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1 Introduction

Our paper will discuss the empirical and theoretical issues related to iden-
tifying and estimating the sources of productivity growth.! There is a volu-
minous literature on the subject and there exists a vast amount of empirical
evidence based on aggregate, industry and firm data for the U. S., OECD,
and developing countries. The pioneering work of Dale Jorgenson and his
associates 2 and Zvi Griliches and his associates 3 and many others in U.
S. universities and research institutions, the World Bank and research insti-
tutes in Europe and other countries are not discussed here. Our objectives
are much narrower. We discuss only two approaches to productivity analysis:
the index number approach and use of factor demand models. Both static
and dynamic versions are used to specify the underlying technology and then
estimate the factors that contribute positively or negatively to productivity
growth. To illustrate the theoretical and empirical issues involved, we have
presented a number of models and studies that we have been engaged in
over the years. These studies are used as illustrations of the considerable
progress achieved by the many researchers who have devoted their efforts
to this general class of problems. The examples we have provided cannot
represent or replicate all of other researchers’ work but rather are intended
to provide an illustration of the general class of studies on the subject.
Our paper examines how models of productivity can be modified to al-
low for regulatory distortions, endogenous industry structure, and certain
specific collusive/monopolistic pricing games. Using these models we ex-
plore the contribution of innovative effort such as R&D expenditures and
the spillover effects of R&D activity on productivity growth. Similarly we
examine the role of public infrastructure capital in the productivity growth
of U. S. industries and the aggregate economy. These models are presented
to illustrate how the production structure of an industry or firm is related
to its productivity performance, how market structure changes in the aggre-
gate economy, and how government capital formation affects the dynamics
of industry evolution and the growth rate of its productivity, output and
factor input decisions. An important objective, in its own right and as a

!The authors would like to thank Anthony Postert and Paul Heidhues for their research
and editorial contributions and Peter Schmidt and William Greene for their editorial
oversight and criticism. The usual caveat applies.

2For a recent survey of Jorgenson's voluminous work on productivity, see Dale W.
Jorgenson’s Productivity-Vol. I and II (MIT Press, Cambridge, Mass., 1995).

3For Griliches’ work on this subject the reader should consult the workings papers of
the NBER Productivity Program over the past several years.



consequence of these modeling techniques, is to identify the magnitude of
technical change and decompose the conventional total factor productivity
measures into pure technical change, i.e. shifts in the production function
controlling for scale, price and market effects and movements along the pro-
duction function. We motivate and illustrate these issues empirically using
real cost and demand data for firms and industries in the U.S. and other
countries. Since the topic of technical efficiency, a best practice rather than
an average practice concept, is covered elsewhere in this Handbook (Greene,
1996), we confine our discussion to the average production models.

As we have said, in this paper we discuss two broad approaches to mea-
surement of productivity growth. The index number approach is designed
to readily calculate a first order approximation of total factor productivity.
The other approach, which we call the econometric approach is a flexible
technique to identify the sources of productivity growth by explicitly specify-
ing the underlying cost or production structure. The estimated parameters
of the underlying cost/production model then are used to derive an index
of total factor productivity growth.

The index number approach is discussed in section 2 of this paper. Here
we define the analytics for calculating such indices and point out the ba-
sic assumptions that are used to derive a particular index. We note the
desirable properties of both unilateral and multilateral productivity indices
based on index number methodology and note their uses in economic analy-
sis. Their basic shortcomings are also noted. The econometric approach has
the flexibility to incorporate pertinent features of the market and industry
structure as well as technological features that affect firms’ or industries’
productivities. This contrasts to the index number approach that by its
very construction cannot distinguish between a shift and a movement along
a production function. The econometric approach to calculating total and
partial factor productivity is described in sections 3 to 6. Using this ap-
proach it is possible to identify the sources of productivity growth such as
shifts in the production function, increases in the scale of operation, dif-
ferential utilization of factor inputs, innovations by undertaking R&D, and
changes in market and industry structure.

In section 3 a static model of factor demands based on a translog cost
function is outlined. This approach allows one to identify the contributions
to productivity of exogenous demand shifts, relative price changes that are
for example often observed in inflationary periods, the direct and indirect
effects of technical progress. An example of the approach that incorporates
other features of production such as regulatory distortions is discussed in
sub-section 3.2. In section 3.3 we present a modeling scenario in which



total factor productivity growth is decomposed into neutral factor specific
contributions via a long run static translog cost function.

In section 4 a general framework for dynamic factor demand models is
developed. It is shown how these models can be used to estimate the sources
of total factor productivity growth. The main feature of these dynamic mod-
els is the incorporation of adjustments costs associated with investment in
plant and equipment and other types of investments. In the short run the
stock of capital is fixed and to augment it by undertaking new investments
requires re-direction of resources from current production to investment ac-
tivities to produce future output. The magnitude of the adjustment costs
affect the path of investment and thereby influence the course of total factor
productivity.

We illustrate the workings and usefulness of these types of dynamic mod-
els in the next three subsections 4.2 to 4.4. In 4.2 we formulate a dynamic
factor demand model and illustrate how R&D capital affects other factor
demand decisions and contributes to total factor productivity. We illustrate
how the adjustment costs associated with physical and R&D capital can
influence output, productivity growth, and investment decisions. The issue
of externalities that are often associated with R&D is analyzed in section
4.3. Again a dynamic factor demand model is formulated to take account of
interindustry spillover effects of R&D. Clearly, the spillover effects of R&D
on productivity growth of the recipient industries are quite important in
calculating the net social rate of return on R&D investment. Similarly, this
approach allows incorporation of the effect of public sector investment on
private sector productivity growth. This issue is taken up in section 4.4 and
the results indicate that TFP growth in the private sector is clearly influ-
enced by public sector investment. These illustrations,among many others,
point to the flexibility of the econometric modeling in accounting for diverse
sources of total factor productivity growth.

In section 5, the issue of allocative distortions and specification of tech-
nical change are addressed. Again the dynamic factor demand model frame-
work is used to assess the sensitivity of estimates of the structure of technol-
ogy to potentially nonoptimizing factor allocations and to different treat-
ments for exogenous/endogenous technical change. The basic features of
this approach are illustrated using firm level data from the U. S. airline in-
dustry. The sources of total factor productivity are identified and the nature
of technical progress is approximated by the characteristics of the capital
stock. We then compare our results to the index number approach that was
discussed in section 2. The results establish a ranking of index number con-
structions based on characteristics of the production structure and the index



numbers which approximate technical change.

To account for characteristics of markets in which firms operate, the basic
econometric cost model is extended to account for effects of collusive behav-
iors such as cartel agreements. The relevant issues are discussed in section 6.
It is clear that the nature and extent of demand and market structure crit-
ically affect productivity growth in particular industries. Section 7 points
to some of the measurement issues which pertain to both approaches: the
index number and the econometric approach to measurement of total factor
productivity. The data requirements are quite stringent and any practitioner
in the field must approach this problem with extreme care and perception.
The quality of data is the essential ingredient in accurately measuring TFP
growth. Section 8 provides some concluding remarks.

2 Index Number Approaches to Productivity Mea-
surement

Index number approaches to measuring productivity growth have the ad-
vantage of not requiring direct estimation of the underlying technology and
therefore, of not requiring econometric specification and estimation of tech-
nology. Since they may embody less stringent assumptions than are required
by econometric models, they may provide valuable checks on the results of
those models. However, for the index number approach to provide meaning-
ful estimates of productivity and productivity growth, fairly strong assump-
tions about the underlying technology and allocation decisions by the firm
must be maintained. Notably, one must often assume an inflexible descrip-
tion of technology, that input and output price ratios form a meaningful
description of marginal products ratios and marginal rates of transforma-
tion, and/or that all inputs and outputs are measured. Over the last few
decades many of these assumptions have been relaxed while still maintaining
the advantages of traditional index number approaches. In other instances,
the relaxation requires that auxiliary information be incorporated often ob-
tained through an econometric estimation of the underlying technology.

While the techniques described in this section may have different origins,
all are tied by the common theme of describing productivity as a ratio of
outputs over inputs. This ratio may be ad hoc in its origin, describe a ratio
of aggregator indices, or be based on cost minimzing behavior.



2.1 Classical Residual based Partial and Total Factor Pro-
ductivity Measurement

Typically, measurements of productivity rely on a ratio of some function of
outputs (¥;) to some function of inputs (X;). In the case where there is
a single output, factor speciﬁé productivity measures are often constructed
(often called partial factor productivity indices). A partial factor productiv-
ity index (PF P)can be constructed for each input and essentially describes
the average product of labor (APL), capital (APg), etc.

PFP,= AP, =Y/X; (1)

While commonly used even today, these measures are potentially mis-
leading because what passes for a difference in productivity, may in fact
merely represent a different mix of input use. For example, using a more cap-
ital intensive (less labor intensive) production technique would increase the
labor partial factor productivity index. This would result even if the more
capital intensive technique was more costly, and consequently, a method
that should be avoided.

To account for changing input mixes, modern index number analyses use
some measure of total factor productivity (TFP). In its simplest form, this
is a ratio of output to a weighted sum of inputs: :

b 3:- X; )
T 1

Historically, two common ways of assigning weights for this index are
to use either an arithmetic or geometric weighted average of inputs. The
arithmetic weighted average, due to Kendrick (1961), uses input prices as
the weights. The geometric weighted average of the inputs, attributable
to Solow (1957), uses input expenditure shares as the weights. Kendrick’s
approach is based on the linearly homogeneous production function ¥ =
AX X g(cX? +dX%)~1/? for the two inputs, labor (Xz) and capital (Xk).
A is typically referred to as the efficiency parameter and incorporates within
it the level of productivity. It is commonly assumed that parameters of the
production technology across either firms or time are the same with the
exception of this efficiency parameter A. Differing values of this efficiency
parameter, holding all else constant, map linearly with different magnitudes
of output. Consequently, A may be considered to embody the concept of
total factor productivity since it can be can be viewed as an aggregate output
measure divided by an aggregate input measure. Because the weighted
average of the inputs is generally not scale invariant, TFP numbers must be

TFP =



compared to some reference point to be useful. The productivity growth that
occurs over two points in time or the efficiency difference between two firms
or countries would be measured by the fractional change in A, (AA/A) or as
the ratio of the TFP measures for the two observations minus 1. Using 0 as
the subscript for the reference time period (or firm) and denoting the price
of input i to be wj;,the productivity growth rate (percentage productivity
difference) with Kendrick’s approach is:

ATFP Yi/Yo . )
TFP  (wrXp1 + wxXk1)/(wiXro + wgXko)

As a notational convention, we will generally use superscripts to denote
the reference point and subscripts to denote the reference observation. Thus
the left hand side of equation (3) may also be denoted as T'F P{ and referred
to as the total factor productivity of observation 1 relative to observation 0.
When firms select inputs so as to minimize costs at prevailing price levels,
this can also be stated as:

_ Yi/Yo
ao(Xr1/X10) + (1 — a0)(Xk1/Xko)
where ag describes the cost minimizing expenditure share for labor.

Solow’s measure is based on the Cobb-Douglas production function with
constant returns to scale!, Y = AX?X }(_a and leads to the TFP measure:

TFP

(4)

_ Y
XeXy
At cost minimizing levels of inputs, the a parameter describes the input
expenditure share for labor. The TFP growth rate would be described by:

TFP (5)

ay [ dXL-}-(l—a)

. dXk

In applied work, both sets of weights are often inconsistent with the
observed data. For example, using Solow’s assumptions regarding the func-
tional form of technology, the expenditure shares should be constant over
time irrespective of price changes. As long as the changes in inputs and out-
puts is not too large, both Kendrick’s and Solow’s measures of TF'P growth
arrive at similar results (Nadiri, 1970, 1982).

Where multiple outputs exist, TFP can also be described as a ratio
of an index number describing aggregate output levels(y;) divided by an

4Solow dismissed non constant returns to scale as an identification problem



index number describing aggregate input levels(z;). As such, they derive
many of their properties based the assumptions of the underlying aggregator
functions used. Fisher (1927) laid out a number of desirable properties for
these index numbers:

1. commodity reversal: the index value does not change if the ordering
of the commodities is changed;

2. the identity test: the comparison of a situation in which prices and
quantities do not change implies that the index is 1;

3. commensurability test: implies that the index is not sensitive to the
units of measurement for quantities or prices;

4. the determinateness test: the index number is not zero, unbounded or
indeterminate when individual quantities become zero;

5. the proportionality test: if inputs are all scaled up by some constant,
the value of the index is that scaling constant;

6. the point reversal test: z){’ =1 /z}r/; and

1 f

7. the circularity (or transitivity) test: z;/ = z}‘

2 -
where z can refer to either input, output, or total factor productivity indices
and f, f, f", refer to the observations for different firms, time periods, or
combinations of the two in panel data applications. Many of these prop-
erties are easily achievable, while others are not. Diewert (1976) adds two
more desirable properties to Fisher’s list. If an index can be derived from
some underlying utility, cost, production, revenue, profit or transformation
functions, Diewert calls index numbers which satisfy this criteria “exact.”
If that underlying functional form is flexible (in the sense that it provides a
second order local approximation to an arbitrary functional form), an exact
index is termed “superlative.”® One of the most popular index numbers,
the Tornqvist-Theil quantity index is superlative in that it can be derived
from a translog production function of its components. This input index 1s:

SDiewert’s contribution to the theoretical and applied literature involving index number
approaches to productivity measurement is remarkable in its breadth and depth. As
with Jorgenson and Griliches, it is not possible to provide a comprehensive discussion of
Diewert’s substantial work in this area. We point the interested reader to Diewert and
Nakamura (1993) and to Diewert {(1996) for a detailed accounting of his and many others’
work on the topic.



Inzh =—§}&,memxw—mx¢) (7
=1

where S;; and X;; are the expenditure share and quantity, respectively,
of subcomponent (i.e. input) i at observation j and n is the number of
subcomponents. It is important to note that the input index provides an
“exact” (in the sense above) aggregator when firms are cost minimizing. As
can be seen from the above formula, it is necessary to establish a point of
reference or binary comparison with some other observation (in this case ob-
servation k) for the construction of the index. This choice of reference point
and subsequent normalization of the index is not trivial. By far the most
popular Tornqvist-Theil index, the discrete Divisia, is used in time series
applications. The index uses information from the previous time period as
the reference:

p—t

n
In :vt 5 Z it + Sie—1)(In X3 — In X5 1). (8)

Values of the index are “chained” off of this first observation so that any
subsequent observation can be compared to the first one with:

Inz} = Zlnx" 1 (9)

The value of the input index is typically normalized to be one in the
first time period. Price or output indices can be derived assuming that the
underlying utility or revenue function has a translog form. Output indices
are similarly defined, using revenue shares rather than expenditure shares
for the weights. Further, following Jorgenson and Griliches (1972), a total
factor productivity index can be constructed as the difference between log
output and log input indices:

InTFP =Iny} —Inz}. (10)

The natural ordering of observations in time means that the same path will
always be used regardless which two time periods are being compared. Using
the Good-Sickles airline data set for the period 1970I-1993IV (Schmidt and
Sickles, 1984; Sickles, 1985; Good, 1985; Sickles et al., 1986; Cornwell et
al., 1990; Alam and Sickles, 1995; Wingrove, et al., 1993; Ahn, et al., 1996)
we have calculated the Kendrick partial productivity index, the Solow and
the Jorgenson and Griliches total factor productivity indexes. These are

10



presented in Figure 1 and indicate a broad consensus among the measures
in terms of upturns and trends.

