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Abstract

Recent research indicates that estimates of the effect of
research and devel opnent (R&D) on total factor productivity growth
are sensitive to different neasures of total factor productivity.
In this paper, we use establishnment |evel data for the flat glass
i ndustry extracted fromthe Census Bureau's Longitudi nal Research
Dat abase (LRD) to construct three conpeting neasures of total
factor productivity. W then use these neasures to estimte the
conventional R&D intensity nodel. Qur enpirical results support
previous finding that the estimated coefficients of the nodel are
sensitive to the neasurenent of total factor productivity. Also,
when using mcrodata and nore detailed nodelling, R&D is found to
be a significant factor influencing productivity growh. Finally,
for the flat glass industry, a specific technical change index
capturing the | earning-by-doing process appears to be superior to
t he conventional tine trend index.
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. Introduction

Si nce the observed serious declines in the rates of growth in
productivity that occurred around 1973 in npst CECD countries, an expansive
research effort has sprung up to explain both these declines and the previous
hi gh productivity growth rates. Overviews of nuch of this work are provided
by Maddi son (1987), Link (1987), and Jorgenson (1988).

One frequently suggested reason for the declining growh rates was a fal
(by sone neasure) in research and devel opment expenditures. FEarly researchers
had found a rel ationship between productivity growh and the investnent in
technol ogy. At an aggregate |level for exanple, Mnasian (1962), Giliches
(1973, 1980b), and Terl eckyj (1974, 1980) found industrial research and
devel opnent had significant effects on the rate of productivity growth.® This
rel ati onshi p, however, evaporated when investigators turned to it to help
expl ain the sl owdown.? Link (1980) and others® found that the aggregate data
of the 1970's did not show the rel ationship previously denonstrated using data
of the 1950's and 1960's. The connection could only be reestablished by using
mcro data. Mansfield (1980), and later Giliches (1984), found a strong
rel ati onshi p between individual firnms' total factor productivity growth, and
research and devel opnment expenditures. Mcro data collected in the Federa
Trade Commi ssion Line of Business survey were also |inked to patent activity
by Scherer (1984), who found research and devel opment an inportant variable in
productivity grow h.

More recently, Lichtenberg and Seigel (1987) have shown that before 1987,
mcro data studies of the |ink between research and devel opment expenditures
and productivity used erroneous estimtes of total factor productivity growh
(hereinafter termed productivity growth), arguing that some of the errors
arise fromincorrectly deflating inputs and outputs and fromerrors in the
attendant aggregation. |In their study, Lichtenberg and Seigel constructed a
defl ated neasure of inputs and outputs using nmicro data fromthe Census

Bureau' s Longi tudi nal Research Data (Census Data) file to account for firm



diversification. For conparison, they also cal cul ated the conventiona
measure of productivity growh by assigning a single price deflator to the
entire firmbased on its primary product Standard Industrial Classification
code. They then used the two estinates of productivity growh in the
estimation of a nodel of research and devel oprment intensity (research and
devel opnent expenditures per unit of output). Their results showed that their
measure of productivity growh outperforned the conventional neasure in terns
of the explanatory power.

In this paper, we | ook at three neasures of productivity growth and
regress themon research and devel opnent expenditures using mcro data. W
enpl oy the Tornqgvist-Divisia neasure and Chta's (1974) nore general measure of
productivity growth. The latter inposes fewer restrictions on the firms
production technol ogy and allows us to relax the assunptions of constant
returns to scale and Hicks neutral technol ogi cal change.* Follow ng the work
of Gollop and Roberts (1981), we use a flexible functional form As with
Li chtenberg and Seigel (1987), we use line-of-business price deflators for
i nputs and out put devel oped fromthe Census Data. W focus on establishnments
in a particular industry, (the flat glass industry, Standard Industria
Classification 3211) an industry that was undergoi ng technol ogi cal change
during the period under study (see Kokkel enberg and Nguyen, 1989). CQur sanple
consi sts of 15 establishments during 1972-1981. W extend the nodel to
i nclude two other variables that nay have significant effects on productivity
grow h; the accunul ated stock of technical know edge resulting from previous
research and devel oprment investnent, and the purchase of new capital goods.

