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INTRODUCTION

Since the publication of Aschauer’s {1989a] seminal paper, the gquestion of the
quantification of the effect of government expenditures on private sector output and
on productivity has been a subject of debate.! The concern is that the estimated elas-
ticities of infrastructure, in particular those using time series, seem to be too high to
be believable [Aaron, 1990; Rubin, 1991]. In a survey of the liferature Munnell con-
cluded: “In my view, the implied impact of public infrastructure investment on pri-
vate sector output emerging from the aggregate time series studies is too large to be
credible” [1992, 191]. Most of this literature has used econometric estimation, and the
most common framework has been an extended aggregate production function (APF),
often Cobb-Douglas, with a proxy for public infrastructure as a third factor of produc-
tion. This has been estimated, also in most cases, using OLS. Critics suggest that the
high elasticities are the result of problematic econometrics; that is, the estimated
parameter of infrastructure is biased upward because the regressions have not taken
into account the possibility of unit roots in time-series estimations; or the possible
endogeneity of the regressors [Aaron, 1990; Berndt and Hansson, 1992; Gramlich,
1994].

Ford and Poret, using data for eleven OECD countries, concluded: “...time series
regressions tend to yield non-robust and sometimes implausible parameter estimates,
suggesting a fundamental problem with the underlying methodology” [1991, 65; ital-
ics added]. This paper argues that the issue at stake is not econometric, and that it is
indeed methodelogical. The problem is much more serious than that of how to prop-
erly estimate an aggregate production function. Indeed, there is a large body of litera-
ture that some time ago questioned the notion of APF on theoretical grounds. Fisher
[1965; 1969a; 1971; 1983] derived the theoretical conditions for successful aggrega-
tion. His conclusion was that the conditions under which the production possibilities
of an economy can be represented by an APF are so stringent that one can hardly
believe that actual economies satisfy them.? And in the three-factor production func-
tion, the case at hand here, the conditions for successful construction of a sub-aggre-
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gate of capital goods such as public infrastructure are even less reasonable [Fisher,
1965; 1983].% On top of this, and related, there is the problem of using “deflated val-
ues” as measures of capital in the aggregate production function (as is the case in the
literature at hand). As Brown [1980, 397-98] shows, unless the restrictive Gorman
aggregation conditions are satisfied, the deflation process will not yield a “real value.”
(See also Robinson [1971].)

The issue discussed in this paper can be encapsulated in the following rhetorical
questions: if Fisher proved that the APF could not be derived from micro production
functions, except under very restrictive assumptions, and that even the construction
of sub-aggregates of capital requires heroic restrictions, what do economists obtain
when they estimate the APF with public expenditures? And in particular, is the pa-
rameter of infrastructure in such regressions a measure of its productivity? What is
wrong with the estimates advanced so far in the literature? Is it just a matter of
running regressions until more «raasonable” estimates appear? Of course one could
argue, following Samuelson 11962], that aggregate production functions are parables
that can be used to illustrate important truths about the production process. This
argument, however, encounters two problems, First, at the theoretical level, Garegnani
[1970] proved that Samuelson’s arguments could not be extended to the more realis-
tic case of heterogeneous goods, (i.e., the one-commodity-model results do not hold in
heterogeneous commodity models). Furthermore, Fisher [1969b] also proved that the
conditions for the existence of aggregate production functions are unlikely to hold
even as approximations. Second, it is not clear what the parable argument means in
the context of applied work. Once one decides to estimate a production function at the
aggregate level with actual data, one has to ask questions such as “What for?”; “What
do we expect to obtain?”; “How are we going to interpret the results” (e.g., estimated
parameters)?; and “Are we going to derive (policy) implications from the estimates?”
The arguments in this paper relate to this second set of questions.

To gain insight into the issues at hand, Table 1 shows the estimates of the stan-
dard Cobb-Douglas augmented with infrastructure for the U.S. private sector. I use
the data set provided by Ford and Poret [1991] for the United States from 1960 to
1989, taken from the OECD’s Analytical Database. The OECD database provides two
measures of infrastructure in constant prices: the so-called “narrow definition,” which
is the capital stock of producers of government services (denoted here by G11n levels
and g1 in growth rates); and the “broad definition,” which consists of the components
of the narrow definition plus equipment and structures in electricity, gas and water,
and structures in transport and communication (these are subtracted from the pri-
vate-sector capital stock. Ford and Poret [1991] provide details of these measures.

The first two equations are in growth rates, and the following two in levels. The
results shown in this table are quite standard. The problem is how to interpret the
estimates, in particular the negative sign of the stock of private capital. If this regres-
sion were indeed an aggregate production function, what should we make of it?

The paper develops a general argument, with direct implications for the discus-
gion of the empirical results observed in the literature, to show why estimation of
APFs yields, in general, contentious estimates of the productivity of infrastructure.
Furthermore, the argument questions the estimates of APFs as meaningful even if
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TABLE 1
Cobb-Douglas Production Function with Infrastructure

A. (Growth rates. Narrow measure} ¢, =8gl, +af, + Bk,

Constant & a B R2 bW
0.045 104 1.33 —1.95 0.80 2.22
(3.63) (5.16) {10.43) (~5.04)

B. (Growth rates. Broad measure} ¢, =5g2, +af, + Sk,

Constant ] a g R2 D.W
0,051 1.67 1.37 —2.52 0.81 2.14
(4.12) (4.88) (10.24) (—5.61)

C. (Levels. Narrow measure ) In@, =8InGl, +alnk,; +fInkK,

Constant 8 « B RZ D.W
-6.82 (.89 1.50 —0.68 3.99 0.53
(-6.84) (8.04) (6.22) (—3.81)

D. (Levels. Broad measure } InQ, =3 1nG2, + alnL, +§Ink,

Constant 5 o B R? D.W
-8.53 1.31 1.49 ~0.91 0.99 0.40
(-5.65) (5.94) (5.67) (—3.37)

t-tests in parenthesis. Data for the U.S. private sector for 1960-89 (Ford and Poret 1991).

one could prove that the APF existed. This argument is that underlying every produc-
tion function there is the income accounting identity that relates output to the sum of
the wage bill and total profits. This identity can always be rewritten as a mathemati-
cal form that resembles a production function, Thus, if what has been estimated is, in
fact, an accounting identity, we should be able to explain rather easily why estima-
tion of aggregate production functions tends to yield very high fits (potentially R*= 1),
as the results in Table 1 indicate. The argument also explains the expected size of the
estimated parameters.