2.2 Multilateral Productivity Indices

The Divisia “chaining” approach has severe limitations in some applications.
With cross-sectional or panel data there is no obvious way to chain the index
and get comparisons between firms since “adjacent” makes little sense in the
cross section. Caves, Christensen and Diewert (1982) address this issue of
making comparisons in cross sections. Their solution to the problem is to
construct a hypothetical firm whose subcomponent expenditure shares are
the arithmetic mean expenditure shares for all firms (E), and whose sub-
component quantities are the geometric means of the subcomponent quan-
tities across all firms({In X;) .Comparisons of individual firm observations
(subscripted by f ) are made relative to this reference firm (denoted with
the superscript *) using the following index:

n
Inj = 2 3" (8 + S)(In Xys - 0 Xo) (11)
i=1

This index has clear advantages in cross sectional work. It is transitive in
a similar sense that the Divisia index is transitive. The sequence of compar-
isons is not ambiguous as all comparisons are made indirectly through the
hypothetical firm. One undesirable property of this index is that it is now
sample dependent. If the sample is extended to include more time periods
or more firms, the entire set of index calculations must be revised. This is
quite different from “chained” indices such as the Divisia where historical
observations remain fixed after the addition of new data. The first applica-
tion of this approach was in Caves, Christensen and Tretheway (1983) for a
set of U.S. airlines.

For a panel data set, both the chaining approach of the Divisia and the
hypothetical firm approach of Caves, Christensen and Diewert have appeal-
ing features. Chaining allows the information in the cost minimizing shares
to be as close as possible to that appropriate for current technology. This
is especially important when the cost minimizing shares of subcomponents
are changing quickly, or when the time series is long. The hypothetical firm
approach provides an unambiguous basis for comparison for observations
which have no natural ordering. Good (1985) shows that both of these fea-
tures can be incorporated into a single index. The primary requirement to
maintain transitivity is that the “path” of comparison must not be ambigu-

11



ous. This can be accomplished by constructing a hypothetical firm for each
cross section and then chaining the hypothetical firms together over time.
The resulting input quantity index describing the aggregate input at time ¢
for firm f relative to the hypothetical firm at the base time period is:

Inzy, = Z(szt+szt)(1an,t—lan)
1.—1

+Z Z(st-l—st 1)(In Xis —In X 5-1) (12)

—-2 =1

where the bar indicates an average over the relevant quantity (e.g., In X; s
indicates the natural log of the geometric average quantity for input ¢ across
all firms at time s). The terms in the first sum describe the difference
between the actual firm f and the hypothetical firm at time ¢ while the
terms in the second sum chain together the hypothetical firms back to the
base time period. A measure of TFP relative to the hypothetical firm in the
base time period can be constructed as in equation (12) above:

IDTFPﬂ, = [ Z(Rfjt + R,t)(ln Yfﬁ —In 1/”)
i=1

M“
l\’)l’—'

1
N

S

[

_Z Z(S’3+S’3 1)(In X;5 — In X - 1)J (13)

2 =1

m
> (Rjs + Rjs1)(InYj; —In Yj.s—l)}
=1

n
Z(Sﬁt + ﬁ)(ln Xfie —In Xit)
i=1

N —

1

where Ry, is the revenue share of output j at firm f in period ¢ and m is the
number of outputs. This index has been constructed for the Good-Sickles
airline data. Average industry TFP as well as the max and min levels within
the industry are presented in Figure 2.

This chained multilateral total factor productivity index also provides
a decomposition of TFP change into two components that exploit between
and within variations available in panel data for firms. When describing the

12



change in TFP between firm f at time ¢ and ¢/, the first set of terms:

1 m
3 4 Z [ Rfje + Ryt’ (InYp;v — ]nYJt’)

—(Rfjt + Rie)(In Yy — In¥)|

1 < —_—
5 > [(sz‘e' + S )(In X g3 — In X;pr)
i=1

—(Syit + Sit)(In X g4 — In Xit)} (14)
describes the change in TFP relative to that of the hypothetical or repre-

sentative firm (catching up or falling behind or productive efficiency) while
the remainder

t/ m
1

Zgz Rjs+ Rjs 1)(InYjs —InYj5-1)
t! n

=305 Y B+ B ) ([ Xy — T Xy ) (15)
s=t ~ i=1

describes the change in productivity for the typical firm (technological in-
novation or technological change).

Similar TFP indices based on different functional form assumptions are
also possible for panel data situations using Diewert’s results. These gener-
alized indexes are based on aggregator functions which map a set of values,
say inputs X;, into an index, here z;. For example, a more general form of
this index is provided by the quadratic mean of order r aggregator function:

1/r

flzg,r) ZZb,kX"/zX’/? . (16)
i=1 k=1

This form nests several popular functional forms: the generalized Leon-
tief or Diewert (r = 1), the quadratic (r = 2) and the translog (r — 0).
When the by, = 0 for all ¢ # k, this form becomes the CES. If both b, = 0,
for all © #£ k, and r — 0 it becomes the Cobb-Douglas. When the local
technology is best represented by a quadratic mean of order r, the chained

multilateral total factor productivity index is given by:

m — 1
21 Rfjt(ijt/th)r/2 " ;_1 szc(szt/Xn)r/2 Hr
T Rie(Yie/ Yyje )/ 1 Su(Xae/ X pie)7/2

TFPy,

13



I [ Y71 Ris(Yis/Yism1)™? ]l/r

o | 1201 Rie—1(YG,6-1/Y55)7/?

o o -1
|y Sis(XKas/ Xis-1)? " (17)
Z?_—.l Si,s— 1 (Xi,s— 1/)(12.9)”'2

The major advantage of these index number procedures is that they do
not require any estimation of the parameters in the production technology.
By assuming cost minimization and/or profit maximizing behavior on the
part of the firm, these parameters become embedded in the observed ex-
penditure and revenue share information. An important application of the
index number approach has been in the growth accounting literature (Solow,
1957; Denison, 1967, 1979; Kendrick, 1973, Jorgensen and Griliches, 1967;
and surveyed in Nadiri, 1970). This approach begins with an aggregate
production function and attempts to allocate the growth rate of national
income to different sources: growth rates in individual factors of production
and a residual interpreted as technological change. In particular, if equa-
tion (6) is readjusted so that the growth in aggregate output (income) is
placed on the left hand side, it can be allocated to the growth rates of labor
and capital, weighted by shares, and the TFP growth residual. These early
works varied greatly in their assumptions regarding returns to scale, the
level of capital utilization, measurement of capital as a stock or flow, the
extent of input adjustments for quality differences, explicit treatments of
government sponsored research and development, the embodiment of tech-
nological change, and both short and long run optimzation on the part
of firms. Not surprisingly, the magnitude of the total factor productivity
residual tended to be quite sensitive to these assumptions. For example, if
returns to scale were not constant, then equation (6) would either over or
understate the level of total factor productivity growth.® Recent work has
attempted to relax the assumptions in these early studies on several fronts.
First, it tends to focus on firm level rather than aggregate production. In
addition, several of the other assumptions have been relaxed by estimating
their influence directly, or by allowing for less restrictive functional forms.
This problem is addressed in the next section within the context of econo-
metric models. Second, these indices assume long run optimization, or that
the capital stock is at right level. A problem that is considered in section 4.
Third, if firms are constrained cost minimizers, perhaps due to regulatory
constraints, quantity and expenditure share information may no longer be

®See Solow (1957) on this subject.

14



optimal in the traditional sense, particularly if the regulatory constraint is
changing. This problem is addressed, within the econometric approach, in
section 3.2. Fourth, existence of nonmeasured, nonmarket factors of pro-
duction, e.g. pollution, can make these indexes uninformative, a problem
that could be handled more adequately using the econometric approach as
noted in of section 3.

3 Static Factor Demands

3.1 TFP Growth Decompositions

Static factor demand models can be used to measure the effect of economies
of scale on total factor productivity growth. As was noted, TFP is basically
a measure of output per unit of total factor input. Total factor input is
a weighted average of inputs where the weights depend on the underlying
production function. If there are increasing returns to scale, part of the
growth in TFP will reflect changes in the scale of operations while the re-
mainder can be ascribed to a shift in the production frontier itself. If there
were constant returns to scale, the change in TFP would be identical to the
technological shift (assuming other factors are exhaustively and accurately
measured). To illustrate the role of economies of scale and technical change
in the decomposition of TFP growth consider the translog cost function

InC = ap+aylnY + Eailnwi + ‘—‘lzoq,/y(lnY)2
i
1
+§ zi:g'yﬁlnwilnwj +;’7iy Inw;InY
+5 6wt + By In Yt + et + %,auﬁ (18)
i

where i,7 = 1, ...,V index the N different inputs; Y is the level of output
used; ¢ is an index of time. All variables are defined around some expan-
sion point. A set of cost share equations associated with the translog cost
function (18) is implied by duality theory. Also, there are several paramet-
ric restrictions such as linear homogeneity in factor prices and symmetry
conditions which must be met in estimating (18).” An important economic
measure is the output cost elasticity, 7.,which measures the response of cost

"See Berndt (1991) and Greene (1993) for a more detailed discussion of translog systems
and their empirical implementation.
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to an increase in output. 7.can be obtained by differentiating (18) with
respect to output, Y. That is,

Ne = (Oty +ayylnY + Z’)‘iy In w; +9yt)_1

2

which will vary with relative price and the levels of output and technology.
The inverse of the cost elasticity, 7., measures the scale elasticity, SE.
Define the rate of growth of TFP as

TFP =y — F

where F is the cost share weighted average of growth rate of inputs: f=
S (wiX;/C) X4 ¥, w; X; = C. To take account of shifts in technology on

equilibrium output we can derive the expression

p=—T+(n—1)Y

where 7. is the output cost elasticity, p is the change in output price and
T is the rate of autonomous technical change (Nadiri and Schankerman,
1981, pp. 236-241). This expression captures the effect of technology on
equilibrium output which comes about due to the output expansion effects
of technology and the indirect effect due to the inward shift of isoquants
from technical changes. The growth of output demand can be stated as
Y = —n,p, where 7, is the output price elasticity. Therefore the relation
between equilibrium output and technical change, T, can be stated as Y=
T where ¥ = 1, /[1 — 7-(1 — n.)]. The final decomposition of TFP can be
formalized as:

TFP = 57 (1 = nc) Fa ~(1 =) 3 Si i +(1 —ne)(¥ — DT = T. (19)

where Fy is the exogenous shift in demand. Fy is calculated from the identity
F=Fr+F;+ Fd

where total factor input growth (£ ) consists of parts induced by technical
changes (F'), factor price changes (Fy), and exogenous shifts in demand
(F73). The first term on the right of (19) is the effect of exogenous demand,;
the second term depicts the effect of changes in real factor prices; the third
term captures the indirect effect of technical change and the direct effect of
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technical change is captured by the last term. The net scale effect is the
sum of the first two effects while the total effect of technical change in the
sum of the last two terms in (19).

Variations of this approach have been used in a number of empirical
studies (see, Nadiri, 1970, and Morrison, 1992 for references) to delineate
the contribution of economies of scale and shifts in the production function
due to technical change. Sickles (1985) utilized a structural model in which
technical change was further decomposed into factor specific contributions of
capital, labor, energy, and materials in his study of the technology of airline
service, based in part on the model of Nadiri and Schankerman (1981).
The Sickles study also explored the implications of multivariate random
effects in systems of translog cost, share, and TFP growth equations. As an
illustration consider the application of the Nadiri and Schankerman model
to the predivestiture Bell System. Table 1 provides the results of their
decomposition.

These results suggest that the direct effect of technical change (T which
is independent of 7, the elasticity of demand) accounts for about a third
(30.6%) of TFP growth over the sample period. There is a distinct trend over
the sub periods, however, with contributions rising from about 14% during
1947-1957 to 44% during 1968-1976. The indirect effect of technology is
positive and about 10% as large as the direct effect over the whole period.
However, the size and even the direction of the indirect contributions of
technology are sensitive to the magnitude of the elasticity of demand. The
rationale for this is that where the magnitude of n4 is small, the output
expansion effect of technical change will be highly restricted so the reduction
in input use due to the inward shift of the isoquants dominates.

As expected, the rise in real factor prices over time has been a drag
on TFP growth. The magnitude of the effect is sensitive to the demand
elasticity; for the whole period the real price effect (with iy = —0.8) is
almost 18%, that is the rate of growth of TFP during the period 1947-1976
would have been increased by nearly a percentage point if the contractionary
effect of factor prices had been absent.

Shifts in the demand curve appear to be the major source of TFP growth.
The measured contribution of demand shifts does not depend on the assump-
tion about the elasticity of demand. During the first period the negative
effect of factor prices swamps the contribution of technical change, so that
the measured contribution of shifts in demand exceeds 100%. Although this
seems implausible at first glance, this finding simply says that had demand
remained stationary, TFP would have declined. The contribution of demand
to TFP growth declines steadily overtime, however, to about 65% during the
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last sub-period.

The results indicate that the net scale effect, which is the sum of price and
exogenous demand effects, is substantial. Empirically the net contribution
of economies of scale varies inversely with the elasticity of demand. Over the
entire period, scale economies account for 67% of the growth of TFP, but
it is not constant over time. The relative contribution of scale economies to
growth in TFP declines steadily. Note that the average TFP growth rate
steadily increases during this period in this industry. Scale economies still
remain an important source of TFP growth, accounting for 50% of total
TFP during 1968-1976 but their relative importance has eroded over time.

These results illustrate the potentials for exploiting duality theory to
explore the production structure and the sources of growth of total fac-
tor productivity. The evolution of output demand and the structure of costs
identifies the different effects of demand shifts, scale of operations, and tech-
nology on TFP growth. Thus, econometric models of the kind described
above are a natural complement to the index number approach described in
Section 2.

A similar decomposition based on data for the U.S. total manufac-
turing sector and its two component industries, total durables and non-
durables, over the period 1958-1978 confirm the same conclusion (Nadiri
and Schankerman, 1981). The growth in TFP declined sharply throughout
the entire period. In percentage terms, TFP declined by about 45 percent
in manufacturing, 60 percent in durables, and 30 percent in nondurables
between each pair of subperiods. The relative contributions of the different
factors vary among industry groups and between subperiods. Real factor
prices contribute only modestly to the deceleration in TFP from 1958-65 to
1965-73, except in nondurables. Factor prices contribute more to the decline
in TFP from 1965-73 to 1973-78. These differences may be partly spurious,
and simply reflect the inclusion of the petroleum industry in nondurables.
If durables are a good guide, the factor-price effect has been modest.

The slowdown in demand growth is an important factor in the retarda-
tion of TFP in all industry groups. About 10-20 percent of the decline in
TFP from 1958-65 to 1965-73 is accounted for by the demand effect, but
this rises dramatically to more than 50 percent from 1965-73 to 1973-78.
Factor prices and demand together (total scale effect) account for most, and
in total manufacturing more than all, of the deceleration in TFP. The evi-
dence points to the scale effect, and mainly demand deceleration, as a major
factor behind the decline in TFP from 1965-73 to 1973-78.

The decline in the growth of the R&D stock contributes modestly to the
slowdown in TFP from 1958-65 to 1965-73, less than 10 percent. The same
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is true for nondurables from 1965-73 to 1973-78, but in durables and total
manufacturing R&D plays a very significant role, accounting for nearly a
quarter of the retardation in TFP.8

The technical change effect is computed residually and therefore captures
all contributory factors not accounted for by the model (including measure-
ment error). This residual accounts for the bulk of the decline in TFP from
1958-65 to 1965-73 (about 75 percent in manufacturing and durables and
45 percent in nondurables), but very little from 1965-73 to 1973-78. In fact,
the negative contribution in manufacturing and nondurables suggests that
residual technical change accelerated at the same time that TFP declined.

The conclusion of these studies and recent ones suggest that decelera-
tion of demand has been the major cause of the slowdown in TFP growth.
Relative input prices and to some extend R&D investment have also con-
tributed to the productivity slowdown but the policies that were responsible
for the slowdown of aggregate demand may have played a significant role
in the slowdown of TFP in the U.S. economy in the period 1973 to 1985.
Thus understanding the forces behind the slowdown in demand becomes
critically important in order to formulate policies to stimulate total factor
productivity growth.