Finally, we incorporate a non-linear technol ogical index in our cost nodel.

1. The Mde
To estimate the effect of research and devel opnent on productivity
growm h, previous research has often applied the follow ng stochastic research

and devel opnent intensity nodel?®



TFPG = by + by(R/Q) + u,, (1)
where TFPG R and Q respectively represent total factor productivity growth
(productivity growm h), the stock of research and devel opment know edge, and
out put ; k denotes the tinme derivative of R The b;, i=0,1, are paraneters and
uis a disturbance term

Estimating equation (1) requires a proxy for the unobserved additions to
the stock of research and devel opnent knowl edge and this in turn requires
hi storical research and devel opnent expenditures data (denoted bel ow by RI),
the depreciation rate of R, and an initial stock of know edge. Because the
depreci ation rate of research know edge is not known, and historical data on
research and devel opment cover only a recent and short time span, previous

wor k has assuned away these problens and esti mat ed®

TFPG = b, + by(RI/ Q) + u,. (2)
Equation (2) may result in biased estimation; for one thing it attributes al
productivity growth to research and devel opment expenditures. The literature
suggests at |l east two other research related variables, the accunul ated stock
of technical know edge of the industry under study (we woul d expect a positive
sign), and new capital goods purchases. The expected sign of this latter
variable is uncertain. These new capital goods can be thought of as enmbodying
t echnol ogi cal inmprovenents and woul d thus have a positive effect on
productivity.” However, if new capital adjustnent costs exist, then we m ght
observe a negative short-run relationship.

The extended nodel is now witten as:
TFPG = by +b,(RI/Q) + Db,AC + by(NK/Q) + uy, (3)
where AC denotes the total accumul ated stock of research and devel oprment of

the relevant industry, while NK represents the purchases of new capital goods.

Again, u is a disturbance and the b;, i=0,1,2,3, are paraneters.



We next turn to the issue of neasuring total factor productivity (TFP).

Conventionally, an index of TFP is defined as:

N $i
TFP, = Q/(H. xi ), (4)
where Qis the real output, x; is the quantity of the ith input, and $i is a
paranmeter to be estimated.
In practice, previous studies, generally enploying aggregated data, have
often used the Tornqvist-Divisia index of productivity growth,® and that is

gi ven as:

TFPG = In(Q/Q.0) - (0.5) "5 (Sy + Se)(In (X %11). (5)

Here I n denotes the natural logarithmand S represents the total cost share
of the ith input. Equation (5) is based on two assunptions: the output
elasticity with respect to the ith input is equal to its actual share in tota
costs, and the production function is characterized by constant returns to
scale. These assunptions nmay be valid in studies of aggregate data, but may
be erroneous here.® Theoretically, in any given short-run period, the firm
could be operating on the downward or upward sl oping portion of its [ong-run
average cost curve and hence see increasing or decreasing returns to scale.
I ndeed, Hall (1986a) found that 17 of 21 two-digit Standard |Industria
Classification industry groups, price exceeds marginal cost.

Gol | op and Roberts (1981) offer a nore general approach to the
estimation of productivity growth w thout inposing these restrictions, and we
enpl oy their method. Assunme that corresponding to the production function

there exists a dual cost function given as:

G =dQ, Pk,J), (6)



where C represents the cost of producing output Q while P and J respectively
denote a vector of input prices and an index of the technol ogical |evel.

Ohta (1974) showed that total factor productivity viewed fromthe primal or
production side equals the rate of returns to scale tinmes the negative of

dl nC/ dJ, the derivative of the natural l|ogarithmof the costs with respect to
technol ogi cal change. W call this the dual rate of total factor

productivity, that is:*

TFPG = - [1/((M nC)/ (M nQ )] [ M nC/ uJ] . (7)

This estimate of productivity growh neither requires constant returns to
scal e nor Hicks neutral technical change.

