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1. INTRODUCTION

Factor quality advances through improvements in the design of capital and intermediate
inputs, and through augmenting labor skills. However, there are costs to adjusting improved
factors of production that reflect integrating equipment into production processes, training
labor. and negotiating with intermediate input suppliers. Increasing factor quality raiscs
the value of marginal products, while adjustment costs increase marginal input costs. As
a consequence in the determination of factor requirements, marginal benefits, inclusive
of quality improvements, must be sufficiently large to account for both factor prices and
marginal adjustment costs. Tlms quality improvements and adjustment costs affect the rate
of factor accumulation, and thereby output, and productivity growth. This paper estimates
input quality improvements, and adjustment costs, and examines the resulting implications
for productivity growth in the US manufacturing sector.

The literature on input quality has developed quite independently of the adjustment cost
literature, as evidenced in the recent survey by Nadiri and Prucha [1998]. In this paper,
we narrow this gap. We develop a model that shows quality indexes are related to rates of
factor adjustment. Coupling quality change with adjustment speeds fosters the integration
of a diverse literature. This literature applies to studies on interrelated factor adjustment in
the manufacturing sector (see Nadiri and Rosen [1969], Morrison and Berndt [1981], Epstein
and Denny [1983), Pindyck and Rottemberg [1983], and Bernstein and Mohnen [1998]). Tt
extends to empirical work on embodied technical change (see Jorgenson [1966], Griliches
[1967], Jorgenson, Gollop and Fraumeni [1987], and Hulten [1992]).

Quality improvements and adjustment costs are usually associated with capital inputs,
and occasionally with labor. Generally, intermediate inputs are assumed to have zero ad-
justment costs, and no quality enhanced features. However, since intermediate inputs are
outputs from upstream producers, they would commonly encompass quality improvements.
In this paper an empirical model of production is developed and estimated that accounts
for ¢uality improvements and adjustment costs associated with all factors of production;

namely labor, capital, and intermediate inputs. There is no fixed boundary defining factors



subject to adjustment costs and quality improvements on oOne side, and costlessly adjustable
factors absent quality progression on the other.

Since quality iimprovements affect the future streatn of marginal products, expected factor
prices play jmportant roles in determining factor requirements, and speeds of adjustiment.
For example, expected mcreases in future acguisition or hiring prices increasc expected
discounted marginal input costs. Higher inflation rates make it more expensive 10 adjust
factor demands, and consequently marginal adjustment costs rise. Thus, in equilibriam,
marginal product values must increase as a result of quality improvements in order to offset
higher marginal adjustinent costs.

Tests on the type of price expectations generating mechanisms are generally not under-
taken in applications of dynamic production models. In this paper expected price generating
mechanisms are specified for each factor acquisition or hiring price, and jointly estimated
with the factor demand equations. Tests are conducted on the nature of price expectations,
and marginal adjustment costs are calculated under different price expectation mechanisms
to determine the biases in adjustment speeds associated with misspecifying expectations.

Incorrectly accounting for quality improvements and adjustment costs biases the rate of
factor accumulation. These biases lead to measuremnent errors in the calculation of produc-
tivity growth rates.! In this paper We investigate the extent and source of these measurement
errors by calculating productivity growth rates {hat encompass quality improvements and
adjustment costs. One jmportant consequence of our analysis is that the usual measures
of productivity growth substantially underestimate “true” productivity growth in the slow-
down period sinee the early 1970's. Indeed, failing to adjust for the improvements in labor,
capital, and particularly intermediate inputs has led to the anderestimation of productivity
growth over the last two decades.

This paper 1s organized into four further sections. Section 2 develops the theoretical
model of production with quality improvement and factor adjustment. Section 3 contains

1Griliches [1994] and Diewert and Fox [1997] have suggested that ignoring or incorrectly accounting for
inflation rates has been an important cause of measurement error associated with productivity growth rates.

Hulten [1992] has discussed output and input quantity corrections in a growth accounting framework.



the discussion on the empirical specification, including price expectation mechanisms, the
regression results, hypothesis tests, and calculation of adjustment speeds, and rates of qual-
ity improvement. In: section 4 productivity growth rates that capture quality improvermnents
and adjustment costs are measured, and compared to growth rates that do not reflect these

benefits and costs. The last section of the paper contains the conclusions.
2. PRODUCTION, QUALITY, AND ADJUSTMENT

This section models the determinanis of factor requirements when there are adjustment
processes that vefiect the costs of integrating qualitatively improved factors into output
production.

To begin, consider & production function
Y = F(th1'-'sznt1t)7 (1)

where y; is output cuantity in period i, F is the production function, zi is the ith utilized
input quantity in period t, and t also represents the exogenous disemnbodied technology

indicator.

The accurmnulation of inputs is represented by the condition
Ui = Tt + (1 — 61~)vi¢_1. 1=1,...7, (2)

where w5 is the cuantity of the ith input, and z;; is the addition to the gquantity of the ith
input in period t. Factor quantity (vit) 1s not necessarily equal to the utilized quantity of the
input {z;) that enters the production function. In addition, §; is the ith depreciation rate,
such that 0 < & < 1. If the ith factor is not durable (in other words, it is not accumulated
over more than one period), then &; = 1, and vit = Tit-

The relationship between input quantity and utilized input quantity has been specified
in a number of different Ways. A general relationship that encompasses the various forms

is given by:

vse — har(vit-1) = it [zit — gir(vie=1)}, 1= 1.7 (3)



Squation (3) shows that factor accurmulation depends on the difference between utilized
and existing factor quantity. The functions denoted by h and g represent the possibility
that measurement units can differ between current and past quantities. This can occur
because of such elements as the loss of productive efficiency through depreciation, gains
in productive efficiency through quality improvements, factor augmenting and embodied
technological change.

By the specialization of the h and g functions in (3), we are able to characterize various
models of factor accumulation in the literature. First, if hyg(vi1) = gar(vae—1) = vie- 1, and

my = my, then we obtain the Nadiri-Rosen [1969] factor adjustment model, with:
Zp = Uit—1+ 1711-‘1/1\1)“,. (3a)

In this case my; represents the rate of factor adjustment for the ith factor.

Second, if Ny (vie-1) = gir(vie—1) = (1 — &;)vir-1, and my = m; then:

zig = (1 — 8i)vie—1 + my Loy (3b)

Equation (3b) relates to the Pakes-Griliches [1985] factor accumulation model. Here m; !

represents the index of productiveness or the quality index associated with additions to the
ith factor. Equation (3b) is similar to (3a). The latter relates to net factor accumulation,
while (3b) is defined in terms of gross additions.

Third, if hit(vie—1) = (1 — 6:)it—1, Git(vie—1) = mi'tl(l — 6;)viz—1, and my is exogenous,

then:
Zip = mﬁl [(1 = &;)vie—1 + Ti) = mi_tl'u,-t. (3¢c)

The parameter mi_t1 is the index of ith factor quality or the index of augmenting techno-
logical efficiency in period ¢ (see the survey by Solow [1867], and the empirical paper by
Jorgenson and Griliches [1967]). There are two interpretations applicable to (3c). First,
in the absence of a general disembodied techuology index in the production function, (3c)
depicts the special case of factor augmenting disembodied technology indicators. Second,

with a general index of disembodied technology then m; = m;, and (3c) depicts quality
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indexes. Since we have included a general index of disembodied technology in the produc-
tion function, the latter interpretation applies. In this case (3¢) is equivalent to {3b), since
normalizing the gir(vie-1) function that defines equation (3c) by the m; parameter yields
(3b).

Fourth, if hit(“it—l) = (1 — 6;)vie-1, gi(vie-1) = m;t}(l — &;)vit—1, and m;t] = [z ®sr + (1
— &)z Par-1 et (1 — ;) rw®iol /vie = W;;, where @y is the index of technological

efficiency for factor 7 in period ¢ then:
zip = Wirlir- (3d)

Inn this model mi‘t1 = ¥, is an endogenous variable and it represents the average embodied
technological efficiency of the ith factor in period t (see Solow [1960], and recently Hulten
[1992], along with other references cited in the latter paper).z Equation (3d) cannot be
estimated because there are as many efficiency parameters, ®i, as time periods for each
{actor of production. Thus for T periods and 12 factors, there are nT’ technological efficiency
parameters. If the efficiency parameters are time invariant then (3d) is equivalent to (3b).