The rest of the paper is structured as follows. The next section develops the gen-
eral argument in the context of time series, and explains why the existence of the
underlying accounting identity matters for the interpretation of the estimates of the
production function. We then discuss the specific case of the production function with
infrastructure followed by a presentation of the empirical evidence. We continue by
developing the argument further, and discuss the case of the cross-section production
function with infrastructure expenditures. We then offer a discussion of the produc-
tivity puzzle observed by Aschauer and others.
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THE AGGREGATE PRODUCTION FUNCTION AND THE INCOME
ACCOUNTING IDENTITY

This section explains why estimation of APFs cannot yield estimates of the tech-
nological parameters in the context of time series analysis. The essence of the argu-
ment lies in the underlying relationship that exists between the APF and the income
accounting identity.* To see this, let’s write this identity for value-added of the pri-
vate sector, namely, the sum of the wage bill plus the operating surplus (a similar
argument can be developed with gross output),

(1 Q =wl +rkK

where @, w, r, L, and K denote output (real value added), the real average wage rate,
the average accounting profit rate, employment, and stock of capital, respectively. @,
w, and K are monetary values deflated, and L is a quantity (number of hours or num-
ber of workers).5 Equation (1) holds as an identity (i.e., without behavioral assump-
tions) for every period. It states that income equals the sum of the wage bill plus all
types of profits. It does not assume constant returns to scale or perfect competition. It
holds in every type of market, and it is compatible with any (aggregate) technology, or
with the non-existence of any technology. The operating surplus (i.e., all profits on all.
types of capital goods) is written as the ex-post or accounting average profit rate (not
the user cost of capital) times the stock of capital. The series @, L, and K in equation
(1) are the same as those used to estimate the APF. Now let’s rewrite equation (1) in

growth rates as
(2) q,=a®,, + (1-a)e,+al+ (A-a)k= e+ afs+{1- a e,

where q, £, and % are the growth rates of output, employment, and capital, respec-
tively; ¢ , and ¢, are the growth rates of the wage and profit .rates, respectively;
a,=wL)Q, and 1-a,= (rK)/Q, are the labor and capital shares in total eutpu_t; and
¢, =a,0,+(1-ale,- This derivation does not involve any behavioral assumption. .
Without affecting the substance of the argument, assume that factor shares in
this economy are constant over time, (i.e., @, = ). (This assumption will be relaxed

later on.) Integrate equation (2). This yields:
(3) Q,=Aw;r LK

where A, is the constant of integration. It should be obvious that equation (3) is the
income accounting identity, equation (1), rewritten under the assumption that factor
shares are constant. In other words, if factor shares in a given economy were constant
and one were to estimate equation (3) unrestricted, one would certainly obtain a per-
fect fit, and estimates equal to the factor shares. Expression (3) is very important for
purposes of this paper because it clearly resembles a Cobb-Douglas function. The
difference is, of course, that equation (3) includes the wage and profit rates. But sup-
pose equation (3) is written as @, = A ALK where Aty = wpr!™® Now this ex-
pression certainly looks like a Cobb-Douglas function. What this indicates is that if
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we find a function of time that describes the motion of the product A} = wr ™, the
last expression will eontinue yielding a perfect fit and estimates of the coefficients of
labor and capital equal to the factor shares. Suppose, for example, thatin this economy
the growth rates of the wage and profit rates are constant, (i.e., their paths are
¢, = ¢,le,o=explgfland o, =¢, le,r,= exp(e t)). Under these circumstances,
equation @ =Aw?r ' L"K}!= A A(t) L*K}!*becomes §, = A e L K '™, where e is
the exponential number, “t” is a time trend, and ¢ = ag_ + (1—a)g,. This form re-
sembles the standard Cobb-Douglas with a time trend; but remember that here no
reference has been made to a production function, and thus there is no reason why it
should be interpreted as such. All these results follow simply because of the underly-
ing accounting identity [Samuelson, 1979, 933].

What this argument shows is that if in this economy factor shares and the growth
rates of the wage and profit rates are constant, then the equation @, = A e* LK
will provide a perfect fit to the data. And of course, if these assumptions are not true,
the standard Cobb-Douglas with a linear trend will not work empirically. Certainly
these two assumptions have nothing to do with the existence of an aggregate produc-
tion function. Factor shares can be constant for a myriad of reasons that have nothing
to do with a Cobb-Douglas production function, (e.g., a constant markup) [Kaldor,
1958]. Furthermore, in his seminal paper, Fisher concluded, “the view that the con-
stancy of labor’s share is due to the presence of an aggregate Cobb-Douglas produe-
tion function is mistaken. Causation runs the other way and the apparent success of
aggregate Cobb-Douglas production functions is due to the relative constancy oflabor’s
share” [1971, 306]. .

To see what occurs empirically when one estimates a production function, first we
estimate the income accounting identity under the assumption that factor shares are
constant. This corresponds to the estimation of equations (2) and (8), in growth rates
and levels, respectively. Estimation of these forms can be interpreted simply as a test
for whether factor shares are constant. If indeed they are, these expressions should
work empirically, (i.e., will yield very high fits, parameters very close to the average
factor shares, and because they are identities, they will have to yield [almost] identi-
cal results). Results shown in equations A (growth rates) and B (levels) in Table 2 are
clear. The four parameters estimated are very close to the average factor share,
Ge,v,=a;y,=1l-ag;v,=a,;vy = 1—a). (The average labor share, its standard
deviation, as well as maximum and minimum values are shown in the table.} The
only way to simultaneously explain the proximity of the parameters to the factor
shares, the extremely high t-statistics and fits, and the fact that it does not matter
whether we use growth rates or levels, is by arguing that what has been estimated is
an identity. This analysis confirms that factor shares are (sufficiently) constant, and
thus verifies the first hypothesis for this data set. We conclude that because factor
shares are (sufficiently) constant, a Cobb-Douglas “production function” should work
properly with this data set.

