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Abstract

Thi s paper exam nes the relationship between productivity,
i nvestnment, and age for over 14,000 plants in the U.S.
manuf acturing sector in the 1972-1988 period. Productivity
patterns vary significantly due to plant heterogeneity.
Productivity first increases and then decreases with respect to
pl ant age, and size and industry are systenmatically correl ated
Wi th productivity and productivity growh. However, there is
virtually no observable rel ati onship between investnent and
productivity or productivity gromh. Overall, the results
indicate that plant heterogeneity and fixed effects are nore
i nportant determ nants of observable productivity patterns than
sunk costs or capital reallocation.
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| . I'ntroduction

Substantial existing research attenpts to unravel the
nmystery through which technol ogi cal innovation generates economc
progress. Wthin this theoretical spectrum vintage nodels are
one cl ass of nodels which often share simlar assunptions
regardi ng the di ssem nation of technology, and its inpact on
gromh. The basic premse is that technol ogy inproves over tine,
but a variety of barriers (eg., fixed or sunk costs) inpede nost
plants frominmrediately acquiring the newest vintage.' Most
of ten, technol ogical inprovenents are manifested in the form of
nmore productive machi nery, a hypothesis which has been | abel ed
machi ne enbodi ed techni cal change (G eenwood, Hercowitz, and
Huf fman (1988)). Inplicitly, machi ne enbodi ed technical change
suggests a strong correl ati on between high productivity and high
recent |evels of investnent (Baily, Hulten, Canpbell (1992)).
Beyond its hypothetical convenience, the idea that there is a

direct link between productivity and investnent has been an

i nportant el ement of econom c thought, as well as a cornerstone

There is a | arge, related literature which focuses on nonconvexities in
i nvestment and | unpy investnent behavior. See Cooper, Haltiwanger, Power (1995),
Pi ndyck(1991), Caballero and Pindyck(1992), Dons and Dunne(1993).



of 20th century U S. tax and fiscal policy (Cooley, G eenwood,
Yor ukogl u(1994)).

However, as Sol ow succinctly stated in 1962 "This (i.e. the
notion that new i nvest nent enbodi es new technology) is certainly
not literally true. No one knows whether it is nore or less true
than the exactly opposite assunption.”™ Al nost forty years |ater,
the concept of machi ne enbodi ed technical change has not actually
been tested enpirically. The primary purpose of this paper is
therefore to test the prem se of machi ne enbodi ed technica
change, and concomtantly the w despread belief that investnent
generates high productivity, through a detailed analysis of the
rel ati onshi ps between productivity and investnent.

To do so, | discuss the inplications of conbining plant
heterogeneity and fixed costs, in the context of a sinple vintage
framewor k. The discussion illustrates how nmachi ne enbodi ed
techni cal change i nfluences productivity and growmh. Further,
the plant I evel focus of the analysis highlights the influence of
pl ant heterogeneity on observed productivity patterns.? Al of

these rel ationships are then tested enpirically using a plant

2 The i nportance of plant heterogeneity in determ ning observed econonic

patterns has since been the focus of a great deal of theoretical research. Mny
enpirical exam nations of the variation in economc variables with respect to
observabl e plant characteristics has supported these theories. For theoretica
nodel s see Pakes and Ericson (1987, 1988), Lippman and Rumrelt (1982) , Lanbson
(1989), and Dixit (1989). For enpirical support, see Dunne, Roberts, and

Samuel son (1989) , Evans (1987), Hall (1987) , Garen (1989), and Baily, Hulten
and Canpbell (1993) offer enpirical support of the predictions. In related
enpirical work, Davis and Haltiwanger (1992) investigate the enpirical relevance
of passive learning nodels for job reallocation rates. One facet of this is an
exam nation of the inplications of plant age for job reallocation patterns.
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| evel data set that includes al nost 14, 000 pl ants.