A specific functional formfor the cost function is required to estimte
t he nodel of equation (7). We assune the cost function is given by the
transcendental |ogarithm c cost function (translog) for the establishments and
period under study.'* For a five input factor nodel, the translog cost

function can be witten as:

5 5 5
InC =a, + ", alnP + 0.5%.,%,,4b;;I nPI nP,

'i5=1 aid NP1 nQ + ad nQ

+
5
+ "ia aglnPJ + agl nQJ
+ (1/2)agInQ? + a,J + (1/2) ay(J)?

i,j =K L E F M (8)

The conditions insuring that Cis linearly honmbgenous in input prices

are:

" a =1, and “b; = T a,= " ay = 0.



Here, K, L, E, F, and Mrespectively represent the flows of service from
capital, labor, electricity, fuels and internediate materials inputs.
Production technology is characterized in equation (8) by constant returns to
scale if ag =1, and agp = a;; = 0. Technical change is Hicks neutral if ag =

a; = a; = 0. Technical change is not present if a; = a; =ay = a;; = 0.7

I11. Data and Sources

Confidential data on conpany |evel research and devel opment expenditures
were taken fromthe National Science Foundation's Annual Research and
Devel opment in Industry Surveys conducted by the Census Bureau's Industry
Division. As plant level data on research and devel opnent expenditures are
not avail abl e, we used the correspondi ng conpany | evel data and devel oped a
series of research and devel opnent investnents at the plant level. This was
done by weighing the total appropriate research and devel opment expenses by
capital and by output as a percent of the conpany's relevant totals.

For the total accunul ated research and devel opnent, (AC) foll ow ng

Griliches (1980), we wite:
- t
AG = "y TR, (9)

where TRI denotes total research and devel opment expenditures for the Stone,

Clay, dass, and Concrete product industry (Standard |Industrial C assification

32) taken fromthe Census Bureau's Research and Devel opnent in Industry, 1957-
1981 data file. New nmachinery and equi pnent purchases, a variable in the
Census data file, was used as a proxy for NK, new capital goods purchased.
Three neasures of productivity growmh were constructed: A Torngqvi st -
Di vi sia index conputed using equation (5), denoted TFPGL, a translog cost
function based formusing the Chta neasure, conputed using equations (7) and
(8), denoted TFP&, and a neasure denoted TFPG3. This latter nmeasure is
derived in the same manner as TFPQ&2, but incorporates a non-Ilinear

t echnol ogi cal proxy in the translog given by:



J = arctangent (t - 2z), (10)

where t is the time trend and z is a paraneter to estimated.' The
arctangent forrmulation results in an s-shaped |earning curve and is detail ed
in the appendi x.

Plant | evel data on costs, outputs, inputs, and prices were extracted from
t he Longitudi nal Establishnment Data file. These data are detailed in

Kokkel enberg and Nguyen (1989).

V. Estimation Results?'

Sunmary statistics for the three i ndexes of productivity growth show
substantial differences in the nmeans as well as their ranges (see Table 1).
The patterns of signs for productivity growmh differ throughout the period
al so. Except for two years 1976 and 1977, the Tornqvist Divisia index for al
15 establishnments shows positive productivity growth. In contrast when the
time trend is used as a proxy for the technol ogical |evel, under the Chta
met hod we observe negative average productivity growmh or a decline in tota
factor productivity for all 15 establishnents throughout the entire period.
Final ly, when using the | earning curve nodel, the index values for al
establ i shnments are negative in the earlier years of the period, a few becone
positive in 1977, and are all positive by 1981. This latter pattern is
consistent with what we woul d expect with an industry that underwent both a
t echnol ogi cal inprovenent and a substantial market adjustnment and contraction
during the sanmple period. The other two patterns of signs reflect an
overwhel mi ng market effect (TFP&) or only the effect of the recession of
1974-75 (TFPGL).