To continue with the argument, we now fit the Cobb-Douglas form with the linear
trend. As discussed above, this expression follows from the previous identity (under
the assumption that factor shares are constant) by imposing a second assumption,
namely, that wage and profit rates grow at constant rates. Estimation results are
shown in equations C (growth rates) and D (levels) in Table 2. The results are striking
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TABLE 2
Value Added Accounting Identity
(Time Series) Equation 2

A. (Growth rates) g; = Y@y * YaPrs * Yols + Yoty

T Yo Vg Y4 oo R2 D.W.
0.579 0.418 0.582 0.417 0.576; 0.012 0.9999 1.56
(230.94) (270.98) (247.76) (190.08}

Max.(a)=0.594; Min.(a)=0.6b5

B. (Levels) In@, = ¢ + yylme, + yolor, + yglnis + yelnk,

2

Constant 4] Yo Ya Yy R D.W
-5.94 0.574 0.423 0.578 0.422 1.00 1.24
(—334.28) (454.00) (306.45) (228.53) {212.38)
C. (Growth rates) g, = ¢ + yslp+vsk,
Constant T3 V4 R2 D.W,
0.056 1.15 -1.35 0.63 1.15
(3.26) {6.65) (—2.59}
D. (Levels) In@,=c + ol + yglnL, +y4Ink,

2
Constant @ Y3 Y4 R D.W.
4.99 0.024 0.287 —{.029 0.982 0.35
(0.98) (1.25) (0.85) {—0.059)

t.statistics in parentheses. Data for the U.5. private sector for 1960-89 (OECD’s Analytical Database). @

is the average labor share; o is the standard deviation of the labor share; Max. and Min. are maximum

and minimum values of the labor share, respectively.

in that now the estimates diverge significantly from the factor shares (these are what
anyone would call very poor regression results). Why do these forms fail to perform
well? In the light of this analysis, the answer is obvious: because the second assump-
tion (i.e., that the weighted average of the growth rates of the wage and profit rates is
a constant) is incorrect for this data set. We need to search for an alternative path for

the weighted average.

THE AGGREGATE PRODUCTION FUNCTION WITH INFRASTRUCTURE

To see how this argument relates to the case at hand (i.e., the production function
with infrastructure expenditures), we proceed as follows. Continue assuming that in
this economy factor shares are constant. (We have already tested this assumption
and concluded that it is empirically valid.) Alternatively, we have seen that wages
and profit rates do not grow at constant rates (this is the incorrect assumption that
makes the regression with a linear trend yield such poor results). Rather, suppose
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that in this economy the growth rates of the wage and profit rates follow (i.e., they are
well tracked by) the paths ¢ = 8,g (w, = Gt‘sl in levels) and ¢, = 8,g(r, = Gt52 in
levels), where g, denotes the growth rate of public infrastructure expenditures (G, is
the level), and 8, and §, are constants. These assumptions need not have theoretical
content in the sense that we are not trying to model the wage and profit rates (see
discussion below). Thev are simply empirical assumptions, the same as those above
when we hypothesized that these growth rates were constant, which can be corrobo-
rated or refuted (and remember that the aggregate production function continues, in
all likelihood, without existing). Under these circumstances, ¢, in equation (2} be-
comes

(4) Py=00,; + L —a)@, =agy, + 1-ag,; =ad g, +1-a)dyg, =B,

where 8 = a8, + (1—-a)d,.

Equation (2) then becomes:

(5) g, =ap, + (1-a)p+al+(1- akk=8g, +al+ (1-ak,
If we now integrate equation (5), we obtain:

(6 Q =AGLK .

[ AN

What is equation (6)? Given the derivation above, it is the income accounting
identity for output of the private sector, equation (1), rewritten under the assump-
tions of constant factor shares and the paths of the wage and profit rates assumed in
this section, namely, w, = Gtgl and r, = Gt62 . Suppose one estimated equation (6)
unrestricted with the parameters of infrastructure investment, labor and capital,
denoted A, a, B, respectively and assumed the hypotheses made about the data to
derive equation (8) were correct. OLS estimation will inexorably yield A = §=a8, +
(1—a) §,, a =a, B = 1—a, and a suspicious perfect fit. However, as before, the elastici-
ties equal the factor shares simply because of the accounting identity. Likewise, the
finding & > 0 cannot be interpreted as evidence of increasing returns. We have simply
estimated an accounting identity. On the other hand, if these assumptions were in-
correct for the data set in question, but one nevertheless estimated equation (6), one
will not find a perfect fit, and the estimates will diverge form those derived above.
Negative estimates are perfectly possible (see Table 1).f From an econometric point of
view, if G does not track the weighted average of the wage and profit rates in equa-
tion (2) well, including it in the regression will lead to a mix of bias of the labor and
capital coefficients due to omitted variables (for missing a proper account of the
weighted average in the procuction function), and to inefficiency (for introducing a
potentially irrelevant variable, G, in the regression).

An important question is why wage and profit rates are connected to infrastruc-
ture. It could then be argued that if such relations exist (i.e., if verified econometrically),
then infrastructure must play a role (in a causal sense) in production. That is, sup-
pose we estimate equation (6) unrestricted and the coefficient of G appears to be
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positive, statistically significant, and with a “reasonable” size. One then might argue
that the reason is that the aggregate-production (techntological) relationship must
exist. Such an argument is an example of the so-called fallacy of affirming the conse-
quent.” If the aggregate production function cannot be derived theoretically, estima-
tion of equation (6) does not prove its existence, and thus one cannot claim that the
estimated coefficients are the technological parameters [Blackorby and Schworm, 1984,
647]. The assumptions about the wage and profit rates have to be interpreted in the
spirit of Fisher. That is, suppose there is no well-behaved aggregate production func-
tion, and yet an equation like (6) works econometrically. This can occur only because
equation (6) is simply tracking the identity equation (1). Reversing the argument and
concluding that the production function must exist because an equation like (6) ap-
pears to yield “sensible” econometric results is a fallacy.