Equation set (3a) to (3d) show how factor adjustment, input quality, and technotogical
change have been treated in the empirical literature. It is interesting to note these seemingly
disparate models are contained within a unifying specification. In adapting the model for
the purpose of estimation, we assume (3b), the Pakes-Griliches formulation, for inputs
such as physical capilal whose depreciation rates are 0 <6 <L Additionally, we use
(3a), following Nadiri-Rosen, for inputs such as labor that are not accurnulated beyond one
period, (& = 1). Although (3b) could be pertinent to all inputs, it appears reasonable to
view the rate of adjustment applying to factor additions even if they depreciate in a single
period. Il a particular input is not accumulated, gross additions to it are synonymous with
levels, and so with (3b} adjustment parameters are irrelevant, and can be normalized 1o
unity. This normalization implies that adjustment is completed in one period. However,

21y is possible to have indexes of disembodied and embodied technology within one model. If only the
latter is considered relevant then in conjunction with (3d), the t variable in the production function is

" deleted.



such features as training costs could lead to adjustment rates that extend beyond one period,
even for a factor of production that is not accurnulated. Thus we use (3a) for these inputs.

Fcuation {3a) and (3b) can be written as:
2y = (L —eb)vie-1 + m,;'lfir, (3e)

where ¢ = 1, for 0<6; <1, and ¢ = 0, for §; = 1. As noted the parameter mi_1 represents
the guality index relating to additions of the 7th factor.

Utilized input demands are governed by the minimization of the expected present value
of acquisition or hiring cost. The expected present value at time t (defined as the current

time period) is given by the following:

[y & n
Z Z alt,t+ 8)spq sTit 3 (4)

5=0 i=1
where g5, , is the expectation in the current period t of the ith factor acquisition (or hiring)
price in period t + 8, a(t,t + s) is the discount factor with aft,t) = 1, and a(t,t +1) =
(1+ le)Jl, where pyy 18 the discount rate from period t to period ¢ + 1.3 The expression
in (4) is minimized subject to equation sets (1), (2) and (3e)-

Replacing zit, and Tit: by substituting ecuation sets (2), and (3e) into (1) and (4), the
Lagrangian for the problem is:

(o &) n
L= Z a(t,t+ ‘3){21 Qg s Withs — (1—4:) vitys-1]
I:

8=0

e {F (Mw_l Mk = Yalhaatiac) ¢y s) _ym] } 5)

my Mn
where A ys is the Lagrangian multiplier in period t + 8, fi = (1 —m;) and v; = (1 — ¢6s).
Based on (5) the first order conditions for the ith input quantity in period t 4 s is:

aF '
m; ! —a{t,t+s+ )G se1(1 — 0i)

aft, t + S)G5tas aft,t + 8) Atts
Ozit+s
aF

ml=0,i=1..,1 (6)

Saft b s+ DyiktAere
. Ozit+s+1

9 . . . . . . - ..
As is common in dynamic models, we are assunming that the real discount rate is constant. (see Nadirl

and Prucha [1998], for & survey).



Dividing (6) by a(t, + ), and defining wf,, = g5y ~ aqt g1 (1 — &;) as the period ¢,
expected ith factor price in period t + s, and a = a(t,f + s+ 1}/a(t,t + s) is the constant

discount factor, equation (6) can be written as:

aF . 8F . .
m; :“’z‘r.+s+a’7i!’vi/\t+s+18——-—-mi ,1=1,...,mn. (7)

Ag
2itte+1

e
Ozipts

Evaluating (7), for the time periods from ¢ to t + T, and solving the system recursively

leads to:*
oF d oF
-1 _ e s T4y, . -1
’\t't')zi,mi = E why oy + (ayaps)' ™ A 471(92“»*7:”_17”5 yi=1.,n (8

g=00
Letting 7' = oo, and imposing the transversality condition that the shadow value of the
marginal product for each factor is zero at T' = 0, s0 fori=1,..,n, \y710F/Bzigi711 =

0, then we find that:
o0
] .
)\ﬁ-z—mi = E wh o)’y =11 (9)
=0

Equation (9) shows the shadow value of the marginal product for factor 7, in the current
period, equals the zth user cost, which is defined by the right side of (9). There are two ways
to interpret {9). One view emphasizes the cost side and focuses on factor adjustment costs.
The other view accentuates the benefits from cuality improvements that are associated with
factor additions. Under the adjustment cost view, equation (3e) shows that adjustment
costs are incurred as inputs grow in order to increase factor utilization. These costs create
a wedge between marginal product values and factor prices (given by (10)). The difference
is necessary to pay for the marginal cost of factor adjustment. By rewriting (9), marginal

adjustment cost is obtained from:

or -1 L e s
/\1,6—;:1711. — Wy = Z why (avips)’s =1, (9a)
i a=1

4At this point there is no need to specify the expectations generating processes associated with the
acquisition or hiring prices. Whatever the processes, they only depend on exogenous variables. One example

would be autoregressive processes of any finite order.
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The right side of (9a) is the marginal adjustment cost for the ith factor and it equals
expected discounted future factor prices associated with the remaining adjustment of a unit
of the ith input.

Under the quality improvement view, equation (3e) shows the gains arising from the
utilization of improved factor additions. In this context, the right-hand side of (9a) shows the
expected discounted value of the additional benefits arising from the quality iimprovements
to the ith factor.

The user cost in this model generalizes the traditional user cost, because it is inclusive of
quality indexes {(or rates of adjustment). This can be seen by assuming that quality indexes

are equal to one (that is m; = 1) so that g; = 0, then the right-hand side of (9) becomes
wh = gf — aqi 1 (1 — 8:) = qit — agiry1(1 — 6:) = wa, (10)

which is the traditional factor price or user cost. Since wf,,, is the period {, expected
ith factor price in period t + s, the right-hand side of (9) shows that user costs equal the
discounted value of quality adjusted expected factor prices. Thus ecuation (9) shows how
to adjust user costs for quality change. Estimating the model enables us to determine these
quality parameters and calenlate quality adjusted user costs.

User costs exceed current factor prices (w;;) by the wedge Yoo, wf,, (av;;)°. Expressing
user costs in this manner highlights another feature of the madel. Quality change and
incomplete factor adjustment imply that user costs are related to future acquisition and
hiring prices, and therefore depends on price expectations. Thus future inflation rates affect
current user costs. In estimating the model we incorporate and test alternative expectation
generating processes. Usually in dynamic models of production one form of expectation
generating process is maintained, and generally constant price expectations are assumned
(see Pashardes [1986], and the survey by Nadiri and Prucha [1998]).

An alternative way to cast the problem defined by (4) is in terms of user costs. The first

order conditions given by (9) reveals that the problem defined by (4) is equivalent to the



following:

Siv

n
miuZwitgm (11)
i=1

subject to the production function given by y; = F (Cy,/ma, oy Cpg/Min, 1), for periods ¢ =
0,....00, where (;, = z;m; is the adjusted ith factor utilization in period t, and w;;, the
ith user cost in period ¢, equals the right side of (9). The problem defined by (11) leads to
the first order conditions given by (9).Thus the conditions used to determine utilized factor
recuuirements (z;), are identical to those characterizing adjusted ith factor utilization (¢;,).

The optimized value of (11) defines the cost function denoted as:

C(Ult,---‘wnhyt,t)’ (12)

and by Shephard's Lemma (see Diewert [1982]), it is possible to retrieve adjusted factor

utilization such that:

_ BC w1ty vy Wnt, Yt t) .

Zi(Wits ooy Wity Ys t) = T =1,..,n. (13)
it

Equation set (13) shows the determinants of utilized factor adjustment. The adjustment of
ith factor utilization depends on all user costs, output quantity, and technology indicator.
In addition, through the user costs, adjustment depends on expected accquisition ane hiring
prices, adjustment parameters.

Equation set {13) cannot be implemented because adjusted factor utilization is not observ-
able. These variables are unobservable because adjustiment parameters (m;) are unknown,
and data are usnally unavailable for utilized factor quantities (z;). However, since factor

quantities (denoted as ;) are observable, substitute (13) into (3e):

BC (Wity ooy Wnit, Yty T ;
nt, Y; 1) + Vi1, =1, (14)

Vi{wity ooy Wnts Yt, t) = R
it

Equation set (14) shows the equilibrium conditions for factor demands defined in terms
of observable factor quantities. These demands depend on the same set of variables that
determine adjusted factor utilization. However, this system of equations can be estimated

after specifying a cost function, and price expectation generating processes.
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3. MODEL SPECIFICATION AND ESTIMATION

In this section of the paper the estimation results pertaining to rates of factor adjustment
and price expectations in the U.S. manufacturing sector are discussed. As noted, it is
necessary to specify a cost function and expectations generating processes for the acquisition
aud hiring prices. The cost function, (12), is assumed to be the symmetric generalized

MecFadden functional form introduced by Diewert and Wales [1987]:

n B ZL] Zl?:]_ Biwirw e - N
Ct = Z ,Giwit + : Zn J bu}l: + Zﬁ”witt + /ﬁtttg Z biwi?- yl'
1=1 i=] “zHat i=1

Ti n n
+ Z oWy + oot Z biwit + iy 2 Z biwit, (15)
i=1 i=1 im1

where the parameters are denoted by the a's and f's. The n x n matrix formed by the

i=1

B;;, parameters is symmetric and negative semidefinite, so that the function is concave in
factor prices (or user costs). The b;, i = 1,...,n are nounegative constants that are not
all zero for some reference time period 7. For the reference time period, the cost function
is homogenous of degree one in user costs if > © B wir = 0, and St 1 biwir # 0. The
expression Y ¢y by s an index of input prices, and the constants b;, ¢ = 1,...,n are
set equal to the input cost shares in the refercnce time period.® This functional form is
attractive because it has the important property of flexibility even if the concavity of the
cost function with respect to user costs is imposed (see Diewert and Wales [1988]).°

Based on the specified cost function (15), and dividing by output quantity, ith factor

demand (shown by (14)) per unit of output (or the ith factor intensity) becomes,

Vilwirs oy enen o) _ g Doier Bigwie  -Bbi 3oy 3T Bijwiwit
— i " b - n ] 2
Ye Do biwie (O-7 ) biwir)
(84 b,-a' t Vi — . .
+ Byt + Beebit® + ” + 2y bioeyy s + -yip.i-j-l-, i=1,..,n. (16)
. t

t Yt

“The reference time period is 1992, the year that the price indexes are normalized to unity.

