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Abstract
Shifts in the production frontier occur because of changes
in technol ogy. A nodel of how a firm learns to use the new
technol ogy, or howit adapts fromthe first production frontier to
the second, is suggested. Two different adaptation paths are
enbodied in a translog cost function and its attendant cost share
equations. The paths are the traditional linear tinme trend and a

| earning curve. The nodel is estimted using establishnent |evel
data froma non-regul ated i ndustry that underwent a technol ogi cal
shift in the tinme period covered by the data. The |earning curve
resulted in nore plausible estinmates of technical progress and
total factor productivity growh patterns. A significant finding
is that, at the establishnent level, all inputs appear to be
substitutes.



1. | nt roducti on

Thi s paper addresses the problem of nodelling how the
individual firmlearns to exploit a new technol ogy. Technol ogica
br eakt hroughs are often discrete events. Frequently, the only way
to incorporate a new technology into the production process is to
scrap the technically obsol ete equi pnent and net hods, and instal
new equi pnent and net hods. Once the new technology is install ed,
the firmnust learn howto best exploit it given the demand for its
products, input prices, and the existing conplenmentary technol ogy.
This | earning process often takes consi derable tine.

In nost newinstallations, there is often a start-up process
during which the conponents of the new capital inputs are tested,
the | abor force is trained and gai ns experience, and the "bugs" are
wor ked out of the system Finally, the newly gained know edge
di ffuses through individual establishnments and the whole firm
Pi | ki ngton (1969) gives anple discourse on this process of |earning
in the flat glass industry which is the case studi ed here.

W are interested in breaki ng down techni cal change into two
parts. The first part can be considered as novenents of the
technol ogi cal cost frontier--shifts in the possible. The second
woul d be the novenent of the firmtoward the possible or optinmal--a
| earning process. W denote shifts in the frontier as the result
of the adoption of a new technology. W denote novenents toward

the new frontier as adaptation. |If we can nodel this adaptation
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path between frontiers, we may have a better understanding of
changes in productivity growth as a new technol ogy cones into use.?

A question arises: if the newtechnology is so nmuch better,
why doesn't the firminstantaneously adapt to the new technol ogy?
The answer nust lie in the costs that are associated w th changi ng
the ancillary inputs and training the workers, and the costs that
are associ ated w th gai ning knowl edge on howto efficiently use the
new t echnol ogy. This phenonenon was di scussed by Lundberg (1961)
in his observation of productivity increases at the Horndal Iron
Works in Sweden, the so-called "Horndal effect," by Arrow (1962),
in his "learning by doing" concept, and by Johansen (1972) in his
idea of "the technique relation.” VWile Arrow was primarily
concerned with explaining increases in per capita inconme and
macr oeconom ¢ issues, he cited earlier work which observed "The
role of experience in increasing productivity." Arrow stated that
"techni cal change in general can be ascribed to experience..."?

Consi der the production function for a plant with a single

input, X, and a single output, Q operating in period t as

Q= F(X), (1)

or the maximum under the technology F. In Figure 1, this
situation is represented by point A on the curve F.
Now, with the installation of the new technology, the

production frontier shifts (assuming technical progress) to F? (see
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Sol ow [1957]). We assune that after the firm nmakes the necessary
changes in its machinery and equi pment capital to achieve F? it
must then learn how to efficiently use the new technol ogy.* The
graphi cal depiction is the novenent frompoint A to point B on F2;
this is |abelled an "Adaptation Path."

The problem of nodelling this change has been addressed in
previ ous studi es which have included the tine trend to account for
techni cal change.* Yet, the tine trend is probably not a proper
proxy for technical change. For one thing, it assunes that
techni cal change noves snoothly through tine and ignores the
| earning process that follows a drastic change in the firms
technology. It also serves as a proxy for both kinds of technica
change, adoption and adaptation.?® Wt hout further technical
apparatus, the inclusion of the tine trend as a technical change
index may also inplicitly presune that firns are always at their
| ong-run cost mnimzation point, (i.e., always on the frontier.)
Arrow (1962) condemmed trend projections (the use of tine to nodel
techni cal change) as "a confession of ignorance, and, what i s worse
froma practical viewpoint -- not a policy variable."®

In the | ast decade, flexible functional fornms such as the
t ranscendent al logarithmc  (TL) function have superceded
traditional forms such as the Cobb-Douglas function. These newer
forms allow for a nore general representation of the production
t echnol ogy and have been extensively used in enpirical studies of

producti on. Yet these studies have not directly addressed the
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| earni ng process or adaptation path as technol ogi es shift, but have
continued to use the tine trend as a proxy for both adoption of and
adaptation to technical change.’

For exanple, it is common to nodel the firms production

function as

Qt) = F(X(t), t), (2)

where Q't) and X(t) again denote output and input flows in tinme
period t, while F denotes the technology that maps X into Q
Production studies often incorporate one or nore paraneters
associated with tinme to calculate the rate of technical change,

Jp, that can be expressed as

Jp = M(In F(D))/ M. (3)

However, causes of technical change are really quite conplex as
Sol ow (1957) has pointed out. The change in productivity may be
the result of several phenonmena that often occur sinultaneously.
These include those elenents noted as "slowdowns, speedups (in
production or inputs), inprovenents in the education of the | abor
force"® and quality inprovenments in any input. Thus, with the tine
trend used as a technol ogi cal index, Jp would confound technical
change, econom es of scale and the novenent toward the efficient

production frontier represented by F.
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An alternative to the production approach is to deduce
techni cal change fromthe firm s dual problem i.e. the probl em of

m nimzing costs (Diewert 1980). Consider the cost function

cQ P, t) = mnimum {PXX (QX d S},

(4)

where C denotes total costs, P denotes a vector of input prices,
and S represents the firm s production possibility set intine t.