Munnell [1992] and Gramlich [1994] discussed in their surveys three possible
econometric problems that could affect the results: (1) spuriouness and common trends,
(2) missing variables, and (3) endogeneity of the regressors. None of these issues can
be considered a problem. Ifa, = a, w, = GtSl ,and r, = Gt52 are the approximately
correct paths, then it is clear that an equation like () should work (R? will be very
high, and the three estimated parameters will take on the theoretical values derived
here), and thus those three problems do not apply (even in case where the regression
shows a low Durbin-Watson, and tests for cointegration indicate that the variables
are indeed cointegrated, which is possible in the context of an identity). Naturally, if
we are not estimating the identity exactly (because, for example, factor shares vary
slightly, or because we are not tracking the weighted average of the factor prices with
the paths w, = Gt‘Sl ,andr = Gt62 well, and we nevertheless fit a Cobb-Douglas), the
regression may improve from an econometric point of view by running it in first dif-
ferences or using cointegration methods, if the variables happen to contain unit roots;®
or by including extra variables in the regression (e.g., a time trend or a measure or
capacity utilization) to track the path of the wage and profit rates better; or by build-
ing a simultaneous equation model. But all these issues are secondary. What has
likely happened in most empirical applications discussed in the literature is that the
path of the weighted average of the wage and profit rates has been incorrectly tracked.
All we have to do is search for the correct one, which certainly exists. This will lead to
another functional form, (i.e., other production function), which is ultimately another
way of writing the income accounting identity in a way that is consistent with the
data set.

If factor shares are not constant, we know that the Cobb-Douglas will not work,
and we need a different path. This is not a problem, for once we identify their path, we
will plug it into equation (2) and upon integration we will obtain another form that
will Iook like another production function, such as the translog, which can be seen as
a more complex approximation to the income identity. For the translog to work, factor
shares will have to vary significantly. Let us derive this form from the identity (We
continue working under Fisher's conclusions (Le., there is no well-behaved APF). Sup-
pose in this economy factor shares are not constant; in fact they show some trend,
which can be modeled as:

(7 a,= o+ 20 InL,+ aInkK, + o InG,
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(8) 1-a)=o+ 20, InK + a.InL + o InG,

Likewise, suppose the weighted average of the growth rates of the wage and profit
rates follows the path:

(9) ¢, = X + (o, + 20, InG, + e InK, + alnl )g,
Substituting now these three paths into the identity equation (2) yields:

(100  q,=r+(o, + 200K +alnl, + o nG )k, + (a, + 20, 0L + o K, + o InG )7,
+ (o, + 20,InG, + o, InK, + a InL)g, o

and integrating we obtain:

(11) In@, = a,+ o,InK, + a,InL, + e InG, + a,(InK ¥ + a(InL ) + a(InG.)?
+ &,(InKInL) + o (InK InG.) + a(InLInG) + M.

As before, given the derivation, equation (11) must be interpreted as the income
accounting identity rewritten under the paths in equations (7), (8), (9). The difficulty
is that it looks like a translog production function. This implies that equation (11)
when fitted econometrically, will work if and only if the data follow the paths given b):
equations (7)-(8)-(9).

EMPIRICAL EVIDENCE

Recall that to derive equation (8) two assumptions about the data were imposed.
First, factor shares are constant. The second refers to the precise path of the wage
and profit rates. The first assumption was tested and confirmed in Table 2. We now
proceed to test the second assumption, (i.e., the paths of the wage and profit rates are
@, =0g lorw, = Gt'si and ¢, =c,glorr, = Gf’z 1), conditional on the constancy of the
factor shares. To carry out this second test, we substitute the paths of the wage and
profit rates in terms of the infrastructure variable. This amounts to an unrestricted
fitting of equation (5) (growth rates), or equation (6) (levels). If these paths are cor-
rect, we should expect the coefficient of infrastructure expenditures to be equal to
[ad, + (1-a)8,] and the parameters of capital and labor should continue to be equal to
the factor shares. In fact, this was done in Table 1, where we obtained rather poor
results.

Further results are provided in Table 3. It shows a total of four regressions, the
first two in growth rates and the other two in levels, with the narrow and broad
definitions of infrastructure, and including a time trend and a measure of utilization
capacity, as done by Aschauer [1989a]. Results are similar to those reported in the
literature. The difference is that now we know what caused them. All the “extra”
variables do is provide a proxy for the weighted average of the growth rates of the
wage and profit rates. If the approximation is good, the regression results will he
“good”; and if, not, they will be “bad.”
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TABLE 3
Cobb-Douglas Production Function with Infrastructure (Equations 5 and
6) Augmented with Time Trend and Capacity Utilization

A. (Equation 5. Narrow measure) ¢, = 8 gl; + ab, + Pk, + Tt + mou,

Constant & @ B T T R2 D.W.
0.007 0.8% 0.16 —0.23 0.00042 0.38 0.92 2.42
(0.38) (2.52) (0.62) (—0.55} (0.88} (5.28)

B. (Equation 5. Broad measure) g, =38 g2, + af, + Pk, + 7t + wew,

Constant 8 a B T T R2 D.W.
0.026 0.79 0.22 —0.53 0.000014 .37 0.91 2.24
(1.48) (1.48) (0.85) {-1.03) (~-0.03) (4.32)

C. (Equation 6. Narrow measure }Ing, = §InGL,; + alnL, + BInK, + <t + weil,

Constant 8 @ B T T R2 D.W.
3.45 0.66 0.51 -0.86 0.033 0.31 0.999 1.19
{3.26) (7.66) (2.89) {—-3.16) {6.26) (4.76)

D. (Equation 6. Broad measure YinQ, = & InGZ; + olnL, + BInK, + 7t + Tewu,

Constant 8 o B T T R2 D.W.
3.26 0.97 0.837 —1.07 0.037 0.37 0.998 0.83
(2.41) 5.17) (1.64) {(—2.45) (4.74) (4.50;

t-tests in parenthesis. Data for the U.S, private sector for 1860-89 [Ford and Poret, 1991].

The problem, from a graphical point of view, is the following. Figure 1 shows the
weighted average of the growth rate of the wage and profit rates as well as the growth
rates of the narrow and broad definitions of infrastructure. The latter two display
much less variation than the weighted average. This explains why we obtained such
poor results when we fitted the Cobb-Douglas with infrastructure in Table 1. While
factor shares are constant, and thus we should expect a Cobb-Douglas to work, the
approximation that infrastructure expenditures provides to the weighted average of
the wage and profit rates is very poor (and the same argument applies to the inclu-
sion of the time trend), and this biases the estimates.