3.2 Factor Demands and Regulatory Distortions

When an industry is regulated, the regulatory body effectively takes the
place of the market. This generates two distinct results. First, since effi-
ciency is only one of several goals of regulation, the equilibrium allocation
of resources will not be Pareto optimal. One would then expect deregula-
tion to remove the disincentives for technical inefficiency. To investigate this
hypothesis, one can model firm specific temporal misapplication of technol-
ogy using the cost function. A measure of relative technical efficiency can
then be constructed from the cost function. The behavior of this measure
can then be examined to see if it supports expectations. Second, regulation
effectively introduces a new goal for firms in the industry: conforming to
guidelines. Thus, firms are geared to respond to the regulators’ signals in
addition to those of the markets. Put another way, regulation reduces the

8For a sample of the extensive literature on the relationship between output and produc-
tivity growth on R&D investment and on determinants of R&D expenditure see Baumol
and Wolff (1983), Bernstein and Nadiri (1989a), Cuneo and Mairesse (1984), Englander et
al. (1988), Griliches (1979,1986), Grilliches and Lichtenberg (1984), Griliches and Mairesse
(1990), Mansfield (1988), Mohnen (1990a,c), Mohnen, et al. (1986), Nadiri (1980), Nadiri
and Bitros (1980), Nadiri and Prucha (1990), Nadiri and Schankerman (1981), Patel and
Soete (1988), Scherer (1984), Terleckyj (1974).
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industry’s ability to adjust to changes in the price of inputs, demand for
output and so on. An inflexible industry structure would be reflected by in-
elastic factor demand curves relative to an unregulated industry. We focus
below on the own price elasticity of labor demand and examine its elasticity
before and after a regulatory epoch.

The form of regulation imposed on our empirical archetype—the airline
industry whose formal deregulation began in 1978—makes a cost approach
more revealing than that of profit maximization. Since efficient carriers
could not expand or cut fares, inefficient carriers were often protected. In
many cases, new routes were awarded to unprofitable airlines to strengthen
their finances. Restrictions on entry ensured existing firms protection from
competition from more efficient new carriers. Also, the protective policies
of the regulatory body essentially eliminated the risk of financial ruin for
inefficient airlines. Consequently, profits are not a very informative indicator
of firms’ decisions. Regulation clearly limited the incentives for carriers to
reduce costs. It is this distortionary influence on the allocative process that
will be investigated.

Given the nature of the regulations that governed the airline industry,
it would be expected that workers in the industry were receiving economic
rents. Subsequently, it would be anticipated that deregulation would reduce
airline employees earnings. Empirical studies provide only limited support
for the hypothesis that regulation increases earnings above competitive lev-
els.

Hendricks, et al. (1980) found that a slight majority of regulated air-
line occupations had significantly higher earnings than comparable occu-
pations in non-regulated industries. However, after controlling for indus-
try and personal characteristics, no significant difference in earnings was
found. Card (1986) found little change in airline mechanics wage rates for
the first five years of deregulation. He did note a significant employment shift
from the large to the small carriers. Other transportation regulation stud-
ies have shown some positive effects of regulation on earnings (Hendricks,
1977; Hirsch, 1988; Long and Link, 1983; Rose, 1987). Thus the results of
empirical tests of regulatory effects on earnings have been ambiguous.

These ambiguous results may reflect institutional arrangements that
evolved over forty years of regulation and did not greatly change in the
first few years of deregulation (Hendricks et al, 1980). Industry unioniza-
tion levels, for example, have not changed dramatically. This is because
the non-union low wage carriers that have entered the industry represent
less that 10% of the market. So the effects of these non-union entrants on
industry unionization levels has been small (Capelli, 1985). Also, industry
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concentration levels have remained high.

The concentration ratio of the top five firms in terms of revenue share
(Eastern, United, Delta, TWA, and American) for the airline industry for
the period 1970Q1 - 1985Q4 is presented in Figure 3. It is worth noting that
the same firms comprise the top five for the whole period. At the beginning
of 1970, the top five firms accounted for about 80% of the total revenue of
the airline industry. While the importance of these firms declined through
the 1970’s, this trend was reversed in 1982 (with two carriers dropping out in
that year). The concentration ratio of the top five firms stayed around 0.74
until 1985 when it fell to about 0.72. These figures are likely to overstate
the degree of market concentration in the post deregulation period. This is
due to the fact that new entrants were not included in the sample because
they consistently misreported data. However, most of the new entrants were
interstate carriers, and did not account for more than 10% of the market.

Estimates from a long run static translog cost and share system for the
period 1970I-1985IV reveal some interesting results as they relate to factor
demand, TFP growth (normalized about unity) and the effects of regulation.
In Figure 4 we have decomposed the estimated TFP growth using a variant
of (19) into the pure technical change component and a residual component
which captures changes in TFP due to such factors as regulatory and market
structure effects. We have also overlaid a plot of total employment in the
airline industry (normalized at unity in the median period) which reveals
its business cycle behavior. The economic downturns in 1972 and 1982 are
apparent. The recession in the early eighties was exacerbated by the air
traffic controllers strike and its aftermath. Recovery of employment in this
industry did not take place till 1984, helped in part by the deregulation
of fares in January 1983 and the resulting growth in demand for passenger
service due to reduced fares.

4 Dynamic Models of Factor Demand

Many different models of firms’ choice of factors of production have been
examined in the literature. One category is static models which attempt
to consistently account for substitution among the factors, while at the
same time trying to avoid imposing strong restrictions on the production
structure. Models like these often assume a very general functional form
for the underlying production technology (an example of such a model is
Berndt and Wood, 1975; Christensen and Greene, 1976). A second category
would consist of dynamic models that incorporate the costs of adjusting the
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factors of production that are fixed in the short-run, the so-called ”quasi-
fixed” factors. Although these models have often be estimated with data
aggregated over firms (one good example which also contains an assumption
of rational expectations is Pindyck and Rotemberg, 1983b), it is often the
case that the substantial micro structure utilzed in such models requires that
firm level time series, or panel data, be available to estimate the structural
parameters (for an example, see Wolfson, 1993).

In this section we first discuss the generic dynamic factor demand model,
implement it using a particular specification due to Pindyck and Rotemberg
(1983b) and discuss its empirical implications using U. S. airline panel data.
We next discuss how the dynamic spillover effects of R & D capital invest-
ment can impact productivity growth. We pursue the issue of spillovers
further in terms of public capital expenditures. The section on dynamic
models of factor demand ends with a discussion of productivity growth and
endogenous capital depreciation.

4.1 General Framework of Dynamic Factor Demand Models

Assume that the firm at time ¢ chooses J variable factors of production.
Input quantities and prices are given by the two vectors X; = (X;:) and
wy = (wye), respectively, where N — J inputs are assumed to be quasi-fixed
factors whose quantities are given by the vector Xy_,: = (Xyt). These
inputs are used by the firm to produce a single output, Y;.°

The firm’s technology can be represented by a short-run or restricted cost
function C;. A restricted cost function specifies the minimum expenditure
on variable (flexible) factors necessary to produce Y, given the levels of the
quasi-fixed factors X s, and the variable factor prices wy;. The restricted
cost function is given by

Ct(},tu Wyt, XN—J,t; t)) (20)

where C is increasing and concavel® in w,, i.e. Cy, > 0 and Cy,u, < 0,
but decreasing and convex in Xn_;, Cxy_, <0and Cxy_,xy_, > 0. The
inclusion of ¢ captures independent technological progress.

The firm is assumed to incur (nonlinear) costs when it adjusts the quasi-
fixed factors of production, and these adjustment costs are assumed to be
convex and external to the firm. Adjustment costs will be represented in
nominal terms by

Peh(AXN_s¢) (21)

®This section is based on Pindyck and Rotemberg (1983a).
1%0nly quasi-concavity is required (Berndt, 1991).
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where p; is the price of output at time t and AXy_ gt = Xn_ye—XnN-Ut-1,
the change in levels of quasi-fixed factors. The firm faces direct expenditures
for its use of quasi-fixed inputs, and because of tax and financing consider-
ations these expenditures are allowed to be spread over time. Outlays (net
of adjustment costs) at time ¢, Hp, are then assumed to be a function of
current and past values of the quasi-fixed factors

Hy = H(XN_st, XN-Jt-1, 0y XN_Jt—(t-1))- (22)

Assume that the firm maximizes expected present discounted value of profits,
which implies that the firm minimizes expected present discounted value of
costs. Thus at time t the firm chooses a path for the vector of quasi-fixed
factors, Xny_ ¢, in order to minimize

min & > Dry[Ce + peh(AXx - y) + Hil (23)
N-J t=1

where £; is the expectation conditional on all available information at time
7,and D¢ = T}”rt is the discount factor applied at time 7 for costs incurred
at time t, and 7r;; is the real interest rate between times 7 and ¢. Setting
the first-order conditions of the minimization problem equal to zero then
yields Euler equations for i = 1,2,...,m. If we let D;; = 1, then the Euler
equations are

8C,  Oh(AXN_y)

0 = &{——
5x, TP ax,,
OR(AXN-4t) OHyy;
— D _— Doy 24
Pt+1ltt41 8X 1¢ ]Z::l tt+j BXft} ( )

These m Euler equations state that the net change in expected discounted
costs from “hiring” one more unit of Xy at time ¢ is zero. The net change
is the sum of increases in variable costs, the extra cost of adjustment at
t, and the expected discounted value of the extra expenditures associated
with holding one more unit of X; , minus the expected discounted savings
from future costs of adjustment (i.e. since an adjustment is done today
the expected future adjustment cost will be lower). One can also obtain
additional first-order conditions from Shepherd’s lemma. These take the
form of static demand equations for the flexible factors of production

_ oo,
o Bwvt ’

Xt i=1,2,..,J. (25)
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To conclude, our estimation problem has now been reduced to simultane-
ously estimating the m 4 n + 1 equations given by (23), (24), and (25).

We next lay out a specific model that can be used for estimating the
factor demands dynamically for the airline industry.!! To begin with we
need some simplifying assumptions. Assume that the industry is competi-
tive in its factor markets, i.e. the firms in the industry take input prices as
given. Consider a representative firm facing a certain technology, which is
represented by a restricted cost function. Alternatively we could think of
many firms whose aggregate technology is represented by the restricted cost
function.}? Assume a stochastic environment in which firms have rational
expectations. The firms, represented by the representative firm, then maxi-
mize the expected sum of discounted profits, which is equivalent to minimiz-
ing the expected sum of discounted costs. Firms minimize costs by choosing
optimal levels of four factors of production: labor X, capital Xk, energy
X, and materials X ;. Denote the real prices of the factors as wr,wg ,wg ,
and wyy, respectively. The factor prices are allowed to evolve stochastically
over time. In this illustration energy and materials are treated as flexible
factors, and labor and capital as quasi-fixed factors.!® The production tech-
nology (i.e. the restricted cost function) is specified conditional at time ¢ on
Xkt, Xrt, and output Y;. The minimum level of real expenditures on the
two flexible inputs, energy and materials, is then given by

C(Y't,wEt;wMt,XKt’XLt)t) (26)

where C satisfy the curvature requirements given above. Changing the quasi-
fixed factors of production is assumed to result in costs of adjustment, which
are represented by the convex symmetric functions Ci(l;) , and Ca(H) ,
where I is the part of investment subject to adjustment costs, and L is the
net labor hirings

I =Xkt — (1 — 8) Xki-1 (27)

7 he model is based on Pindyck and Rotemberg’s (1983a) study of the U.S. Manufac-
turing between 1947 and 1974 and was recently applied to the airline industry by Hultberg
(1994).

2Here we ignore all the problems associated with consistent aggregation, in particular
the aggregation would not be equivalent to the summing up of many firms each of which
has the given technology. Strictly speaking such aggregation would only be applicable
when each technology takes the Gorman polar form. However, Lucas and Prescott (as
quoted in Pindyck and Rotemberg, 1983a) showed that if all firms are competitive, then the
approach would be justified since when competitive firms maximize profits (or equivalently,
minimize costs) they act as if a central planner maximized welfare.

13pindyck and Rotemberg (1983a) found that labor might be more appropriately viewed
as a flexible factor. We will test this for the airline industry.
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Li=Xpe— Xre1 (28)

where § measures the extent of investments which incur adjustment costs.!4
The factor demands are then given by the solution to

min & Dt,'r [C(Y'ra WEr, WMr, XK7» XLT) (29)
X XL T=t
twrr Xkr + wLTXLT + CI(IT) + CZ(LT)] (30)

subject to (27) and (28).

The expectation is taken over all future values of wg,, wmr, Wkr, WL,
and Y, all of which are treated as being stochastic. Y is not considered to be
predetermined, but the path of Y depends on the realization of wg, wum, wk
and wy, as firms minimize costs. First-order conditions for the minimization
problem then are

ecC
XEt = 3 (31)
WEt
oC
Xppe = 5 (32)
Wpre
aC aC (Iy) 301(1:+1)]
, puedL 73 R h ln sy = 33
DX rcs + wgt + X s + & [Dt,zﬂ X xcs 0 (33)
aC 8Cy( Hy) 8Cy(Hev1)]
0Xrs twpet OXrs T {Dt’tﬂ Xy ] =0 (34)

Using the equations for the adjustment costs given by (27) and (28) the last
two first-order equations can be rewritten as

oC 8C( Xk — (1 — 8) X k-
0 = +wge + 1(Xke — ( YXkt-1)
00Xkt

X ke
0Ci (X —(1-6)X
+& {Dt,tﬂ i Ktﬂax}ft )X k)

(35)

4pindyck and Rotemberg (1983a) point out that if § is equal to the depreciation rate
the capital adjustment costs depend on gross investment, while if § is zero cost is a function
of net investment.
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_o¢ tw 4 8CH (Xt — Xrt-1) 8CH (X o1 — Xii)
OXp, = M X 1t X 1t

where equations (31) and (32) are obtained from Shepherd’s lemma and
from the fact that C gives the minimum variable cost wg:Xg: + war X pm:.
Equations (35) and (36) are the Euler equations, which show the expected
evolution of the quasi-fixed factors. (35) states that the net effect on ex-
pected profits from the last unit of capital is zero. The net effect is made

up of variable cost savings %, a rental cost on the unit of capital wgy, a

0 (36)

+ & | Dity1

current adjustment cost 33)—%:, and an expected discounted saving in future

adjustment costs equal to Dy 41 %%ﬁ' Similarly, equation (36) says that
the net effect on expected profits from the marginal unit of labor is equal
to zero, and is made up of a variable cost saving, a real wage rate cost, a
current adjustment cost, and savings of future expected adjustment costs.

To close the model, transversality conditions are needed. These express
the notion that when the representative firm looks to the future the quanti-
ties of quasi-fixed factors that it expects to hold should not differ from the
quantities it would want to hold in the absence of adjustment costs. The
transversality conditions then are

. aC 8C(Xkr — (1 —8)Xkr_1)
1 & —— - = 3
Hm &Der {8XKT + WK X rr ] 0 (37
: oc 802(XLT — XLT—l) _
TlLr{.lo EtDy r [aXL-r + wrr oXy. } =0 (38)

Finding the full solution to equations (29), (31), (32), (35), (36), (37) and
(38) would give a path for the firm’s factors of production which depend
on the current state variables (Y, wgs, wae, Xk, X1t) as well as expected
future values of prices and output. However, closed-form solutions are not
in general available. One typically simplifies the problem by assuming that
the cost function, C, and the adjustment cost functions, C; and C,, are
quadratic.!® The simplification stems from the fact that with a quadratic
system the Euler equations become linear in the state variables. The ad-
justment cost functions become!®

Bil?
Ci(L) = 2t (39)
2
13Pindyck and Rotemberg (1983b) point out that assuming quadratic adjustment costs
imposes an implicit assumption about the firm’s expectations, namely that they are static
with regards to the evolution of input and output prices.
18We neglect the possibility of cross-effects where changes in one factor of production
affect the costs of adjusting the other (quasi-fixed) factor.
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Ba L2

Co(Le) = 5 (40)
The restricted cost function can be specified as translog of the form
InCi;; = op+aylnwpyy + az ln( " )+ asln Xgie + oqIn Xpa
+asIn Yy + M+ —'711(1n( t)) + 73 ln( ) In X kit

1
+7Y14 ln( )111 Xrit + 75 ln( )1 Yie + 2’733(1H Xit)?