® Constant returns to scale and zero technological change are not imposed on the cost function. Constant.
returns to scale for the adjusted inputs implies the parameter restrictions, o; = ayy =0, = 0,72 = 1,..,m.

The parameter restrictions for no technological change are, 8, =8, = = 0,i=1,....,n.

10



The second requirement needed to estimate (1) are the expectation generating processes
for the acquisition and hiring prices. Tt is assumed that expectations of an acquisition or

hiring price follows a first order autoregressive proce'ss:T
Gite1 = O; +0igi + e, 1= 1,...,7, (17)

where ¢;, and 8; are parameters, e; is identically and independently distributed over time,
and since expectations are rational, the expected value of e;: is zero. Equation set (17)
implies in the current period ¢, that the ith expected acquisition or hiring price in period
t+ s is,

¢]z(1 — 0

Qs = (1 — ) + g, 1=1,...,m. (18)

Recall from (9) that the user cost for the ith factor in period ¢ is:

o0 e el

Wit = Z“’fﬁ+s(”7z‘i“i)s - Z [q?:et+3 —agiya41(1 — ‘51‘)] (avi)’, t=1,.4n (19)

=) 3=0
Substituting (18) into (19) yields:

1 93 3 g
Wit = Z(n'yhu [m(_é)—) + 0;qs; — ad; _m)—— - adiQiHC]it] (20)

s=0

fori =1, ...,n, and where d; = (1 — &;). Collecting terms, (20) becomes

wie = (1 = adi02) 3 (@vigni0:)°
§=0
SR (1 = ad) Z(ﬂ%'l'-.:)s — (1 = ad;8;) Z(G'Yi:“igi)s (21)
(1 - 91) =0 =0
and so
1 - adiﬂi ¢ 1-— ar,li 1- a(liQi "
it = Gi = — ,r=1..,n 22
T T a0 -0 (1 —avp;  1- G’Yiliigi) L " (22)

Equation (22) shows the user cost for the ¢th factor in period ¢. In this model the user

costs are unobservable because of two parameter sets; the adjustment parameter (), and

"The model was also estimated under the assumption that prices followed second order autoregressive

processes. However first order processes could not be rejected as the expectations generating mechanisms.
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the price expectations parameters (¢;.6;). In the special case when factors are completely

adjusted, so that g, = 0, then (22) becomes
Wit = Qit(l - CL([,‘B,‘) - a,d,-qbi (23)

A special case of rational, first order autoregressive price expectations is constant {or
static) expectations. In this case prices are expected to remain constant over time, so that
¢, =0,8,=1,i=1,..,n Thus (22) specializes to

Wit = Qu—ﬂL (24)
L=y
Moreover, a combination of constant price expectations and completely adjusted [actors
implies from (23) and (24), recalling with a = (1 + p) 1, and d; = (1 — ¢;), thai

p+6; -
14p’ (25)
Joj

Wit = it

which is the usual user cost. Equation (23), (24), and (25) show that the hypotheses of
completely adjusted factors, along with constant price expectations are contained within
the more general delineation of user costs in this model.®

Substituting (22) into (16), and along with (17) defines the system of equations that is to
be estimated. We append optimizing errors u; = (¢, ..., Unt) to equation set (16), assuming
these to be identically, independently, jointly normally distributed with zero expected value.
In addition, with the errors from (17), e = (et -.., €nt), let E [(ut, et)(Usg, eg)T} = 2, for all
s,tif s =1, and 0 if s # ¢. The matrix  is the positive definite covariance matrix. Equation
sets (16) and (17) are jointly estimated by the Nonlinear Seemingly Unrelated Regression
estimator applied to data for the U.S. manufacturing sector over the period from 1952 to
1996. There are four factors of production; labor, capital, energy, and materials (including

purchased services). Thus equation set (16) and (17) consist of eight equations. There are

I prices are expected to grow at a constant rate then the restrictions become ¢, =0 for i = 1,...,n, and
0; =h; =8, i+ jand i j=1,..,7 Thus from (21) wir = qir(1 — ad:f)/(1 — @v,1;#). However, by defining
(1 +p) = (14 r)(1 +4), where r is the real discount rate. and setting the discount factor to grow at the
same rate as the acguisition or hiring prices then # — 1 = 4. Substituting # — 1 for ¥ into wy,, shows that

the user cost is independent of #. Hence without loss of generality, 8 can be set to unity.
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four factor intensity equations, and four equations relating to the acquisition and hiring
prices. The data used to estimate the model are discussed and presented in the Appendix.”

Four variants of the model are estimated: (i) factor adjustment, and AR (1) rational price
expectations; (i) factor adjustment and constant price expectations; (iii) fully adjusted
factors and AR(!) rational price expectations; and (iv) fully adjusted factors and constant
price expectations. The first two variants characterize dynamic models, because factors
have not completely adjusted. The regression results for these two cases are presented in
table 1. The last two cases assume that factors have completely adjusted. These are the
static versions of the model, and their regression results are presented in table 2.

Cases (i) and (iii) are nested and variants (ii) and (iv) are nested. This feature justifies
the use of Likelihood Ratio (LR) tests to determine the preferred specifications among the
two groups.'® The first and second rows of table 3 show that the static cases (iii) and
(iv) are rejected. This implies that the data do not support the hypothesis that factors of
production have adjusted to their long run levels.!! In addition a Wald test (W) shows that
constant price expectations can be rejected since the price expectation parameters ¢, differ
from zero, and 0; differ from one. Thus the preferred specification is the dynamic model
with rational AR(!) price expectations.

In table 3 the results of a number of tests are provided for the dynamic production model
under both types of price expectation generating processes. Since the specification with
AR(1) price expectations is the preferred one, the discussion of the tests focuses on this
model. Lagrange Multiplier (LM) tests are conducted for non-spherical disturbances (see

Breusch and Pagan [1980], and Engle {1984]). First order, second order, and combined first

YGullickson and Harper {1987] provide a detailed description of the data.
" The LR statistic has been small sample corrected. The calcnlation of the LR test statistic is from

Sims [1980]. LR = 2 x (LLU — LLR) x [(T — k}/T|, where LLU is the log of the likelihood function
from the unrestricted model, LLR is the log of the likelihood from the restricted model, T is the number

of observations. and & is the number of parameters in the unrestricted model divided by the number of

eqliations
"' The dynamic versions of the model can also be seen to outperform the static versions from the standard

error, 172, and Durbin-Watson statistics, although for the latter statistic has well-known limitations when

there are lagged dependent variables (see Breusch and Pagan {1980}).
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and second order serial correlation are rejected and ARCH is also rejected in the dynamic
model.!? In addition, table 3 shows the results of three LR tests relating to returns to scale,
technological change, and concavity of the cost function with respect to the user costs.
In the dynamic model, constant returns to scale, and no technological change are rejected.
Lastly, concavity of the cost function, iinposed using the Wiley, Schmidt and Bramble [1973)
technique (suggested by Diewert and Wales [1987]) cannot be rejected.

The regression results, for the preferred specification, are given in table 1. The signif-
icance of the m parameters reported in this table suggests that none of the four factors
of production has completely adjusted. Adjustment rates for i = L (labor), K (capital),
I {energy), M (materials) is 0.7653, 0.2527, 0.1741, and 0.1781, respectively. Thus labor
adjusts faster than the other three inputs, with around three-quarters of the adjustinent
occurring in one year. The adjustment speeds of the other three factors are much slower
than the speed for labor. Around one-¢quarter of the adjustment in capital takes place in
a year. It is interesting to note that capital does not have the slowest adjustment speed.
Both energy and materials adjust slower than capital, with around one-sixth of the adjust-
ment for energy and materials occurring in a year. Thus we reject the usual assumption
in dynamic models of production that labor, energy, and materials are variable factors of
production whose adjustment is completed in one year. For the U.S. manufacturing sector,
adjustinent processes for non-capital inputs are slower than normally recognized.