It has been shown that neither a linear time trend nor public expenditures prox-
ies the evolution of the weighted average correctly. Remember that ultimately we are
approximating ap identity, and that we have seen that factor shares are sufficiently
constant in this data set so that a Cobb-Douglas form should work. All we need, as
argued above, is a mathematical function that approximates the weighted average .
Can this be done? It is simply a matter of trial and error. We have found a function for
the regression in levels that yields the following results:
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FIGURE 1
Weighted Average of the Growth Rates of the Wage and Profit Rates
Growth Rates of Broad and Narrow Measures of Infrastructure
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(1.85) (2.87)  (1.38)

with R? = 0.982 (t-statistics in parentheses). If we compare this regression with equa-
tions C-D in Table 1, or equation D in Table 2, we will conclude that this one is sub-
stantially better. The most remarkable features are the proximity of the estimated
parameters to the factor shares, and the fact that the negative sign of the capital
stock has disappeared. The interesting question is: what is A(£)? A(#) = Constani + T—
Sin(7?) + Sin(T%), where T'is a time trend.”* Although the approximation is not perfect
yet, it proves the point.’* And the message behind this exercise must be clear: all we
have done is to approximate the income accounting identity equation (1).

SOME EXTENSIONS: ALGEBRAIC TRANSFORMATIONS

Here we _extend the discussion to two other frameworks that have been used, but
which ultimately are also transformations of the income accounting identity and thus
do not provide a solution, because they suffer from the same problem of interpreta-
tion. The first is the estimation of the equation for total factor productivity growth,
and the second is the estimation of the first-order condition.

Aschauer [1989a] and Ford and Poret [1991] used a Cobb-Douglas function with
infrastructure expressed in growth rates, assumed competitive product and factor
markets, and added together the total contribution of the private sector inputs labor
and capital, each weighted by its share in output. That is,
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(12) g,=dg, +68la ¢+ (1—a k] =3g, +6PSI,

where [a,£,+ (1-a)k ] = PSI, represents the total contribution of private sector inputs.
The parameter 8 is the elasticity of output growth with respect to infrastructure, and
o is the elasticity of output with respect to the private sector input bundle. 6 =1
implies constant returns in private inputs. The previous expression can be trans-

formed inteo:
(13) TFE =3 g, +(@-1 [a,f, +(—a)kl=5g,+(0-1PSI, =&, + ST,

where TFP,=q,~[a,+ (1-a)k]1s the rate of growth of total factor productivity, and
(9—1) = y(constant returns to scale imply now &= 0). This is the relationship Aschauer,
and Ford and Poret used. However, note that the identity equation (2) can be trans-

formed as follows:
(14) q,=0, P+l —a)py + ulad +H1 -k =@, + (1-a,)e, +4x P8I, or

(15) TFP,=agp,, + (I-aj)e, + (p—Dlgf + (1-alk]
= plopu, + 1 ~a)p 1+ (-1 PSI; = p RES, +{(z-DPSI, = pRES, + &SI,

where RES, = [a,¢,, + (1-aje,], and (-1) = 7. We can now compare equations (13) and
(15). Because the latter is an identity, and given its derivation, OLS estimation will
surely yield p = 1, 7= 0, and a perfect fit. We can use this fact as our reference point.
Why? Because if g, in equation (13) tracks exactly the path of RES, in equation (15),
then equation (18) will yield a perfect fit. And if that is the case, it will also be true
that the estimated parameters willbe =1 and ¢ = 0. The latter (i.e., iy = 0), however,
cannot be interpreted, as constant refurns to scale. On the other hand, if the approxi-
mation is not good enough, the fit will be less than unity, and the lower the correla-
tion between g, and RES,, the farther the point estimates 8 and ¢ will be from the
reference values 8 = p = 1 and ¢ = 7 = 0. Evidence is provided in Table 4.

The first two regressions in the table are equation (13). The first one includes the
narrow measure of infrastructure (gl), and the second one includes the broad mea-
sure (g2). It can be appreciated that in both cases the fit has decreased substantially
with respect the potential R? = 1. We also note that the estimates are relatively far
from the reference values 8 = 1 and ¢ = 0, and both equations imply unbelievably high
putative “increasing returns” in both private sector inputs (0 is around 1.4) and over-
all inputs((8 + 0) is close to 2).

Aschauer [1989a, Table 1, Panel B, equation 1.7] and Ford and Poret [1991] ar-
gued that the above regressions do not take into account cyclical variations, and for
this reason they included the rate of capacity utilization (cu) as a regressor.”® The
results including this variable, shown in the lower half of Table 4, seem to indicate a
substantial improvement with respect to the previous two regressions, at least in
terms of fit. It is easy to understand why this occurs. The regression given by equa-

INFRASTRUCTURE PRODUCTIVITY: A REASSESSMENT 335

TABLE 4
Total Factor Productivity Growth and the Accounting Identity
Equation 13

A. (Narrow measure) TFP, = ¢ + 8 gl, + $la, £, + (1—a, )k, ]

Constant 8 i R2 DW
—-0.02 0.584 0.406 0.168 1.28
(—1.71) {1.89) (1.44)

Implied 8 =1+y=1.40 (5.00); Implied (5+8)=1.99 (4.58)

B. (Broad measure) TFP,=c + 8 g2, + Pla, ¢, + (1—a; )k, ]

Constant & i R2 D.W
—0.012 0.357 0.359 €.074 1.18
(—0.85) (0.74) (1.21)

Implied 8 =1+4=1.36 (4.60); Implied (&+8 }=1.72 (3.07)

C. (Narrow measure) TFP, = c + § g1, + ¢le, £, + (1—a, Yk, 1+ weu,

Constant & ¥ o R2 D.W
0.016 0.451 —0.889 0.412 0.85

. . . 2.27
{2.64) (3.41) (—56.31) (10.89)

Implied 0 =1+y=0.10 (0.59); Implied (6+6 }=0.55 (2.43)

D. (Broad measure) TFP, = ¢ + 8g2, + ¥la, ¢, + (1 —a, Yk, 1+ mcu,

Constant 8 ] T RZ D.W
0.017 0.579 -1.01 0.435 0.84

. . 2.09
(2.62) (2.84) (~5.70) (10.92)