+y3aIn Xt In X i + y3s In X e InYie + 5744 (In Xz:)*
1
715 In X iy In Yie + 5755 (In Ye)? (41)

where A represents the rate of neutral technological progress.!?

The first-order conditions become

dlnC wet X Et
—— = = SEt
dln (r—ff;) wrtXEt + wWane X Mt
= az+mln (wEit ) + 713 In X gt
Wit
+y1aIn Xpie + 115 In Yy (42)
X
OMEEME Sy =1— S (43)

wet XEr + wamtX Mt

and
C olnC
0 = (X;t“) oIn Xrs +wpy + B[ Xk — (1 — 8) X gy-1)
+E{—Deg11(1 — 8)Br[Xxer1 — (1 — 6) Xkl } (44)
where
olnC
= a3 +7131n( ) + v33In Xgt + y3aIn Xt + yasInY;  (45)
Bln XK(; Wprt

7Qur specification of the restricted cost function implies that capital and labor invest-
ments become productive the same period. Thus we don’t allow for a ‘time-to-build’ as
suggested by Kydland and Prescott (1982).
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and finally

C, AInC
0 = ( t) +wre + Bl Xt — Xpo-1]

X1/ 8In Xy,
+&{ —Dip4182( X Les1 — Xre } (46)
where
dInC WEt
—_— = In(—— InX InX InY;. 47
51 X, as + Y14 n(wMt)+’734 nXgt+yaln X +vasInY;.  (47)

Here equations (42) and (43) are derived from Shephard’s lemma and
represent static demand equations, while (44) and (46) are the new Euler
equations. These are the equations (after dropping one of the static demand
equations), together with the restricted cost function which are to be esti-
mated. The simultaneous equation system consists of four equations; one
restricted variable cost function, two Euler equations, and a static demand
equation. The Euler equations tell us that the expected values, conditional
on all available information at time t, of one marginal unit of a quasi-fixed
factor of production (capital or labor) is zero.

A natural choice for an estimator of the system is an instrumental vari-
ables estimator which minimizes the squared correlation between any vari-
able known at time t and the residuals of the Euler equations.’® The residu-
als are computed by using the actual values of Xg¢4; and X¢41 on the left-
hand side of the Euler equations. In this way the residuals can be thought
- of as being expectational errors. When estimating the equations any vari-
able known at time t could be used in the instrument set provided the cost
function and static demand (or share) equation hold without error as they
theoretically should. However, in practice at least three sources of error will
make this a zero probability event. The three sources of contamination are
measurement errors, optimization errors, and various technological shocks.
All these errors are likely to be correlated with variables present in all our
equations, which of course is undesirable. However, it is plausible that the
equations will hold in expectation with respect to some conditioning set,
and this set ought to be a proper subset of the conditioning set that ap-
plies to the Euler equations when the cost and demand equations fit exactly
(Pindyck and Rotemberg, 1983b). The solution to this problem is to lag the

BHansen'’s (1982) generalized method of moments reduces to three-stage least squares
if errors are conditionally homoscedastic (Pindyck and Rotemberg, 1983a), something we
will assume in this exercise.

28



instrument set one or more periods to take account of effects of measurement
error on the variables of the model.

Panel data such as that used in the airline studies can be used to deal
with unobserved heterogeneity appearing in the in the restricted cost func-
tion by adding fixed effect dummy variables. The four equations that are
estimated are then given by the cost equation, one of the static factor de-
mand equations, and the two Euler equations for capital and labor:

_ C; _ Cit WEit
X s =aA1( “)+ Al( >1n< )
K+ 3 Xkit ms Xkit Wit

Ci a1 f C:
433471 (Yi-) In X it + vaa A~} ( ¢ >1nXLit
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where
A= Dy141(1 - 8)B1, (50)
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This system was estimated using the Good-Sickles airline data for the
period 19701-1985IV. Results indicate rather small short-run Allen-Uzawa
and price elasticities for energy and materials of about -0.13 and -0.14 while
long-run price elasticities for capital and labor are about -0.8 and -1.2 re-
spectively. TFP growth averaged about 2.2% during the period, of which
about 40% of the 2.2% was due to pure technical change.!®

19 Although long-run elasticities can serve a useful purpose, one has to be careful when
interpreting them. Since the long-run expected equilibrium is a solution to a stochastic
control problem, and since such solutions are often difficult to find, one often resorts to
the deterministic control problem instead. In the deterministic approach it is assumed
that the firm ignores the variance of future prices when responding to input price changes.

29



4.2 Productivity Growth and R&D Investment

The generic dynamic model just presented can be modified to handle a va-
riety of particular institutional settings and types of investment (human as
well as machine) in assessing productivity growth. As an illustration of
modeling the effect of R&D investment on growth of output and labor pro-
ductivity, consider the case of electrical machinery of the U.S. and Japan.
These industries experienced a very high rate of output growth, are techno-
logically very progressive (measured by the rate of expenditure on R&D),
and are highly competitive in the domestic U.S. and world markets. Given
the presence of large firms in the electrical machinery industries of both the
United States and Japan, constant returns to scale is not imposed a pri-
ori. A normalized restricted cost function of the following general form is
assumed:

C(Ye, wot, XN-3t-1, AX N1, Tt) = (53)
C(w, XN~J,t~1/Ytl/p, AXN—J,t/Ytl/p, Tt)Ytl/p-

In the empirical analysis we take materials, X s, and labor (hours worked),
Xr, as the variable factors and the stocks of capital, X g, and research and
development, Xg, as the quasi-fixed factors Xy _s. Let wy, be the real wage
rate and let the price of materials be the numeraire. Technical change, other
than that reflected by the stock of R&D, is represented by a simple time
trend, T; = t. We specify the following functional form for the normalized
restricted cost function:

C(Ys, wot, Xn—ut—1, AXN-141, Tt) = ao + awwre + awrwr Ty
+awwul,/2Y P + XN g1+ Y XN_se1wre

+d XN-gp-1Te + X}V_J,t_1AXN—J,t—1/(2Ytl/p)
+AX1’V—J,tBAXN—J,t/(2Y;1/p) (54)

o= QK b= KW c= QKT ’
OR QRwW QRT
A= QKK QKR B = Crw 0
KR QRR ! 0 Q RR
In light of the above discussion, we can view (54) as a second-order approx-
imation to a general normalized restricted cost function that corresponds to

where
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a homogeneous technology of degree p. Expression (54) is a generalization
of the normalized restricted cost function introduced by Denny, Fuss, and
Waverman (1981) and Morrison and Berndt (1981) for linear homogeneous
technologies. As in these references parameter restrictions are imposed such
that the marginal adjustment costs at AXy_ ;; = 0 are zero. The convexity
of C() in Xy_j¢—1 and AXpy_ s and concavity in wy,; implies the following
inequality parameter restrictions: axx > 0, arr > 0, axxorr — % g > 0,
app >0, ap; >0, aww <O0.

This model was estimated using data for the US and Japanese electrical
industries for the periods 1968-1979.20 The general results of estimation
suggest that the structure of the electrical machinery industry in the two
countries characterized by the patterns of factor input substitution and com-
plementarity as well as the degree of scale, is qualitatively similar. Quan-
titatively, there are some differences in scale and in responses of inputs to
changes in prices and output in the two industries. Both industries are char-
acterized by increasing returns to scale. However, the Japanese industry has
a higher scale, which substantially influences its productivity growth and is
the major source of divergence between the productivity growth rate in this
industry in the two countries.

Using the estimates of the production structure, we can quantitatively
examine the sources of output and productivity growth. The contributions
of the factor inputs, technical change, and adjustment costs to output growth
are shown in Table 2. This decomposition is based on the approximation:

AlnY; =

M=
Mm

il
)

levz(t) + ey z,(t — 1)]Aln Z,

+5[Ar () + Av (t - 1)), (55)

DO}

with Z] = XL, ZQ = XM, Z3 = XK,—I, Z4 = XR,—l; Z5 = AXK, and
Zg = AXpg. The eyz,’s denote respective output elasticities and Ay (t) =
(1/Y:)(8Y:/8t) denotes the technical change.

The average growth of gross output was very rapid in Japan in the period
1968-1973, but growth decelerated substantially in the period 1974-79. For
the United States, output growth rates were similar in the two periods. The
contributions of various inputs to the growth of output differ considerably
between the two periods and the two industries. The most significant source
of gross output growth is materials growth, particularly in Japan. The
contribution of capital is larger in Japan that in the United States, but falls

20For detailed parameter estimates, see Nadiri and Prucha (1990)
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in both countries over the post-OPEC period. The R&D stock contributes
significantly to the growth of output in both industries. In the post-OPEC
period its contribution falls in the United States but remains the same for
Japan. The large contribution of R&D to the output growth may come
as a surprise but can be explained by two factors. First, the share of R&D
investment in gross output is very high in the electrical machinery industries
of both countries; second, the marginal product of R&D, because of the
relatively large adjustment costs and the considerable degree of scale, is fairly
large in the two industries. The direct contributions of the adjustment costs
are fairly small, as one would expect. The contribution of technical change
is clearly important in explaining the growth of output in both industries.
Its contribution is twice as large in Japan as in the United States.

The decomposition of labor-productivity growth is based on the approx-
imation:

Aln(Y:/ X)) =

B =

6
Y levz(t) + evz, (¢ — 1)]A(In Zie/ X 1e)
i=1

+%[z\y(t) +Av(t—1)]+(p—1)AIn Xy,  (56)

where p is the scale elasticity. In Table 3 the sources of labor productivity
growth for the two industries are presented. The most significant contri-
bution again stems from the growth of materials, particularly in Japan,
although the contribution of physical capital is also important. In compar-
ison to the results reported by Norsworthy and Malmquist (1983) for the
total manufacturing sector, the contribution of physical capital is somewhat
larger for the United States but smaller for Japan. The contribution of
R&D is somewhat smaller and rising for Japan. For the United States, the
contribution of R&D is very substantial in the pre-OPEC period but only
marginal in the post-OPEC period. The direct contribution of adjustment
costs is again small. The contribution of technical change is very substantial
(particularly in Japan) and rising in both countries.

The labor effect, given by the last term on the right-hand side of (56),
follows from the fact that scale is not equal to one. Its effect is positive in
Japan in the pre-OPEC period and negative in the post-OPEC period. The
opposite is the case for the United States. This reflects the growth pattern
of the labor input in the two industries over the two periods.

Denny, Fuss, and Waverman (1981) have shown that if all factors are
variable, then the traditional measure of total factor productivity (using
cost shares) can be decomposed into two components, one attributable to
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scale and one to technical change. Nadiri and Prucha (1986, 1990) extend
this decomposition to technologies with adjustment costs. More specifically,
consider the Térnqvist approximation of the growth rate of total factor
productivity, AT F'P;, defined implicitly by:

4
AlnYt = % Z(Sli-t + Szi,tﬁl]Aln Zit + ATFP; (57)
i=1
with 7y = X, Z9 = Xup, Z3 = XK,—I; Zy = XR,—l and where the Szi’S
denote respective long-run cost shares. Given increasing returns to scale and
adjustment costs we find that the output elasticities ey z, exceed the cost
shares S,,. As a consequence, as is evident from a comparison of equations
(56) and (57), total factor productivity will not equal technical change.
Prucha and Nadiri (1986, 1990) show that total factor productivity growth
can be decomposed as follows:

ATFP = (1—p Y)AlogY; + é1s + ot + %[/\x(t) +Ax(t-1), (58)

where Ax = (1/p)Ay. The first term on the right-hand side of (58) represents
the scale effect and the last term the pure effect of technical change on the
growth of total factor productivity. The term ¢, is attributable to the fact
that, in short-run temporary equilibrium, the rate of technical substitution
between the quasi-fixed and variable factors differs from the long-run price
ratios. We will refer to ¢; as the temporary equilibrium effect. The term ¢
reflects the direct adjustment-cost effect in terms of foregone output due to
the presence of AXy and AXg in the production function. We will refer to
@2 as the direct adjustment cost effect.2! The decomposition of total factor
productivity for the two industries is based on (58). The scale effect is,
by far, the most important contributor to total factor productivity growth.
This is particularly the case in the Japanese industry where the output
growth was very rapid and the estimated degree of scale larger than in the
U.S. industry. It is possible to decompose the scale contribution into effects
of shifts in demand and that of relative input prices as shown in section 3.
The growth of demand is probably a major source of growth of TFP in these
two industries. The temporary equilibrium effect, ¢;, is fairly large in the
United States and about twice as big as in the Japanese electrical machinery
industry. The direct effect of the adjustment costs, ¢, is negligible. The

21Explicit expressions for the terms ¢; and ¢2(and a further discussion of those terms)
are given in Appendix C of Nadiri and Prucha (1990).
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combined effect of ¢; and ¢y due to the adjustment costs is 15% and 4%
of the measured total factor productivity growth for the United States and
Japan, respectively, and hence not negligible, particularly for the United
States. Consequently, if zero adjustment costs would have been imposed,
a nonnegligible portion of measured total factor productivity growth would
have been misclassified. In addition, inconsistency of the estimates of the
underlying technology parameters would have distorted the decomposition
of total factor productivity growth. The contribution of technical change to
the growth of total factor productivity is second only to the scale effect. For
each of the sample periods, the unexplained residual is small.

4.3 Productivity Growth, Spillovers and Externalities of R&D
Capital

In many industries firms undertake research and development (R&D) in-
vestment in order to develop new products or new processes. A feature of
R&D investment that distinguishes it from other forms of investment is that
firms which do the investing are often not able to exclude others from freely
obtaining the benefits from the R&D projects. If this is the case the benefits
from R&D investment spill over to other firms in the economy, although the
recipient firms have not paid for the use of the knowledge generated by the
R&D activity.

The significance of spillovers in modeling and estimating the effects of
R&D investment has been emphasized by Griliches (1979, 1993) and Nadiri
(1994). Theoretical treatments (e.g., Reinganum, 1981; Spence, 1984) have
analyzed the implications of R&D spillovers in terms of a dynamic model
of industry conduct and performance. In particular, Spence assumed that
through spillovers a firm’s R&D investment reduces production costs of rival
firms. Thus the industry-wide cost-reduction effect of R&D investment is
enhanced. Simultaneously, however, because spillovers generate free-rider
problems, a firm’s incentive to undertake R&D activity is diminished.

In recent years there has been a considerable effort to model and estimate
the role of R&D spillover. There are a number of different approaches that
have been taken to specify and measure technical spillover effects.??2 The
interested reader may consult the survey papers by Griliches (1993) and

22For some of the specifics studies on the R&D spillover effects, the interested reader
may consult the following studies: Bernstein (1988, 1989), Bernstein and Nadiri (1988,
1989b), Cohen and Levinthal (1986), Evenson and Kislev (1973), Fecher (1989), Goto and
Suzuki (1989), Griliches (1991}, Jaffe (1984, 1986, 1989), Levin and Reiss (1984), Mohnen
(1990a,c), Spence (1984), Terleckyj (1980),Vickery (1986), Wolff and Nadiri (1987).
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Nadiri (1994).