Then the rate of technical change can be defined as

J. = - M(In O /nt.

(5)

Both neasures, J. and J,, inplicitly presume that the firmis always
operating on the production or cost frontier and that the tine
trend adequately neasures shifts in the frontier.

| f we recognize that the firm my not always be operating

on the frontier, we nust nodify the nodel to incorporate the
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movenent of the firmfromone frontier to another: hence J,, or J,
must be nodified. Further, a proper test of such an adaptation
path ideally requires plant level data for a period in which a
known shift in F fromF to F* takes place. The recent availability
of such data allows us to address this problem

Ideally, it would be best to apply a dynam c nodel in this
study. However such a nodel requires tinme series data for accurate
estimation as it uses distributed lags to identify the accel erator
coefficient (the rate at which output affects changes in the
quasi -fixed input.) Also tinme-series analysis is needed to
formul ate price and out put expectations which are in turn argunments
in the equations to be estimated.® Unfortunately, our data covers
only a 10 year period that is too short of a tinme span to fully
exploit a dynam c nodel

Nevert hel ess, there is an inportant feature of our data that
shoul d be enphasi zed. W use mcrodata at the establishnent |evel
extracted fromthe Census Bureau' s Longitudi nal Research Dat abase
(LRD). These microdata are nore suitable than aggregate data for
testing hypotheses concerning the production structure and
technology of the firm This is because establishnent data woul d
accurately reflect economc activities of individual establishnments
where production is actually perforned. In contrast, aggregate
data represent industry totals and therefore would vyield

aggregation bias in the estimates for production nodels. The
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aggregation bias issue is well known and has been di scussed in the
l[iterature

For exanpl e, Solow (1987) convincingly argued that
"estimates of factor substitutability based on aggregate data are
m sl eadi ng because they capture nore than sinply technol ogica
substitution. Factor substitution is a m croeconom ¢ phenonenon,
and i s best exam ned by | ooking at m crodata" (page 612).

In this paper, we suggest a different approach to allow us
to utilize our data set and overcone sone of its [imtations. W
enpl oy a sinple conparative static equilibriumnodel and fit it to
pool ed cross-section time-series data. As nentioned earlier,
because our tinme span includes only 10 years, distributed | ags and
tinme-series analysis are difficult if not virtually precluded.
Therefore, instead of nodelling the adjustnment process, we enploy
a learning curve to nodel an adaptation path. W presune that the
firmhas made its choice of optimal capital (quasi-fixed) stock
VWhat we nodel is how the firmlearns to use the new capital via
what we call the adaptation path.

In what follows, we develop two nodels of the firm wth
conpeting proxies for describing the adaptation path. W estinmate
the nodel s using plant |evel data and report the results. Finally,
we use the estimated nodels to generate alternative neasures of
total factor productivity and conpare them

2. The Mbdel
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The plant production function in period t is assuned as

Qt) # FLK(t), L(t), E(t), OF(t), Mt): J(t)].

(6)

Here, Q denotes a flow of output, whereas K, L, E, OF, and M
respectively denote the service flows from capital stock,
production |labor, electricity, other fuels, and internediate
materials.® If Qt) = F{f, then output is optinmal under the given
t echnol ogy, F. If Qt) < FYi, then output is less than that
obt ai nabl e under the existing technology. The synbol J denotes the
| evel of technical conpetence that the plant has in exploiting the
t echnol ogy under which it operates, the 1-th technol ogy.

At any given level of output, the dual problem is to

mnimze costs, C, such that

C(Qt), P(t), J) = minimum {P(t)iX(t): (Qt), X(t)) d S%.
(7)

Here, P is a vector of input prices, Xis a vector of inputs, and
S' is the production possibility set.

W denote shifts in the technical frontier by allowing F* to
nmove, i.e., 1 =1, 2. W posit two neasures of J below and test

them using plant |evel data. Such a test requires a specific
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functional form for the cost function. W elected to use the
transcendental logarithmc (TL) cost function and assune that it is
a precise representation of the firms costs. Usi ng | ower case
letters to denote the natural logarithm the TL cost function is

witten as

C="w+E "up + (12 E E By pi p
+ B Tigp gt Tgat B Yyyp J

+ Mg d+ (12 Mg Py 2 N, 0, (8)
i, j =K L,  EL OF, Mand 1 = 1, 2. Where, the " s and R's are
coefficients and the p's denote natural logarithnms of the input

prices. Inposing symmetry and |inear honogeneity in factor prices

as the nmaintai ned hypothesis, inplies that

Byj = Byjy B "y =1, E"y =0, k =49, J, and EBy; = 0,

where i, j =K L, EL OF, M for 1 =1, 2.

