 1966, p. 345, ex. 3.10 for an exam-
ple). Note also that there are other kinds of identify-
ing information besides the requirement that a pa-
rameter in an equation be zero. For example, there
may be a restriction relating two or more parameters
in the same or different equations, or there may be
restrictions on the parameters of the probability dis-
tribution of disturbances. Identifiability conditions
for such information are beyond the scope of this
paper (Koopmans, Rubin, and Leipnik 1950; Leon
WeJ;ge 1965; Franklin Fisher 1966).

107f sume of the predetermined variables in a re-
duced form equation are linearly dependent, then
their coeflicients are not identified, and cannot be
estimated. One remedy for this, if the sample size
is large enough, is to omit one (or if necessary more
than one) of the predetermined variables, until the
remaining ones are linearly independent. Then the
least squares estimates can be computed.

duced form parameters is also identified,
and conversely.

The identifiability of structural equa-
tions when some parameters are believed
to be zero will now be illustrated with
several special cases of Model 1. Because
there are two equations, G — 1 = L.
Hence to be identified a structural equa-
tion must have at least one parameter
that is believed to be zero, that is, must
exclude at least one variable.

c. Model 3 Again: An Unidentified Model

Consider Model 3, the one that baf-
fled the early investigators. Its reduced
form is as follows, where as before & is
given by (3):

Y1 = (U8)(y1 — Brva) + (&1, — Brea,)]

= oy, (15)
Yoo = (U8){(vs — Bayy) + (€2 — Boeyy)]
=) t Vg (16)

It is a special case of (4-5) and of (6-7).
Here the reduced form parameters
and 1y, are automatically identified. The
sample mean of the data for y, (quantity)
is an estimate of the parameter m; in
(15), and the sample mean of y, (price)
is an estimate of my; in (16).

Now consider the structural parame-
ters of Model 3, B;, Bq, ¥, and ;. The
reduced form parameters are functions
of them, thus (remember that 8 is a func-
tion of B; and By):

1= (y1 — Brya)/d (17)
oy = {y3 — Bay1)/3. (18)

It is not possible to determine the val-
ues of the four unknown structural pa-
rameters By, Bs,¥, and vy, from w, and
7o, and these two equations. Thus in
Model 3 the structural parameters arc
not identified. The order condition con-
firms this: neither of the equations (13—
14} in Model 3 excludes any of the mod-
el’s variables, whereas identification re-
quires the exclusion of at least one.



Christ: Cowles Commission’s Contributions to Econometrics 41

d. Model 4: An Identified Model

Now consider a case in which all
structural parameters are identified.
Such a case is obtained from Model 1
by restricting v, to be zero and requiring
x; to be constant and equal to one. It is
similar to Model 3 except that now v,
is required to be zero and v, is not. It
will be called Model 4. 1t is as follows:

v1: + Biya: = voXor + €, supply  (19)
Botyiy t  toe =73 + €5 demand. (20)

Note that each of the equations of Model
4 has one parameter specified to be zero:
in (19) it is the constant term (that is,
the coefficient of x,), and in (20} it is the
coeflicient of x,. The reduced form of
Model 4 is as follows:

y1e = (1/8) [—Brvs + Yoxa: + (€1, — Bi€ay)]
=y b Weky + v, (21)

Yor = (1/8) [v3 — BaVaxor + (€3 — Boeyy)]
=gy + TagXo + Loy (22)

(Here the symbols m,; and ,; are differ-
ent from those in equations (15-18).)
Again the reduced form parameters are
automatically identified, and hence can
be estimated. They are functions of the
structural parameters, thus:

T = —Brys/0 (23)
o) = Ya/d 24)
Ty = Yol (25)
Tge = —BaYo/d. (26)

Now the four structural parameters can
be deduced from the four equations (23—
26) and the values of the reduced form
parameters: B, is estimated by the ratio
of the estimates of —m,; and wy,, B, is
estimated by the ratio of the estimates
of —mg; and 5, 8 is estimated from the
estimates of the B’s using its definition
3 =1 — BBa. 7o is estimated by the
product of the estimates of & and m,,
and v is estimated by the product of

the estimates & of and ;. Thus the
structural parameters are identified. The
order condition is consistent with this,
for the number of variables excluded
from each of the structural equations (19—
20)is G — 1 = 1, as required.

e. Other Cases

Now consider Model 1. Equation (1)
excludes no variables, and hence is not
identified. Equation (2) excludes one var-
iable, x,, and hence is identified. This
result can be verified by comparing the
reduced form equations (4-5), and noting
that B, can be estimated because it is
the ratio of —mgy to 5, as in Model 4,
but B, cannot be estimated. In Model 2
the situation is the same as in Mode] 1.

If demand depends only on current
price, and supply depends only on last
period’s price, then the identification
problem is solved, because any mixture
of the supply and demand curves will
contain both current and lagged prices,
and hence cannot be mistaken for either
demand or supply (Mordecai Ezekiel
1928). This is exemplified by Model 1 if
we assume that B, = 0, x,, = last period’s
price ¢, ,_;, and x; is constant and equal
to one. Such a model is called the cobweb
model, because the dynamie behavior of
a graph of price vs. quantity resembles
a spider’s web. If the disturbances in the
two equations are independent at each
time ¢, such a system is recursive.

The order condition says that the num-
ber of the model’s variables excluded
from an identified equation must be at
least G — 1. If it is exactly G — 1, the
equation is said to be just identified. If
it is more than G — 1, the equation is
said to be overidentified. Model 4 is just
identified. In Model 1, if y; were speci-
fied to be zero but vy, and vy, were not,
then equation (2) would be overidenti-
fied, because it would exclude two of the
model’s variables.

When an equation is overidentified,
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there are restrictions on the parameters
of the reduced form. For example, in the
case just mentioned, where equation (2}
is overidentified because y; = 0, a com-
parison of equations (4) and (5} shows that
the ratios my,/m,;; and wrye/m, must be
the same, because both must be equal

tO _BQ'

S. Simultaneous Equations Estimation and
Testing at Cowles

a. Estimation Methods

Under suitable statistical assump-
tions, least squares yields consistent and
asymptotically unbiased estimators of re-
duced form equations like (6-7), because
each of them contains only one depen-
dent variable.!! However, for simulta-
neous equations like (1-2), least squares
yields biased and inconsistent estimators
of structural parameters except in special
cases.’> The problem is that in such a
system, even if all structural equations
are identified, each equation contains
more than one jointly dependent vari-
able.