Implied 6 =1+y= —0.012 (-0.07); Implied (§+6 )=0.56{2.19)

t-tests in parenthesis, Data for the U.S. private sector for 1960-89 [Ford and Poret 19911,

tion (13) “misspecifies” the weighted average of the growth rates of the wage and
profit rates in two combined ways. First, by omitting the weighted average from the
regression, and second, by including a series of (potentially) irrelevant variables (in-
fr_astructure and capacity utilization). The size and sign of PST depends on the com-
hined effect of these two problems (although we know that the first problem is far
more serious econometrically).’ Note that the growth rate of the profit rate (¢} is
highly procyclical while the growth rate of the wage rate (¢ ) is not (these are ::veH
known facts). This indicates that variations in the weighted a\;aérage are mainly driven
by variations in the growth rate of the profit rate (factor shares are constant so that
they do not affect variations in the weighted average). When the growth rate of the
profit rate is omitted from the regression (strictly speaking, it is misspecified), the
regression deteriorates. However, if one now includes a procyclical variable such as
the rate of capacity utilization, the regression will again more closely approximate
the identity. Hence the increase in fit [Felipe, 2001; Felipe and McCombie, 2001].
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The regression results are, nevertheless, far from optimal. Note that the esti-
mates of ¢ have changed drastically. They are around —1, implying (private sector)
returns to scale of 0. This, in turn, implies that private sector inputs have little effect
on output at the margin. And overall returns to scale (8 + 6) are slightly over 0.5. Is
this sensible if what had been estimated were a “production function”? When Ford
and Poret estimated this equation for 11 OECD countries they could not draw any
coherent inference (estimates differed widely from country to country), leading them
to conclude that “the regression results suggest that the numerical estimates of the
effect on infrastructure productivity are not robust enough to support a policy recom-
mendation of a sharp acceleration of infrastructure investment” [1991, 74]. It should
be clear why this is indeed the case.

A further alternative to the frameworks discussed above is to estimate the first-
order condition(s). The optimization condition is w = dQ/dL for labor, and r = dQ/dK
for capital. In the case of the Cobb-Douglas these expressions reduce to w = a(Q/L)
and r = (1—a)(@/K) . But what would estimating these regressions yield? As we are
going to show, if factor shares are sufficiently constant so that the Cobb-Douglas is
the correct form, estimating the above expressions (unrestricted estimation as
w = y(Q/L)and r = v,(Q/L) must yield v, = a (the labor share) and vy, = (1 —a) (the
capital share). To see why this is the case, consider the definition (an identity) of the
labor share, (ie., @, = (w1 /Q)). This can be rewritten as w, = a(@/L,). Suppose, as
above, that in this economy the labor share is (sufficiently) constant, (i.e., @, = a) so
thatw, = a(Q/L,). This last expression, an identity, 18 indistinguishable from the labor
marginal productivity condition. Because it is an identity, its estimate says nothing
about the technology, producers’ behavior, or market conditions (i.e., profit maximi-
zation and competitive markets). The parameter estimated will be the labor share (a
similar argument holds for the profit rate, yielding r, = (1—a)@/K)). For the case
under consideration, OLS regression of w, = v,(Q/1,) yields v, = 0.577 (t-statistic =
282.93), statistically equal to the average labor share (a). OLS regression of
r,= v, (Q/L) yields v, = 0.424 (t-statistic = 186.96), statistically equal to the average
capital share (1—a). It must be stressed that these results cannot be interpreted as
evidence of profit maximization and competitive markets. They only confirm that
factor shares are (sufficiently) constant. Summing up: the marginal productivity con-
ditions, the same as the aggregate production function, are not testable forms be-
cause they cannot be statistically rejected.’

Aschauer {1988} used an extension of this framework to test the importance of
public sector capital accumulation on the rate of return to private capital. However,
in the light of the arguments in the previous paragraph, 1t should be obvious that
such a framework has also a problematic interpretation. How did Aschauer proceed?
He substituted the production function @, = AGLSKPback into the numerator of the
first-order condition for capital, and imposed the restriction that the coefficients of
public expenditures, labor, and capital, add up to unity (o + 8 + & = 1). This yields
r, = BL /K )(G/K ), an expression which, under the arguments put forward in the
paper, does not have a structural interpretation unless it can be shown that the ag-
gregate production function exists.
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CROSS-SECTIONAL DATA

Not surprisingly the argument remains for cross-sectional data. It is interesting
h.owever, to see how the relationship between the identity and the production funcj
tion arises in this case.® For a cross section, the labor share can be written as
a, = (w,L/Q); and similarly the capital share as 1-a, = {(r K/@Q ) (where { denotes the
units of Ehe_ cross section). For a low dispersion in factorts};alfes, the appreximation
@ = (w I /@), where a bar denotes the average value of the variable, holds. Then the
following also holds:!’

(16) @, /@) = w, fw)L; /LY (Q,/Q)
and a similar expression follows for the capital share (1-a.):
(17) A-g)/-a)y=0r/FXK,/ K) ] (Q,/Q).

For small deviations of a variable X from its mean X , it follows that In(X / X)=
(X /X)—1. Thus, taking logs in equations (16)-(17) and using this approximattion we
can write:

(18) In(w; /@) +In(L, / L) - In(@, / Q) ={a; /@) - 1
(19) In( /7 +InK; / K) - In@, /Q) = [~ a,) (1 -&)] -1

Multiplying equations (18) and (19) by @ and (@ —1), respectively, adding them,
and rearranging the result yields:

(20)In@, =B +dInw,+ (1-a}lor,+anL + (1-a}nK;=B + AG)+aInL + (1-a)nkK

v:_rhe.re B =(n@ —alhw —(1-a)nr - glnl —(1-@)In K )is a constant. Notice the
sn.nllgrlty between equation (20) and a Cobb-Douglas production function. The latter
with infrastructure expenditures for a cross-section is:

(21) Q=CG LIKf

where C is the constant term. But if one estimates equation (21) unrestricted (in
logarithms) for a cross-section of industries, regions or countries, and the variable
InG, correctly approximates the term A(@) = alw, + (1—-a }lnr;in equation (20), it
follows that the estimated coefficients will be very close to the fE:ctor shares, and the
fit will be very high (potentially unity). From an econometric point of view, if the
variation in w,and r,is picked up by the variation in G, (i.e., if infrastructure expendi-
tures pick up the paths of the wage and profit rates, Inw, = 8,InG,and Inr, = § In(7.)
then the regression will work, and will yield the estimates « = @, = 5 , and 5= @c

+(1—& )e,, which might be interpreted incorrectly as “increasing returns.” It must bé
stressed that the assumption of low variability in the factor shares above is, as in the
time-series case, not the key question. What the argument says is that if the disper-
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sion in factor shares is low (for whichever reason), then an equation like (20) will yield
very good results, whether an aggregate production function exists or not. And the
opposite: equation (20) will never work if the dispersion in factor shares is relative
large.