The major findings of this analysis refute the hypothesis of
machi ne enbodi ed technical change. In particular, virtually no
correlation exists between high productivity and hi gh recent
| evel s of investnent. However, the inportance of size, industry,
and permanent plant characteristics suggest that systematic
di fferences anong plants play an inportant role in determ ning
observed patterns. Thus, new investnent is only one snal
conponent of productivity - other, plant specific influences
such as managenent or |ocation, play an even nore inportant
role. The results further suggest that the rel ationship between
i nvestment and productivity is not causal. Perhaps investnent
really only "pays off" for plants which are al ready productive
due to other factors.?

The anal ysis also has broad inplications for a second
assunption concerning the dissem nation of technology. The logic
behind this hypothesis is that sunk costs provide new plants with
an advantage in acquiring the | atest technol ogy. Therefore,

t echnol ogi cal di spersion occurs through the birth of new plants

(see Canpbell (1994)).* This notion, which is called plant

3 To clari fy, note the distinction between investnment causing high
productivity, and investment benefitting productive plants. The fornmer is the
basis for the machi ne enbodi ed techni cal change assunption, and has been the
i npetus behind U. S. fiscal policy. It inplies a strong correlation between high
productivity and high recent levels of investnent, as well as a decline in
productivity with respect to investnent age.

4 Other methods of technol ogi cal dispersion such as endogenous i nnovation
(Andol fatto and MacDonal d(1993)) have al so been postul at ed.
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enbodi ed technical change, inplies that across plants,
productivity decreases with respect to plant age. My enpirical
results inply that, across plants, productivity initially

i ncreases, and | ater decreases, wth respect to plant age. This
is not inconsistent with the notions underlying plant enbodi ed
techni cal change, however, the overall results suggest that

pl ant idiosyncracies play a nore inportant role in determning
observed productivity patterns than sunk costs or capital
real | ocati on.

The structure of the paper is as follows. Section I
outlines the franework and the testable inplications. Section
11 describes the data set used to conduct the analysis, and
provi des the variable definitions. Section IV presents the
results, and section V discusses the inplications of the results

and concl udes.

1. The Theoretical Background:

As nentioned above, vintage nodels are a class of nodels
whi ch often i ncorporate hypotheses and predictions regarding the
di ssem nation of technol ogy. The common thene is that overal
growh is determ ned through the conbi nation of technol ogi cal
i nprovenent and barriers to acquisition. Fromthe theoretical
framewor k, detailed predictions regarding productivity
fluctuations (Canmpbell, (1994)), the balanced growh path (
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Cool ey, G eenwood, Yorukoglu(1994 )), transitional dynam cs
(Krusell 1992)), and the behavi or of econom c vari abl es
(Greenwood, Hercowitz, and Krusell (1992)), have been derived.
Froma different perspective, nodels focusing on plant dynam cs
(eg. Pakes and Ericson (1987,1988), Lanbson (1989), Dixit(1989))
al so contain significant predictions regardi ng technology and the
evol ution of econom c vari abl es.?

The inplications of both of these types of nodels are highly
pertinent to the present study, and two specific studies are
particularly relevant. The first is the nmachine replacenent nodel
of Cooper and Hal ti wanger (1993), and the second is Jovanovic 's
(1982) nodel. The former is a vintage capital nodel which is
built around the investnent decision. Investnent is driven
primarily by the fixed costs which generate | unpy investnent
behavi or, and the resulting investnent patterns can have
aggregate inplications.® The key to the latter nodel is the
sel ection anong plants which results fromtheir systematically
different cost structures (i.e. plant heterogeneity). The
i nplications of these heterogenous cost structures include
declining failure rates with respect to size, as well as a

positive correlati on between size and age. The present study

5See footnote 2

6Cooper, Hal ti wanger, Power (1995) investigates the tinming of |unpy
i nvest ment epi sodes at the plant |evel, and also anal yzes the aggregate
i mplications of these timng decisions.



relies heavily on many of these ideas devel oped in these nodels,
and in fact builds on elenents within them