Hence for simultaneous equations,
new cstimation methods were needed.
These methaods, coupled with the solu-
tion of the identification problem, consti-
tute the heart of the Cowles revolution
in econometric methods,

Using models similar to the just-identi-
fied Model 4 in the previous section,
Haavelmo (1943) derived estimators of
the structural parameters equivalent to
those described above for Model 4 and

11 gee Section 6. If in addition all predetermined
variables are exogenous, least squares estimators of
the reduced form become unbiased. If disturbances
are normally distributed, least squares estimation of
the reduced form is & maximum likelihood method.

12 This was shown by Haavelmo (1943, 1944). Jean
Bronfenbrenner (1953} gives a clear and simple analy-
sis of least squares bias, A recursive model is one
special case in which least squares estimation can
be unbiased and consistent.

used by Philip Wright (1928) and Tirber-
gen (1929-30)—but he did not refer to
their work. These estimators are now
called indirect least squares estimators,
because the first step is to estimate the
reduced form by least squares, and the
second step is to deduce estimated values
of the structural parameters from the es-
timated reduced form. He showed that
his estimators were consistent.

Haavelmo (1947} used the indirect
least squares method to estimate the
marginal propensity to consume from an-
nual U.S. data for 1922-1941. His con-
sumption equation was

27)

where ¢, y, and u are respectively real
per capita consumption, disposable in-
come, and a disturbance. This equation
is just identified in his two-equation
model, treating consumer saving as the
exogenous variable, and also in his three-
equation model, treating gross private in-
vestment plus the government deficit as
the exogenous variable (the estimate in
this case was based on data for only 1929
1941 because the Commerce Depart-
ment investment data did not go back
before 1929). The two indirect least
squares estimates of a were respectively
0.67 and 0.71. The corresponding least
squares estimates for the same two peri-
ods were respectively 0.73 and 0.72,
larger than the indirect least squares esti-
mates, as predicted by Haavelmo’s analy-
sis. These results illustrate a frequent
finding: even though least squares esti-
mators are not consistent, they usually
turn out in practice to be quite close to
consistent estimators. Haavelmo con-
structed confidence interval estimates for
the marginal propensity to consume,
based on estimates of the standard devia-
tion of its estimator. He also constructed
joint confidence intervals for it and other
parameters of the model. When he in-
cluded lagged income in the equation,

c=oay, tp+tu
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he obtained slightly lower estimates for
1922-1941 than without it. .

For estimating the parameters of a just-
identified structural equation the instru-
mental variables method!® consists of the
following steps: First, using the sample
data, form the moment of the equation
with each of the predetermined variables
in the model (not, as in least squares,
with each of the equation’s right-hand-
side variables), and assign a zero value
to the moment of the disturbance with
each predetermined variable. The result
is a system of equations in which the un-
knowns are the instrumental variables es-
timates, and the known guantities are the
sample moments of the variables in the
equation with the predetermined vari-
ables in the model. Then solve this sys-
tem algebraically for the estimates of the
parameters.

For a just-identified equation the in-
strumental variables method is equiva-
lent to indirect least squares. In this case
both methods work because the number
of structural parameters to be estimated
is just equal to the number of equations
to be solved for them: in the case of in-
strumental variables it is the number of
equations relating the structural esti-
mates to moments, and in the case of
indirect least squares it is the number
of equations relating the structural esti-
mates to the estimated reduced form pa-
rameters. In both cases it is the number
of parameters that are specified to be
zero in the equation. The indirect least
squares method is exemplified by the dis-
cussion following equations (23-26) for
Model 4 above.

For an unidentified equation both
methods fail, as they should, because the
number of equations to be solved for the
estimates of the structural parameters is

12The instrumental variables method goes back
to Sewall Wright (1925), Olav Reiersgl (1941, 1945),
and Robert C. Geary (1949). Reiersgl was a visitor
at the Cowles Commission in the summer of 1949,

too few. For indirect least squares this
is exemplified by equation (1) of Model

- 1: its parameters cannot be got from the

estimates of the reduced form (4-5).

For an overidentified equation, the
number of equations to be solved is more
than needed, and they will contradict
each other with probability one if the
sample is finite (because the estimated
values of the parameters will differ ran-
domly from the true values which satisfy
the a priori restrictions exactly). In such
a case, if there are n more a priori restric-
tions than needed, one can ignore n of
them (any n of them will do), thus pre-
tending that the equation is just identi-
fied. One can then use either indirect
least squares or instrumental variables.
The disadvantage of this approach is that
it wastes some of the a priori information,
and gives different results depending on
which n restrictions are ignored.

When the method of maximum likeli-
hood is applied to the problem of estimat-
ing all the structural parameters of the
system at once, using all the a priori re-
strictions for the entire model, on the
assumption that the disturbances are nor-
mally distributed, the resulting estima-
tors are called full information maximum
likelihood estimators, FIML for short,
because they use all the available a priori
information. Under suitable assumptions
FIML estimators of structural parame-
ters are consistent and asymptotically ef-
ficient, approximate confidence-region
estimators of these parameters can be
obtained, and approximate f-tests and
F-tests of their statistical significance can
be performed (Koopmans, Rubin, and
Leipnik 1950).14

If the maximum likelihood method is
applied to one identified structural equa-
tion at a time (whether it is overidentified
or not), using only the a priori restrictions

4 This is a difficult technical paper. The “suitable
conditions” are described in Section 6 below,
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that concern that equation, the result is
called the limited information maximum
likelihood method, LIML for short, be-
cause it uses only some of the a priori
information (Girshick and Haavelmo
1947; Koopmans and Hood 1953). LIML
yields the same estimates for an over-
identified equation as would be obtained
if the reduced form were estimated by
least squares subject to the restrictions
on the reduced form that are implied by
overidentification of the structural equa-
tion, and the indirect least squares
method were then applied. LIML re-
mains consistent even if the equations
are nonlinear, so long as they are linear
in unknown parameters and certain mo-
ment matrices have appropriate proba-
bility limits (Anderson and Rubin 1949,
1950).