Factor share equations are derived in the wusual nmanner via

Shephard's Lemma. Thus, factor shares are

Si ="yt E Byyopp + Vyq + My Jd, (9)

where (S;) = C/ p;, andi,j =K L, EE OF, Mand 1 =1, 2.
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Note that the difference between our nodel and those of
previous studies is in the concept of J as sonething different than
the usual shift-through-tine concept of the production function,
and allowing 1 to take 2 val ues. W thus nust deal with the
probl em of nodelling the adaptation path and the shift of the
frontier. W take up the path problemfirst.

For conparison, we specified the nodels incorporating two
different neasures of the tinme path: (i) a learning process
approxi mated by an inverse circular function designated J, and
(ii) alinear function designated J,, the traditional proxy for the

technical level. The inverse circular function used is

J, = arctan(t-D), 0 < D # 10 (10)

The linear function is

J, = t. (11)

In all cases t denotes tinme and is set equal to 1,2,..., 10.%

Equation (10) allows J to take the traditional formof a |earning
curve, a distended S-shaped formw th asynptotes of -B/2 and B/ 2.
The value of D allows for variation in the inflection point, the

poi nt of fastest approach to the production frontier.
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Data for an industry where a shift in technology has
occurred are required to test our nodel. The flat glass industry
experienced a technical revolution in the late 1960s and early
1970s when the Pilkington float glass process was commerci al i zed. 2
Therefore we used panel data at the plant level for this industry
covering the period 1972-1981. The details on the data

construction are discussed in the appendi x.

4. The Esti mates

Equations (8) and (9) were estimated under the previously
di scussed specifications of J, the adaptation path proxy, and 1,
the frontier shift proxy.'® The frontier shift proxy was applied
on a plant by plant basis. W first determ ned the year when each
pl ant i ncorporated the Pilkington process. W then assigned 1 = 0
for prior years when the plant had a stable process and 1 = 1 for
the year of the technology shift and afterwards. W estimated the
cost and share equations adjusted for the first-order
autocorrelation.* Initial work involved investigating the three
variants of the adaptation path.?® The path denoted J;, is
straightforward. The optimal path for J, was J, = arctan(t-5.05).
Equations (8) and (9) were then estinmated using the swtching
values of 1 versus a naive nodel in which 1 is set equal to zero.
Because we had only 150 observations (135 after allow ng for first
order serial correlation) while there are 33 paraneters being

estimted, we allowed 1 to vary (take values 0, 1) only in the
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capital share equation and cost function; that is we used a
swi tching dummy variable for ", ", and for ", and thus brought
the total nunber of paraneters to 34. A likelihood ratio test
showed that the switching dumy was statistically significant in
both nodels with J, and J, (See Table A 2).1°

The results in Table 1 suggest that the |learning curve, J, =
ar ct an (t-5.05), is a better technological index than the
linear tinme trend, J, = t. The learning curve results in a

statistically significant estimate of ''; wth the expected negative
sign for technical progress. That is, ceteris paribus, costs
decrease with technical progress. In contrast, the traditiona
linear time trend yields an unexpected statistically significant
positive estimate for ', contradicting econom c theory. W note,
however, that the two nodels performequally well on the basis of
the log of the likelihood function, the suns of squared residuals
and the Durbin-Watson statistics.' Al so, both nodels satisfy the
concavity condition of the cost function at approximtely ninety
percent of the data points.

The detailed paraneter estimates for the two nodels are
reported in Table 2. Wiile both nodels yield simlar estinmates for
the first and second order coefficients associated with output and
with input prices, they give significantly different estimates for
the coefficients associated with the technical progress variable.

Most notably, the |learning curve nodel yields the estimtes for ",

that are nore consistent with economc theory than those obtai ned
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fromthe traditional linear tine trend nodel, as already nentioned.
Also, it is inportant to note that this nodel gives the estinated
bi ased technical change paraneters, ',; that have exactly the sane
signs with those found by Jorgenson (1984) for the Stone, day, and
G ass (2-digit) industry group

The Allen-Uzawa el asticities of substitution and the price
elasticities of demand for factor inputs are reported in Tables 3

and 4. In general, the elasticities are small, inplying a

sem -fixed technol ogy except for those associated with internedi ate

materials inputs. All the own elasticities have the correct
n e g a t i v e
S i g n

18

Most strikingly, except for the elasticity of substitution
between el ectricity and fuels in the J, nodel, all point estimtes
of the cross-elasticities of substitution are positive, indicating
that nost inputs are substitutes in the |ong-run even though they
coul d be conplenments in the short-run. These results are inportant
and consistent with the literature on the substitutability anong
t he conventional inputs in the production process. W enphasize
the inportance of this finding especially because of the well-known

controversy surrounding the energy-capital conplenentary issue
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[e.g., Berndt-Wod (1975, 1979) and Giffin and Gegory (1976)]
that has not been quite settled by aggregate studies. In this
regard, our results, based on mcro-data, provide an additiona
piece of evidence regarding the issue of energy-capital

conpl ementarity.

5. Resulting Estimtes of Productivity

W used the neasure suggested by Chata (1974) and enpl oyed
by Berndt (1980), to analyze total factor productivity (TFP) in the
flat glass industry.® Here, under the proper assunptions regarding
duality, curvature, and markets, [see Berndt (1980)], it can be

shown t hat

TFP = [1/( InC InQ]li- InC J]. (12)

W cal cul ated TFP using the estimted nodels incorporating J,
and J; and report themin Table 5. The nean TFP plus or minus one
standard deviation for J;, is -1.242 to -.420, whereas that for J,
is -.447 to +.121.