Recall that an alternative interpretation of the m parameters relates to their inverses.
The parameter mi_1 defines the index of quality associated with additions to the ith factor.
If the quality of factor additions in period ¢ equals factor quality in period ¢ — 1 then the
quality index would be equal to one. Thus between periods ¢ and ¢ — 1 the rate of quality
change for the ith factor equals mi'l — 1. Our estimates show that for the four factors of
production their rates of quality change are 0.31 percent for labor, 3.0 percent for capital,

4.7 percent for energy, and 4.6 percent for materials. Rates of quality change generally have

12Tests conducted for the static versions of the model showed that serial correlation could not be rejected.
From the LAf test viewpoint, the existence of serial correlation implies omitted variables. Thus the absence

of serial correlation in the dynamic specifications is a further argument against the static formulations.
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not been estimated for non-capital inputs. However, for capital, Hulten [199‘2} applying
growth accounting methods, and using the quality adjusted capital prices developed by
Gordon [19901, found that (he annual average rate of embodied efficiency over the period
1049-1983 was 3.0 pereent. Our estimates are remarkably consistent with Hulten's findings,
and provide additional evidence 10 support the Gordon quality adjustment of capital prices.
The resulls in this paper also suggest {hat the other input prices warrant adjustment for
quality improvements.

Tt is also possible 10 calculate annmal factor adjustment. From equations (13), and (14},

Zilwity - wWnty Yt i _
1-( by ey y Yty ) “'nif'*_',n’i'
YiUit—1

=1, s Th (26)

where it = [Vitlwies ...,wnt,'yt,ia) — vie-1) [ryivit s i= 1, T 08 the net of depreciation
growth rate for the ith factor in period . The growth rates are obtained from (16). Equation
(26) defines the proportion of adjusted factor atilization o existing input quantity for
each factor. Notice that growth rates axre evaluated at their optimized values. Since the
optimized values depend on uset costs, which in turn depend on adjustment and expectation
parameters, it is ipteresting to €€ how these LWO parameter sets affect the ratio of adjusted
factor atilization to factor quantity. Thus we calculate the ratios for the dynanmic models
with rational AR(1) and constant price expectations.

Rates of factor adjustment defined by (26) are present.ed in table 4. The proportion of
adjusted factor atilization o factor quantity is relatively constant over {he sample period-
This result occurs irrespective of the price expectation Processes. With respect to the
dynamic model with AR(1) expectations, the average annual rate of factor adjustment s T7
percent for labor, 30 percent for capital, 20 percent for energy, and 21 percent for materials.
The resulls for the averagt annual rate of factor adjust.ment when price expectations are
constant show that the rate for labor 18 invariant t0 price expectation generating Processes.
However, this ;s not the case for the other three inputs. If price expectations are assumed
to be constant then {he average annual rate of capital adjustment is 37 percent lower
than the rale in the preferred speciﬁcat'lon. The opposite conclusion 18 found for energy

and materials. For these twO factors, average annual rates of adjustment are 1‘espectively 25
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percent and 57 percent higher when price expectations are constant compared to the model,
when prices expectations are AR(1). Therefore, misspecifying rates of price inflation results
in a downward bias in the rate of adjustment for capital, and upward bias in the rates for
energy, and materials.

User costs depend on quality adjustment and price expectations parameters. As a conse-
quence, they are unobservable variables, but their values can be caleulated once the param-
eter estimates are substituted into the user cost formulas. Ecuation (22) shows how user
costs are to be adjnsted for quality improvements with AR({) price expectations. These
user costs represent the (shadow) values of the marginal products for the factors of produc-
tion (see equation (9)). The calculated user costs are presented i1 the columns of table 5,
labeled dynamic. These columns represent the annual value in 1992 dollars of the marginal
products. From table D the average annual 1992 dollar value of the marginal products are:
labor $0.75, capital $1.06, energy $1.89, and materials $1.36. Since all marginal products
are valued at the same shadow price, table 5 shows that on average, in quality adjusted
terms energy and materials are relatively more productive at the margin than capital and
labor.

The user costs labeled dynamic in table 5 represent the values of the marginal products
inclusive of quality improvements. By comparing these marginal products to the marginal
products that do not encompass quality changes, it 1s possible to determine relative quality
gains associated with each factor of production. If there were no quality improvements,
marginal product values would equal user costs defined for m; = 1 under AR(1) price ex-
pectations. These user costs are given by (23), and are shown in table 5 under the columns
labeled static. Table 5 shows that percentage differences between classes of user cost are
quite large for each of the factors of production. In the absence of quality improvements
these percentage differences in user costs would be zero. On average, and over the entire
sample period, the percentage difference betweell dynamic and static user costs is 0.25 for
labor, 0.30 for capital, 2.13 for energy, and 0.92 for matevials, These percentage differences
represent the elasticity of quality. They show the percentage difference in marginal prod-

ucts inclusive and exclusive of quality. We find substantial annual percentage increases in
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marginal products artsing from quality improvements associated with each factor. Moreover,
coupled with the previous result on relative marginal products, the most productive inputs
also experience the highest quality elasticities. Hulten [1992] refers to these percentage
changes as elasticities of embodiment. He found that on average over the period 1949-1983
the elasticity of embodiment for capital was 0.23 percent. This elasticity is cousistent with
our estimate for capital. Our findings suggest that the elasticity for labor is similar to
capital, while embodiment or quality elasticities for intermediate inputs are substantially

above those estimmated for labor and capital.
4. PRODUCTIVITY GROWTH AND DECOMPOSITION

In this section of the paper productivity growth rates for the U.S. manufacturing sector
are measured and decomposed in the context of the dynamic factor demand model described
in section 2, using the results obtained from the empirical analysis in section 3 of the paper.
Productivity growth represents a performance indicator of a production process and is cal-
culated as differences between output and input growth rates. However, observed rates of
productivity growth do not necessarily reflect the efficient set of factor requirements used in
the production process. When inputs have not completely adjusted, and encompass quality
improvemnents observed factor quantities do not necessarily represent cost minimizing input
requirements, and observed factor prices may not reflect user costs of production. Thus
measured productivity growth rates can differ from efficiency-based measures of produc-
tivity that capture adjustment costs and quality improvements, and thereby reflect “true”
productivity gains (or losses) that have been achieved {or incurred).

In order to derive efficiency-based productivity growth and its components consider a
general cost function given by (11), Clwye, ..., wne, Yt t). Since the empirical specification of
the cost function (15) is second order, and the second order parameters do not change over

time then the difference in cost between periods s and ¢ is (see Diewert [1981], Denny and
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Fuss [1983], and Berndt and Fuss [1986], Bernstein and Mohnen [1998])
ey dcg
ct — Cy = .0 Z ( 5o ¥ c’?wia) (wit ~ wis)

de;  Ocy Jey <9cSJ
5 — — : —5). 97
+.5 (3y¢+8y3) {y: —ys) + 5(85 + )(t $) (27)

*

Using (13), Zi{(wit,....Wnr, ¥ty 1) = dcy/Bwiyy = €4y 1 = 1,..,n, where (}, is the optimized
value of (;,. Collecting terms in the first line of (27) and defining (i, = B(Ch + ¢ig), then

(27) becomes
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Next mmltiplying (28) by —1, adding {¢/y)m{y: — vs) = Blet/ue + co/ys| (yt — ¥s), and

collecting terms yields
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where s; = wy(} /¢ is the cost share for ith factor utilization, py, = [(Bee/Bye)(yefe)] * s

the degree of returns to scale, and &, = {9c;/0t)/ct is the input-based rate of technological

change in period ¢. The expression,

(/¢ =5 Z sa (Gl = ) /Cim (Cim/ymn) (w/ Gl e/ 9)ely/ )em
i=1

+ 5D s (Gl = Cha) /Cim] (G Fum) W/ Do e/ y)s(y/ €)om

i=1
is the growth rate of utilized factors, and output growth is Y/Y = (y. — ¥s)/ym, then an
efficiency-based measure of total factor productivity {TFP) growth between periods s, and

{ can be defined as,*®

TFPG(s,t) =Y /Y — ((/¢) (30)

3 Tatal Tactor productivity growth is also referred to as multifactor productivity growth.
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Dividing (29) by (¢/y)m¥m, and using (30) then
. _ Y/Y
TFPG* s.,t:.o[l- " (E) +(1=p-t (f)]
( ) ( pyt. ) Yy . ( pys ) Y . (C/y)m
c ¢\ ] _(t=3)
+ '5 CU (—) y + cys (—) ys] (/Y)mym 31
[“’ N/ )T ey mym (31