For a just-identified equation, LIML
reduces to the indirect least squares and
instrumental variables methods. For an
unidentified equation it fails, as it should.
For an overidentified equation, it gives
a unique result.*®

3 The idea behind LIML is this: Each structural
equation in a linear system must be a linear combina-
tion of just those reduced form equations that concern
the jointly dependent variables that are not excluded
a priori from the structural equation. The coeflicients
of the linear combination are the structural equation’s
coeflicients of those jointly dependent variables. An
estimate of a just-identified equation can be ex-
pressed exactly as a linear combination of those esti-
mated reduced form equations; the indirect least
squares method finds that linear combination. But
this cannot be done with an overidentified equation,
because no linear combination of the least squares
estimates of the reduced form equations can exactly
satisfy all the a priori restrictions {except in infinite
samples). What the LIML method does is to find
the linear combination of the estimated reduced form
equations that comes closest to satisfying the a priori
restrictions, in the sense of making the so-called vari-
ance ratio as close to one as possible. The variance
ratio is the ratio between two variances, each of which
is the variance of the residual of a regression of the
jointly dependent component of the equation being
estimated (for equation (1) or (2} this is the expression
on the left side of the equality sign) on a set of prede-
termined variables. One of these regressions uses
all of the model's predetermined vaiables, and the
other uses onfy those that are not excluded a priori
from the equation. Since the excluded variables are

b. Applications

Empirical work in the 1940s and early
'50s was done with mechanical desk cal-
culators which, unlike many of today’s
cheap electronic pocket calculators,
couldn’t compute square roots or loga-
rithms or exponentials with a single com-
mand. The iterative computations for
FIML are so complex that the method
was never applied by the Cowles work-
ers, except for an illustrative computa-
tion for a simplified model containing
only three equations. For most of their
empirical work, the Cowles workers used
LIML, which is also iterative, but much
simpler than FIML. '8 Later, with the ad-
vent of electronic computers, FIML be-
came a practical method.

The first application of LIML was the
estimation of a five-equation model of
food demand, using annual U.S. data for
1922-1941 (Girshick and Haavelmo
1947). Some of the equations were just
identified, and of course for them the
LIML estimates were the same as the
indirect least squares estimates. In 1947
it was not yet possible to give confidence
interval estimates for the overidentified
egnations because the standard deviation
of the LIML estimator for this case had
not yet been derived.

The first macroeconometric model us-
ing the new methods was presented in
Klein's monograph, Economic Fluctua-
tions in the United States 1921-1941
(1950). The model has 16 equations, in-
cluding demand equations for active
money balances, idle money balances,
consumer goods, owner-occupied hous-

supposed to have zero coefficients, the two regres-
sions should be the same except for sampling varia-
tion, and so should their residual variances. Hence
the LIML estimation procedure was designed to
make the ratio of their residual variances as close to
one as possible. See also note 25 below.

¥ Chernoff and Nathan Divinsky (1953) described
the iterative computation methods for FIML and
LIML, and reproduced the actual computations
made with desk calculators for one of Klein's simple
models.
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ing, rental housing, plant and equip-
ment, inventories, and labor; an equilib-
rium equation for dwelling space; adjust-
ment equations for output, interest rate,
and rent; and four definitional equations.
Klein checked the identifiability of the
equations, and estimated them by the
LIML method using U.S. data for 1921~
1941. He gave no estimates of the stan-
dard deviations of the LIML estimates,
because the necessary formula still had
not been derived. This model had a
clearly Keynesian flavor.

The necessity for testing an economet-
ric model against new data, after it has
been constructed and estimated, was not
emphasized in the theoretical economet-
ric publications of the Cowles Commis-
sion. A simple procedure is to use the
estimated model to forecast data that
were not used to estimate it, or, even
better, were not available when the
model was specified, and conclude that
something is wrong if the forecast errors
are too large. Holbrook Working and
Harold Hotelling (1929) and Hotelling
{1942) had derived the standard deviation
of the error of a post-sample forecast,
made from a single equation estimated
by least squares, under the hypothesis
that the estimated equation still holds
during the forecast period, and showed
how to use it to test that hypothesis: if
the forecast error is too large relative to
this standard deviation, the hypothesis
is rejected. Rubin (1948, unpublished)
showed how to do the same thing with
the post-sample residual from a struc-
tural equation that has been estimated
by LIML. Variants of this test were ap-
plied by Andrew Marshall (1949), Christ
(1951), Stephen G. Allen (1954), and Hil-
dreth and Francis G. Jarrett (1955) to
decide which LIM L-estimated structural
equations continued to describe data in
the post-sample period, and which ones
did not.

Andrew Marshall’'s M. A. thesis at the
University of Chicago, entitled “A Test

of Klein's Model III for Changes of Struc-
ture” {1949, unpublished), used Klein’s
model to compute residuals for each
equation for 1946 and 1947 (skipping the
war years 194245 on the ground that
normal economic behavior was super-
seded by wartime regulations),!” to see
which equations held up well and which
didn’t. Five didn’t. This type of test had
been proposed, and carried out for one
equation, by Friedman in his review
(1940) of Tinbergen’s model of the U.S.
There Friedman pointed out correctly
that Tinbergen’s procedure (which has
become common among model builders)
of trying many different forms for each
equation, and choosing one with a high
correlation coefficient, is appropriate as
a way of deriving tentative hypotheses,
but does not constitute an empirical test
of the equations so chosen. We will ex-
pand on this point at the end of this sec-
tion.

“A Test of an Econometric Model for
the United States, 1921-1947” (Christ
1951} built upon Andrew Marshall’s re-
sults. The five Klein equations that did
not hold up well for 1946 and 1947 in
Marshall’s tests were revised, and the re-
vised model was reestimated by LIML
using data for 1921-1941 and 1946-1947.
The reduced form of the revised model
was then used to compute forecasts for
1948. For six of 13 wvariables, least
squares estimates of the revised model’s
reduced form made better forecasts for
1948 than the naive methods of assuming
no change from the previous year, or no
change in the trend from the previous
two years, and for seven of 13, worse.'®

7 An unusual example of a consumption equation
successfully fitted right through World War II is
Richard E. Brumberg {1956). For consumer dura-
bles, he defined and measured consumption not in
the usual way as purchases of goods, but as the flow
of services represented by interest and deprecia-
tion.