The results of estimating equations (2) and (3) using the three different
dependent variable are discussed next (see Table 2).' A review of Table 2
i ndicates that the full nodel represented by equation (3) is the best nodel
regardl ess of the dependent variable. This is so because the full npdels

yields the smallest standard errors of estimation, the highest nodified Akaike



information criterions, the highest value of the calculated F statistics,
t he hi ghest R-squared (adjusted or on the transfornmed nodel), and the highest
Il og of the likelihood function

The Durbin Watson statistic is such that we fail to reject the nul
hypot hesi s of no auto correlation for the Tornqvist-Divisia neasure of
productivity growh regardl ess of the nodel. On the other hand, the Chta
nmeasure (where J=t) yields a Durbin Watson that allows us to reject the nul
hypot hesi s even after the inposition of a first order autocorrelation rho.
Finally, the Chta | earning curve neasure (where J=arctan(t-z)) results in an
i ndeterm nate val ue of the Durbin Watson statistic in all cases except for the
full model of equation (3). Here we nust reject the null hypothesis although
the value of 2.403 is just two percent above the upper critical bound of 2.355
(4-1.645). We also note that the two values of R squared are highest for the
Ohta | earning curve neasure.

Turning to the individual explanatory variables, we note that only in the
Ohta nmeasure with the learning curve do we find that research and devel opnent
expendi tures have a non-zero statistical significance, showing a 64%return in
the full equation (3) npdel. However, in both sets of regression with the
Ohta nmeasure as the dependent variable, we find the accunmul ated research and
devel opnent variable to be statistically significant. Finally, we note that
the coefficient on new capital goods is also statistically significant. The
i nclusion of the new capital goods variable passes an appropriate F test at
the one percent level of significance. Notice that its sign changes from
negative in the first nodel to positive in the last two nodels. W recall our
earlier discussions as a possible explanation for this switching of signs for
a significant estimator. |In general, the results are not surprising, as the
estimate of the translog cost function (reported in Kokkel enberg and Nguyen,
1989) found that the flat glass industry was characterized by an increasing

returns to scale technology. Thus the constant returns to scale restriction



assunmed in Torngvist-Divisia nmeasure m sneasures the actual growh and may
| ead to biased estimators.

O the four regressions using the Chta nmeasure with the | earning curve as
t he dependent variable, the nost conplete regression (equation (3)) inplies
that the average private rate of returns to research and devel opnent and to
new purchased capital for the 15 flat gl ass establishnments under study were
about 64% and 0.46% during the period 1972-1981. On the other hand, an
i ncrease of one nmillion dollars in the industry's accunul ated research and
devel opnent results in a 1.88% increase in growmh. These findings are quite
reasonabl e in view of the process change in the flat glass industry in the
| ate 1960s and early 1970s. Qur estimate of a 64% rate of returns to research
and devel oprment investment is also quite conparable to those obtained by

Giliches (1980a, 1980b), M nasian (1969), and Giliches (1986).

V. Summary and Concl udi ng Renar ks

In this paper, we used micro data to estimate three alternative neasures of
total factor productivity growmh. W found that the estinmated coefficients of
the nodels are sensitive to the measurement of total factor productivity
grom h. \When a |l ess constrained neasure of productivity growth and a | earning
curve are incorporated, research and devel opnent intensity is a significant
factor determ ning total factor productivity growh. This confirnms earlier
findi ngs concerni ng technol ogi cal influences on productivity growth. These
results also confirmnore recent work which shows that when using nmicro data
and nore detailed nodelling, research and devel opnent continue to influence
productivity. Further we found that accumul ated research and devel opnent
stock for the relevant industry, and new capital goods, are inportant
addi ti onal explanatory variables. A specific technical change index capturing
t he | earni ng-by-doi ng process was superior to the conventional time trend

i ndex.