When technical progress is specified as J,, the cal cul ated
TFP for all 15 establishnents is negative (i.e., there are |osses
in productivity) in the earlier years of the sanple period;
however, they becone positive starting in 1977 and are all positive
by 1981. This turn-around in TFP is consistent with the adaptation

process postul ated above. In contrast, with the conventional
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speci fication of technical change, J,, TFP remains negative for all
establishnments for the entire period. Thus, the two neasures of
adaptation to the new production process yield substantially
different indexes of TFP and consequently lead to different

econom ¢ i nferences.

6. Concl usi on

We have proposed a nodel of the firnms adaptation to new
technol ogy that broadly foll ows the suggestions of Arrow (1962) and
the standard learning curve literature. The nodel is applied to
panel data at the establishnent |evel for the flat glass industry.
It is found to be better than the conventional nodel of |inear
technical change in terns of the expected signs on the technical
progress coefficients, and its ability to generate neaningful
patterns in total factor productivity growh. We caution the
reader that we have so far denonstrated these results only for this
particul ar data and nodel and that they are expected to be limted
to those cases in which firnms nust |learn adaptively after a | arge
t echni cal change has taken place. Future work should al so address
the issue of integrating the paradigm offered here with the
adjustnment cost literature, tying the nodel nore formally to that
of Arrows work, and estimating the costs of learning that

determ ne the adaptation process.
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Table 1. A Conparison of Mdels of the Adaptation Path

OVERALL
STATI STI CS J, = arctan(t-5.05) J, =t
Log of Likelihood 1571. 58 1570. 57

Sum of Sg. Residuals

C 2.303 2.374
K . 394 . 404
L . 167 . 169
E . 002 . 002
F . 032 . 030
Dur bi n- Wat son Statistic
C 1.56 1.59
K 1.51 1. 45
L 2.29 2.27
E 1.64 1.60
F 1.73 1.72
Nunber of Fail ures of
Concavity 13 14
Esti mat ed coeffici ent
on ', -.463 . 670
(Standard Error) (.222) (.312)
Esti mat ed Coeffi ci ent
on ', -.095 -. 059

(Standard Error) (.048) (.024)
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Table 2. Estinmated Paranmeters of TL Mdels Under J, and J;
(Standard Errors in Parentheses)

Par aret er J, = arctan(t-5.05) J, =t
"o 12. 785 7. 26
(1.617) (2.559)
D. . 9052 . 8872
(.019) (.019)
" -.911° -1.231°
(.310) (.374)
" . 068° . 0962
(.031) (.035)
M 1.331% 1.333?
(.136) (.148)
" -.119 . 002
(.112) (.129)
Ve . 0682 . 006
(.018) (.036)
Ve . 068 -.066
(.075) (.091)
By -.015 -.016
(.009) (.010)
B . 037°¢ . 033°¢
(.018) (.018)
Bee . 0032 . 0032
(.001) (.001)
Bee . 010 .018°
(.008) (.008)
By . 007 . 007
(.006) (.006)
Bye . 001 . 0004
(.001) (.0006)
Bye . 001 -. 0007
(.003) (.0028)
B.e . 001 -. 00001

(.002) (.0019)
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Table 2 (cont'd)

Par aret er J, = arctan (t-5.05) J, =t
B.r -. 006 -.008
(.007) (.007)
Ber -.002 -.001
(.002) (.002)
" -. 1432 -. 1412
(.012) (.012)
"l . 0682 . 0612
(.010) (.009)
e . 001 . 001
(.001) (.001)
" . 006 . 002
(.004) (.004)
"y -. 463 . 670°
(.223) (.312)
T -.095¢ -.059°
(.048) (.024)
" -.011 . 001
(.013) (.007)
"L -.029° -.013°
(.009) (.005)
e -.001 . 002
(.001) (.001)
e . 004 .011°
(.005) (.004)
" . 043° . 009
(.020) (.009)
Ps . 9522 . 9382
(.010) (.013)
Swi t chi ng Dumry . 0682 . 0962
(.021) (.033)

a Denotes statistically significant at the 99% confidence |evel, (t=2.756)
b at the 95% confidence | evel, (t=2.045) and
c at the 90% confidence level, (t=1.699).
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Table 3. Estimated All en-Uzawa Partial Elasticities

F J, = arctan (t-5.05) J, =t

KK -.240 -.241
KL . 058 . 057
KE . 0004 . 0004
KOF . 005 . 005
KM . 075 . 077
LL -. 129 -.133
LE . 0004 . 0004
LOF . 003 . 003
LM . 024 . 032
EE -.014 -.014
ECF -. 002 . 00007
EM . 017 . 038
OFOF -. 050 -.042
OFM . 056 . 034
MM -2.646 -2.792