To better understand the inplications of nmachi ne enbodi ed
techni cal change, it is useful to conceptualize plant
heterogeneity in the formof productivity differences, and al so
to adopt a vintage framework. These features are synthesized and
exam ned in a sinple theoretical framework (Power (1994)).
Because the focus of this analysis is the enpirical test of
machi ne enbodi ed technical change, this structure i s not
explicitly detailed in the present paper. However, in order to
illustrate the main points, its primary features are di scussed
bel ow. ’

Suppose that plants can differ randomy on two levels -their
permanent productivity feature 2,, (e.g. managerial ability), and
their time variant idiosyncratic productivity feature 2,,, (i.e.
outcone of investnent). Suppose further that each attribute is
randomy drawn froma distinct distribution, but jointly they
determ ne each plants’ profits over tine. Thus, B;, = (2, 2n),
where plants are indexed by i, tine is index by t. Prior to

entry, there is uncertainty as to the value of both the permanent

"The sinple framework derived in Power (1994) conbines features from both
t he Cooper Hal tiwanger nodel and the Jovanovic nodel in order to highlight the
interaction of fixed costs and plant heterogeneity. It is presented in conplete,
detailed, and explicit formin Power (1994). Its inplications are also proven
formally in Power (1994). However it is not a structural nodel; that is, it is
not designed to describe the functional formof the relationship between
productivity and these plant heterogeneities. Rather, it is a broad system
designed to highlight the above nentioned factors.
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and the tinme variant characteristics, but the value of the
per manent conponent is revealed at the end of the first period
after the plant's birth. Since this value is fixed, its inpact
can be captured by tracking productivity patterns with respect to
pl ant age.®

Now suppose that there are fixed costs associated with the
process of investnment. This inplies that plant |evel investnent
occurs in spurts, and the occurrence of these spurts can be
| abel ed i nvestnment spikes. The outcone of these investnent
spi kes is random and thus, after each investnent spi ke, each
pl ant gets a new realization of 2., which can be denoted 2 ,°

The value of 2,,,” is learned at the end of the period of
investnment, and its inpact can be evaluated by tracking the
pattern of productivity with respect to the tine el apsed since
the last investnent spike. Thus, if this elapsed tine is called
the plant's investnent age, then i ,=(t-s); where i, is
investnment age, t is the current tinme period, and s is the period
in which the last investnment spike occurred.

To incorporate the notion of technol ogi cal change, assune
that the nmean p, of the distribution fromwhich 2,,is drawn is
increasing over tinme at a constant rate (, which inplies that

M=Cl., , (1. This essentially reflects the idea that new

8 n order to track the pattern of productivity across plants using age, it
nmust be assuned that cohorts are not systematically different regarding the
rel ati onshi p between productivity and age. This assunption was substanti ated

enpirically.



technology is enbodied in new machinery, and therefore inplicitly
i ncor porates the assunption of nmachi ne enbodi ed techni cal change.

The actual value of 2,, at tine t also is influenced by
depreciation. That is, the value depends on whether the plant
invests in period t, and, if not, howlong it has been since the
plant |ast invested. For exanple, if 2,,°is the current value
of the plant's last draw fromthe 2, distribution, then
2,:°=(D"*2,;,°, where j is the last period in which plant i had an
i nvest ment spi ke, and the depreciation rate, D, is between 0 and
1

Overall, each plant's decides to whether or not to invest
in a given period by conparing its total value fromthe current
period onward if it invests (V,' ), with its total value if it
does not invest (V,\N). The total value of investing (not
investing) is determned by the current period utility from
investing (not investing), as well as by the entire future stream
inplied by the decision to invest (not invest). Thus, if cis
the operational cost incurred during each period in which the
pl ant operates, k is the cost of investing, and W' is the
current utility frominvesting, then EW'=s E(2,+2,-c-k), and V'
=EW'+ $EV(D2,,, ). Further, if WNis the current utility from
not investing, then EW"= E(2 +D20 -c), and V¥ =EW™$EV(D?2, ).
Finally, note that it is the fixed cost k which generates | unpy
i nvest ment behavior, and that the discount rate, $, nust be

between 0 and 1.