Suggestive empirical evidence is shown in Table 5. First we estimate the identity
equation (20) for a sample of 12 OECD countries. The proximity of the estimates to
the average shares (ie., v, = &; v, = 1-a;v,= a; v, = 1-a)indicates that indeed
factor shares are sufficiently constant for this sample of 12 advanced countries, Hence
once should expect a Cobb-Douglas production function to work. The second regres-
sion is equation (21). This regression yields what any economist would label as excel-
lent results. The estimates of labor and capital continue being in the neighborhood of
the factor shares, adding up to 0.964, statistically not different from unity. And add-
ing infrastructure, the three parameters add up to 1.097, statistically different from
unity, thus implying slight increasing returns. As discussed above, these results fol-
low simply because the variable InG, proxies well [@ Inw, + (1— @ )lnr)]. Indeed for
this data set, the correlation between InG, and (0.645lnw, + 0.355Inr) 15 0.81. As ar-
gued above, if the aggregate production function does not exist, this high correlation
cannot be interpreted in a behavioral sense, and the elasticities obtained are deter-
mined by the accounting identity.

We can now shed light on Munnell’s [1990b, Table 5] results, and what she refers
to as “sensible” estimates. The coefficients of capital and labor are almost identical
with their shares in total income, they are highly significant, the fit is above 0.99, and
her results show slight increasing returns. What explains all this simultaneously is
that her equation is tracking the value-added identity impeccably well. Why? Be-
cause factor shares for the forty-eight states are almost constant (thus a Cobb-Dou-
glas form must work), and public capital appears to be highly correlated with the
weighted average of the factor prices. But the conclusion is, as in the case of time
series, that this estimate of 3 cannot be taken to be a measure of the productivity of

infrastructure.
THE PRODUCTIVITY PUZZLE

As indicated in the Introduction, Aschuer’s work took place in the context of the
debate over the productivity decline of the 1970s, after economists observed a sharp
decline in the rate of total factor productivity growth. The analysis in this paper al-
lows some hypotheses that have been unexplored. From equation (2) it follows that:

(22) ¢, =49, ~q ‘Et - (l_at)kt =a,¢,,+ (1-0":)@”

Recall that equation (22) has been derived without any reference to a production
function. Thus, the so-called Solow residual (TFP growth) is simply our weighted
average of the growth rates of the wage and profit rates (nothing to do with the dual
interpretation of TFP growth!). And we must insist: without reference to a production
function, such an expression cannot be interpreted as a measure of productivity.’® It
is simply a measure of distributional changes. We have seen that factor shares vary
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TABLE 5
Value Added Accounting Identity and Cobb-Douglas Regression
Cross-Section Data, 1988

Equation 20. InVA,=B+yInw+vy,lnr+ylnl;+y,InK;

B L) Y2 Y3 Ya R?
—7.96 0.61¢ 0.352 0.638

. K 0.367 06.9999
(—48.38) {36.88) (28.50) (49.02) (27.49

a =0.645; 0=0.063

Equation 21. InVA,; = ¢ + olnL; + BlnK; + 8InG;

Constant P B & R2
—~3.13 0.5621 0.443 0.133 0

. . .995
(—5.11) (2.79) (2.15) (1.60)

(7 in these equations represents the narrow definition of infrastructure.

Source: OECD database. Countries: Australia, Belgium, Canada, Denmark, Finland, France, Germany
itzly, dJ ]fpan, Sweden, U.X.,, U.8.A. ¢ isthe average lahor share, and ¢ is the standard deviation of thé
abor share.

little, so variations in TFP growth are (mostly) associated with variations in the growth
rate of the wage rate, and variations in the growth rate of the profit rate. Figure 2
shows again the weighted average of the growth rates of the wage and profit rates ¢
(i.e., the TFP rate) together with the growth rates of the wage and profit rates, ¢ anci
@, respectively. One interesting aspect is that the profit rate varies substanuij;ially
more than the wage rate (i.e., the profit rate is markedly procyclical while the wage
rate is only mildly procyelical). This is what economists, essentially, observe when
they calculate Solow’s residual.

Figure 3, on the other hand, graphs the profit rate in levels (r). It shows a down-
*.ward trend after achieving a maximum of almost 25 percent in 1965/66. Summing up:
if economists want to continue analyzing and exploiting the information contained in
the Solow residual, perhaps it would be more illuminating to study the evolution and
d.eterminants of wage and profit rates (without relating them to an aggregate produc-
tion function). To this purpose, perhaps a framework that directly links growth and
distribution, such as those of Kaldor [1256] and Pasinetti {1962; 19741, who also used
the income accounting identity as their starting point, would be more enlightening.®
This would also help us understand better the productivity miracle of the 1990s, which
most likely is associated with a recovery in profit rates. ’

CONCLUSIONS

. This paper has reassessed the conundrum surrounding the measurement of the
impaet of public infrastructure spending in the light of the theoretical literature on
aggregation (i.e., if most likely the aggregate production function probably cannot be
derived theoretically, how can one interpret the empirical estimates?), and has of-
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FIGURE 2

Growth Rates of TFP, Wage Rate, and Profit Rate

.076299
i
.’ 'l
f
.024897}
- 026505
PROFIT % !
RATE v
o
Kl
~.0779080 . . R R
1960 1968
FIGURE 3
Profit Rate of the U.S. Private Sector
,25589

.22928

.20267

17605

1960

[ R R T WSS W S
1976 1984 1589

INFRASTRUCTURE PRODUCTIVITY: A REASSESSMENT 341

fered a parsimonious explanation for the variety of results obtained. The paper has
shown that the coefficient of the measurement of infrastructure spending in an ag-
gregate production function cannot be taken to provide unambiguously a measure of
the productivity of infrastructure. The coefficient estimated in a Cobb-Douglas “pro-
duction function” regression with labor, capital and infrastructure expenditures, and
assuming a correct specification, is a weighted average of the wage rate, profit rate,
and public expenditures, where the weights are the factor shares in income. There is
no reason why this should be interpreted as the productivity of public capital, given
that this result has been obtained by rewriting the income accounting identity that
relates value added to the wage bill plus profits as a form that looks like an aggregate
production function. The conclusion is, therefore, that one cannot use an “aggregate
production function” directly to measure the productivity of infrastructure, and thus
this type of exercises bear no policy implications. To measure the productivity of pub-
lic infrastructure one needs to use data at the project level 20 This is much more diffi-
cult to do due to the (general) lack of available data. But it cannot be an excuse for
continuing to use a framework that is intrinsically useless.