Not e: For standard errors of the elasticities, see endnote 18.
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Table 4. Estimated Price Elasticities

n J, = arctan (t-5.05) J, =
KK -.1109 -.1112
KL . 0157 .0154
KE smal | smal |
KOF . 0005 . 0005
KM . 0234 . 0239
LK . 0216 . 0215
LL -. 0310 -.0316
LE smal | smal |
LOF . 0003 . 0003
LM . 0092 . 0112
EK . 0002 . 0001
EL . 0001 . 0001
EE -. 0003 -. 0003
EOF -smal | . 0001
EM . 0069 .0128
OFK . 0020 . 0019
OFL . 0007 . 0006
OFE -smal | smal |
OFCF -. 0040 -. 0036
OFM . 0181 . 0119
MK . 0270 . 0277
ML . 0070 . 0085
ME . 0006 . 0009
MOF . 0046 . 0034
MM -.5738 -. 6003
Not e: For standard errors, see endnote 18.
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Table 5. Total Factor Productivity (TFP)

J, = arctan(t-5.05)

Mean TFP -.163 -.831
Std. Dev. . 284 . 411
Range M ni mum -.710 -2.388

Maxi mum . 745 -. 267

Patt ern of

Si gns on
bs. No. Year Negative Positive Negative Positive
2 1973 15 -0- 15 -0-
3 1974 15 -0- 15 -0-
4 1975 15 -0- 15 -0-
5 1976 15 - 0- 15 -0-
6 1977 12 3 15 -0-
7 1978 8 7 15 -0-
8 1979 6 9 15 -0-
9 1980 2 13 15 -0-
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Figure 1

TECHNICAL CHANGE, THE PRODUCTION FUNCTION
AND THE ADAPTATION PATH
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Table A.1 Log Likelihood Values for Varying Specification
of the Adaptation Path

J, = arctan (t-D)

D Log of Likelihood
3.500 1413. 95
4.500 1421. 93
5. 000 1423. 96
5.025 1423. 97
5. 050 1423. 97
5.075 1423. 97
5. 100 1423. 97
5. 200 1423.94
5. 300 1423. 90
5. 400 1423. 87
5. 500 1423. 84
5. 600 1423. 79
5.700 1423. 69
5. 800 1423. 52
6. 500 1420. 77
7.500 1418. 81

Note: These first tests were nmade using an earlier variant of
equations (8) and (9).
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Table A.2 Log Likelihood Ratio Test for Switching Dumy Vari abl es
(Ho "w = "= " = 0)

Mbdel s Test Statistics

L=2(U-Q* Accept (A)/ Reject (R)®
Mbdel | (with J, =t) 14. 96 R
Model 1l (with J, = arctan(t-5.05) 13.58 R

®The L-statistic is defined as two tines the difference of the logs of the
l'i kelihood functions of the unconstrained nodel (U and the constrained nodel (C)
in which ", " and ", are set equal to zero.

®The null hypothesis (H) is accepted (A or rejected (R) at the five percent
level . The critical value of ?2(n=135, k=3) equals 4.61, where n is the number
of observations and k is the nunber of parameter restrictions.
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DATA APPENDI X

The data enployed in this study were extracted fromthe Census
Bureau's Longitudi nal Research Database (LRD). The LRD contains
data taken fromthe Census Bureau' s Annual Survey of Manufacturers
(ASM and their quinquennial Census of Mnufactures (Census) for
over 50,000 establishnments in each year (1972-1981). (For a
conpl ete description of the LRD, see Mnahan, 1983 and McQuckin and
Pascoe, 1988.) An establishnent is "defined as a single plant or
factory in which manufacturing operations are perforned . . . (and
includes all activities) manufacturing, fabricating, processing,
and assenbling . . . conducted wthin the establishnment."”
(Monahan, 1983.)

A restriction inposed by the nature of the data is that the
Census Bureau collects accounting information, or total dollars,
for a specific variable. For exanple, the total dollars spent on
internediate nmaterials are collected; the prices, however, are not
al ways coll ect ed. Quantities nmust often be inputed from price
data, but this is inpeded because of the sparse nature of the price
data that are reported.

The industry under study is the flat glass industry (SIC 3211).
The extract used contains data for 15 separate establishnments
covering the period 1972-1981. There were 32 establishnments that
produced flat glass products in 1972, 62 in 1977, and 69 in 1982
respectively. The 15 establishnments in our sanple accounted for

over 70% of total shipnments on average for this tinme period.
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Initial work with the conplete data set extract involved
normal i zation and plotting to discern outliers. When extrene
outliers (greater than 3 standard devi ations fromthe nean of the
series in question) becane apparent, the particul ar observati on was
checked (often back to the original form filled out by the
respondi ng establishnent). After the editing step, it was apparent
that the resulting data is still replete with noise. This arises
from occasional legitimate extrenme  val ues, I ntertenporal
discontinuities, mssing or inputed observations, and nost probably
from the data reporting and recording process. Thus, a dunmmy
variabl e was used to accommobdate the noise when it was obvious.
There were 4 such dummes. The specific variables are discussed
bel ow.