Framewor k | nplications

The inplications of this franework are the focus of the
enpirical analysis. The first is that the productivity of plants
whi ch have recently invested is higher than that of plants which
invested long ago. This is intuitive, and arises because
depreciation | owers the productivity of nmachines over tine, and
because i nprovenents in technol ogy and research and devel opnent
enhance the productivity of new machinery at rapid rates. Note
that this prediction derives directly fromthe assunption of
machi ne enbodi ed techni cal change; that is, since new nachinery
enbodi es the newest technol ogy, on average, high recent
i nvestnent is associated with higher productivity. Thus,
enpirical tests of this prediction inplicitly test the assunption
of machi ne enbodi ed techni cal change.

The second is that failure rates decline with respect to
pl ant age; in particular, old plants have a lower failure rate
t han young or nediumplants. It is essentially uncertainty over
permanent attributes precipitates this failure. Plants enter
with the belief that they will be able to make positive profits.

Based on their 2 and 2, draws, however, sone learn that this

pi
IS not possible.
Finally, the nmean |evels of productivity across plants
increase with respect to plant age. 1In this sinple theoretical
context, the nean of productivity increases with respect to pl ant

age because of selection effects: over tinme, the | ess productive
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pl ants exit, causing the overall nean to rise. Realistically,
ot her effects can cause an increase in productivity with respect
to age. For exanple, |learning causes productivity to increase
rapidly at young ages, and then nore slowy over tine. This
inplies a concave pattern of productivity with respect to age.
Life cycle nodel s hypothesize that, in older plants, manageri al
discretion inhibits profit nmaximzation, and therefore the
rel ati onshi p between productivity and age is actually hunped
shaped. °

Not e, however, that, in its strictest form plant enbodi ed
techni cal change essentially inplies a purely negative
correl ation between productivity and age. The driving force
behind this assunption is the existence of sunk costs: existing
pl ants cannot acquire the latest technology with the sane
relative ease as the new plants, because of their sunk costs.
Thus, the newer plants are free to purchase the newest
technol ogy, and therefore they have highest productivity. The
enpirical analysis attenpts to sinultaneously exam ne the
i nportance of sunk costs, learning, and sel ection, by exam ning

the pattern of productivity with respect to plant age.

I11. The Data

The data set is a pooled cross-section tine-series extract

%See G abowski and Muel | er (1972)
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fromthe Longitudi nal Research Database (LRD). The LRD is a pl ant
| evel panel data set containing information on nore than 750, 000
U.S. manufacturing establishnents for the years 1963, 1967, and
1969-1988. The extract utilized for the regression analysis
contains annual information on 13,936 |arge manufacturing plants
from 1980-1988. In addition, information on these plants from
1972-1980 was used to construct sonme of the variabl es.

Table 1 reports the nunber of plants and total nunber of
observations contributing to each industry. The distribution of
plants in the data set across two digit industries in roughly
conparable with that of total manufacturing, and all twenty
industries are well represented. In total, there are 109, 647
observations. Table 2 reports nunber of plants and total nunber
of observations by plant size. Plants are assigned to size
cl asses based on their average, size weighted enploynent over the
entire sanple period.® Al though the data set excludes snall
pl ants, the 13,936 plants which are included conprise the
uni verse of the |large manufacturing plants in the United States.
Thus, the distribution of plants across these five |large size
classes is identical to their distribution for the total
manuf acturing sector. It should be noted that, although there is

a higher concentration of plants in the "smaller" size cl asses,

g1 zE = (1/mte){G ., *¥(te)2, where mte=nean(te72,...te88), and te is
annual nunber of workers. This average size neasure was chosen to capture |ong
run size,and to avoid transitory fluctuations in size (Davis, Haltiwanger, Schuh
(1995)).
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all size classes are well represented. Finally, Table 3 reports
the distribution of plants over tine. Wile nost plants are in
exi stence for the entire sanple period, the conbination of entry
and exit results in a small overall decline in the nunber of

pl ants and nunber of observations over tine.