Ecuation (31) is an efficiency-based measure of TFP growth because it encompasses cost-

minimizing behavior. This elliciency-based formula consists of two elements, returns to
scale and rates of technological change.
An alternative efliciency-based measure defines TFP growth to reflect technological change.
A rationale for this measure, implied by the work of Domar [1963], Jorgenson [1966],
Griliches [1967], and recently by Hulten [1992], centers on output adjustment arising from
quality improvements. In this view there are quality improvements associated with inputs,
and output, and not just the former. Output quality changes are reflected in any devia-
Lions from constant returns to scale. For example, increasing returns to scale is seen to be
synonymous to output quality improvements. In this “better is equivalent to more” {rame-
work, under increasing returns to scale more output can be produced from a given quantity
of inputs compared to the case of constant returns to scale. From the usual definition of
returns to scale, p,r = Y11 (OF/02i)zit , the degree of returns to scale, p,,, can be inter-
preted to be a quality index, where p,y: measures output in quality adjusted units. Thus
an alternative measure of efficiency-based TFP growth can be defined such that deviations
from constant returns to scale are assigned to quality adjustments in output. This measure
can be obtained from (31), and reflects the rate of technological change,
reren-ofon () wren(S) o] oL,
Y/ v/, (c/Y)mym

where from (30),

TFPG (s, t) = 0/O - ((/¢)* (33)

y

and O/O = Y)Y — .5 [(1 - p;f]) (Q)L +(1—pps) (3—3)3] [(Y/Y)/(c/y)m 4 Notice that

M Efficiency-based productivity growth defined by {32) can be directly determined from (28). In addition,

from (32) we can derive (31). Thus one efficiency-based measure does not logically precede the other.
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when there are constant returns to scale, O/0O = Y/ Y, so both efficiency-based measures

are ecjual.

Observed rates of productivity growth are derived from equation (31) by subtracting,

VIV =.5 Z @ir [(vie = vis) [ Vim] (Vi Ym )yt /vie)(/9)e(¥/ S

i=1

+.5 Z&Pi,g [(vie — vis) /Vim] (Vim/Ym) (ys/ vis) (s/Y)s(y/S)m)

i=1
which is the observed growth rate of inputs, and adding (g/()* to the equation. The term
i = Wipfse is the ith factor cost share, ¢, = Y7, wywy is factor cost, wy is the ith
observed factor price (defined by (25)), in period ¢. Observed TFP growth rate between

any two periods is output growth net of input growth or
TFPG (s, 1y =Y /Y — V/V. (34)

Thus with (34), (31) becomes
noafa-n(9) ro- (3] 2
t 3 .
e (£ € c (t—s)
|:5vt (y) ¢ Yo Sua (y) 3 3/3} (C/y)mym
14 &\
v)o\¢

Equation (35) shows that observed TFP growth consists of three elements; a term reflecting

(35)

returns to scale, because observed output quantities are used, a technological change term
and a factor adjustment term. The latter element forms part of the productivity decompo-
sition for two reasons. First, observed factors are not necessarily cost minimizing utilized
inputs. Second, the weights used to construct the input growth rates (V/ V) are based
on observed factor prices, while the weights used to construct utilized factor growth rates
(g /¢)* are formed by user costs which embody adjustment costs and inflation rates.

The formula for the observed TFP growth rates denoted by (34) represents one of nu-

merous ways to calculate productivity growth rates using observed prices and quantities.
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Observed TFP growth from equation (34) is attractive because as (35) shows it can be
linked to one of the efficiency-based productivity growth rates (denoted by (31) and (32))
via the McFadden-Diewert-Wales cost function.

A second measure of observed productivity growth based on a Fisher index is also calen-
lated. Diewert {1992 shows Fisher indexes satisfy an important set of properties that gov-
ern index mumbers. The Fisher productivity index is the geometric mean of Laspeyres and
Paasche output quantity indexes divided by the geometric mean of Laspeyres and Paasche
input quantity indexes. To obtain the decomposition of Fisher productivity growth rates
(TFPG(s,1)), in (35), add TFPGY(s,t) and subtract TFPG"(s, 1), thus

TFPG!(5,1) = 5 [(1 ~Pyi') (5)‘ 1 -p) (5)] {/—-{J))i

e (5) e (0). 2
(¥)- (4

where R(s,t) = TFPG/ (s t) — TFPG°(s,t) is the residual between the two types of ob-

+ R(s,t), (36)

served productivity growth rates. Thus Fisher TFP growth rates consist of efficiency-based
growth rates (inclusive of a scale term), the factor adjustment term, and a residual.

In order to determine the magnitude and source of differences between efliciency-based
and observed productivity growth rates, we first consider whether efficiency-based produc-
tivity growth rates differ from zero. Tests were conducted on the degree of returns to scale,
and the rates of technological change. Recall from table 3 that the hypotheses of con-
stant returns to scale, and no technological change were rejected. Thus with technological
change, we can reject the hypothesis of no efficiency-based productivity growth defined as
TFPGE (in equation (32)). In addition, with increasing returns to scale and nonnegative
output growth rates, efficiency-based productivity growth defined as TFPG® from (31) is
also nonzero.

Table 6 shows the degree of returns to scale, and rates of technological change, obtained
from the dynamic model with rational AR(1) price expectations. From this table, on

average over the estimation period, the degree of returns to scale for U.5. manufacturing is
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1.44, and the average annual rate of technological change is approximately 1 percent. Thus
if efficiency-based TFP growth is T'F PG", which reflects the rate ol technological change,
then the average annual rate is about 1 percent over this period.

The effect of quality adjustment on output growth can also be determined using the results
in table 6. The difference in the estimate of returns to scale (1.44), from constant returns
to scale shows that quality-adjusted output growth adds about 0.44 percentage points to
output growth. Our findings are consistent with Hulten [1992]. In a growth accounting
framework, using Gordon [1990] qua]i.ty adjusted prices, Lie finds that quality-adjustment
increases ontput growth by around 0.40 percentage points over the 19:49-1983 period and
this figure does not vary over the sample.

The complete set of productivity growth rates and their decomposition are presented in
table 7. The Fisher productivity growth rates (T FPG/based on (36)) are presented in the
Fisher TFPG column and the other observed productivity growth rates (T'F PG”from (35))
are found by subtracting the residual from the Fisher rate. From table 7, both variants
of observed productivity growth rates are very similar throughout the period from 1953 to
1995. Tn absolute value the residual never exceeds 0.05 percent. In the years prior to 1973
(the year when observed productivity growth started to decline, see Griliches [1994] and
the references therein) the average annual rate of the residual is -0.003 percent. This rate
is, in absolute value, 0.2 percent of the average annual Fisher productivity growth rate of
1.44 percent. In the slowdown era the residual annually accounts for 0.6 percent on average
of the 0.80 percent Fisher productivity growth rate. Therefore the two sets of observed
productivity growth rates are virtually identical.

Efficiency-based productivity growth rates, defined by TFPG*, (denoted by (31)) are
derived from table 7 by adding the columns labeled returns to scale effect, and technological
change effect. In the period from 1953 to 1973, average annual TFPG® is 1.425 percent.
Thus in the pre-slowdown era, this measure of efficiency-based productivity growth is very
similar to Fisher productivity growth.

In the slowdown period, Fisher and TFPG¢ efliciency-based productivity growth rates

diverge. From 1974 to 1995 the average annual efficiency-based productivity growth rate is

22



1.908 percent. This represents about 1.2 percentage points more than the Fisher produc-
tivity growth rate or more than a 150 percent increase over the Fisher measure.

Accounting for the difference between efficiency-based and Fisher productivity growth
rates is the factor adjustment term. Table & shows that from 1974 to 1995, observed input
growth rates are too high because they are not adjusted for the cuality improvements
associated with labor, capital and especially materials. Unadjusted input growth cause
observed and efficiency-based productivity growth rates to diverge. In addition, over the
entire period of 1953-1995 the average annual efliciency-based productivity growth rate is
1.718 percent. This rate is 55 percent greater than the observed measure of 1.110 percent.

As we discussed, TFPG® is an efliciency-based measure of productivity growth when
factors of production are adjusted for technical changes. TFPG® defines the efficiency-based
measure that adjusts inputs and output. It is found in the column labeled technological
change effect in table 7. For the two main sub-periods, 1953-1973, and 1974-1995, TFPG*
differs from the observed Fisher productivity growth rates. In the pre-slowdown period
average annual Fisher productivity growth is 50 percent greater than the average annual
TFPGE. This difference arises becanse annual output quality adjustment of 0.466 percent
are assigned to observed productivity growth and not to output growth. In the slowdown
period, TFPG® exceeded observed productivity growth by 27 percent. In this period, as
noted [rom table 8, the difference in productivity growth rates arises because observed input
growth rates are too high. Observed input growth is not adjusted for input quality changes,
and particularly the improvements associated with materials.