Recal | the general underlying production function that is

assuned i s

Q=QqK L, E O, M J), (A 1)

where Q denotes a flow of output, K L, E, OF and Mrespectively
denote a capital service flow, |abor, electricity, other fuels, and
internediate materials; and where J is a technical change i ndex.
Equation (A 1) holds for each year (t) and establishnent (j) but

t hese subscripts are noted bel ow only where necessary for clarity.
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Qutput is the deflated sumof the total value of shipnments and
the net <changes in finished goods and in work-in-process
inventories during the appropriate cal endar year. The deflator is
the Producers Price Index (PPlI) for dass Products, 1972 = 100
provi ded by the Bureau of Labor Statistics. Al data on shipnents
and inventories are available in the LED for each of the
establishments with two exceptions. First, for an establishnment
that started operations in 1972, its initial finished goods and
wor k-in-process inventories were not reported and thus were
presuned to be zero. The second, for an establishnent that
di sconti nued reporting work-in-process inventories during part of
t he observation period, it was assuned that this inventory val ue
was subsuned in sonme other reported inventory asset category, and
t herefore no adjustnent was nade.

The flow of capital services was assuned to be proportionate to
t he depreci ated stock of machinery and equi pnent. The construction
of a capital stock series for each establishnment was conpl ex,
because the Census Bureau collected only part of the information
needed for the total tinme period covered, and does not collect sone
of the required information at all. The key problemlies in the
initial stock of capital assets (structures plus nmachinery and
equi prent). The ASM and the Census ask the respondent to provide
data on the gross value of structures and of machinery and
equi prent on the establishnent's books for a given year. Data that

attenpt to recogni ze the economc worth of the capital assets, such
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as depreciated assets, are not collected. The ASMreports data on
annual depreciation, only since 1977 (simlarly for capital
retirements). Further, the ASM commenced in 1949, were as sone
flat glass plant structures date fromthe |ate 1800s. Therefore,
a perpetual inventory nethod for the total capital assets of
structures, machinery and equi pnment could not be constructed by
wor king forward fromthe initial year of the plant's operation

VWat was done is to rely on the technical breakthrough, the
Pi | ki ngton process, experienced by the flat glass producers in the
|ate 1960s (See Pilkington [1969]. This innovation led all flat
gl ass producers to change their equi pnent and machi nery i ncl udi ng
the nelting furnace forward along the production line to just short
of the warehousing operation. In the US., nost of the changes
occurred in the late 1960s and early 1970s, roughly coincident with
the start of the observations in the LED file. This allowed a
capital stock series for machi nery and equi pnment to be constructed.
Yet, since nost of the establishnments were housed in structures
predating 1970, a related capital stock for structures could not be
achieved. The series was constructed by the perpetual inventory
met hod using the reported beginning assets for nmachinery and
equi prent (MAB) in 1972. The relevant fornmula for the dollar val ue

of capital machi nery and equi pnent is,

K'J = MB + E° [(1/2).(NM + UM - MRT)

1 =1972
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KL (MRQ)] (A 2)

Here NM and UM denote new and used machinery and equipnent
purchases respectively; MT and * denote nmachinery and equi prment
retirenents and the depreciation rate; MR represents machi nery and
equi pnment rental costs; and K denotes the user cost of capital
Note that the last termin equation (A . 2) is the capitalized val ue
of machi nery and equi pnent rentals. In sone cases this was a
significant amount of the total capital stock in machinery and
equi pnrent (e.g., 6% in one establishnent's case).

As nentioned above, retirenment data are only available from
1977 forward. Hence, we used the depreciation rate devel oped by
Jorgenson and St ephenson (1967) of 7.53% per year, and retirenents
were taken at zero for the 1972-76 period. An alternative approach
woul d be to use newer depreciation rates suggested by nore recent
work. W chose the Jorgenson-Stephenson rate for this study and
hope to explore the inpact of alternative depreciation rates such
as the "best geonetric average rate" by asset class suggested by
Hul ten and Wkoff (1981) in future work.

The cost of capital services, K was calculated by a

Jor gensoni an expression as applied by Mhr (1986).

K = [(1 - T.ZK/(1-T)].[PA.,.r + PA.* - (PA - PA_)]
(A 3)
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Here, PAis the SIC 321 price deflator for capital goods taken from
a data file of the Bureau of Industrial Economcs (BIE), avail able
at the Center for Econom c Studies. The rates of return are
approximated by the interest rates obtained for each firm from
Moodys (see Kokkel enberg and Hall [1985]). The corporate tax rate
and the investnment tax credit are denoted by T and K respectively,
while Z denotes the present value of the tax effects of accel erated
depreciation. These data were taken froma data file naintained at
the Center for Econom c Studies. Finally, the total cost of
capital services, SSK, was calculated by nultiplying deflated
capital stock, K by QK for each establishnment in each tine
peri od.

The | abor input, L, was constrained to concern production
workers only. The inclusion of non-production workers was dropped
from the nodel, because of obvious accounting artifacts. The
nunber of non-production workers reported in the ASM fl uctuated
wi dely by establishnment, even when normalized by output or
production man hours. It is likely that different firns place
non- producti on worker on different payrolls (e.g. plant versus hone
office). The total production |abor <cost, SSL, for each

est abl i shnent in each year is given by

SSL = [VW+ LC § (VW (OW + WY )] (A 4)
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Here WWis the total salaries and wages in current dollars, LCis
the total supplenental Iabor costs in current dollars (which
accrued to both producti on workers and non-producti on workers), and
OW denot es non-producti on workers sal ari es and wages.
The Census Bureau collected the cost of purchased electricity,
EE. Cost of other fuels is also conplete and simlarly treated to
obtain, SSOF, the total fuel cost.