W note that in the absence of these features a statistically significant
rel ati onshi p between research and devel opnent intensity and productivity
growt h was not found. While the results support the features used in our
approach, they may only hold for this particular industry; neverthel ess, the
met hodol ogy and the enpirical results suggest that continued research with

m cro-data i s useful.
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TABLE 1. THREE MEASURES OF TOTAL FACTOR PRODUCTI VI TY GROWH

Torngvi st | ndex J=t J=Arctan (t-2z)
Statistic TFPGL TFPG2 TFPG3
Mean . 139 -.831 -.163
Standard Deviation .128 . 411 . 284
M ni num -. 147 -2.388 -.710
Maxi mum . 609 -. 267 . 745
observation ~  --------oaoaaaaoo Pattern of Signs--------------------
Nunber Year Neg. Pos. Neg. Pos. Neg.
Pos.
2 1973 -0- 15 15 -0- 15 - 0-
3 1974 -0- 15 15 -0- 15 - 0-
4 1975 -0- 15 15 -0- 15 - 0-
5 1976 4 11 15 - 0- 15 -0-
6 1977 10 5 15 -0- 12 3
7 1978 -0- 15 15 -0- 8 7
8 1979 -0- 15 15 -0- 6 9
9 1980 -0- 15 15 -0- 2 13
10 1981 -0- 15 15 -0- 0 15

15



TABLE 2A. ESTI MATI ON RESULTS. TORNQVI ST-DI VI SI A | NDEX MEASURE OF PRODUCTI VI TY GROAMH AND RESEARCH AND
DEVELOPMENT ( STANDARD ERRORS | N PARENTHESES) .

Dependent | nt er cept RI/Q AC NK/ Q Rho SE R R
DW Al C F LNL
Vari abl e
TFPGL -.077 -1.472 -.15 . 1881 . 028 . 529 1.92 28. 22 4.479
30. 22
(. 016) (.873) (. 345)
TFPGL -.781 . 045 -.10 . 1890 . 019 . 525
1.98 27.63 3.277 29. 63
(. 532) (. 034) (. 469)
TFPGL -.703 -1.424 . 040 -.15 . 1877 . 032 . 535
1.92 27. 45 2.976 30. 45
(. 519) (.873) (.034) (. 345)
TFPGL -.432 -.713 .024 -. 060 -.40 . 1450 . 432 . 725
2.02 57. 47 30. 054 61. 47
(. 352) (.575) (.023) (.006) (.131)

Variabl es are defined in text. Estimation based on the Hildreth-Lu technique. SE denotes standard error of regression,
DW denot es Durbin WAt son statistic, AlC denotes a nodified Akai ke information criterion, and LNL dentoes the | og of
the likelihood function. N=120, and R® is based on the transformed nodel. The adjusted R? is denoted R. The critical
val ue of the Durbin Watson at 5% significance, k'=1: L=1.680, U=1.767; k'=2: L=1.663, U=1.733; |n'=3:L=1.645, U=1.751.

16



TABLE 2B. ESTI MATI ON RESULTS. OHTA MEASURE (J =t) OF PRODUCTIVITY GCROAMH AND RESEARCH AND DEVELOPMENT ( STANDARD
ERRORS | N PARENTHESES)

Dependent | nt er cept RI/Q AC NK/ Q Rho SE R R
DW Al C F LNL

Vari abl e
TFP&2 . 428 . 027 . 95 . 0059 . 993 -.768
1.54 443.73 16850 445,73

(.011) (.062) (. 029)
TFP&2 . 397 . 003 . 95 . 0056 . 994 -.615
1.49 449. 17 18462 451. 17

(. 014) (. 001) (. 029)
TFP&2 . 396 . 033 . 003 .95 . 0057 . 994 -.611
1.50 447. 82 9177 450. 82

(. 014) (.059)  (.001) (. 029)
TFP&2 . 392 . 020 . 003 . 001 .95 . 0055 . 994 -.521
1.61 449. 74 6426 453. 74

(.014) (.058)  (.001) (.0004) (.029)

See Table 2a for footnotes.
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TABLE 2C. ESTI MATI ON RESULTS. OHTA MEASURE (J = ARCTAN (t - z)) OF PRODUCTI VITY GROMH AND RESEARCH AND
DEVELOPMENT ( STANDARD ERRORS | N PARENTHESES) .