18 Andrew Marshall also used naive model tests,
but for structural equations rather than reduced
forms.
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When a structural equation is over-
identified, restrictions on the reduced
form are implied (recall the discussion
of this point at the end of Section 4e
above). A chi-square test of whether the
data reject these restrictions was pro-
posed by Anderson and Rubin (1950).
The Anderson-Rubin test of overidentify-
ing restrictions was performed by Christ
(1951); they were rejected for four of his
ten stochastic equations at the 95 percent
level, and seven of ten at the 90 percent
level. Robert Basmann (1960) proposed
an F test of overidentifying restrictions
on a structural equation, equivalent to
the Anderson-Rubin chi square test in
infinite samples but more accurate in
small samples.

Friedman in his discussion of Christ’s
model endorsed the testing of such mod-
els against post-sample data, but ven-
tured the

hunch . . . that attempts to proceed now to
the construction of additional models along the
same general lines will, in due time, be judged
failures. {1951, p. 112)

Instead, he wrote,

I believe our chief hope is to study the sections
covered by individual structural equations sepa-
rately and independently of the rest of the econ-
omy. These remarks obviously have a rather
direct bearing on the desultory skirmishing be-
tween what have been loosely designated as
the National Bureau and the Cowles Commis-
sion techniques of investigating business cycles.

. . As the National Bureau succeeds in finding
some order, some system, in the separate parts
it has isolated for study its investigations will
increasingly have to be concerned with combin-
ing the parts—putting together the structural
equations. As the Cowles Commission finds that
its general models for the economy as a whole
are unsuccessful, its investigators will increas-
ingly become concerned with studying the indi-
vidual structural equations, with trying to find
some order and system in component parts of
the economy. Thus, I predict the actual work
of the two groups of investigators will become
more and more alike. (p. 114)

This prediction has been confirmed
only partly. On the one hand, complete
macroeconometric models have prolifer-
ated, and many now make useful fore-
casts of the U.S. economy several quar-
ters ahead (Stephen McNees 1988). On
the other hand, it is true that macro-
econometric models have not revealed
an invariant fundamental structure of the
economy, and in recent years the empha-
sis in mainstream econometric work has
shifted toward individual equations or in-
complete models. ®

The last of the Cowles applied econo-
metric studies at Chicago was A Statisti-
cal Study of Livestock Production and
Marketing (Hildreth and Jarrett 1955).20
It is based on a model of seven equations,
describing the livestock production funec-
tion, the farm demands for feed grain
and for protein feed, the farm supply of
livestock, the demand for livestock, and
supply equations for feed grains and pro-
tein feeds. The first five equations were
estimated by LIML using annual U.S.
data for 1920-1949. Estimated standard
deviations were given. For the produc-

¥ “The recurrent theme [of Epstein’s book] is the

persistent gap between the theoretical and empirical
achievements of structural estimation” {Epstein 1987,
p. 3). Friedman remains skeptical of mainstream
econometrics’ treatment of single equations such as
the demand for money (Friedman and Anna Schwartz
1982, the attack by David Hendry and Neil Ericsson
1991, and the Friedman and Schwartz reply 1991).

% Among other applied pieces by Cowles staff in
Chicago were the following. Marschak and William
H. Andrews, Jr. {1944) estimated the relation be-
tween inputs and outputs in the productive process.
George Borts (1952} estimated the railroad produc-
tion function. His study differed perforce from most
production function studies because the common car-
rier law implies that output is a predetermined vari-
able for the railroads, not a decision variable. Allen
(1954) estimated a six-equation model of the market
for linseed and flaxseed oil. All equations were identi-
fied {(some were overidentified). They were estimated
by LIML using quarterly data for 1926-1939. Esti-
mated standard deviations were given. Forecasts
were made for the four quarters of 1940. For most
variables in most quarters, naive forecasts assuming
no change from 1839 were better than the model’s
forecasts.
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tion function the Anderson-Rubin test re-
jected the hypothesis that the overidenti-
fying restrictions are correct, but for four
other equations it accepted the overiden-
tifying restrictions.

Particularly praiseworthy is Hildreth
and Jarrett's procedure for testing
whether the estimated equations predict
future data well or not: the tests were
done with 1950 data, which were not only
outside of the sample used for estimation,
they were not even available when the
model was specified. This means that
when the authors chose their model, they
could not have been influenced by
knowledge of the data that they were go-
ing to try to predict. Hence their test is
even more stringent than one based on
a model’s ability to predict data that were
already known to the model-builders
when they built the model.?! Most of the
model’s equations deseribed 1950 as well
as they did the sample data, and most
of them had smaller errors in 1950 than
did the naive models mentioned above.

Many of the Cowles applied studies
presented their data, so that other re-
searchers could verify their computa-
tions.

6. The Cowles Assumptions

The assumptions under which the
Cowles workers derived the asymptotic
distributions and properties of their esti-
mators were quite strong. There has
been much discussion and criticism of
these assumptions in the subsequent lit-
erature, especially with regard to their
realistn, and many modifications have
been proposed. (Friedman’s criticisms of
the Cowles approach were not based on
its assumptions, for in his well-known
piece on the methodology of economics
(1953) he argued that a theory should be
judged by its results, rather than by

2 A defense of this more stringent test is given
by Christ (1966, pp. 54648, and 1983).

whether its assumptions are realistic or
not.}) In most of the Cowles theoretical
work, the assumptions included the fol-
lowing:

(a) Economic behavior is governed by
simultaneous equations. This assumption
has been questioned by Herman Wold
(1953). He contends that economic rela-
tions cannot be simultaneous, but must
be recursive, on the ground that every
economic action is a response to some
previous action (however short the re-
sponse time may be). Robert Strotz and
Wold (1960) present an interesting expla-
nation of how simultaneous equations can
be appropriate tools even if Wold is cor-
rect in principle: Suppose that economic
interactions are always sequential, not
simultaneous, but that there is always a
very short delay, say one day, between
any agent's action and the next agent’s
subsequent response; suppose also that
all our data correspond to aggregates or
averages over a time-interval that is
much longer than the one-day responsc
delay, say one calendar year. Then it is
not possible to fit a model to the se-
quence of decisions that occur at one-day
intervals: the required daily data are
missing. However, if we fit a simulta-
neous equations model to annual data,
we will be approximately correct. For ex-
ample, if demand decisions follow price-
setting decisions by one day, then our
demand equation should say that total
demand during a calendar year (January
1 through December 31) depends on the
average price during the 365-day period
starting and ending one day earlier (from
December 31 of the preceding year
through December 30 of the current
year), but we do not make a large error
by saying that it depends on the average
price during the calendar year. Wold’s
plea for recursive systems did not con-
vince many economists, and the simulta-
neous equations framework is widely ac-
cepted. Of course, lagged variables can
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be (and often are) included in simulta-
neous equations to reflect dynamic ef-
fects.