An approach developed by Bernstein and Nadiri (1989b) analyzes the
cost-reducing and incentive effects of technological spillover for several U. S.
industries. R&D spillovers are embodied in the technology of a firm which
can be represented by

Y(t) = F(XKPh(t)’Xv(t)’XKRD(t)’OXR(t)7 IPh(t)’ IRD(t))) (59)

where Y (t) is the output flow, F is the production function, Xk, (t) is the
physical capital service flow, Xy (t) is the variable factor service flow, and
Xknp(t) is the R&D capital service flow. The R&D spillover is given by
the variable Xg(t), which is the R&D capital service flow of other firms
in the economy. Indeed, Xgr(t) = Y_; Xskpp(t), where the summation is
taken over all firms other than the one whose technology is represented by
equation (59). The parameter 8 captures the extent to which R&D capital
is appropriable. If § = 1, then R&D capital is completely appropriable
and all knowledge is common; and if 0 < # < 1, then there is incomplete
appropriability.

The presence of investment, which is given by ;(t),7 = Ph (physical) and
i = RD (R&D), in the specification of the technology implies that there are
internal adjustment costs associated with changes in the level of the capital
inputs (i.e., the quasi-fixed factors). These adjustment costs are measured
in terms of foregone output (see Treadway, 1971, 1974; Mortensen, 1973;
and Epstein, 1981). Increases in investment decrease output at a decreasing
rate. However, increases in the variable, physical and R&D capital inputs
increase output at a decreasing rate.

There are three effects associated with the R&D spillover. First, from
the production function given the inputs and investment, changes in the
spillover generate changes in the quantity of output. This is the produc-
tivity effect. Second, given input levels and the investment rates, changes
in the R&D spillover cause factor substitution. Indeed, the variable factor,
physical capital and R&D capital may be complements or substitutes to the
spillover. It is important to note that not only R&D capital responds to
the spillover, but in principle each factor of production can be affected by
knowledge obtained from other firms in the economy. In the language of the
technological change literature, changes in the R&D spillover cause factor
biases, which may be either factor using or factor reducing.

Because the technology incorporates adjustment costs, there is a third ef-
fect. Given output and factor quantities in the production function, changes
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in the R&D spillover cause quasi-fixed factor-adjustment as the rates of in-
vestment change. Thus the dynamic nature of the model implies that the
incentive effect associated with the R&D spillover can be attributed to two
sources: changes in factor demands and changes in quasi-fixed factor accu-
mulation. :

The accumulation of physical and R&D capital stocks is governed by

Xk,= i — 6Xk,,i= Ph,RD (60)

where 0 < §; < 1,i = Ph, RD are the fixed rates of depreciation of the two
types of capital stocks.

The costs of the variable factor, of purchasing physical capital and of
developing knowledge capital are

C" =G(Y, Xkpn» Xkrp+10XRr, IPh, IrD) + PPuIPh + PRDIRD (61)

where C"is normalized cost, normalised with respect to the variable factor
price, p; (¢ = Ph, RD) is the normalized (or relative) investment price and G
is the variable factor requirements function, which is derived by inverting the
production function (denoted by F' in equation (59)). Using a value function
whose form is assumed to be is generalized quadratic in the factor prices
and linear in output, the capital stocks and R&D spillover, the estimating
equations for this dynamic model are:23

Xe(t)/Y(t) = .Bby— .5bjwki(t) — Bbawhp(t) — browpn(t)wrp(t) +
ho/Y (8) +a1(1+ p) Xkpp (t —1)/Y (1) +
az(1+ p)Xkpp(t — 1)/ Y (t) — a1 Xk, (1)/ Y (t) —
a2 X5, (1)/ Y (t) + a0 Xp(t — 1)/ Y (t) + ue(t) (62)

X, ®)/Y() = (aubi+ aibij)wi(t) + (aubi; + aijbjj)we(t) +
h:/Y(t) + b: + (1 + P — ai,-)XKk(t - 1)/Y(t) —
osi Xt = /Y (0 + cXr(t — /Y (E) + ux(0), (63
ij=1,2i%j k= PhRD, k2.

Equation (62) represents variable factor demand while equation (63) rep-
resents the investment demand functions for physical and R&D capital. The

#38ee Bernstein and Nadiri (1989b) for details.
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R&D spillover variable, the magnitudes of capital stocks, and the adjust-
ment costs of physical and R&D capital affect both sets of equations. Thus
the effect of R&D spillovers on both the level of factors of production and
also on the path of investment can be estimated.

The equations are non-linear in the parameters, with parameter restric-
tions within and across equations. The error terms reflect optimizing er-
rors and are assumed to be jointly normally distributed, with zero expected
value, £(u) = 0, and with positive definite symmetric covariance matrix,
E(uuT) = Q. ,

Equations (62-63) are estimated for each of the four industries (Chemi-
cals, Petroleum, Machinery, Instruments) with cross section and time series
data pooled together. In order to account for interfirm differences within an
industry the parameters bg, b7, b3, hg, b1, h3 are allowed to vary across firms.
Since factor prices are not firm specific, the parameter matrices A, and
B, are assumed to be invariant across firms.

R&D spillovers cause average cost to decline and factor demand to
change for the spillover-receiving firms. These cost-reducing and factor-
biasing effects of R&D spillovers can be determined from equations (62-63).
By differentiating equations (62-63) with respect to z.(t — 1) we can obtain
the short run R&D spillover elasticities of factor demands (physical capital,
R&D capital and the variable factor). Similarly, the productivity effect of
R&D spillover can be derived from equations (62-63). This can be done
by formulating the effects of R&D spillovers on short-run and long run cost
functions. .

The estimation results suggest that for each industry, the short-run de-
mand for R&D and physical capital decreased in response to an increase in
the intraindustry spillover. Thus the spillover was R&D and physical capital-
reducing (or saving). No complementarity effects between the intraindustry
spillover and a firm’s own R&D capital were evident. [t appeared that the
spillover was a substitute for own R&D capital. In the short run, both the
variable and average costs for each industry and every firm declined in re-
sponse to the intraindustry spillover. These productivity effects suggest that
a one percent increase in the spillover on average decreased variable cost by
around 0.1 percent for machinery and instruments and by 0.2 percent for
chemicals and petroleum. The effects on average cost were about 50 percent
to 70 percent of the elasticities on variable cost. Spillover-receiving firms
gained a 0.05 percent, 0.08 percent, 0.11 percent, and 0.13 percent average
cost reduction, respectively, in the instruments, machinery, petroleum, and
chemical industries as a results of a 1 percent increase in the intraindustry
spillover.
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Not surprisingly, the spillover elasticities of the quasi-fixed factors were
more elastic in the long run than in the short run. In addition, the signs did
not change between the short and long run. In the long run the spillover
was physical and R&D capital reducing. Moreover, on average, in the long,
the elasticities for physical and R&D capital were still highly inelastic. Once
again these results occurred for each firm in each industry and were very
stable over time. Variable and average costs also decreased in the long run as
the R&D spillover increased. The long-run effects on variable and average
costs were generally more elastic than the effects on physical and R&D
capital. In the long run a one percent increase in the intraindustry spillover
caused average cost to decline by around 0.1 percent for instruments and
machinery and by approximately 0.2 percent for chemicals and petroleum.
These long-run cost-reductions were twice those estimated for the short run.

Using these model estimates, it is possible to calculate the social rate of
return to R&D capital. The results indicate that for all four industries the
net social rate of return greatly exceeded the net private return. The machin-
ery industry exhibited a difference of 30 percent between the returns. This
was the smallest differential. The differences in returns for chemicals and
instruments were 67 percent and 90 percent, respectively. The petroleum
industry showed the greatest difference in returns, as the net social rate was
more than twice the net private rate of return.

There have not been many empirical studies which have investigated the
extent to which intraindustry R&D spillovers create a divergence between
the social and private rates of return on R&D capital. Jaffe (1986) has looked
at spillovers for a cross section of manufacturing firms. Jaffe estimated that
the social returns on R&D capital was 40 percent higher than would be
the case in the absence of spillovers. Mansfield et al. (1977) conducted an
analysis of a small group of major R&D projects and concluded that the
social rate of return was 77 to 150 percent greater than the private return.
The results reported here on the deviation between the social and private
rates of return were consistent with the previous findings.

Empirical work relating to R&D spillovers has surged in the last few
years (see Griliches, 1993, and Nadiri, 1994, for partial references). These
studies attempt to estimate the magnitude of the inter- and intra-industry
R&D spillover and the spillover effects of R&D performed in Universities
and scientific laboratories on industry or firm productivity. Also, effort is
underway to examine the cross-border effect of investment in R&D in one
country to another. The studies differ in their methodologies and applica-
tions. Though as yet there is no consensus, most of these studies point in
the direction that there is some effect of R&D spillover on the productivity
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growth of the receiving industry or economies. Also, these spillover effects
do change to some extent the investment behavior of the recipients. Using
rigorous methodologies and appropriate econometrics to estimate models
similar to those surveyed here will contribute substantially to our under-
standing of the process by which technology diffusion and spillovers affect
TFP growth among firms, industries, and countries.

4.4 Infrastructure Capital and TFP Growth

A substantial number of studies have utilized cost function specifications to
measure productivity effects of total or specific infrastructure capital on re-
gional, industry, and metropolitan output growth and TFP performance.?
The earlier studies based on simple production function specifications at-
tributed substantial impact on growth of output and TFP to public infras-
tructure. Estimated output elasticities ranged between 0.33 and 0.66 which
implied rates of return to infrastructure capital of close to 100% 25 Recent
studies employing flexible cost functions have led to substantial refinement
and reassessment of the earlier results (Nadiri and Mamuneas, 1994). As an
example, consider the recent study by Nadiri and Mamuneas (1996).
Let the output demand for an industry, f, be

Yi=Ar+as(bys — Pg) + By Z+(1 = B4) N (64)
where Y jand Pysare the growth rates of output and prices in industry f;
Z, N,and Pgare the growth rates of aggregate real income, population, and
GNP deflator, respectively.?6 The industry’s technology is represented by
the cost function

zi E_—,‘ Qi Wi Wy f
{ [32; iwig] + ;bhwu‘ + [Zi: ciwirlt

h’le

24As a representative of the diverse approaches to the analysis of public infrastruc-
ture capital and productivity the interested reader may consider Aschauer (1989a,b),
Berndt and Hansson (1991), Conrad and Seitz (1992), Deno (1988), Duffy-Deno and
Eberts (1991), Eberts (1986), Eisner (1991), Fernald (1992), Gramlich (1994), Holtz-
Eakin (1992), Hulten and Schwab (1984), Keeler and Ying (1988), Lynde and Richmond
(1992), McGuire (1992), Morrison and Schwartz (1991), Munnell (1990a,b), Nadiri and
Mamuneas (1993), Nienhaus (1991), Shah (1992), Tatom (1991).

BFor a review of the literature, see Aschauer (1993), Aaron (1990), and Nadiri and
Mamuneas (1993).

28Equation (64) is estimated in first difference form in order to account for potential
nonstationarity. The variables are cointegrated in the first-difference form.
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+byy (D vwig Yy + Y ciswig] Xpes + dss[) ¢iwz‘f]X12>cs} Yy
+Y  bawy + Cpes|)_ biwir] Xpes (65)
; :

where aij = aj;, wis are relative input prices, Yy is industry output, ¢ is a
time trend and Xpcs is an m-dimensional vector of public capital services.
This functional form is the symmetric generalized McFadden cost function
introduced by Diewert and Wales (1987) augmented to include infrastructure
capital services. The cost function is dual to a well-behaved production
function if it is non negative, monotonically increasing, homogeneous of
degree one, and concave in input prices. If in addition, for some reference
point w* > 0, Y* > 0, X5 > 0, the following restrictions are satisfied

Zaijw: = 0,
ZH,-w: # 0, Z’yiw; # 0, Zqﬁiw{ # 0 and Zd)iwi* #0

then C() is a flexible, linearly homogeneous in input prices, cost function.
The advantage of this functional form over the translog cost function is
that if the estimated matrix A = [a;j] is negative semidefinite, then the
cost function will be concave in input prices. However, if A is not negative
semidefinite, we can impose concavity in input prices globally by a Cholesky
factorization, without destroying the flexibility property of the cost function
(See Diewert and Wales, 1987, for a further discussion).

The system of estimating equations can be derived by applying Shep-
hard’s Lemma (X; = 8C/8w;)

35 aiWis 3 3 25 GigWigwysbs

[3: Oswig] (> Gswig]?

+eirt + ciwuy + by + byy vy

YcisXpes + dssdi X bog + bi/ Yy + cspiXpes/Yr + €y (66)

Xig/ Yy =

where 1,7 = 1,..,N; f = 1,.., F; ¢ = (€1y,...,€ns) has zero mean and
constant covariance matrix {2. We require the system of equations to satisfy
the usual regularity conditions. In particular, for the cost function to be
concave in input prices, its Hessian matrix (82C/8w;0w;);; of second-order
derivatives with respect to variable input prices should be negative semidefi-
nite. Also, the cost function should be nondecreasing in output and linearly
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homogeneous in input prices. Finally, in order for public capital input to
have a cost reducing effect, the cost function should be nonincreasing in
Xpcs.

The marginal benefit of highway capital services can be calculated by
taking the derivative of the cost function with respect to infrastructure ser-
vice X PCS-

~8C; /80X pcs = —{Z CisWif +2dss[Z ¢iwi1xpcs}yf—[2 WYiwigles (67)

Note that if the estimated parameter d,, is positive, then this condition can
be interpreted as the demand for highway capital. Also, if the user fee of
infrastructure is known, say equal to Qy, then this condition can be imposed
in estimation. Condition (67) is the shadow value or marginal benefit of
highway capital services. By knowing the marginal cost of public capital
(ignoring consumption), we can also directly estimate the optimal amount
of different public capital that will equate the sum of marginal benefits to
its marginal cost. That is,

—Y " 8C;/8Xpcs = Qpcs
f

where @ pcsis the marginal cost of highway capital.
Finally, the indirect effects of highway capital on private inputs like
capital and employment are given by

0Xi/0Xpcs = {cis + 2dssi X pes} Yy + ics. (68)

Thus, we can estimate whether public capital is biased toward labor, mate-
rials, and private capital.

The productivity effects of the infrastructure capital (highways) is an-
alyzed in the context of a general framework based on equations (65) and
(66). Define TFP as

TFP = Y - ZW,;X,’
i

where X,- denotes the rate of growth and 7; = w; X;/p,Y is the output share
of the ith private input.?” It can be shown that TFP can be written as®

*For simplicity we have droped the firm index f.
*8See Nadiri and Schankerman (1981) for the derivation.
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Kk—n'

Thp= (2T V- S naXres, - n, (69)
where k is the ratio of output price to average total cost; n* is the cost
elasticity of output when both private and public inputs are included; 7 is
the cost elasticity of output when private inputs are considered. n* = n/B
where B = 1— 3" nck; ek is the private cost elasticity with respect to public
inputs. According to equation (69), TFP growth can be decomposed into
three components: a gross total scale effect given by the first term; a public
capital stock effect given by the second term; and the technological change
effect given by the last term. To further decompose the scale effect, we
assume that the price of output is related to private marginal cost according
to:

py, = (1 + 6)8C/8Y

where € is a markup over the marginal cost. The markup will depend on
the elasticity of demand as well as on the conjectural variations held by the
firms within an industry. Using the definition of the output elasticity, 7,
along the private cost function, we obtain

py = (1+6nC/Y. (70)

Time differentiating (70), the pricing rule implies
py=01+0)+9+C-Y (71)
where (-) denotes growth rate. Differentiating the private cost function with
respect to time and using Shephard’s lemma,and by substituting for Y from

the demand function, we obtain the reduced form function for the growth
rate of total factor productivity

TFP = Alen +a(l +0)] + Aa (Z G — Pg)

+A[MN+BZ(1 - B)N] + Aaz e Xpcs,
3

'—‘E chkchsk + ACYT — [{,_B—T (72)
k

where A = [(k —n*)/k]/[1 — a(n —1)] and (; is the share of the ith input in
private cost C.
Equation (72) decomposes TFP into the following components:
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1. a factor price effect Aa[Y; Gy — Py);

2. an exogenous demand effect A]A+ B Z (1 — B) NJ;
3. a public capital effect (Aa - EI'E) Yk UckXPCSk and
4. disembodied technical change [Aa%]T.