Dependent | nt er cept RI/Q AC NK/ Q Rho SE R R
DW Al C F LNL
Vari abl e
TFPG3 . 415 . 570 . 95 . 023 . 919 . 074 1.82
279. 62 1348 281. 62
(.043)  (.243) (. 029)
TFPG3 . 231 . 016 .95 . 021 . 933 . 240 2.28
291. 44 1667 293. 44
(. 052) (. 003) (. 029)
TFPG3 -.088 . 703 . 018 .90 . 020 . 939 . 306
2.28 295. 36 910 298. 36
(. 044)  (.209) (. 003) (. 040)
TFPG3 -. 101 . 641 . 019 . 005 . 90 . 019 . 943 . 364
2.40 299. 16 661 303. 16
(.042)  (.202) (.003) (.001)  (.040)

See Table 2a for footnotes.
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Appendi x

Consi der the production function for a plant with a single input X, and a

single output Q operating in periodt as

Q- F (X,

or the maxi mum under the technology F'. This plant is operating at the

Q
2.
Qp provmmmeemcncaanmaccaas 8 —r
Adapaiation Path
[0 P3N P E!
3
'
]
i
0 X

Fig. 1. Technical change. the production function. and the adaptation path.

In Figure 1, this situation is represented by point A on the curve F.

Note that this is a static npdel.
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Now, with the installation of the new technol ogy, the production frontier
shifts (assuming technical progress) to f2 [R M Solow, 1957]. W assune that
after the firm nakes the necessary changes in its machinery and equi prment
capital to allowit to achieve F? it nmust then learn how to efficiently use
the technol ogy.®™ The graphical depiction is the novenent frompoint Ato
point B on F? this is |abeled an adaptation path.*

The probl em of nmodeling this change has been addressed in earlier studies
by maki ng the nodel dynamic through the inclusion of a tine variable to
account for the change in the level of technology.® Yet the time variable is
probably an unsuitable proxy for technical change; for one thing, it assunes
that techni cal know edge grows linearly. This time proxy also ignores the
literature on learning.?® It also is serving as a proxy for both kinds of
techni cal change, adoption and adaptation. Wthout further technica
apparatus, the inclusion of tine as a proxy for technology may also inmplicitly
presune that firnms are always at their long-run cost mnimzation point; that
is, always on the frontier. Arrow [1962] condenmmed trend projections (the use
of time to nodel technical change) as "a confession of ignorance and what is

worse froma practical viewpoint . . . not [a] policy variables[s].?
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Endnot es

1. For further exanples, see Giliches (1979), Munsfield (1980), Giliches and
Li chtenberg (1984), and Lichtenberg and Seigel (1987).

2. Link (1987) traces this history in sonme detail. Oiginally researchers
working with data fromthe 1950s and 1960s found that research and devel opnent
"was a significant determi nant of productivity growth . . . (in various

i ndustries)." (p. 53). Researchers did not find strong evidence of this

rel ati onship when using data fromthe 1970s.

3. See Link (1987) for a list of nore recent work in this area.

4. A generalization of the Tornqvist-Divisia Index, which permts varying
returns to scale, has been devel oped by Caves, Christensen, and D ewert
(1982). They showed that, assuming a translog form an average of "Ml ngui st
i ndexes can be conputed using information on prices and quantities only, i.e.

wi t hout knowl edge of the translog parameters." (p. 1394). However, in the
presence of increasing returns to scale, which we have in our case, the
degrees of returns to scale for each firmor period are required to conplete
the calculations. W calculated returns to scale and found themto be
increasing in all periods, though at varying degrees. This calculation
however, requires estimates of the translog paraneter on output so there is no
advantage in using the Caves, Christensen, and Di ewert approach in our case.

5. This nodel has been applied repeatedly in the literature [see Mansfield
(1980), Lichtenberg and Seigel (1987), and Griliches and Lichtenberg (1984)].