The total cost of materials was cal cul ated by

SSM = (CP + CR + CW, (A 5)
where CP denotes the costs of materials and parts purchased during
the relevant tinme period, CR denotes the costs of resales, and CW
denotes the costs of contract work. As part of this study, field
visits were made to several glass establishnents. It was noted
that they frequently engaged i n warehousi ng and resal e operations

of significant magnitude to enable themto neet their custoner's

demands. In this data set, the cost of resale goods varied from
zero to over $25 million, with an average value of $2 mllion or
12. 5% of CP.

The estimation of a translog cost function and its elasticities
requires factor shares as dependent variabl es which were cal cul at ed
in the usual way where total cost is the sumof SSK + SSL + SSE +
SSOF + SSM Prices of the inputs are required as exogenous
variables in estimating a translog cost function and these proved

to be difficult to obtain for all inputs. The service price of



34
capital is discussed above. The price of |abor was generated by
dividing SSL by the total production worker man hours which was
collected by the Census Bureau in the ASM Simlarly, a price of
electricity was generated by dividing the total cost of purchased
electricity by the kilowatt hours purchased, both variables
coll ected by the Bureau for the whol e sanple.

During the sanple period, the establishnents used a variety of
fuels wiwth the major three being natural gas, residual fuel oil
and distillate fuel oil. Over time, as fuel oil prices rose nore
rapidly, there was a shift out of fuel oil to natural gas for the
sanpl e as a whol e. Al t hough this varied from establishnent to
establishment, it is an apparent result of Ilong-term fuel

contracts. Thus, the average price of fuel, POF, was cal cul ated as

POF = [FCR/ (FQR § 6.285) + FCN (FQN i 1.020)
+ FCD/ (FQD § 5.824)]/[FCR + FCN + FCD], (A. 6)

where FCR, FCN, FCD denote residual fuel oil, natural gas and
distillate fuel oil total costs respectively. FQR FQ\, and FQD
denote the respective quantities (in 42 gallon barrels for the oi

and 1000's of cubic feet for the gas). The factors 6.285, 1.020,
and 5.824 are the respective mllions of British Thermal Units per
42 gal l on barrel or 1000 cubic feet. Equation (A 6) results in a
Btu weighted fuel cost. These data exist for each establishnent

for 1974-1981. An appropriately weighted average of the Producers
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Price Index for fuels and natural gas, benchmarked to the 1974 btu
wei ghted price for each establishnment, was calculated for the two
years, 1972 and 1973.

The price of materials was determned for the two Census years,
1972 and 1977, by calculating a delivered price for glass sand and
for soda ash for each establishnent. Quantity and cost data for a
variety of materials are gathered in each Census year but not in
the ASMyears. The two inputs, glass sand and soda ash account for
50% or mnmore of the internediate materials costs for each
establishnment and by far the |argest tonnage. QG her materials
whi ch account for a large share of total costs are packaging
products and inorganic mnerals which are added to the materials
charged to the furnace (e.g. lead). However, the details for the
intermediate materials other than glass sand and soda ash were

sparse. The price of materials is then cal cul ated by

PM=[CGS i (CGS/QGS + CSA | (CSA/@BA)]/[CGS + CsA], (A7)
where CGS denotes the total cost of glass sand delivered, QGS the
quantity of glass sand, CSA the total delivered cost of soda ash,
and QSA the quantity of soda ash. This weighted price, PM was
calculated for 1972 and 1976 to establish benchmarks. The 1972
price was then used together with the PPl for internediate
materials in manufacturing (1967=100) to generate 1972, 1973, and

1974 prices for each establishnment. Prices for 1975 through 1981
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were generated by the 1977 Census year benchmark wei ghted price and

the PPl for internedi ate nmateri al s.
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ENDNOTES

1. This adaptation cost is not to be confused with the Ei sner and
Strotz (1963) concept of adjustnent cost. The latter is a cost
acconpanying the installation of new quasi-fixed inputs.

2. Arrow, (1962), pg. 156.

3. Theoretically, the stock of capital associated with the new
technology nay also differ fromthat of the old technology in
anot her inportant aspect, that of raw material and

wor k-i n-process inventories. In this study, we |ack the
appropriate data to determ ne the exact differences in the raw
and intermedi ate material inputs under the old and the new
technol ogies. A perusal of the technical literature suggests
that there are no substantive differences in the raw materials
required in either process (c.f. the Encycl opedia of Chem cal
Technol ogy [1977]). Therefore we adopt the usual practice of
using the stock of capital and the output of the final product to
proxy for this omssion. W thank an anonynous referee for

poi nting out this assunption.

4. See, e.g., Binswanger (1974) or Helliwell (1976).
5. See Ross (1986).
6. Arrow, op. cit., pg. 155.

7. The possible exception is that of Brown and Christensen (1981)
who devel oped a flexible functional paradi gmwhich considered
short-run costs only, holding the technol ogy as represented by

t he quasi-fixed inputs constant. The next step was to estimate a
series of such short-run cost nodels and then estinmate the

| ong-run nodel. This has been done by Mrrison (1985) anong
others. Yet the problemof nodelling the | earning or adaptation
path is still not directly addressed by this approach.