Our results show that within each of the two periods, output quality adjustments differ
from input quality adjustments, although on average, from 1953 to 1995, output and input
quality adjustments approximately offset each other. Moreover, both efliciency-based mea-
sures of productivity growth show that observed input growth should be adjusted for quality
improvements. Unadjusted input growth causes efficiency-based productivity growth rates

to exceed observed productivity growth in the slowdown period of 1974-1995.



5. CONCLUSION

This paper extended previous empirical dynamic production models to account for adjust-
ment costs, and quality improvements associated with all factors of production. A number
of new results pertaining to speeds of adjustment, rates of quality change, and productivity
growth rates emerged from the analysis.

First, with respect adjustment speeds, none of the factors of production completely ad-
justed within one year. Average annual rates of factor adjustment were 77 percent for
labor, 30 percent for capital, 20 percent for energy, and 21 percent for materials. In addi-
tion, the failure to account for inflation associated withi acquisition and hiring prices leads
to a downward bias in the rate of adjustment for capital by 37 percent and upward biases
in the adjustment speeds for energy, and materials by 25 and 57 percent respectively.

Second, our estimates show that the rates of quality change are 0.31 percent for la-
bor, 3.0 percent for capital, 4.7 percent for energy, and 4.6 percent for materials. Quality
tmprovements affect marginal products. The percentage differences between marginal prod-
ucts inclusive and exclusive of ¢uality improvements define the elasticities of quality. The
quality elasticities are 0.25 percent for labor, 0.30 for capital, 2.13 for energy, and 0.92 for
materials. Our findings provide additional evidence supporting the Gordon-Hulten analysis
of cuuality adjusted capital prices. Moreover, our findings suggest that it is important to
adjust non-capital factor prices for quality improvements too.

Third, efficiency-based productivity growth rates that adjust inputs for quality improve-
ments are similar to observed annual productivity growth of 1.44 percent in the pre-
slowdown period of 1953-1973. In the slowdown period, these productivity growth rates
diverge. From 1974 to 1995 the average annual efficiency-based productivity growth rate is
1.998 percent or more than a 150 percent increase over the observed measure. The diver-
gence arises because observed input growth rates, especially materials, are not adjusted for
quality improvements. Consequently observed input growth rates are too high.

Efficiency-based productivity growth that adjusts inputs and output diverge from ob-

served productivity growth rates within both of the sub-periods 1953-1973, and 1974-1995.
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Our results show that, within the pre-slowdown and slowdown periods, output quality ad-
justments differ from input quality adjustments. Output quality improvements dominate in
the first sub-period and changes in input quality dominate in the slowdown period. However,
we find that over the entire period quality adjustments on output and input approximately
offset each other.

In general, efficiency-based productivity arowth rates exceed observed productivity growth
in the slowdown period of 1974-1995. The divergence is mainly attributable to observed
input growth rates that are not adjusted for quality improvements, and thereby are too

high.
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APPENDIX: DATA DESCRIPTION

Data from 1952 to 1996 on the quantities and price indices for output, and inputs related
to labor, capital, energy, and materials (inclusive of purchased services) have been obtained
from the Bureau of Labor Statistics (BLS). The data relate to the US manufacturing sector
as a whole. The mean, standard deviation, minimum and maximum values of the variables
arce presented in table Al All price indices have been normalized to one in 1992 and all
quantities are measured in billions of 1992 dollars.

The quantity of output is measured as the value of gross output divided by the output
price index. The value of gross output corresponds to shipments plus the change of inven-
tories. The output price deflator index is implicitly defined by a Tormqvist aggregation of
two-digit gross outputs. The labor input is measured in man-hours, estimated by the BLS
Current Establishment Survey. It corresponds to the sum of hours of all persons engaged in
production in the sector. The price deflator of labor is measured implicitly by dividing the
labor compensation by labor man-hours. Labor input quantity is measured as the cost of
labor divided by the Iabor price. The quantity of energy is measured as the cost of energy
divided by the energy price index. The quantity of materials is measurecd as the total cost
of materials (inclusive of purchased services) divided by the price index of materials. The
price index of materials is a Torngvist index of the price indices of materials and purchased
services. Capital input is defined as the flow of services of equipment, structures, inventories
and land. The stocks of depreciable assets, equipment and structures, is constructed using
the perpetual inventory method. The quantity of capital is measured as the value of capital
services divided by the capital price index (see Gullickson and Harper [1987] for a detailed
description of the data).

Note that output and material inputs are adjusted for intersectoral transactions, i.e.,
transactions between establishments in the sector are removed from both gross output and
material inputs. In addition, the value of production is adjusted to exclude the indirect

business taxes and government subsidies that are not related to capital The BLS data
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that are used in this paper are not adjusted so that the cost of production equals the value
of output, since this adjustment implies constant returns to scale. Lastly, the real discount

rate is set to 4 percent.

Table Al. MANUFACTURING-SECTOR DATA

Descriptive Statistics (1952-1996)

Variable Mean Std. Dev. Min. Max.
Output 1300.92 486.00 628.52 220898
Labor 747.61 45.40 641.86 818.74
Capital 177.91 82.37 69.92  324.14
Materials 501.28 200.12 23941 866.78
Energy 42.25 12.22 18.65 64.33

Output Price  0.5839 0.2980 0.2660 1.0430
Labor Price 0.4583 0.3364 0.1000 1.1210
Capital Price  0.6572 0.2792 0.3610 1.3660
Material Price  0.5944 0.3289 0.2568 1.1360
Energy Price 0.5473 0.4120 0.1610 1.2240
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Table 1. REGRESSION RESULTS FOR DynaMIC MODELS

AR(1) Expectations

Constant Eapectations

Parameter Estimate Std. Error Estimate Std. Error
Bri -1.19E-03 3.26E-03 -9.00E-02 8.84E-02
Bre 3.21E-03 4.68E-03 1.98E-02 7.76E-03
Bre -1.09E-03 1.48E-03 -7.43E-03 4.50E-03
Bk -8.69E-03 2.69E-03 -4.59E-03 2.22E-03
Bre 2.94E-03 4.36E-04 1.96E-03 5.73E-04
Ber -9.97E-04 2.46E-04 -1.03E-03 7.121-04
8. 5.15E-01 6.12E-02 4.27E-01 7.30E-02
B 7.63E-02 1.35E-02 5.81E-02 1.49E-02
Bg 1.58E-02 3.33E-03 1.51E-02 4.25E-03
B 1.93E-01 4.14E-02 1.62E-01 4.33E-02
ayy 3.35E-06 5.41E-05 4.19E-05 5.12E-05
Brr -1.16E-02 2.18E-03 -9.71E-03 2.12E-03
Brr -2.08F-03 8.91E-04 -2.03E-03 7.75E-04
Bt -4.42E-04 1.55E-04 -3.95E-04 1.52E-04
Bart -6.03E-03 2.40E-03 -4.6TE-03 2.18E-03
Brr 2.85L-04 9.35E-05 2.13E-04 9.11E-05
ar, 209.2640 51.8621 216.3980 49.5495
ag -24.3085 6.7099 -21.4445 6.8208
ag -7.1938 1.5456 -7.5765 1.8020
Qar -77.6223 28.6871 -36.8544 29.8211
ar 7.0293 2.8746 6.7980 2.5834
m 0.7653 0.0853 0.7596 0.0788
my 0.25327 0.0661 0.1531 0.0699
mg 0.1741 0.0290 0.2193 0.0419
mas 0.1781 0.0812 0.3011 0.0875
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Parameter Estimate Std. Error Estimate std. Error
or 3.036-03 2 20E-03

bk 4.17E-02 1.07E-02

OF 6.86E-03 5.03E-03

a1 2.00E-02 6.036-03

0L 0.9675 0.0401

6 0.2243 0.1207

(358 0.8655 0.0591

Oar1 0.5941 0.0846

Equation

Table 1 (Cont'd). R

gtd. brror

EGRESSION REsuLTsS F

AR(1) Expectations

B-2

or DYN

amic M ODELS

Constant Expectations

D-W

Std. Error

R?

D-W

Labor 1.8713-02 0.994 1.33 1.71E-02 0.995 1.33
Clapital 1.40E-03 0.093 1.67 1.40E-03 0.093 1.56
Energy 8.35E-04 0.060 2.23 7.90E-04 0970 2.25
Materials 1.30E-02 0.676 2.29 6.00E-03 0.695 1.52
Labor Price 9.24E-03 0.009 2.22

Capital Price 5.80E-02 0059 181

Energy Price 2.88E-02 0.095 175

Material Price 3.06E-02 0992 1.57

Log of L. F.