Thi s nodel can be derived explicitly froma standard Cobb-Dougl as production

function. As an exanple, consider the follow ng production function

Q =Ae 'L K°RMY NKT

VWere Q = output, L = labor input, K= a flow of services froma stock of
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capital, R = a stock of research knowl edge, NK = a new capital input, and Ais

a scale factor. W can wite total factor productivity growh (TFPG as:

TFPG = [(dQ/dt)/ Q] - " [(dL/dt)/L,] - B [(dK/dt)/K].
Not e t hat
TFPG = + M[(dR/dt)/R] + * [(dNK/dt)/NK].

Not e al so that as

uf(dR/dt)/R] = ( Q/ R) ((dR/dt)/Q),

and

[(dNK/dt)/NK] = ( Q7 NK) ((dNK/dt)/Q),

Then we can wite

TFPG =+ b, [(dR/dt)/Q] + b, [(dNK/dt)/Q],

where b, Q/ R / the rate of return to research and devel opnent, and

where b,

Q/ NK 7/ the rate of return to new capital inputs.

6. The enpirical work of Giliches and Lichtenberg (1984) suggested that the
depreciation rate of research and devel opnent d is approximately equal to
zero. Terleckyj (1982, 1983) also obtained similar results. According to
Terl eckyj (1984) research and devel opnment as a source of productivity does not
depreciate, and the level of productivity reached as a result of past research

and devel opment can be nmaintained indefinitely by replacing capital and | abor
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of the sane ki nd.

7. Nelson et. al., (1967), Mansfield (1968), and Terl eckyj (1974) have argued
t hat purchased new capital goods should be included in the nodel to capture
the effect of "diffusion innovation" on productivity growth. Giliches (1979)
i dentifies purchased capital goods (that enbody quality inmprovenent) as a type
of spillover effect.

8. For exanple, see Griliches and Lichtenberg (1984), and Lichtenberg and

Si egel (1987). This neasure of productivity growth is often referred to as the
primal rate of total factor productivity growh (e. g., see Chta 1974, and
Morrison and Diewert, 1987). This is also referred to by Berndt and Khal ed
(1979) as the dual rate of total cost dininution.

9. CQur previous work using plant |evel data for the flat glass industry

i ndi cates that the production technology of this industry was characterized by
an increasing returns to scale technology. Also the assunption of neutra
techni cal change was decisively rejected by the likelihood ratio test.

10. Thus, the firns in these industries would be experienci ng non-constant
returns to scale. Subsequently, Hall (1986b) found that the assunptions of
constant returns to scale were in fact rejected for npst of the two-digit
Standard Industrial C assification industry groups (SIC 20-49).

11. Collop and Roberts (1981) wite the cost function as C= P, Q J) in

time t, and show the total differential as:

(dinC/dt) = (M nC M nP)(dlnP/dt) + (M nCunQ (dl nQdt) + (Ml nC/ uJ)(dI/dt).

Thus, the rate of change in costs over tinme is the sumof the rates of changes
in prices, output levels, and technology. |In their paper, they assune
techni cal change, here denoted J, is proxied by tine, t, so the last right
hand term beconmes unity. |If the total factor productivity growmh is sinply
the change in output as a result of technol ogical change, holding prices and

scal e constant, we have a dual form productivity growh as a reduction in
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costs due to technical change, or:

TFPG = (-M nC/'MJ) ginpra = dingat = o.

Ohta (1974) wites this as:

TFPG = (-M nC/ Ml nJ) (M nC/ Ml nQ) .

See Berndt (1980) for further details.

12. The translog function was devel oped by Halter, et. al., (1957), and |l ater

enpl oyed by Christensen, Jorgenson and Lau (1971). There are other flexible

functional forns such as the Extended Generalized Cobb-Douglas nodel and the
general i zed McFadden nodel (see Diewert and Wales, 1987). W enpirically
conpared these forns with the transl og nodel and found the transl og nodel
performed equally well conpared with the other two. W also found that the

translog is easier to estimate (see Kokkel enberg and Nguyen, 1987).