(b) The equations of the model are lin-
ear in systematic variables and distur-
bances. This assumption is strong, but
may be approximately correct for short
periods of time. As noted above, Ander-
son and Rubin weakened it to require
only linearity in unknown parameters,
without destroying most of the theoreti-
cal econometric results. This weakening
permits the handling of the types of non-
linearity that can be removed by a suit-
able transformation, such as in Cobb-
Douglas equations where the appropriate
transformation is to take logarithms. In
both its forms it is testable, but the
Cowles group did not devise tests of it.
A procedure for deciding whether a rela-
tionship is linear or logarithmic is pro-
vided by George E. P. Box and D. R.
Cox (1964). Empirical studies have in-
creasingly used nonlinear models in re-
cent years. This represents an advance
in technique (not in principle) that has
been made possible by the advent of
electronic computers and by the deriva-
tion of nonlinear estimators (Stephen
Goldfeld and Richard Quandt 1972;
Takeshi Amemiya 1983),

(¢) The systematic variables are observ-
able, without error. The first part of this
assumption is strong. Because agents’ ex-
pectations about the future are not di-
rectly observable, they are ruled out of
consideration unless one can represent
them by observable variables. More
about this later. Errors of measurement
of variables are real, but most Cowles
workers ignored them in favor of distur-
bances to equations. Exceptions were
Koopmans (1937), as noted above, and
Chernoff and Rubin (1953}.

{d) Variables change at discrete time
intervals, such as yearly, or quarterly,
or monthly, rather than continuously.
This assumption is made essentially for

convenience, to allow the use of differ-
ence equations to explain dynamic rela-
tions among annual, quarterly, or
monthly data. It has been adopted in
most econometric work. 22

{e) It is known which variables are ex-

- ogenous, and which are predetermined

at time ¢ This assumption is strong. If
variables are erroneously specified to be
predetermined or exogenous, estimators
become biased, just as least squares
estimators are biased in simultaneous
equations systems. More about this
later.

(f) The determinant of the coefficients
of the jointly dependent variables is not
zero, so that the reduced form exists.
This assumption has to be made: if it
were not true, the model would be use-
less, because it could not determine the
values of the jointly dependent variables.

{(g) The predetermined variables are
linearly independent, so that their mo-
ment matrix can be inverted. This as-
sumption requires that the sample size
be greater than or equal to the number
of predetermined variables in the model.
If that is so, it is easy to satisty, for if it
were false, one could make it true with-
out loss simply by omitting one of the
linearly dependent predetermined vari-
ables (or more than one, if necessary).

(h) The structural equations are identi-
fied by a priori restrictions on their pa-
rameters (possibly including restrictions
on the parameters of the distribution of
disturbances), and these restrictions are
correct. This assumption has been se-
verely criticized long ago by Ta-Chung
Liu (1960), and more recently by Christo-
pher Sims (1980; see below). As noted
earlier, overidentifying restrictions have
often been rejected.

(i) The disturbances are normally dis-

2 Clifford Wymer (1972) and Giancarlo Gandolfo
(1981) have begun to use continuous-time models
and differential equations instead.
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tributed random variables with zero
means and finite and constant variances
and covariances, and their covariance
matrix is nonsingular. This assumption
is strong. However, the Cowles group
showed that normality is not necessary
for most of their results. The assumption
of zero means has been discussed above,
in Section 3a. The assumption of a non-
singular covariance matrix is plausible
unless the system includes definitional
equations that have no disturbances, but
this can be handled by eliminating those
cquations by substitution (this step
should be taken prior to estimation of
the complete system as a whole).

(j) The disturbances are serially inde-
pendent. This assumption is testable, but
the Cowles group did not devise tests
for it. Instead, they used available tests.
At first they used the test of B. I. Hart
and John Von Neumann (1942). Hildreth
and Jarrett (1955) used the more appro-
priate test of James Durbin and Geoffrey
S. Watson (1950, 1951). Serial correlation
of disturbances constituted a serious diffi-
culty for the Cowles workers, because
most of their theorems assumed it away.
(Serial correlation of observed variables
is very common, and is no problem.)
They did not devote much effort to find-
ing estimators that were appropriate in
its presence. Subsequent work has pro-
vided solutions to this problem for many
cases (John Denis Sargan 1959; Ray C.
Fair 1972).

(k) The equation system is dynamically
stable. This is assured by assuming that
the exogenous variables are considered
fixed in repeated samples, and their mo-
ments have finite limits as the sample
size goes to infinity, and all characteristic
roots of the final equations of the system
are less than one in absolute value. Some
such condition is needed to prove that
estimators are consistent and to derive
their asymptotic variances and covari-
ances.,

The Cowles derivations of the proper-
ties of their estimators were almost en-
tirely asymptotic, that is, for infinitely
large samples, which we never have in
practice. Of course, there is some com-
fort in knowing that one’s estimators are
consistent, and asymptotically unbiased
and efficient, but this tells nothing about
how large the bias or variance may be
in samples of size 20 or 30 years, or 60
quarters, which were the sample sizes
used in their applied work. Small sample
properties are difficult to derive, and the
Cowles group made little progress with
this problem. The first successes were
for very special cases of two or three
equations (Basmann 1961, 1963) but
progress has now been made with more
general cases (Anderson 1982; Peter C.
B. Phillips 1983).

Most of the Cowles group dealt with
time-series data, because of their interest
in the amelioration of business cycles.
Their methods are applicable to pure
cross section data, where t = 1,2,3, . . .
stands not for the first, second, and third
time periods, etc., but for the first, sec-
ond, and third members of the cross sec-
tion sample, ete. Note, however, that the
concept of serial correlation makes little
sense when the data are for cities or
counties or families or firms, unless they
are arranged in some meaningful order,
such as size.

Panel data, consisting of a time series
of cross section data, were rare in the
1940s, and the Cowles group did essen-
tially nothing with the problems of esti-
mation from such data.