1184.3
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Table 2. REGRESSION RESULTS FOR STATIC MODELS

AR(1) Expectations Constant Expectations
Parameter Estimate Std. Error Estimate Std. Error
AL -4.03E-03 3.67E-03 -4.36E-02 2.31E-02
Bri 5.06E-03 2.68E-03 3.22E-02 9.93E-03
BLe -6.81E-03 3.09E-03 6.94E-03 7.11E-03
B -1.22E-02 2.34E-03 -2.56E-02 4.19E-03
BrrE 8.56E-03 1.12[-03 1.596-04 2.515-03
Ber -1.15E-02 1.56E-03 -1.65E-02 2.11E-03
8. 7.00E-01 6.74E-02 7.19E-01 7.18E-02
Bx 1.66E-01 2.03E-02 1.89E-01 2.25E-02
B 6.41E-02 8.92E-03 7.40E-02 8.97E-03
Bar 4.06E-01 6.05E-02 4.45E-01 6.54E-02
ayy -5.37E-04 6.18E-05 -5.78E-04 6.78E-05
Brr 4.70E-03 2.49%-03 5.41E-03 2.79E-03
Brr 6.04E-03 9.55E-04 5.81E-03 1.04E-03
Ber -2.52E-04 1.28E-04 4.50E-04 2.31E-04
Bt 6.42E-04 2.21F-04 1.68E-02 2.85E-03
Brr 1.66E-02 2.62E-03 -2.36E-04 1.43B-04
ar 350.3750 37.9693 312.9440 38.1813
0K 8.1372 10.3877 11.8784 11.4914
agp -21.2864 5.1529 -18.2829 4.8284
Qs 85.7046 32.7846 64.8499 35.4496
or -23.3179 3.4138 -24.1021 3.7237
mr
MK
meg
MM
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Table 2 {Cont'd). REGRESSION RESULTS FOR StaTic MODELS

AR(1) Expectations

Constant Expectations

Parameter Estimate Std. Error Estimate Std. Error
b1 3.41E-03 2.21E-03

P 4.23E-02 1.08E-02

. 8.48E-03 5.11E-03

. 2 38E-02 6.21E-03

or 0.9595 0.0403

05 0.2041 0.1207

e 0.8315 0.0627

Oa1 0.5150 0.0885

Equation Std. Error R? D-W Std. Error R? D-W
Labor 2.04E-02 0.992 0.86 1.861-02 0.994 0.80
Capital 3.91E-03 0.943 0.81 3.50E-03 0954 0.76
Energy 3.25E-03 0.544 0.35 2.70E-03 0.669 0.35
Materials 1.41E-02 0.544 0.53 1.381-02 0.561 0.55
Labor Price 9.23E-03 0.990 2.21

Capital Price 5.90E-02 0959 1.77

Energy Price 2.89E-02 0.995 1.70

Material Price  3.12E-02 0992 141

Log of L. F. 1095.01 669.8
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Table 3. HyPOTHESIS TESTING FOR THE DYNAMIC MODELS

Model with AR(1)  Xdos Model with Cons- X&.05

Expectations Value tant Expectations Value
Static Model with LR(8) = 161.68 15.507

AR(1) Expectations

Static Model with LR(4) = 143.97 9.488
Constant Expectations

Dynamic Model with W(8) = 62.53 15.507

Constant Expectations

1st and 2nd Order LM(128) = 88.71 155.400 LM(32) = 33.10 46.194

Serial Correlation

1st Order LM (64) = 74.08 83.675 LM({16) = 24.92 26.296
Serial Correlation

ond Order LM (64) = 48.46 83.675 LM(16) = 13.37 26.296
Gerial Correlation

I’Ieterosl-:edasticity LM(16) = 15.65 06296 LM (8) = 5.97 15.507
(ARC'H)

Coonstant Returns LR(6) = 20.29 12.592 LR(6) = 32.83 12.592

to Scale

No Technological LR(6) = 34.09 12.592 LR(6) = 24.11 12.592
Change
Concavity LR(6) = 3.60 12.592 LR(6)= 0.48 12.592




Table 4. RATIO oF ADJUSTED FACTOR UTILIZATION TO LAGGED FACTOR QUANTITY

AR(1) Expectations

Constant Fxpectations

Year Labor Capital Energy Mater. Labor Capital Energy Mater.
WK ®m ) (L) (K) (B ()
1952 0.7378  0.2605 0.2536 0.1886 0.7261  0.1661 0.2870 0.3180
1953 0.7652  0.2993 0.2862 0.2112  0.7525  0.1984 0.3239 0.3342
1954 0.6992  0.2560 0.2312 0.1618  0.6870  0.1642 0.2602 0.2765
1955 0.8058  0.3100 0.2703 0.2133  0.8010  0.1953 0.3389 0.3399
1956 0.7599  0.3010 0.2354 0.1948  0.7519  0.1929 0.2867 0.3113
1957 0.7407  0.2881 0.2084 0.1897  0.7319  0.1843 0.2529 0.3065
1958 0.7164  0.2480 0.1696 0.1628 0.7042  0.1575 0.1979 0.2814
1959 0.8194  0.2858 0.1959 0.1996  0.8150 0.1733 0.2554 0.3279
1960 07778  0.2930 0.1838 0.1990 0.7701  0.1830 0.2327 0.3263
1961 0.7709  0.2876 0.1763 0.1939 0.7640  0.1778 0.2265 0.3202
1962 0.8072  0.3110 0.1935  0.2112 0.8057  0.1890 0.2628 0.3392
1963 0.7850  0.3211 0.1928  0.2247 0.7878  0.1923 0.2726 0.3558
1964 0.8038  0.3387 0.1990  0.2339 0.8101  0.2021 0.2884 0.3668
1965 0.8110  0.3581 0.2000  0.2484 0.8255  0.2096 0.3051 0.3799
1966 0.7867 0.3677 0.2054 0.2600 0.8013 0.2181 0.3129 0.3923
1967 0.7407  0.3531 0.1958  0.2476  0.7480  0.2156 0.2857 0.3729
1968 0.7587  0.3448 0.1898  0.2414 0.7672  0.2108 0.2794 0.3627
1969 0.7513  0.3338 0.1808 0.2430 0.7539  0.2080 0.2566 0.3660
1970 0.7209  0.3079 0.1633 02324 0.7118  0.2002 0.2127 0.3547
1971 0.7684  0.3023 0.1668 0.2306 0.7641  0.1916 0.2263 0.3530
1972 0.8201  0.3177 0.1763  0.2422 0.8223 0.1988 0.2491 0.3651
1973 0.8066  0.3352 0.1844 0.2487 0.8094  0.2130 0.2601 0.3790
1974 0.7583 0.3180 0.1721 0.2288 0.7461 0.2130 0.2177 0.3523
1975 0.7467  0.2842 0.1511 0.1908  0.7343  0.1854 0.1885 0.2972
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Table 4 (Cont.’d). RATIO OF ADJUSTED FacToR UTILIZATION

AR(1) Expectations Constani Expectations
Year Labor Capital Energy Mater. Labor Capital Energy Mater.
(L) (K) (&) (A1) (£) (K) (E) (A1)

1976 0.8366  0.2924 0.1775 0.2110 0.8269  0.1907 0.2276 0.3284
1977 0.8244  0.3038 0.1833 0.2113 0.8184  0.1887 0.2393 0.3301
1978 0.7977  0.3050 0.1908 0.2007 0.7912  0.2024 0.2463 0.3156
1979 0.7641  0.2956 0.1880 0.1941  0.7501  0.2020 0.2283 0.3079
1980 0.7271  0.2737 0.1692 0.1856  0.7023  0.1928 0.1842 0.2966
1981 0.7552  0.2650 0.1751 0.1926  0.7312  0.1843 0.1914 0.3087
1982 0.7330  0.2479 0.1670 0.1908 0.6992  0.1778 0.1626 0.3079
1983 0.8076  0.2523 0.1923 0.2043 0.7762 0.1774 0.1967 0.3301
1984 0.8203  0.2715 0.2069 0.2086 0.8042  0.1836 0.2384 0.3383
1985 0.7716  0.2720 0.1983 0.2002 0.7501  0.1389 0.2181 0.3275
1986 0.7706  0.2675 0.2088 0.1965 0.7500  0.1851 0.2328 0.3229
1987 0.7796  0.2707 0.2120 0.1952 0.7733  0.1784 0.2598 0.3205
1988 0.7744  0.2762 0.2064 0.2043 0.7829  0.1751 0.2738 0.3364
1989 0.7324  0.2750 0.1979 0.1999 07426  0.1720 0.2636 0.3288
14980 0.713z  0.2708 0.1960 0.1949 07198  0.1701 0.2537 0.3202
1991 0.7070  0.2614 0.1874 0.1895 0.7033  0.1672 0.2265 0.3102
1992 0.7346  0.2678 0.1940 0.1969 0.7297 0.1742 0.2313 0.3249
1993 0.7475  0.2771 0.1966 0.1901 0.7479  0.1786 0.2393 0.3145
1994 0.7397  0.2875 0.1957 0.1945 0.7629  0.1763 0.2653 0.3224
1995 0.7195  0.2956 (.1956 0.1973 0.7565  0.1773 0.2788 0.3283