NOTES

I wish to thank Jerry Adams, Andy Haughwout, and Antonio Pulido for their comments on a
previous version. Likewise, ] am grateful to three anonymous referees for their detailed suggestions,
which led to a substantial improvement in the argument. Tim Hau and Manuel Sdnchez Melero
brought this literature to my attentien. I acknowledge financial support from the Georgia Institute of
Technology Feundation. The usual disclaimer applies.

1. The theoretical question under study was to determine the causes underlying the decline in produc-
tivity growth since the 1970s. Aschauer advanced as a possible reason the sharp deceleration of
public investment.

2. Fisher’s complete work on aggregation appeared a few years ago in an edited volume [Fisher, 1993].

3. For example, Fisher [1965] analyzed the case where each firm produces a single output with a single
labor type, but two capital goods, (i.e., ¥{v) = f*(K,K,,I.)). Aggregation across firms over one type of
capital (e.g., K|) requires very stringent conditions related to the so-called Leontief theorem. And
Fisher [1983] showed that the simultanecus existence of a full and a partial capital aggregate (e.g.,
plant) implies the existence of a complementary partial capital aggregate (e.g., equipment), and that
the two partial capital aggregates are perfect substitutes. Blackorby and Schworm [1984] is an ex-
tension of Fisher [1983]. They present an alternative formulation of the problem in which one can
have both a full and a partial capital aggregate without the restrictive substitution implications
derived by Fisher. They show that there need be only one partial aggregate and that if there are two
partial aggregates, they need not be perfect substitutes. The conditions nevertheless remain very
restrictive.

4. The general argument follows Simon [1979], Shaikh [1974; 1980], and McCombie [1987]. Inexplica-
bly, it has been largely ignored.

5. The measure of output used here, Gross Value Added at factor cost, excludes indirect business taxes.
It corresponds to the correct measure of output used to estimate a production function.

6. Certainly spuriousness might induce a higher fit {Aaron, 1990]. However, Felipe and Holz [2001],
using a Monte Carlo simulation, showed that spuriousness plays a minor role. Most of the high R? is
accounted for by the accounting identity.

7. The structure of this fallacy is as follows: “If p, then q. Therefore p.”

8.  See, for example, Uimonen [1993] and Otto and Voss [19986].

9.  Berndt and Hansson {1992] used a translog cost function. The form they used can be seen as an
approximaticn to the expression @, = A w r "L K '~*(discussed in above) for L/§.
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10. Certainly nothing in necclassical economics says that “technical progress” has to be approximated
through a linear time trend.

11. The correlation between {0.567Inw) + {(0.424*nr} and A() is 0.55 (0.576 and 0.424 are the average
labor and capital shares, respectively}.

12. Aaron [1990, 55], to cast doubt on Aschauer’s [1989a] results, introduced the exchange rate dollar/
yen in the regression explaining cutput, for no good theoretical reason, and simply on the basis that
the series had a pattern similar to that of public sector investment. The theoretical reason behind his
findings (and correct analysis) is the one provided here.

13. Aschaner [1989] also included a time trend, which in our case is insignificant.

14. Omission of a relevant variable leads to hiased estimates; while inclusion of an irrelevant variable
affects the efficiency of the least-squares estimator, but does not bias the slope parameter estimates
of any of the variables. The bias of the parameter of PSI with respect to its theoretical value of zero
(in the identity), as in the case of the first fwo regressions, is the result of the ecombination of the
covariances of the omitted term (ie., a, ¢, + (1—a,)$,) with the included terms (i.e., g1, or g2, and
cl )

15. 01‘1 top of this, there is the problem raised during the Cambridge Capital contraversies [Harcourt,
19721, different from the problems discussed here. Because we are working with an aggregate pro-
duction function, the profit rate is no longer determined by a purely physically defined marginal
produet of capital. Under these circumstances, the marginal preduct of capital is the change in the
value of output with respect to the change in the value of capital. This implies that distribution de-
pends not only on independent physical magnitudes but alsoc on prices which, in turn, depend on
distribution.

16. See Da Silva Costa et al. [1987]; Aschauer [1990a); Munnell {1990b] for cross gection regressions for

the individual states of the United States.

17. This derivation follows the arguments in Cramer [1969] and MeCombie {19871.

18. Hulten [2000, 11-12} argues that there s a “close link” between the income accounting identity and
the production function, and that one must assume constant returns to seale o estimate the profit
rate residually, as in, for example, Jorgenson and Criliches (1967}, or here. This is not true. The
income identity equation (1) stands by itself without the preduction function, which, as argued in the
text, most likely cannot even be derived theoretically.

19. Tt is very interesting, perhaps even ironic, that the decline in the profit rate is a basic tenet of
Marxian economics. On the decline of the profit rate (and the importance of this variable) see, among
others, Bowles et al. [1986], Clark [1984], Nerdhaus [1974], Shaikh [1993], Wolff [1986), and Zarnowitz
[1999]. The fact, for example, that in real business cycle medels technological shocks are measured

through the Solow residual does not undermine the general criticism put forward here. True, varia- -
tions in profit rates are part of the so-called Solow residual; but in real business cycle models the .

shocks are part of an “imaginary” aggregate production function (which, according to Prescott [1998],
is a well-tested theory). I do not think real business cycle theorists are aware of the direct connection
between the residual and profit rates and how the latter are the link between the supply shocks and
the effects on the real economy.

20. Kocherlakota and Yi [1996] proposed a test in the context of time series analysis to distingunish
between endogencus and exogenous growth models. The test was based on whether temporary inno-
vations in government policies can affect the per capita level of GNP. Some of the variables consid-
ered were different types of infrastructure expenditures. Their test did not use an aggregate produc-
tion function explicitly, although it is implici¢, and thus their test is not immune to the argument
presented in this paper. Kunihisa and Kaiyama [1998] despite referring to “highway construction”
still used aggregate data (i.e., data in value terms), and thus their analysis suffers from the same

problem.
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