The public capital and disembodied technical change effects can be fur-
ther decomposed into direct and indirect effects. The direct effect of infras-
tructure capital, for instance, is given by (ncx/ nB)X pcs, while the indirect
effect is given by AanckX pcs,- Thus an increase of public infrastructure
initially increases total factor productivity by reducing the private cost of
production, which in turn leads to lower output price and higher output
growth. Change in output growth in turn leads to changes in TFP growth.

The important parameters in (72) are the price and income elasticities
of demand and the cost elasticities of the private cost function. Note that if
the demand function is completely inelastic (a = 0) then shifts in the cost
function due to real factor price changes, public capital, or disembodied
technical change have no effect on output and hence no indirect effect of
TFP. Second, if there are constant returns to scale including the public
inputs, 7* = k = 1,then (72) collapses to TFP = L% nex Xpcs, — ,IS,T.

The model is estimated using the disaggregated industry data developed
by Jorgenson, Gallop, and Fraumeni (1987). The data cover 35 U. S. sectors
and two digit industries for the period 1947 to 1989 and include gross output,
materials input, labor and capital and their prices for all industries. The
aggregate time series data for the highway capital was constructed by the
Bureau of Economic Analysis. The model consisting of demand, cost and
share equations is estimated using the panel data for the 35 industries over
the period 1950-1989 using Three Stage Least Squares with lagged values
of the independent variables as instruments.

The specific quantitative results can be summarized briefly. Highway
capital does contribute to output and productivity growth at both industry
and aggregate economy levels. Its contribution varies across industries. The
elasticity of output with respect to highway capital at the aggregate level
is approximately 0.05 which is much smaller than the comparable estimates
reported in the literature. All industries indicate some degree of economies
of scale but the degree of returns to scale are fairly modest, in the range
of 1.05 to 1.2. The marginal products of labor, capital and intermediate
inputs were all positive and the output elasticities of material inputs were the
largest, followed by those of labor and capital at both industry and aggregate
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economy levels. The elasticities of output with respect to highway capital
were much smaller, by almost four times, than those for private capital in all
industries. Clearly, private capital input dominates, in terms of contribution
to output, the public capital , i.e. highway capital.

The effects of public capital on demand for private inputs in different
industries are significant. The degree of “bias” varies across industries but
it mainly reduces demand for private capital while it increases the demand
for labor in some industries. The marginal benefits of highway capital in
most industries range from 0.004 to 0.028: they are a measure of the willing-
ness to pay for highway services. The marginal benefits in some industries
is negative suggesting that in those industries the existing stock of highway
capital may be over supplied. The patterns of marginal benefits imply corre-
sponding taxation and subsidies to fully utilize the existing highway capital
services.

Using the industry marginal benefits calculations and the user cost of
highway capital, taking into account the distorting effects of taxation to
finance this infrastructure capital, it is possible to estimate the net social
rate of return to highway capital. This rate was high, about 0.35 in the
1950’s and 1960’s, then declined considerably in the 1970’s and was about
0.10 in 1989. This pattern reflects the phenomenon of inadequate highway
capital in the 1950-1965 period when the National Highway System was
being constructed. As this system was completed the rate of return declined
and in the late 1980’s the rates of return on private and public capital have
converged. The model allows calculation of the “optimum® level of highway
capital. The ratio of the “optimum” to actual highway capital was very high
immediately after World War II and after 1960 this ratio steadily declined.
By the end of the 1980’s there seems to be no evidence of under-or over-
investment in highway capital.

The decomposition of TFP was carried out according to equation (72).
The main contribution to TFP was the shift in exogenous demand reflecting
the growth of real income and population growth. The contribution of ex-
ogenous demand varied across industries but it contributed, on the average,
about 60%. The relative input prices contributed negatively in almost all of
the industries but the magnitude of the dampening effect of relative input
price increases on TEFP ranged between -0.10 to -0.40. At the aggregate
economy level the contribution of relative price to TFP was about -0.07
while that of the exogenous demand stood at about 0.67.

The contribution of highway capital to TFP in all industries, except a
few, was positive but varied considerably. In the manufacturing industries
the contribution of highway capital was much higher than in other industries.
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At the aggregate level, highway capital contributed to about 0.17% of TFP
growth. Another feature of the results was that while highway capital did
contribute to the long term growth of TFP, it contributed very little to the
acceleration or deceleration of TFP growth at the industry level.

5 Structural Approaches to Productivity Measure-
ment in Models with Fixed Factor Dynamics
and Allocative Distortions

In this section we outline an integrated model that nests a wide range of
features of the production process.?? Particularly, we will assess the sen-
sitivity of the structure of technology to three common assumptions: (1)
cost-minimizing behavior, (2) the endogeneity of the production technique,
and (3) the specification of technical change. We employ the concept of
virtual prices to allow estimation of a technology that corresponds to ef-
ficient resource allocation despite potentially noncost-minimizing behavior
by the firms.?® We formulate a multiple output technology in which the
choice of production technique is an endogenous decision. Finally, rather
than using time trends as proxies for disembodied technological change, we
employ a variable cost function which explicitly incorporates characteristics
of the embodied production technique. The U.S. airline data are used for
empirical illustrations.

Distorted cost-minimizing behavior is introduced into the standard model
in the following way.3! Consider the transformation function F(Y, X) < 0

These innovations have included flexible functional forms (see Nadiri, 1982), models
allowing multiple outputs (Brown, Caves and Christensen, 1979), the incorporation of
characteristics of those outputs (e.g., Spady and Friedlaender, 1978), models of interre-
lated demand functions and temporary equilibria (e.g., Nadiri and Rosen, 1969; Pindyck
and Rotemberg, 1983a,b; Berndt and Morrison, 1981), and models allowing noncost-
minimizing behavior {e.g., Lovell and Sickles, 1983; Atkinson and Halvorsen, 1984).

3%An alternative interpretation of a divergence between virtual and observed prices
is that there exist binding constraints on firm decision making and that the firm is in
fact optimizing relative to those constraints. In the U.S. airline industry, specification
of these constraints is problematic, and empirical vehicles for modeling them have not
been developed. However, to the extent that we can identify and estimate parameters
that explain the divergence between virtual and observed prices, their role in explaining
distortions in optimizing behavior is consistent with either of these interpretations.

31The following model is based on the work of Toda (1976), Lovell and Sickles (1979),
Atkinson and Halvorsen (1984), Sickles, Good, and Johnson (1986), Eakin and Kniesner
(1988), Kumbhakar (1993) and Atkinson and Cornwell (1994a,b), It can also be viewed
as a dual approach to other parametric inefficiency models in which inefficiency is time
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characterized by a technology set endowed with the standard properties as
set forth in Diewert (1982). Firms are assumed to employ inputs X =
{Xs,Xn~s} > 0 to produce outputs Y = {Yk,Ya—xk}, where the last
N — J inputs are assumed to be quasi-fixed (e.g., aircraft fleets) and where
the last M — K elements of Y are output characteristics (e.g., service quality,
network configurations, etc.). Consider the technology of airline service and
the input and output decisions consistent with the standard assumptions
of duality theory, in particular with the assumption that the firm is an un-
constrained cost minimizer. Label these functions and variables with a “*’
and refer to them as ”virtual” or "shadow” functions and variables. Next
let virtual prices diverge from observed prices by an amount given by the
parameter vector 8 = {0y, ..., n }. The cost-minimizing conditions in terms
of the virtual (shadow) prices w* of input pair ¢, j are thus modified to be

wt = OF/dX;
VT BF)8X;]

Based on Shephard’s lemma, factor demands derived from the firm’s
minimum virtual cost function are

where w} = w; + 6;. (73)

oC* (Y, wh; Xn—J)
ow:

2

X3(Y,wy; Xn—yg) = . (74)

The observed variable cost function and associated short-run factor shares
are

C(Y,w},wJ;XN—J)=Z w; X (Y, wh; Xn—7) (75)
3
and
_ wz-X,-
C(},! 'UJ},’U)J;XN—J),
Since virtual shadow cost shares are S} = 8InC*/8Inw} = w}X;/C*, ob-

served input use can be related to virtual prices and quantities by X; =
S}C* /w}. Observed costs can then be re-expressed as

S; i=1,..,J. (76)

c=c [Z(S{w,-/w{)} (77)

varying.
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and observed factor cost shares can be re-expressed as
__ Stwi/w;
%5 (Sjws/ws)

Equations (77) and (78) provide the key linkages between an observ-
able cost function and the virtual technology when the application of that
technology is systematically distorted.

The empirical vehicle for examining distortions in input allocations de-
scribed by (77) and (78) is a second order translog approximation to the
variable cost function amended parsimoniously to incorporate input and
output characteristics. Included among these are characteristics of technol-
ogy which may react to changes in market conditions and/or short-run and

long-run changes in input substitution and output transformation possibili-
ties. The virtual variable translog cost function In C* is given by

(78)

i

' 1
InC* = a+§i:a,-1nx-+§zi:§j:a,-jlnmnn

1 1

5220, Nm I Yi(wm 4 0m) + 5303 vnolnYaIn Xy pou

I m n o
1

+Z BiIn(w; + 6;) + > ZZ Bpq In(wp + 65) In(wq + ;)
i r q
1

+§zr:g )\rsln(’wr +91-)1n.’(_]+s_1 +Zi: piln X i1

1
+3 Y Y pwln Xy 1 Xyt (79)
t u
Virtual cost shares are given by

S: =G+ Z ‘3,'1' ln(wj + 9_,') + Z’W/ji lnY, + Z/\ij In XJ+j_1. (80)
J 3 J
The relationship between the observed cost and cost share system and those
of the virtual technology are given by

InC = InC*

—Hn{z

3

Bi+ > Biin(wj+6;) + ) vslnY;
3 3

Wy
—{-Z/\ij In X451 m} (81)

J
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S; = [Siwi/(wi+6:)]/

> [ﬁi +>  Bixln(wg +6) + ) v InYs
% 3

J
w,
+3 NpIn X gy | - —2— 5. (82)
Zk: IR 1] (w; +9j)}

Symmetry and linear homogeneity in input prices are imposed on the virtual
cost function by the restrictions ay; = ojs, V2,3; Bij = Bji, Vi, 75 216 =
1, Zj ,Bij = 0, Zj ’\ij = 0, VZ, and Zj Yij = 0, Vi.

Summary statistics based on the virtual translog and its associated share
equations are provided by the Morishima and Allen-Uzawa3? substitution
elasticities, and several measures of returns to scale which extend from the
short-run to the long-run. A measure of excess costs due to the divergence of
virtual and measured prices is given by the difference between the estimated
observed In C and estimated In C for which 8 = 0. Any divergence between
observed and virtual price for any input will cause this difference to be
positive when the virtual cost function is concave.

The endogeneity of technology in this series of illustrative examples arises
from the notion that an air carrier optimizes not only to obtain the appro-
priate multiple input mix but also to select the correct configuration of the
fleet and the type of service its fleet is being chosen to serve. The choice
of these characteristics will depend on the market prices and trade-offs be-
tween the benefits and costs of different technological features of the fleet
and various dimensions of its routes.

This menu of production techniques is modeled with a set of attributes
of the aircraft fleet, and the effects of changes in these attributes over time
are examined (see Baltagi and Griffin, 1988 for an alternative panel data
treatment of technological change). We consider four attributes of the
capital stock: vintage, size, diversity in size, and percentage of the fleet
that is jet-powered.?® Also included in the cost function are two measured
outputs—scheduled and nonscheduled service; three variable inputs—labor,
fuel and materials (an aggregation of supplies and outside services); one
quasi-fixed input—flight and ground equipment; and four attributes of air-
line networks—the stage length, the number of cities serviced, the extent of

32Gee Blackorby and Russell (1989) for a discussion of the relative merits of the Mor-
ishima and Allen-Uzawa elasticities.

33The rationale for using these attributes are discussed in Good, Nadiri, and Sickles
(1991).
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network connectivity, and the load factor. The technology has three variable
inputs, one quasi-fixed factor, four technology characteristics, two measured
output quantities, and four output service characteristics. Fixed firm effects
are controlled for by including firm dummy variables in the cost equation.
These firm effects can be given the reduced form interpretation of omitted
variables that are specific to the firm and display little variability over the
sample period of seven years, or can be given a more structural interpreta-
tion as time-invariant technical inefficiencies from a stochastic frontier cost
function (Schmidt and Sickles, 1984). However, it is not clear that the latter
structural interpretation does justice to the data given the results of Corn-
well, Schmidt and Sickles (1990). We thus view the time invariant fixed
effects as unobserved/unmeasured firm specific heterogeneity.

The econometric analysis focuses on three related modeling issues. The
first is whether or not the assumption that virtual and observed prices are
the same is supported in the airline industry during the deregulatory tran-
sition. The competing hypotheses are represented by comparing restricted
models (where § = 0) with their unrestricted counterparts. The second issue
deals with how technological progress should be specified. We consider two
approaches: the commonly used time trend specification and our capital
attribute specification. In our capital attribute model, a menu of different
production technologies is explicitly described. Technological change is cap-
tured by how the adopted production technique changes over time. The
third deals with endogeneity of output, its characteristics and the produc-
tion technique. Two estimators are considered: the commonly used iterated
seemingly unrelated regression method, ITSUR (Zellner, 1962), and iterated
three stage least squares, IT3SLS. We allow the outputs, output character-
istics, capital stock and the production technique to be endogenous.3

Results from estimating the eight separate models based on the two treat-
ments of allocative inefficiency, the two treatments of technical changes, and
the two treatments of endogeneous technology can be found in Good et al.
(1991). The assumption that firms were unconstrained cost-minimizers is
rejected at standard nominal significance levels. The specification of dis-
embodied technical change proxied by a time trend leads to a breakdown
of the model in that regularity conditions fail at almost all of the sample
observations. Results based on the most general model which allows for al-
locative distortions and endogenous embodied technical change suggest that

34The instruments are constructed from nine input prices, the time trend, interactions
among the input prices and time, as well as seasonal and airline dummies. We construct
the instruments so that they are homogeneous of degree zero in prices in order to preserve
the linear homogeneity of the estimated virtual cost function.
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the airlines in our sample are over utilizing both labor and capital. More-
over, there is evidence of an underutilization of energy and overutilization of
materials relative to levels consistent with unconstrained cost-minimization;
labor and materials are overused by 12 and 9 percent respectively, and fuels
are underused by approximately 14 percent. Even though labor and mate-
rials are overused, these inputs are still productive and are substituted for
using less energy. Consequently, the 2.6% increase in cost due to the incor-
rect input mix is substantially less than the expenditures on the overused
inputs. The distortion estimates indicate that in order for firms to be un-
constrained cost-minimizers, labor’s share in total cost should have fallen
during the sample period by 7.3 percent. The share of energy should have
increased by 10.1 percent. The share of materials should have fallen by 7.2
percent. The share of capital should have fallen by about 4.5 percent. These
figures are comparable to the 1977-83 sample changes of 5.3, 10.2, 0.3, and
3.2 percent.

Short-run factor demands for all variable factors are inelastic, with en-
ergy (—0.088) the least elastic, followed by labor (—0.305) and materials
(—0.466). The Morishima substitution elasticities for the labor/materials
pair are [0.552,0.941] while the Allen-Uzawa elasticity is 1.006. Comparable
estimates for the materials/energy and labor/energy pairs are [0.081, 0.458]
and —0.036, and [0.362,0.184] and 0.203 respectively. These substitution
possibilities are due, in part, to the ability of firms to substitute labor within
the firm with outside labor services (predominantly contract maintenance
and travel agent commissions) and to contract out for maintenance and
spare parts. The substitution elasticities for the labor/energy pair are small
and appear to be best characterized by fixed coefficients.