7. An Evaluation of the Cowles
Econometric Contributions

a. A Recapitulation

Let us begin this section with a re-
minder of what econometrics is about,
and a look back at the main features of
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the Cowles program. Econometrics has
been aptly defined by a committee of the
Econometric Society as

the quantitative analysis of actual economic
phonomena based on the concurrent develop-
ment of theory and observation, related by ap-
propriate methods of inference. (Paul Samuel-
son, Koopmans, and Stone 1954, p. 142)

We have seen that the two mainstays
of the Cowles revolution in econometric
methods were the probability approach
and the concept of a simultaneous equa-
tions model.

The probability approach is well estab-
lished in econometrics, and is no longer
in question. Experience has shown that
{except for definitional identities) no
quantitative theoretical economic rela-
tionship fits observed data exactly.
Hence each econometric equation is for-
mulated so as to include not only ob-
served variables, but also an unobserv-
able catch-all variable representing the
discrepancy between the computed and
observed values of the equation. This
catch-all variable is treated as stochastic.
If plausible assumptions (sometimes test-
able) are made about the probability dis-
tributions of such stochastic variables,
then plausible conclusions follow about
the distributions of estimators of parame-
ters of the equations, and plausible statis-
tical inferences can be drawn. With the
increased attention given to behavior un-
der uncertainty, stochastic elements are
also becoming important in economic
theory. This is especially evident in the
theory of rational expectations. Estima-
tion methods have been developed to
take account of rational expectations
(Kenneth F. Wallis 1980; Frederic Mish-
kin 1983). Hence I believe that the obitu-
ary in the last sentence of Morgan’s oth-
erwise excellent book (1990, p. 264) is
premature: “By the 1950s the founding
ideal of econometrics, the union of math-
ematical and statistical economics into a

truly synthetic economics, had col-
lapsed.”
Likewise, simultaneous equations

models are well established in economet-
rics—and in economics in general, Eco-
nomic phenomena are the result of inter-
actions among many agents. Any single
economic relationship in which we may
be interested interacts with other rela-
tionships. Hence we are led from single
equations to systems of several equa-
tions. The most general case is that of
simultaneous equations. Some econo-
mists believe that in principle all eco-
nomic equation systems are recursive,
but even if this is correct, as noted ear-
lier, a simultaneous system can be re-
garded as approximately correct. Hence
most economists think in terms of simul-
taneous equations systems, even when
investigating a single egquation at a time.

We have seen that the main Cowles
contributions in theoretical econometrics
were the solution of the identification
problem and the development of meth-
ods of estimation that have desirable
properties for simultaneous equations,
These were impressive intellectual
achievements, and they have profoundly
affected econometrics. But there is con-
troversy even today about their value for
applied work. The controversy relates
not so much to the probability approach
(which is almost universally accepted in
econometrics), but rather to the nature
and implications of the concept of simul-
taneous equations. In what follows we
shall first consider in several subsections
the process of proposing and provision-
ally adopting the specifications of an
econometric model, then consider the
present position of the Cowles simulta-
neous equations estimation methods, and
finally sum up.

b. Why Is Identification Interesting?

Consider first the identification prob-
lem. Remember that structural equations
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cannot be estimated unless they can be
identified. Why is it important to be able
to identify and estimate structural equa-
tions? After all, the reduced form of the
model is what one needs in order to make
predictions about the effects of policy
changes upon endogenous variables. So
why do we care about the structural
equations that underlie the reduced
form? There are three reasons.

One is that if a structural model is cor-
rectly specified and is overidentified,
then more efficient estimates of the re-
duced form can be obtained by solving
the estimated structure than by estimat-
ing the reduced form by least squares
directly. This is implied by the discussion
of overidentified equations at the end of
Section 4e.

A second is that if the results of using
a model are unsatisfactory, it is important
to find out what part or parts of the model
are at fault. One can test each estimated
structural equation separately in order
to see which, if any, are performing well,
and which one or ones are not. Then one
knows which parts of the model to revise.

A third reason is that the economy’s
structure may undergo a change after it
has been estimated, but before the pe-
riod that one wants to predict. The possi-
bility of a change in the economy’s struc-
ture was of deep concern to the Cowles
group. Marschak (1947, 1953} correctly
pointed out that if there is a change in
the structure of the economy, that is, if
the value of a structural parameter
changes {or worse, if the form of a struc-
tural equation changes), then in general
every reduced form equation changes,
and therefore the old reduced form is
no longer relevant for forecasting, If one
has not estimated the old structure, one
has no way of knowing how the reduced
form will change. But if one has esti-
mated the old structure, and if one knows
the time and the nature of the structural
change, one can then find the new struc-

ture, and can solve it to get the new re-
duced form, and hence can use it to make
forecasts for the period after the change.
This argument foreshadows the critique
of Robert Lucas (1976; see below).
Marschak would have agreed with Lucas
that it is important to know whether the
structure of the economy has changed,
and if so, when and how, if one is to
make good forecasts from parameter esti-
mates that are based on past data.

¢. The Attacks of Liu and Sims

The information that would enable
one to identify a model comes from the
theoretical restrictions that are imposed
on the model. There is no controversy
over the correctness of the theorems that
tell whether a model can be identified.
The controversy is over whether informa-
tion sufficient to identify econometric
models can be obtained in practice.

The main attacks have come from Liu
(1960) and Sims (1980). Both are based
on the view that the simultaneous inter-
actions of economic variables are so per-
vasive that most structural relationships
contain all or nearly all of the variables
in the economy, and are therefore not
in fact identified. If so, it is pointless to
try to estimate them. Liu concluded that
in such cases we are forced to retreat to
the estimation of reduced form equa-
tions, each of which expresses an endoge-
nous variable as a function of exogenous
variables and possibly of lagged endoge-
nous variables. Of course this would
mean that we are unable to use the
Marschak strategy to deduce the new va-
lues of reduced form parameters that will
prevail if a structural change occurs after
we have estimated the old reduced form.