13. Hicks neutrality requires ay = 0 if ay,=0 for any i; and also, aJJ =0

if a;=0for any i, i=K L, E F, M

14. The arctangent formyields a distended s-shape curve with asynptotes at

-B/2 and +B/2. The optinmal value of t was obtained by a grid search using

the log of the likelihood function as the criterion

15. The reader should note that a potential problemcould arise under

certain circunmstances using the traditional procedure. Consider the

fol | owi ng:

a) Estimate a cost function, C=f (Q P, P; 1) + e, Here C denotes cost, Q
exogenous output, P_the price of labor, P.the price of capital, e, a
residual, and 1 a vector of paraneters.

b) Now "explain" this residual e, by gromh rates of labor, I, and capital, Kk,
where | =(dL/dt)/L and k = (dK/dt)/K.  The accounting identity is e, = q -

w | -wk. Here w and wg are the cost shares of |abor and capital and q is
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the growmh rate of output.

Specifically, if the cost function is dual to a production function, then

the terme, would be the sane (up to a transformation) as would be the

residual fromestimting the production function in growh rates. Such an
estimation could be
a=9q(l, ki ") +e
where " is another set of estimators. Note that e, = Transformation
of (e,) /7 T[e,]. Thus Cf(i) 7/ T[g-q(f)], and therefore Cf(i =
a+bTJ[qg-q(i)] would be a tautol ogy.

There are inportant differences in the above procedure and what we have
done in this paper. First, the labor input in our translog cost function is
"constrained to include production workers only" [see Kokkel enberg and Nguyen,
Page 40]. Therefore, the R& labor is not in the cost function nor are the
ot her expenses of firms on scientists. Secondly, the capital stock used in
t he production of flat glass included purchases of both new and used machi nery
and equi prment, and nachinery and equi pment rental costs. (op. cit. page 40).
Therefore our use of NK in equation (3) is not the dual to the cost of capita
services in equation (8). The problemof a tautol ogy therefore could only
exi st if new capital goods had the same productivity in every observation as
all other forms of capital; sonething we believe to be inmprobable. Further
this problemwould require the capital output ratio and the stock of research
to output ratio to be constant over our data. But these two ratios are not
constant for our data. Hence this problem of explaining residual by a
"transfornmed" residual is
not ger mane.

16. The results reported here are based on wei ghing research and devel opnent
expenses by output. These results are substantially the sane as those where
the wei ghing was by capital. Tests of Equations (1) and (3) reveal ed
autocorrel ated residuals. The estimation results reported are therefore based

on the Hildreth-Lu procedure.
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17. Normally, we want to minimze the Akaike's Information Criterion (Al C
[AIC =(-2/t) tines(the log of the likelihood adjusted for degrees of freedon),
where t is the nunber of observations] which is the natural |og of the

i kelihood adjusted for degrees of freedom SORITEC, the regression package
used here, produces a nodified version of the Al C wherein maxi mum absolute Al C

is preferred. Also see Table 2

18. Theoretically, the stock of capital associated with the new technol ogy may
also differ fromthat of the old technology in another inportant aspect, that
of raw materials and work-in-progress inventories. |In this study, we |lack the
appropriate data to deternine the exact differences in the raw and
internediate materials inputs under the old and the new technol ogies. A

perusal of the technical literature suggests that there are not substantive
differences in the raw materials required in either process [c.f. the
Encycl opedi a of Chemical Technol ogy, 1977]. Therefore we adopt the usua

practice of using the stock of capital and the output of the final product to
proxy for this om ssion.

19. The adaptation cost is not to be confused with the Eisner and Strotz
[1963] concept of adjustment cost. The latter is a cost which acconpani es the
installation of the new quasi-fixed inputs.

20. See Binswanger, H P., "The Measurenent of Technical Change Biases with

Many Factors of Production." The American Econonic Review 1974. 7:964-76 and

Helliwell, J.F. Aggregate investment. 1976 Penguin: M ddl esex, Engl and.

21. See Ross, David R "Learning to Donminate," Journal of Industrial
Econoni cs, 1986 34: 337-353.
22. Arrow, K J., "The Econonmic Inplication of Learning by Doing." Review of

Econom c Studies 1962, 29: 156.
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