Short-run returns to scale are estimated to be 1.77. While on the surface
this may seem high, it is due mainly to large fluctuations in demand exhib-
ited in our quarterly data. Its primary effect is to capture increasing utiliza-
tion rates of capital and labor over these seasonal fluctuations. The value of
what Caves, Christensen and Tretheway (1984) term “returns to density” is
estimated at 1.67. This measure assesses the change in cost as outputs are
proportionately increased while holding the network, its characteristics, and
the characteristics of the aircraft fleet fixed.3® Long-run returns to scale, or

3%While higher than the Caves, Christensen and Tretheway value of 1.24, it can again
partially be explained by the use of quarterly data and a somewhat different study period.
An alternative measure of scale economies examines the returns to additional cities added
to the network with no new route segments. This type of output change can be accom-
plished only if additional use is made of sparser networks (such as by using hub-and-spoke
or loop type networks). We term this returns to hubbing and estimated it at 1.44.
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returns to size, allows output, capital, the number of cities and the number
of routes to increase proportionately and is estimated to be 1.07.3¢ The
estimate of cost complementarity indicates that scheduled passenger output
and cargo/nonscheduled output are slight substitutes. While the belly of
aircraft scheduled for passenger services can also hold cargo, the decline in
popularity of combination aircraft since deregulation has meant that most
cargo is carried by air freighters.

It is well known that when there are increasing returns to scale, when
a regulatory constraint is binding, or when the other conditions just men-
tioned are present, standard total factor productivity estimates misrepresent
the rate of technological change. Here we outline the appropriate decom-
position of technical change in which the choice of technique is endogenous
and observed input levels may be suboptimal.

Using the Divisia index number method, total factor productivity growth
is computed to be

TFP =Y R Y:i—)Y S X: =Sk Xk (83)
itk

where R; is the observed revenue share of output 7 and S; is the observed
cost share for input j. Here X is the quasi-fixed level of an arbitrary input,
e.g. capital. Adapting an approach by Denny, Fuss, and Waverman (1981) to
allow for the quasi-fixed input, nonoptimality in the level of input utilization,
a set of output characteristics, z, and a set of capital characteristics, c, the
observed variable cost function is

Cc*(Y,w, Xk, 2,¢) (84)

The growth rate of observed variable cost is

C'=3&Yitex Xx +Y s+ [gziy} iy +T (85)

where T describes the rate of cost diminution due to changing technology
(changes in the growth rate of capital characteristics or time). In addition to
the appearance of terms for capital and output characteristics, this differs
from other decompositions since the cost elasticity with respect to input

36The way that airline networks have changed falls somewhere between the returns to
hubbing and returns to size estimates, but their magnitudes suggest that the intensity
of merger activity since deregulation may have resulted, in part, from some modest scale
economies. It may also represent benefits from increases in feed traffic and the desire of
consumers to complete their entire flight with the same carrier.
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prices is not necessarily the expenditure share due to potential allocative
distortions. Since CV = Z_wiX,- , the growth rate of observed variable cost
can also be described by C¥ = Y~ SY; + Y. SY Xi. A bit of algebra reveals
that

. : . 8lnCv
> St Xi=ZEi Y tex Xk +Zniii+2[alr:lw. -5
T

The discrepancy between total cost expenditure shares in equation (83)
and the variable cost expenditure shares in equation (86) can be remedied by
recognizing that S; = (1 — Sx)S? . Combining equation (83) with equation
(86) yields the following decomposition

w; +1T  (86)

TFP = Z[R,, - (1 - Sk)Ei] Yi
—[Sk + ex(1 = Sk)] Xk — (1 — Se)mis

—1-5)% [‘211‘;3 - s;’] ws—(1-S)T  (87)

The first term on the right can be further decomposed into a scale effect
and a nonmarginal cost pricing effect:

TFP = [ZRJ-—-_Z%] Yj+[1_(1“5k)26i] Z(Ej YJ)

2 €
_ 1n Cv .
~[(1 = Se)ex + Si] X ~(1=56) ) [allzlw' B S;J] o

—(1—Sp) S mzi — (1= Sp)T (88)

The first term describes the component of TFP growth which can be
attributed to nonmarginal cost pricing (output mix). Given the plethora of
prices charged in the industry the resemblence of airline pricing decisions
to marginal cost pricing may be questionable. The second term presents a
multiple output component of TFP growth which is attributable to scale
economies. The third term depicts productivity growth due to changing the
quantity of the quasi-fixed factor, e.g. capital. The fourth term describes
TFP growth which can be attributed to non-cost minimizing behavior. Note
that when Shephard’s lemma is applied, cost elasticities and input shares
are identical and the term disappears. The fifth component describes TFP
growth which is attributable to changing output and network characteristics.

52



Finally, the last term describes the amount of technical change, that is, the
rate of cost diminution attributable to shifts in the production technology.

Figure 5 demonstrates the close correspondence of TFP growth estimates
and TFP growth based on index number calculations. Figures 6 and 7 dis-
play the temporal decomposition of TFP growth. It provides additional in-
sights into the process of growth. Seasonal fluctuations have been smoothed
in Figure 6 using a 4-period moving average process. The decomposition
based on equation (88) demonstrates that an important contribution to to-
tal factor productivity growth has been a reduction in output mix departures
from those consistent with marginal cost pricing, but that by 1984 the re-
duction in these distortions was largely played out. This is consistent with
other work (Sickles, Good and Johnson, 1986). Economies of scale played
an important role in TFP growth prior to deregulation and the period from
1982-1983, but provided significant negative contributions in the period
from 1979 through 1981. Both output scale and output characteristics con-
tributions to TFP growth seem to have been significantly affected for the
worse by the 1979-1980 oil price shock. Input distortions were a significant
drain on TFP growth prior to 1982. In fact, during the early deregulatory
period, they slowed TFP growth by a full percentage per quarter. Changing
the attributes of the capital stock led to a sizable productivity growth of
approximately 0.15% per quarter with the exception of the recession period
beginning in 1982 where little equipment replacement occurred.

6 Alternative Structural Models of Productivity
in Collusive Markets

6.1 Econometric Model of European Cartel Behavior

The previous sections have pointed to the need to properly specify both de-
mand conditions and dynamics of production when investigating the sources
of TFP growth. In this section we broaden the scope for endogenous demand
and market structure in TFP calculations by considering a model of collu-
sion in an oligopoly structure with product differentiation. European airline
industry data for the period 1976-1990 are used to examine endogenous
production decisions and market structures. A more detailed discussion of
these and other modeling approaches as well as the data sources can be
found in Good et al. (1993a,b, 1994), Captain (1993), Roeller and Sickles
(1994), Captain and Sickles (1996), Captain, Good, and Sickles (1996).
Consider an industry in which N firms produce a differentiated output,

53



Y, using n inputs X = (Xj,..., Xys). The market demand function facing
firm f at time ¢ is of the form:3"

th = Yf(ptapmh Zta 6)1 (89)

where p,,; is an index of all the other firms prices, Z; are the other vari-
ables (measured on the country level) shifting demand and 6 are unknown
parameters of the demand function. “Perceived” Marginal Revenue is:

PMR = Y2 + DIth, (90)

where D; = 8py:/8Ys;. The cost function facing firm f is:
Cff' = Cf(thwlt,Qt)'Y)a (91)

where wy; is the vector of factor prices paid by firm f at time t, Q; are the
other industry variables shifting cost and ~y are unknown parameters of the
cost function. Marginal cost is written as:

MC = Cy(Yyy, we, @, ) (92)

The firm chooses optimal output where MC equals ”perceived” Marginal
Revenue in an oligopolistic industry ( PM R = p in a perfectly competitive
setting). Thus the quantity-setting condition is:

C1(Yse, we, Q¢,v) = e + D1(Pse, Pty Z1, 7)Y 110 (93)

The parameter 0 is an index of the competitive nature of the firm. If 8 = 0,
price equals marginal cost and the industry is perfectly competitive, while a
6 = 1 is consistent with Nash behavior. In a price-setting game (Bertrand,
1883), the first order conditions for profit maximization imply:

Yy, Y — 0Cy OYpy
8pst Pe Ert 0Yy: Opjt

Summing over the N firms we have yy = )" Yy and thus

8yt aCft ant
—— ¢ +ys — —_— e =
3Ptpt v Zf: ayft Opst

Assuming symmetry in costs, the behavioral equation reduces to the form:

_8Cft_£9

Pt = (94)
By
BY_N Bp:

37For different forms of this model, see Bresnahan(1990)
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The cost function is specified as translog:

1
InC(Y,w) =Inag + ; a; In(w;) + 3 ; ZJ: bi; In(w;) In(w;)

+by In(Y) + %bw In(Y)? + % S byiIn(¥)In(w) + Q. (99)

Here, the inputs are capital (Xg), labor (X) and materials (Xar). The
prices of the inputs are wg, wy and wps respectively. @ contains het-
erogeneity controls for service and capital characteristics which are added
linearly and include log(average stage length), log(network size), log(load
factor), percentage of planes that are wide bodied, and percentage of planes
that are turbo prop. Returns to scale, computed as the inverse of the
elasticity of costs with respect to output, are p = 1/e;y where ey =
by + byy(InY) + byr(lnwr) + bym(lnwar) + by x(Inwg)]. The market
demand function is specified as semi-logarithmic:

InY = do+dip+dePinpEX + d3GDP
+dyGASP + dsGCONS + dg PRAIL (96)

where Y is the output of firm f, p is the price of firm f, P;ypgx is an index
of the other N — 1 firms’ prices, GDP is Gross Domestic Product, GASP
is the retail price of gasoline (inclusive of taxes) and PRAIL is the price of
rail travel.

The behavioral equation®® which identifies the degree of competition is
P =MC - 0/d,. Additive disturbances are appended to the system of five
equations — translog cost, labor share, capital share, demand and behavior -
are estimated by iterative nonlinear three stage least squares, treating p, Y,
C, St (labor share), Sk (capital share), and wy, as endogenous and all others
as exogenous (the standard panel data firm fixed effects is specified in the
cost equation). Endogeneity of the labor’s price is due to the strong national
carrier status of the European carriers over the sample period and the use
of the national carriers to pursue macroeconomic employment stabilization
policies. This method ensures that all parameter estimates, log-likelihood
values and estimated standard errors are invariant to the choice of which
share equation is deleted (Berndt, 1991).

38The behavioral equation is: p, = 2kt — giu—O. Given the semi-log demand specifica-
Pe

Yt
tion, 0¥t — g, = O —yd) =, = M — L
* Bpe 1 Bpe Y41 = P d
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The results below are based on a panel of the eight largest European
carriers-Air France, Alitalia, British Airways, Iberia, KLM, Lufthansa, Sabena,
and SAS-with annual data from 1976 through 1990. The data come from
several sources. The primary sources for the production, cost, network, and
fleet data are the Digest of Statistics from the International Civil Aviation
Organization (ICAO) and World Air Transport Statistics from the Interna-
tional Air Transport Association (IATA). Demand data was obtained from
the OECD and from Jane’s World Railways.

To identify the underlying market structure, one can test the null hypoth-
esis that ® = 1 for a non-cooperative Nash equilibrium, with the alternate
hypothesis that © < 1. The null hypothesis was rejected at the 95% con-
fidence level. The demand elasticities show that the demand for air travel
is elastic (-1.308) implying that consumers are sensitive to price changes by
the local airline (a 1% increase in price results in a 1.29% drop in quantity
demanded at sample averages). Further, while there may be some variation
in individual markets, on the aggregate industry level, the cross-price elas-
ticity indicates that all airlines are close substitutes (3.27). This number
would indicate that the level of product differentiation in the industry is
minimal. The parameter of the price of rail travel is positive and highly
significant. The cross price elasticity is positive (0.224) implying that rail
travel is also a substitute to air travel in the market. All the output elastic-
ities were highly significant. Further, countries with higher GDP’s have a
higher demand for air travel. The variables in the demand equation are all
significant and have the expected signs with the exception of the retail price
for gasoline. This may be an artifact of the trend in the prices for aviation
fuel. Another possible explanation is that air travel and car travel may be
complementary goods in Europe, with a large percentage of cars rented at
airports.

The estimated cost equation is monotonically increasing with fitted shares
positive for all observations. It is strictly quasi-concave in input prices—the
3 x 3 matrix of substitution elasticities is negative semi-definite evaluated
at the mean of the panel. Returns to scale variable averaged over all ob-
servations is 1.28 (s.e. = 0.0025). The five airline specific variables all have
the expected signs and are significant with the exception of In(load factor).
The sign on In(stage length) implies that the larger the stage length, the
lower the cost of the flight. Airlines that have a higher percentage of wide-
body aircraft in their fleet and fewer turbo-props have lower cost structures.
Further, increasing the size of the network lowers the total cost of the airline.

The Allen partial elasticities of substitution indicate that capital, la-
bor and materials are substitutable inputs, but are insignificant. Average
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markups (p — MC) can also be calculated by year and airline. The results
are striking. The average mark-up from 1976-1986 was 2.72 % which implies
that the prices set in the bilateral agreements were close to the competitive
levels (i.e., the governments did a good job regulating the industry). How-
ever, as the European markets slowly opened to more competition after 1986
(and less regulation), the markups increased significantly. To analyze these
results even further, one can evaluate the yearly profits of these eight air-
lines. The data indicate that all the airlines with the exception of Lufthansa
experienced losses in the early period from 1976-1986. However, after 1986
most of the airlines significantly improved their profitability or reduced their
losses. British Airways, which was privatized in 1987, experienced a huge
turnaround and averaged a profit margin of over $150 million for the period
1987-1990 (after consistently being in the red from 1976 through 1986).

There is strong evidence from the parameter estimates to support the
claim that the high prices in Europe were not entirely due to monopoly
power. The markups over price were minimal over the 1976-1986 period,
but did rise dramatically from 1987-1990, when we added a single year at a
time to the model. The demand for air travel in the home market was highly
elastic and the cross-price elasticities showed that all airlines and the local
railways on the industry level were close substitutes over the entire sample.
This suggests that the high prices especially in the earlier years was due to
high marginal costs.

Good, et al. (1993a, 1993b, 1995) found that the European airlines
are highly inefficient compared to the U. S. airlines. For the period 1976-
1986, the European carriers, specifically the three major carriers, Air France,
British Airways and Lufthansa were less technically efficient than all the
American carriers including Pan Am and Eastern, which have since exited
the U. S. market. A possible explanation for these inefficiencies (and the
high marginal costs) is the powerful labor unions in Europe negotiating
wages above competitive levels.

6.2 Extensions of the Model of Cartel Behavior to a Dynamic
Setting

Endogenous market structure and production decisions can be analyzed us-
ing the dynamic programming techniques discussed in section 4 with mod-
ifications to handle conjecural variations. We base the following discussion
on recent work by Captain, Good, and Sickles (1996) which is based on the
intertemporally nonseparable dynamic model of Hotz et al. (1988). We use
the dynamic model to analyze long-run strategies of firms and to simulate
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the optimal profit-maximizing levels of the strategic variables for different
scenarios.