Sims also regards the restrictions that
would be needed to identify structural
equations as “incredible.” But his recom-
mendation is different from Liu’s. He
proposes the use of vector autoregression
(VAR). With this method, one chooses
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a set of variables thought to be relevant
to the problem at hand, and estimates
the regression of each one on lagged val-
ues of itself and all the others. No exoge-
nous variables are involved (but some
could be included, thus making Sims’
recommendation more like Liu’s). No
economic theory is needed to specify a
priori restrictions on structural relation-
ships. The only role for economic theory
is to assist in the choice of variables and
the length of lags (though the latter is
usually decided empirically—it cannot
be so large that the number of parame-
ters in any single VAR equation exceeds
the size of the available sample). Of
course a VAR can be regarded as the re-
duced form of some structural model,
one that contains the same variables as
the VAR. Epstein (1987, pp. 219-20}
properly faults VAR for providing no way
to distinguish between competing theo-
ries of the way the economy responds
to policy changes.

In my view we have sufficient informa-
tion to identify many structural equa-
tions. The usefulness of supply and de-
mand analysis lies in the fact that many
of the factors that affect the demand
curve of a good have little or no effect
on the supply curve, and vice versa. The
same is true of saving and investment
analysis, and many other types of eco-
nomic analysis. And we have the Bas-
mann (1960) test for overidentifying re-
strictions. It may be the case that some
of the restrictions used for identification
purposes are only approximately correct.
In an important paper Franklin Fisher
(1961) explains why it makes sense to use
such restrictions.

Related to VAR is another approach
which also downplays economic theory,
autoregressive integrated moving aver-
age {ARIMA) time series analysis (Box
and Gwilym M. Jenkins 1970). Here a
function of current and lagged values of
an observable variable is set equal to a

function of current and lagged values of
a white noise disturbance (random, seri-
ally independent, with zero mean). The
autoregressive (AR) part gives the vari-
able’s current value in terms of its own
past values; the integrated (I) part is
needed to undo the difference operator
if differences (of first or higher order)
rather than levels of the variable are in-
volved; and the moving average (MA)
part describes the way the current and
lagged white noise disturbances are com-
bined. An ARIMA model implies that the
current value of a variable can be ex-
plained as a combination of current and
{perhaps infinitely many) past values of
a white noise disturbance. ARIMA mod-
els can be univariate or multivariate.
VAR is a special case of a multivariate
ARIMA.

Zellner and Franz Palm (1974) propose
an ingenious combination of Cowles-type
structural modeling and ARIMA model-
ing: they suggest using a structural model
to explain the behavior of endogenous
variables in terms of exogenous variables,
and an ARIMA model] to explain the the
behavior of exogenous variables. They
show that if this is done, then the behav-
ior of all variables, endogenous as well
as exogenous, is modeled by ARIMA pro-
cesses. But it strikes me as most unsatis-
factory to explain everything as the out-
come of combinations of white noise
disturbances.

d. The Lucas Critique

Lucas (1976) issued a serious warning
regarding the use of estimated economet-
ric models to predict the effects of future
changes in economic policy. He pointed
out that if some of the parameters of a
model reflect the adaptation of private
behavior to a previously maintained pol-
icy reaction function, then, if the policy
reaction function is changed, private be-
havior will re-adapt to the new function,
and as a result the previously estimated
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parameters will no longer describe the
response of the economy. He and others
have given likely examples, based on the
hypothesis of rational expectations. This
argument is a more sophisticated treat-
ment of structural change than Mar-
schak’s. Marschak did not display an
explicit understanding of the Lucas cri-
tique, though in my view he came close
to it.

The Lucas critique implies that if a
change in a policy reaction function oc-
curs which changes private behavior pa-
rameters, then the reduced form of the
system will change, as will any VAR or
ARIMA that previously described the
system. Hence, in my view, the Lucas
critique is just as damaging to Liu’s and
Sims’ procedure, and to ARIMA, as it
is to the Cowles procedure. The proper
response to the Lucas critique is to spec-
ify econometric models in such a way that
their parameters are invariant to changes
in public policy response functions. Ad-
mittedly this is easier said than done.

Thomas Sargent (1976) expressed Lu-
cas’s point in a different way. He noted
that if the monetary policy regime is to
be changed from a constant-money-
growth rule to a feedback rule, it is possi-
ble to write the reduced form of the sys-
tem in two versions that are observation-
ally equivalent during a sample period
under the constant-money-growth rule,
in the sense that both versions describe
the sample data with identical residuals,
but one of the reduced forms suffers a
parameter change -when the regime
changes, and the other does not. The dif-
ference between the two reduced forms
lies in the manner in which expectations
are formed, and the manner in which
they affect behavior. Old-regime esti-
mates of the reduced form, in either ver-
sion, or in both versions, will not reveal
which version will change when the re-
gime changes, and which will remain in-
variant. Hence reduced-form estimation

alone will not settle the question of
whether a feedback rule is better than a
constant-money-growth rule.

e. Model Specifications: Where Do They
Come From?

The Cowles Commisssion approach to
econometrics was built on the premise
that correct a priori specifications were
already available for the models that were
to be estimated by its methods. The
Cowles theoretical econometric work did
not have much to say about the process
of specifying models, rather taking it for
granted that economic theory would do
that, or had already done it.

Ideas for econometric model-building
can certainly come from economic the-
ory, by way of the postulate that consum-
ers and producers seek to optimize sub-
ject to the constraints they face. But ideas
can also come from examining data and
searching for patterns. Economic theory
is not powerful enough today, and may
never be, to tell us everything we want
to know about the specification of our
models, that is, the variables to be in-
cluded in each equation, the classifica-
tion of variables as endogenous or exoge-
nous, the mathematical form of equations
(linear, logarithmic, quadratic, or the
like), the nature of the random distur-
bances, and so on. And although eco-
nomic theory is rather good at deriving
equilibrium relationships, it is not very
good at deriving the adjustment behavior
of a system that is out of equilibrium.
Thus there is much room for empirical
investigation in the process of model
building, even before one arrives at the
problem of parameter estimation.®

Both VAR and ARIMA can be charac-
terized, with some exaggeration, as
mindless data-mining, because both

2 Heckman in his review (1992) of Morgan (1990)
takes a similar view, and objects to Morgan's narrow
implicit definition of econometrics.
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share the attribute that no use is made
of economic knowledge except to choose
the variable(s) to be studied and the
length of the lags to be used. One can
apply these techniques to economic data
without knowing much about economics,
or to biological data without knowing
much about biology. However, data min-
ing can certainly be justified as a method
of searching for regularities in the data.
And when regularities are found that per-
sist from decade to decade, or from place
to place, then there is something for eco-
nomic theory to try to understand.