The Vari abl e Definitions

To construct exact plant age, data from 1972-1980 are used.
Starting in 1980 and | ooki ng backward to 1972, plant age is thus
defined as the difference between the current year and the first
year the plant is ever recorded in the data set, until the plant
reaches age eight. After this, the plant is always assi gned age
eight. Therefore, the possible plant age categories are age 0 to
age 7, and age 8+.'2 Table 4 reports the nunber of observations
in each of the 9 age categories. The majority of observations in
the data set are in the ol dest category, although all ages have a
substantial nunber of observations.

| nvest nent age neasures vintage as defined by the tine

i particular, from 1980-1988 969 plants are born, and 2,592 plants die.
However, 238 of the births have m ssing productivity in their birth year, and are
t hus excluded fromthe regression anal ysis.

12Robust ness checks were performed by running productivity age regressions
on the subset of this data set which does not include the open ended age category
(that is, the data set which includes only those 7,365 large plants born after
1973, and which contains 16 preci se age neasures). The patterns of productivity
with respect to plant age for this subset were sinmlar to those found using the
open ended age category. Further, a test regression was run including a separate
dunmmy variable for plant age 8, to see if there were significant productivity
di fferences for age 8 plants; specifically whether the inclusion of the open
ended age category was distorting the regression results. The coefficient of the
age 8 dumy was insignificant, indicating that no strong bias exists.
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el apsed since the occurrence of an extrenely | arge investnent.
Thus, the definition of investnent age requires the definition of
an i nvestnent spike: in order to determne a plant's investnent
age, "lunpy" investnent episodes nust be identified, and then the
ti me between these epi sodes tracked.

The concept of lunpy investnent chosen for this analysis is
arelative one; that is, a plant's investnent is considered | unpy
if it islarge relative to that plant's other investnents.®® In
particular, an investnent spike is defined as an investnent event
($) which is extrenely large (') relative to each plant's own

normal investnent ($.,. ).

If( J>( ( ., ) then an investment
spike occurs in period t

(1)

This definition has several nerits. First, it effectively
captures the intuitive notion of lunpy relative investnent,

because it attenpts to identify periodic, |arge bursts of

Boe could i magi ne an absolute definition of a lunpy investnent, such as
an x% change in total capital stock. This type of definition focuses on
expansi on, and mi ght be nore appropriate for analyzing the aggregate inplications
of investnents as a whole. The correspondence between rel ative | unpiness and
absol ute | unpiness was tested, and it appears that many, but not nobst, absolute
spi kes are also relative, and vice versa. The absolute definition captures nany
snoot h expansi ons which are ignored by the relative definition, and the relative
definition captures many investments which are large relative to the plants other
i nvestnents, but not large in any absol ute sense.
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investnent.! Further, it is consistent with the notion that
fixed costs generate |lunpy investnent. Finally, it ensures that
relative investnent spikes are lunpy in a general

sense. It does so by inposing a uniformdefinition of |arge
relative to the normal investnent across plants; formally, " is
restricted to be the sane for all plants.

Thus, the choice of must satisfy sonme concept of

“large", and in an attenpt to satisfy this criteria, ' is set
at 2.5. Although intuitively, it seens reasonable to identify an
investnent two and a half tines as |arge; it is also admttedly
ad hoc. Therefore, all analyses were also conducted for two
alternative specifications of "™ " =1.75 and ''=3.25.%® Wth
one m nor exception (to be noted later), all of the results are
very simlar. Therefore, in the interest of sinplicity and

clarity, only the =2.5 results are presented.
Thr oughout the analysis, the rate of investnent in period t
- $, - is defined as the ratio of the plant's nom nal new

machi nery purchase (nm in year t to its total nom nal book val ue

14Essentially, the structure assunes the existence of a plant |eve
i nvest ment distribution which has a high concentration of investnments of smal
i nvestments, but which has a long right hand tail, indicating the periodic
occurrence of unusually |arge investnents.