Assume that the firm chooses the level of employment (X ), network
size (Xn) and capital (X ) to maximize the flow of expected profits,

T
max & Y B (X 1Ls, Xnt, Xkt) (97)

t=1

subject to a per-period asset accumulation constraint
A1 =v(At +pYe — wpe X e — e 1y)

where
Y: = F(XLt, XNty XKty -2,

where A; are the firm’s real assets in the beginning of period ¢, 8¢ is the
discount factor, v, = (1 + r¢), ¢ is the real interest rate, p; is the price of
output, I; is the level of investment. The time horizon (T) is assumed to
be finite and exogenous. Other inputs, such as materials, are assumed to
be state variables in the simulations and thus are not directly introduced
through the production function. Assume that T is finite and Y7 = 0 when
the firm exits the industry. Capital accumulation is written in terms of a
perpetual inventory model:

XKt = It + aa,
where the law of motion for a; is :

ar=(1-1n)at1+ Xki-1

Here n measures the rate of depreciation of past levels of capital stock
to its current level, while « is the capital depreciation rate. Temporal non-
separability in the dynamic optimization problem comes in through the dis-
tributed lag of current and past investment decisions. The dynamic pro-
gramming problem is characterized by the value function which at time ¢
is:

Vi(As, ae, pt, wie, wie) (9'8)
= max_ {IT(Xzs, Xne, Xke) + BE [Vir1(Ass1, a1, Pes1)]} (99)
X1 XXk
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The three Euler equations for the control variables are:

(X1) 0 = Ix, () — Bye&ellx, (¢ — 1) {[we + we(t) XL (2)
—peY1(t) — py(t)Yx, (1) Ye] /
[wers +wr(t + D) Xpep1 — peya Y, (84 1)

—py(t+ 1)Yx, (t + 1)Yi41]} (100)
L pYxy (1) +py ()Y, (O)Ye (101)

wre + Xpe — peYx, (8) — py (0)Yx, (D)Y:

(Xk) 0 = Ix,(¢)
Ly, (e wi (1) X ke — peYxi () — Py (HYx, (O)Y2
wre +wp(t) X e — peYx, (8) — py (D) Yx, (D)2
+afENk(t +1) + [(1 —n +a) 6]
E (wrerr + wre(t + 1) Xxep1 — Per1 Y (E+ 1) — Y, (8 + 1)Yey1)
: (sz+1 +wr(t+ D) Xper1 — peaYx, (E+1) —pr(t +1) t+1)

'5tHXL(t + 1) - gtHXK(t + 1)] (102)

where py(t) = ay 2Pt and [Ix;(t) = ax £, Yxi(t) = ax ywit) = —-—'— for
i=K,L.
Let the production function be specified as a Cobb-Douglas stochastic

frontier (Cornwell, et al., 1990) of the form:

it?

Iant =lantﬁ+anf’7+h’let5f + €5

b =8p+us (103)

were the subscripts f = 1,...,N and ¢t = 1,...,T refer to firm and time,
respectively, X is a vector of inputs, Q¢ is a vector of other firm char-
acteristics, and Z is a vector of explanatory variables which have different
effects for different firms. The unobservable effects, 67, can be correlated
with other explanatory variables and can interact with selected slope and
intercept terms. This allows for the endogeneity of variables such as load
factor and network size with respect to the firm specific statistical error.
The uy, are assumed to be an i.i.d. zero-mean random vector with covari-
ance matrix %,. The disturbances €y, are taken to be i.i.d. with zero mean,
constant variance o , and to be uncorrelated with both the regressors and
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uys. Total revenues can then be calculated at time ¢ by specifying the fac-
tor market demand equation and total profits at time ¢ can be obtained by
specifying a total cost function.

To close the dynamic model we need to specify the demand and cost
equations by bringing in equations (89-96). Estimates from the model out-
lined in the previous subsection, the system of five equations — translog
cost, labor share, capital share, demand and behavior — treating p, Y, C,
S1, Sk , and wy, as endogenous and all others as exogenous, were used to
calibrate the system of Euler equations and simulate the optimal levels of
employment, network size, and capital (number of planes) during the sam-
ple period. These were then compared with the observed levels employment,
network size, and capital. The simulations were carried out for four different
sets of values for «, 3, and 7. Details of the simulations can be found in
Captain (1993) and Captain et al. (1996). Because of bilateral agreements
in the European airline industry cabotage rights were limited for carrierrs
not in the bilaterals. As such the internal scale of operations was very re-
stricted, evidenced from their relatively small network sizes and small fleets.
British Airways and Lufthansa are the largest European carriers in terms of
numbers of planes and personnel, and rank after Air France in terms of the
size of the network. The results indicate that an increase in the network and
fleets si%e¥ was warranted for the other carriers for the bulk of the period
1979-1990 and suggest substantial allocative distortion in the size of the Bu-
ropean networks as well as in their labor allocations. European networks on
average were too small and employment levels on average were too large.

7 Measurement and Econometric Estimation Is-
sues

7.1 Measurement

It is clear that modeling the determinants of total factor productivity and
estimating the contributions of various factors that affect TFP growth in
the economy, its component industries, and particular firms has advanced
considerably in recent years. However, two other issues which affect mea-
surement and analysis of productivity growth are the quality of data used
and the econometric techniques employed in the estimation process. We
adress the issue of measurement error in this subsection and consider econo-
metric issues in the next subsection.

Griliches (1994) has summarized the potential measurement issues per-
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taining to productivity analysis. He lists the following eight causes of mea-
surement error:

1. Coverage issues, definition of the borders of a sector, and the relevant
concept of ‘output’ for it. For example, is illegal activity included?
Are pollution damages counted against the ‘output’ of an industry?

2. The difficulty in measuring ‘real’ output over time as prices and the
quality of output change.

3. Improper measurement of inputs over time when there are changes in
the skill-mix of the labor force, changes in the quality of the machinery
and equipment used, and changes in the utilization of the labor force
and of the existing capital stock.

4. Exclusion of certain inputs involving such items as research and de-
velopment and of public infrastructure expenditures in the total input
concept.

5. Missing data on hours worked by people, machines, and other specific
inputs.

6. Improper ‘weights’ used to construct a particular index which often
ignore the divergence of market prices from ‘shadow prices’ and the
impact of various disequilibria.

7. Formula differences, the unknown shape of the underlying production
possibilities frontier, and gross versus net concepts.

8. The consequences of aggregation over heterogeneous individuals and
industries.

These topics have been subject to long continuous effort by serious re-
searchers at universities and statistical offices here and abroad. The mea-
surement issues are highly problematic, costly, and often subject to serious
controversies. These issues affect how productivity is measured and what
are the legitimate contributors to TFP growth. Often it is not one of these
issues but a combination of them that influence the causes of productiv-
ity growth. Their importance varies across countries, industries, and time.
Therefore, it is extremely important to continue and increase effort to im-
prove the quality of data often used in productivity study. In recent years,
as Griliches(1994) has noted, the major problems have been associated with
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measurement of real output and real input growth, i.e., the correct measure-
ment of prices and associated adjustment for quality changes. Measurement
of capacity utilization of capital and labor is a measure issue in the context
of the short run comparisons. In the long run, the quality improvement of
the labor force through education and experience, the amount of resources
devoted to discovery of new knowledge through R&D effort, and organiza-
tional restructuring of industries and productive units to absorb new and
advanced production techniques, are likely to be both major sources of true
productivity growth and also present a continuous and major challenge for
analysts of productivity behavior.

7.2 Econometric Issues

Not only accurate measurement of the underlying data is critical for un-
derstanding the problem of productivity growth but so are the estimat-
ing scenarios used to bring order to the data in line with theoretical and
practical insights provided by economic and engineering theory. We have
touched on several broad themes involving econometric treatments used in
empirical productivity research. Clearly, the nature and scope of data allow
for richer statistical paradigms to be used. Panel data models have be-
come increasingly popular in productivity studies in multivariate (Sickles,
1985) and univariate (Ahn and Schmidt, 1996) models as such panels as the
Longitudinal Establishment Files monitored by the Census Department’s
Center for Economic Studies and the U.S. Airline Panel Data Sets (Caves,
Christensen, and Tretheway, 1984; Good and Sickles, 1986) have been made
available to researchers. As new panels, as well as time series and cross sec-
tional firm/industry/country data are becoming available for productivity
analysis, so too are the tools of non- and semi-parametric estimation. One
particularly interesting class of model holds promise for estimating dynamic
structural models of production in the presence of arbitrary heterogeneity.
A rich set of alternatives exist to the generic dynamic specifications us-
ing Bellman’s equation and close-form solutions to the Euler equations that
have been pursued above. For example, firm specific heterogeneity can be
included in the production or utility function directly. Heterogeneity can be
specified in terms of a set of observable individual specific variables. Simu-
lated method of moments can be used to effectively integrate out the unob-
served heterogeneity (McFadden, 1989; Pakes and Pollard, 1989, McFadden
and Ruud, 1994). This essentially means that population orthogonality
conditions are averaged over draws from the heterogeneity distributions and
these averaged orthogonality conditions are used in the GMM procedure on

62



the Euler equations. This is a computationally intensive procedure but one
that promises to be more widely used as computing cycles become increas-
ingly less expensive.

Often, a control variable may be measured categorically or may have
limit observations (e.g. a value of zero to an output in a multiple output
model). In this case dynamic discrete methods can be employed as well
as Kuhn-Tucker constraints or explicit construction of virtual prices that
correspond to the observed limit observations (Ransom, 1987; and Lee and
Pitt, 1986). In different contexts, exact and approximate solutions for the
dynamic discrete model have been explored by, among others, Gotz and
McCall (1984), Wolpin (1987), Miller (1984), Pakes (1987), Rust (1987,
1989), Eckstein and Wolpin (1989), Hotz and Miller (1993), Manski (1991),
Hotz, Miller, Sanders and Smith, (1994), Berkovec and Stern (1991), Keane
(1994), Stern (1994). Keane and Wolpin (1994) have recently also pursued
simulation approaches to solve the dynamic discrete choice model using a
combination of Monte Carlo integration and regression based interpolations
as alternatives to the polynomial approximations suggested in Bellman, Kal-
aba, and Kotkin (1963). These and other alternatives, such as those pro-
posed by Judd (1995) which utilize orthogonal polynomials or other series
approximations for Bellman’s equation, appear particularly attractive for
future research on productivity using highly structured models which con-
sider such issues as heterogeneity, discrete state and control variables, and
constraints.

8 Concluding Remarks

In this paper we have discussed two basic approaches to measurement of
productivity growth: the index number approach and the approach adopted
by econometric modeling analysis. Considerable advances in both theory
and measurment techniques of index number analysis has been achieved
in recent years. Its basic appeal is simplicity and that it provides a first
approximation to productivity growth measurement. However, it is based
on restrictive assumptions, among which are the absence of non-constant
returns to scale, perfect competition in both input and output markets,
and optimization behavior by the firms. This approach cannot distinquish
between a shift in the production function (the pure technical change effect)
and movement along the function due to scale and relative price changes.
Such a distinction is crucial to understanding the forces that shape the very
process of productivity advancement.
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The basic appeal of the econometric modeling strategy is its flexibility to
incorporate in a consistent framework both theoretical considerations and
institutional factors that influence productivity growth. We discussed in this
paper a number of econometric modeling techniques that have been pursued
in the literature which explicitly incorporate specific factors that influence
the rate of technical change and productivity growth at the firm, industry,
and aggregate economy level. They indicate how it is possible to account
for the influences of scale, relative price movement, rate of innovation due
to R&D effort, and regulatory constraints and non-optimization due to dis-
ortions in factor markets or other relevant determinants on productivity
growth. We also have discussed how technological spillovers, public sector
capital, and alternative market structures can affect productivity perfor-
mance. The overall conclusions that arise from the studies reported in this
paper are (1) that econometric modeling methods allow the contribution of
a complex and often competing set of forces that shape productivity growth
to be distinguished in a general framework and that their significance can
be tested statistically and (2) that aside from the usual supply side forces
that shape productivity performance, it is important to identify the contri-
butions of the "extent of the market”, particularly the growth of aggregate
demand, to the trend as well as in the acceleration or deceleration of total
factor productivity. If changes in demand influence productivity, the role of
monetary and fiscal policies which affect the level and growth of aggregate
demand becomes a central issue in the debate on and measurement of total
factor productivity growth.

However, accurate measurement of productivity growth, as it is the case
for any other field of applied economics, depends crucially on the quality
of data used for estimation purposes and the advancements in estimation
methodologies. We have outlined briefly some of the considerations with
respect to the quality of data that require substantial effort and technical
expertise by economists and statistical agencies. Further advancement in
measurement of productivity growth critically depends on whether new and
more accurate data are available to estimate the dynamic forces that govern
the movement of productivity growth. Another crucial advancement that
also will play an important role in accurately measuring technical change
and productivity growth is development of new estimation techniques. We
have also discussed, albeit briefly, some of the progress in this area in the last
section of the paper. Further advancement in this area is not only desired
but is necessary to exploit the increasing availability of panel data and new
theoretical analyses with which to capture the effect of dynamic factors that
undoubtedly influence productivity growth.
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Aside from these considerations a number of other unresolved issues re-
quire further effort: (1) There is a basic problem of heterogeneity of plants,
firms, industries, and countries. Often these units are assumed to behave
in the same way to changes in exogenous variables assuming that their pro-
duction or cost functions are the same; (2) There is also the problem of
consistent aggregation from the firm to the industry and to the national
level. The evidence reported in various studies cannot easily be generalized
to the next level of aggregation because of the lack of acceptable aggregation
rules and the availability of data; (3) Much more emphasis is required to
develop models that capture the dynamic forces that link past technologies
and operations to those currently in operation or in the planning stages; and
(4) Advancement in statistical estimation technology to capture the com-
plexity of dynamical forces that characterize economic growth is a further
challenge that cannot be ignored.
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10 Tables and Figures

Table 1: Decomposition of TFP Growth 1947-1976

Source (%)

Technical Technical Net scale TFP
change change Factor Exogenous effect (average
Direct Indirect prices demand (e) annual
Period (a) (b) (c) (d) =(c)+(d) rate)
1947-1957 13.7 1.3 -32.3 117.1 84.8 0.0350
1958-1967 23.8 2.2 -14.5 88.8 74.0 0.0365
1968-1976 44.0 4.2 -13.7 65.5 51.8 0.0496
1947-1976 30.6 29 -17.6 84.1 67.2 0.0409
1 n- = ~0.8. Columns (a) through (e) are computed from (19) in the text.

Several years for which the measured TFP growth was negative were deleted; these include the Korean War period (1952-1953) and 1948-194
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Table 2: Sources of Qutput Growth for the U.S. and Japanese Electrical
Machinery Industries: Average Annual Rates of Growth (in %)

Adjustment Cost
Gross Labor Materials Capital Ré&D Technical
Output Effectt  Effectt  Effectt Effectt Capital R&D Change  Residual
United States:

1968-73 4.2 -.24 1.83 87 1.18 .06 12 73 -.32
1974-79 4.9 39 1.06 .69 31 -.09 .04 .86 1.67
Japan:

1968-73 16.9 .94 14.32 2.12 T -.26 -.34 1.55 -2.11
1974-79 6.4 -.66 208 1.10 72 .09 -12 2.55 .69

t Growth rate of input weighted by average output elasticity

Table 3: Decomposition of Labor Productivity Growth in the U.S. and
Japanese Electrical Machinery Industries: Average Annual Rates of Growth

(in %)

Adjustment Cost
Labor Labor Materials Capital R&D Technical
Productivity Effect Effectf  Effectt Effectf Capital R&D Change Resic
United States:

1968-73 4.68 -.04 2.07 91 1.28 .06 12 73
1974-79 3.56 .15 43 37 12 -.07 .04 .86
Japan:

1968-73 12.63 81 10.24 1.33 .56 -13 -.26 1.55 -
1974-79 8.95 -47 4.48 1.54 .86 .05 -.16 2.55

t Growth rate of input weighted by average output elasticity
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Figure 1
Comparisons of Alternative Productivity Indices
(Industry Level Data)
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Figure 2
Distribution of Total Factor Productivity Index (Divisia)
(Firm Level Data)
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Figure 3
Temporal Pattern of Airline Industry Concentration
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Employment and Decomposition of TFP Growth Index
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Figure 5
Comparison of Index Number and Cost Fuction Based TFP Growth Rates
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Figure 6

Decomposition of TFP Growth Rates: Output Scale, Output Mix, and Network Characteristics
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Figure 7

Decomposition of TFP Growth: Input Distortion, Capital, and Technical Change
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