Mean 0.7662  0.2944 0.1959 0.2082 0.7616  0.1886 0.2486 0.3319
Std. Dev  0.0360  0.0300 0.0264 0.0228 0.0387 0.0152 0.0379 0.0262
Min. 0.6992  0.2479 0.1511 0.1618 0.6870  0.1575 0.1626 0.2765
Max. 0.8366  0.3677 0.2862 0.2600 0.8269  0.2181 0.3389 0.3923
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Table 5. USER COSTS
Energy Materials

Year Labor Capital

Static  Dynamic Static Dynamic Static Dynamic Static  Pynamic

1952 0.1026  0.1309 0.4504  0.6136 0.1735  0.5524 0.3126  0.6123
1933 0.1146  0.1455 0.4805  0.6501 0.1880  0.5922 0.3450  0.6732
1954 0.1286  0.1626 0.5096  0.6853 0.2063  0.6430 0.3764  0.7322
1955 0.1446 0.1819  0.5372 0.7100  0.2273 0.7023  0.4063 0.7888
1956 0.1623  0.2032 0.5635  0.7509 0.2508  0.7683 0.4350  0.8429
1957 0.1815  0.2263 0.5885  0.7813 0.2756  0.83%4 0.4622  0.8946
1958 0.2020  0.2511 0.6122  0.8102 0.3014  0.9141 0.4881  0.9438
1959 0.2238  0.2773 0.6348  0.8376 0.3276  0.9914 0.5127  0.9906
1960 0.2465  0.3048 0.6562  0.8637 0.3541  1.0702 0.5362  1.0352
1961 0.2702  0.3335 0.6766  0.8885 0.3%05  1.1497 0.5584 1.0775
1962 0.2046  0.3632 0.6959  0.9120 0.4066  1.2294 0.5795 L1177
1963 0.3197  0.3938 07143 09343 0.4323  1.3085 0.5096  1.1559
1964 0.3453  0.4251 07317  0.9556 0.4574  1.3867 0.6187 1.1923
1965 0.3714  0.4571 0.7483  0.9757 0.4819  1.4637 0.6368  1.2268
1966 0.3078  0.4897 0.7641  0.9949 0.5056  1.5391 0.6540  1.2595
1967 0.4244  0.5226 0.7790  1.0131 0.5286  1.6126 0.6704  1.2907
1968 0.4513  0.5560 0.7932  1.0304 0.5508  1.6842 0.6859  1.3203
1969 0.4783 0 5806  0.8067 1.0468  0.5721 1.7537  0.7007 1.3484
1970 0.5053  0.6234 0.8196  1.0624 0.5926  1.8210 0.7147 1.3751
1971 0.5324  0.6573 0.8317 1.0772  0.6123 1.8860  0.7280 1.4005
1972 0.5504  0.6913 0.8433  1.0913 0.6312  1.9488 0.7407 1.4246
1973 0.5862  0.7253 0.8543  1.1047 0.6403  2.0092 0.7527  1.4475
1974 0.6129  0.7593 0.8648  1.1174 0.6666  2.0673 0.7641 1.4692
0.7931 1.1205  0.6831 2.1231 0.7750 1.4899

1978 0.6394 0.8747
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Table 5 {Cont'd). USER COsTS

Year Labor Capital Energy Materials

Static Dynamic  Static Dynamic  Static Dynamic  Static Dynamic

1976 0.6657  0.8268 0.8841  1.1409  0.6988 21767  0.7853 1.5095
1977 0.6917  0.8603 0.8931  1.1518 0.7130  2.2281 0.7951 1.5282
1978 0.7175  0.8935 0.9016 1.1622  0.7282 22773  0.8044 1.5459
1979 0.7420  0.9265 0.9097 11720 0.7419  2.3244 0.8132  1.5627
1980 0.7679  0.9592 00174 11813  0.7549 23604  0.8216 1.5787
1981 0.7926  0.9916 0.9247  1.1902 0.7673  2.4124 0.8296  1.5939
1982 0.8170 1.0236 09316 1.1987  0.7791 2.4536  0.8372 1.6083
1983 0.8409 1.0552  0.9382 1.2067  0.7904 24928  0.8444 1.6220
1984 0.8641  1.0864 00444 1.2143 0.8011  2.5303 0.8512  1.6350
1985 0.8875 11173 0.9504  1.2215 0.8112  2.5660 0.8577  1.6474
1986 0.9101 1.1476  0.9560 1.2284  0.8209 26001  0.8639 1.6592
1987 0.9324 1.1776  0.9614 1.2349  0.8301 2.6325  0.8697 1.6703
1988 0.9541 1.2070  0.9665 1.2411  0.8389 26635  0.8753 1.6809
1989 0.9755  1.2360 0.9713 1.2470  0.8472 26930  0.8806 1.6910
1990 0.9963  1.2646 0.0750  1.2526  0.8551 27211  0.8856 1.7006
1991 1.0168  1.2926 09803  1.2579 0.8626  2.7478 0.8904 17097
1992 1.0367  1.3201 0.9844  1.2629 0.8608  2.7733 0.8050  1.7183
1993 1.0562  1.3472 0.0884  1.2677 0.8766  2.7975 0.8993  1.7265
1994 1.0753 13737 0.9921 1.2723 = 0.8831 28205  0.9034 1.7343
0.9957  1.2766  0.8892 2.8425  0.9072 1.7417

1995 1.0939 1.3998

Mean 0.5939  0.7448 0.8136  1.0551 0.6049  1.8904 0.7083  1.3630
Std. Dev. 0.3119 0.3972 0.1563  0.1901 0.2240  0.7237 0.1707  0.3247
Min 0.1026  0.1309 0.4504 0.6136  0.1735 0.5524  0.3126 0.6123

Max 1.0939 1.3908 09957  1.2766 0.8892  2.8425 0.9072 1.7417
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Table 6. RETGRNS TO SCALE AND

RATES OF TECHNOLOGICAL CHANGE

Period Returns to Rates of
Scale Technological

Change
1953-1945 1.437 0.0098
1953-1973 1.137 0.0097
1974-1995 1.724 0.0100
1953-1958 0.905 0.0087
1959-1963 1.099 0.0080
1964-1968 1.233 0.0108
1969-1973 1.359 0.0113
1974-1978 1.485 0.0112
1979-1983 1.645 0.0103
1984-1988 1.746 0.0102
1989-1993 1.917 0.0089
1994-1995 1.977 0.0085
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Table 7. RATES AND DEcoMposITION OF TFP GROWTH

Average Annual Rates (percent)

Period Fisher Returns Technological Factor Residual
TFPG to Scale Change Adjustment
Effect Effect Effect
1953-1995  1.110 0.734 0.984 -0.610 0.001
1953-1973  1.440 0.466 0.959 0.017 -0.003
1974-1995  0.795 0.990 1.008 -1.208 0.005
1953-1958  0.331 -0.324 0.894 -0.198 -0.041
1959-1963  2.378 0.305 0.780 1.279 0.014
1964-1968  1.518 1.056 1.050 -0.596 0.008
1969-1973  1.754 0.987 1.126 -0.374 0.016
1974-1978  -0.315 0.883 1.126 -2.355 0.029
1979-1983  0.517 -0.070 1.051 -0.432 -0.031
1984-1988  1.880 1.942 1.015 -1.093 0.016
1989-1993  0.049 0.640 0.904 -1.482 -0.013
1994-1995 3417 2.404 0.843 0.119 0.051
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Table 8. DECOMPOSITION OF FACTOR ADJUSTMENT EFFECT

Average Annual Rates (percent)

Period Total Labor Capital Energy Materials

1953-1995 -0.610 -0.007  -0.235 0.014 -0.381
1953-1973 0.017  0.294 -0.246 0.007 -0.038
1974-1995 -1.208 -0.294  -0.225 0.021 -0.709
1953-1958 -0.198  0.439 -0.221 -0.070 -0.346
1959-1963  1.279  0.225 0.170 0.064 0.819
1964-1968 -0.586  0.006 -0.593 0.021 -0.030
1969-1973  -0.374  0.479 -0.344 0.026 -0.534
1974-1978 -2.3565  -0.023  -0.443 0.046 -1.934
1979-1983 -0.432 -0.220 -0.399 0.072 0.115
1084-1988 -1.093 -0.399 -0.050 -0.001 -0.643
1989-1993 -1.482 -0.423 -0.137 -0.011 -0.911
1994-1995 0.119  -0.574 0.093 -0.038 0.638