8. Sol ow (1957), page 312.

9. See Bischoff (1971) or Kokkel enberg and Bi schoff (1986) for
exanpl es.

10. Two inportant but omtted inputs are non-production workers
and certain internediate material inputs. Both are omtted
because usable data are | acking. W recognize that in the
absence of explicit treatnent of these omtted i nputs and of non-
separability, there are biases in the paraneter estimtes.
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11. Note that while equation (11) is traditional, it would allow
costs to decrease without limt. This failing is sel dom
mentioned in the literature. In the short-run this may not
appear to be a problem but only equation (10) is consistent with
the idea of approaching a frontier. W also investigated a nodel
using J =1t?% 0 <a < 1. This exponential nodel, which allows
for a nonotonic but decreasing inpact of J, proved to be

inferior to either J, or J. and was dropped from further work.

12. Pilkington (1969). See also The Encycl opedi a of Chem cal
Technol ogy (1977) volunme 7, which includes a | arge nunber of
references on the float glass process.

13. Equations (8) and (9) were estimated using the iterative
Zel Il ner (1962) seem ngly unrelated nonlinear estimation procedure
in T.S.P. 4.0. This estimation procedure is asynptotically
equivalent to the full information maxi mum |ikelihood net hod.

The regressions were carried out on the Hew ett Packard 9000 at
the Center for Economc Studies, U S. Bureau of the Census.

14. A nore conplex |agged structure nmay be nore appropriate
because the phenonenon bei ng consi dered has an underlying dynamc
property. A dynam c nodel nmay help to distinguish between short
and | ong run phenonena. W were constrained fromincorporating

| onger | ags, however, by degrees of freedom considerations.

15. See Table A1 for the results of an initial screening of J,.
In addition a nunber of rational functions were tried; for
exanmple J = t/(t?+t+1) or J =t/(t+1) or J = (t+1)/t. Wile al
of these showed sone slight inprovenents over J =t in ternms of
coefficients that were statistically significant, they failed to
inprove the overall fit of the system of equations.

16. W attenpted to include the switching dummy variable in each
share equation for each paraneter, but the added cross equation
constraints were beyond the capabilities of our software.

Because the new technology is associated with capital stock, we
then limted the switching dummy to the cost intercept, ', the
capital intercept ", and the coefficient, ", . Note that we are
maki ng an assunption about the switching dummy. Specifically we
are assumng that this dunmy is a proxy for shifts in technol ogy
rather than the effects of the adaptation to the existing
technol ogy, or a proxy for other changes that may be occurring in
the industry.

17. The Durbi n-Watson statistics are all such that the hypothesis
of first order serial correlation anong the residuals after the
correction nmust be either indetermnate or rejected. The problem
of the non-normality of this data set is evidenced by a Lagrange
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mul tiplier test (Jarque and Bera, 1980). This, of course, should
be borne in mnd when evaluating the overall results of those
statistics that presune an underlying normally distributed

di sturbance term The nunber of sign changes after the inclusion
of a first order auto-regressive correction showed no seri al
correlation as did a regression of residuals on | agged residual s.
A Park test for heteroscedasticity (Park, 1967) and a plot of the
squared residuals versus scaling variables showed no signs of

het eroscedasticity for any nodel of J.

18. These elasticities were cal cul ated using the fornulas given
bel ow.

N N N N N
Fii=(B; +S2-8;)/S;?
N N NN NN

Fij = (Blj + S,SJ)/S,SJ

N N N

" = S IR

N N N

"= SR

where i,] = K L, EfL OfF, M Calculations were nmade at each
observation and Tables 3 and 4 report nean val ues of the
elasticities. W do not report the standard errors of the

el asticities because proper estimtes for such statistics are
difficult to obtain. 1In fact, we can calculate standard errors
for these elasticities over the sanple, Rut then they only show
the variance in the factor shares, the S,. They can also be
calcul ated at a point and the nean fitteg or actual factor share
used together with the variance on the B ;;. Anderson and
Thursby (1986) investigated this issue and concluded that "a
trade off between the use of highly-disaggregate data and the

wi dth of the confidence intervals surrounding elasticity
estimates [exists]" (page 656). We cal cul ated the standard
error over the sanple and found that the own All en-Uzawa

el asticities are nore than two standard errors different from
zero. However, all of the cross elasticities are not. W used
t he Anderson-Thursby preferred nmethod in a further test and found
the sanme results with 95% confi dence, but results consistent in
regards to sign for cross elasticities with 80% confi dence.

19. As nentioned earlier, J. Solow (1987) argued convincingly
that it is inpossible to resolve the controversy surroundi ng the
energy-capital conplenentarity w thout the use of m crodata.

20. The advantage of this nmeasure of TFP is that it does not
require neutrality of technical change. Equally inportant, it is
better than the Goll op-Jorgenson approach because it does not

i npose the restriction of constant returns to scale.
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Kokkel enberg (1987) showed that this restriction does not hold
for this data.

21. Note that an index of total factor productivity in stone,
gl ass and clay products for the period covered was as foll ows
(1977=100)

1972
99.0
1973 103.8
1974 102. 8
19

7
5 93.2
19

7 6
96. 3
1977 100.0
1978 104.8
1979 107.0
1980 102. 0
19

8
1 99.5

Source: Anerican Productivity Center (1982)
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