In the celebrated exchange between
Koopmans and Rutledge Vining concern-
ing Burns and Mitchell's Measuring
Business Cycles (1946), the magnum
opus of the National Bureau of Economic
Research as of that time, Koopmans
(1947} began by attacking Burns and
Mitchell for having no theory about busi-
ness cycles, and hence having no clear
idea about what to measure or what hy-
potheses to test. Rutledge Vining (1949)
replied that Koopmans appeared to re-
ject any style of research that differed
from his own, and defended the attempt
to increase our understanding of business
cycles by careful observation and record-
ing of many economic variables that be-
have cyclically. In his rejoinder Koop-
mans {1949) conceded that he and Vining
were not so far apart after all, but he

_reiterated his defense of the Cowles ap-
proach. Perhaps as a result of this ex-
change, the Cowles Commission’s origi-
nal motto, adopted in 1932 and
emblazoned on the covers and title pages
of early monographs, “Science is Mea-
surement,  was changed in 1952, at the
suggestion of Hildreth, to “Theory and
Measurement” (Christ 1952, p. 62).

f. Model Specifications: Are They
Correct?

Econometric model specifications
must be tested before they can be ac-

cepted as correct, or as approximately
correct. The Cowles econometric theory
workers did not have much to say about
how to decide whether a model had been
correctly specified or not.

In any applied econometric study, the
distinction between variables whose be-
havior is to be explained and variables
whose behavior is to be taken as given
is fundamental. This corresponds to the
distinction between endogenous and ex-
ogenous variables. Although as noted
earlier Koopmans (1950b) had given a rig-
orous statistical definition of exogeneity,
the Cowles group had no method of test-
ing whether the designation of variables
as exogenous had been done correctly
or not. Several such tests are now avail-
able (Sims 1972; De-Min Wu 1973; John
Geweke 1978, 1984, J. A. Hausman 1978,
Robert F. Engle, David Hendry, and
Jean-Francois Richard 1983; and Engle
1984).

When post-sample data demand the
rejection of the hypothesis that an esti-
mated equation has not changed, there
are several possibilities: (1) The form of
the equation was correctly specified, and
did not change, but its parameters
changed after the sample period. {2) The
form of the equation was correct during
the sample period, but changed after the
sample period. (3) Both the form and pa-
rameters of the true equation are un-
changed, but the form specified by the
model builder was incorrect in the first
place, so that the estimated equation is
only an approximation to the true one,
and the approximation no longer held in
the post-sample period. For example,
suppose that the true relation between
two variables is a curve that rises until
1993 and falls thereafter, but a linear
equation is fitted to the data before 1993.
The fitted equation does not turn down
after 1993, but the true relation does,
so that post-1993 forecast errors will be
large, and will reject the hypothesis that
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the fitted straight line describes the new
data.

The appropriate research strategy dif-
fers among these cases: if the form of
the equation is correctly specified and
only its parameters have changed, one
should re-estimate it with post-change
data, but if the form of the equation is
incorrect, one should try a new form.
The Cowles group threw little light on
how to distinguish these situations. Sub-
sequent work has made progress with
this important problem; among the pio-
neers are Hausman (1978} and Edward
Leamer (1978).

g. The Cowles Simultaneous Equations
Estimation Methods

For simultaneous egquations models
the Cowles theorems about least squares
bias and about the consistency of limited
and full information maximum likelihood
estimators are correct, but these meth-
ods are not the most commonly used
methods today.

The limited information maximum
likelihood method (LIML) has become
a curiosum, displaced by the two-stage
least squares (2SLS) method of Henri
Theil (1953, 1958) and Basmann (1957).
The reasons are that 25LS is much sim-
pler to compute, not requiring iterative
computations as does LIML; LIML occa-
sionally gives highly implausible esti-
mates in small samples, which 25LS does
not,?* and the two methods are asymptot-
ically equivalent. For just identified
equations, 25LS gives the same results
as LIML, indirect least squares, and in-
strumental variables. For overidentified
equations, it has a better method than
LIML for coming as close as possible

% Theil (1958, 1961) shows a series of graphs that
explain why LIML occasionally vields weird esti-
mates while 28LS does not. Klein and Mitsugu Naka-
mura (1962) also throw light on this question.

to satisfying the overidentifying restric-
tions. %

The full information maximum likeli-
hood method (FIML) has been largely
displaced by three-stage least squares
(3SLS), because the two are asymptoti-
cally equivalent, and 3SLS is simpler to
compute, not requiring iterative compu-
tations as does FIML. For a system in
which every equation is just identified,
3SLS gives the same result as 2SLS (Zell-
ner and Theil 1962).

Experience suggests that the problem
of least squares bias is not very serious.
Indeed, it is unusual for least squares
estimates to differ much from 2SLS.
Hence the least squares method is still
quite commonly used even for equations
that are part of a simultaneous equations
sytem. When a method free of least
squares bias is desired, the instrumental
variables method is often used because
it is so simple to work with, but many
popular econometrics programs for per-
sonal computers now include 25LS, and
some even include 3SLS and FIML.

8. A Summing Up

Although the Cowles Commission had
an indelible effect on the field of econo-
metrics, its lasting contributions are less
than what its econometric pioneers
hoped for. Those lasting contributions
are principally in theoretical rather than
applied econometrics: the probability ap-
proach, simultaneous equations models,
the distinction between structural and
reduced-form equations, the distinction
between endogenous and exogenous
variables, the identification problem and
its theoretical solution, and the initiation
of research on the construction and statis-

359518 makes the variance difference as close to
zero as possible. The variance difference is the differ-
ence between the two variances that are described
in footnote 15.
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tical properties of estimators. It has been
left to others to fill the lacunae in the
Cowles theoretical econometric effort,
such as model specification, specification
tests, endogenizing of policy variables,
time-varying parameters, serial correla-
tion and heteroskedasticity of distur-
bances, errors of measurement, and the
development of more useful estimators
such as two-stage and three-stage least
squares and estimators for nonlinear
models.

As for applied results, macroecono-
metric models have established a short-
term forecasting record good enough to
keep them in business. But Alfred
Cowles’ dream of predicting the stock
market, and Marschak’s dream of pre-
dicting the effects of economic policy var-
iables so as to control business cycles,
are not yel realized.
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