' order to gai n sone sense of the breadth of the definition, severa
i nvest ment spi ke characteristics, including nunber of spikes, percent of spike
observations, and total sanple investnent accounted for by spikes, are presented
for each of the definitions of " in Table 7. For a rmuch nore conpl ete anal ysis
and di scussion of the characterisitics of investnment spikes, robustness checks,
etc., see Power (1994).
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of capital (mae) at the end of period t.*® $. .- each plant's
normal investnment - is defined as the nedian of its investnents
over the entire sanple.

However, sone investnent projects are |arge enough that they
m ght last nore than one year, and thus a single annual
accounting period need not necessarily reflect the total
expendi tures necessary to conplete a project. Further, even a
"year |long" project need not begin at the start of the accounting
year, nor end at close of the accounting year, which inplies
that a portion of the investnent necessary to conplete the
project could be distributed over two consecutive years. In these
i nstances, the true investnent spike is obviously the total
i nvestnment recorded in all of these years. |In an attenpt to
capture such events, adjacent years of relatively intense
i nvestnment activity are grouped into a single investnent event.
This grouping is |labeled a nulti-year spike, and is nodel ed using

the follow ng specification.?

®The nature of Census data i s such that begi nni ng of period assets do not
exist in 1972, and book values are inmputed in 1986, and 1988. Therefore, in
order to utilize the nost information possible, end of period assets, rather than
the traditional beginning period of assets, are utilized as the neasure.

17Although in principle this specification allows for a nulti-year spike of
any duration, approximtely 90% of the nulti-year spikes are three years or
under .
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If ( t)>( ( m)) aI.Id. see ( t1)>( ( m))l
where 0< < , then a multiyear investment (2)
spike occurs in periods t ... (t i)

Qobviously, there are an infinite nunber of conbinations
t hrough which an investnent project could be portioned out over
consecutive accounting years. The paranmeter O nmnust attenpt to
capture all of these conbinations, wthout |osing the notion that
the investnent is intense or lunpy. As in the case of ', the
designation nust ultinately be sonewhat ad hoc. Therefore, in
order to ensure robustness of the results, nine alternative
values of O were tested, and all provided quantitatively
simlar results.®® Again, in the interest of sinplicity and
clarity, only the results for the value 2.25 (i.e. 90%of ')

IS presented.

Gven this definition of an investnent spike, investnent age
is defined in the follow ng manner. The analysis is initialized
in 1980, and the data from 1972-1980 are used to construct eight
preci se i nvestnent age categories. Starting in 1980 and | ooking
backward to 1972, investnent age is equal to plant age for al
plants, until a plant has its first investnent spike.

Thereafter, investnent age is defined as the difference between

the current year and the year of a plant's npbst recent investnent

18Agai n, for a nore conpl ete discussion and analysis of the characteristics
of investnent spikes and multiyear investrment spikes, as well as their
robust ness, see Power (1994).
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spi ke, until the plant reaches investnment age eight.' After
this, the plant is assigned age eight until it experiences

anot her investnent spike. Therefore, the possible investnent age
categories are age 0 to age 7 and age 8+. Plants which never have
i nvest ment spi kes have i nvestnent ages equal to their plant age
for the entire sanple period. The distribution of plants across
investnment ages is reported in Table 5. The distribution is

fairly consistent, with a slight downward trend, until age 8.?2°

| V. The Enpirical Analysis

The purpose of the enpirical analysis is to test the
hypot heses of machi ne enbodi ed techni cal change, and nore
generally to shed sonme |light on the relationship between
productivity, investnent, and age. Follow ng a common practice
of productivity analysis, | estimate a logarithmc
specification.? However, to avoid inposing an arbitrary
structure on the conplex functional relationship between
productivity and investnent, a reduced form COLS specification is

enpl oyed.

19 The structure therefore inplies that the variable is reset to zero

during every period of major investnent.

20 Note the | arge nunber of observations in the investnent age 8 is due to
t he open-ended nature of the category.

21 See Baily, Hulten, Canpbell(1992), Oley and Pakes (1990).
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