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Non Technical Summary

A remakable dement of recent advances in economic growth theory is the revivd of the
aggregate Condant Eladicity of Subdgtitution (CES) function for the modding of an economy’'s
productive potentid. This revivd ams a linking consderaions about changes in factor income
digribution to paticular congdlaions of the dadicity of subditution on the one hand and the
growth rates of labor and capitd efficiency on the other. Our study presents an innovative
goproach for the esimaion of such a function, gpplies it successfully to US data and derives
results that have important implications for our underganding of factor subditution in the
medium and long run.

The workhorse of growth theory haes tended to be the Cobb-Douglas production function
whose dadicity of subditution is exactly unity. One resson for the generd interes in this
paticular functiond form is its accordance with the most prominent of the empiricd ylized
facts of long-term economic development: the gpproximae congancy of factor income shares
during a deady increase in cgpitd intendty (i.e, the cgpita/labor ratio) and per-cgpita income.
Allowing for a nonrunity dadicity of factor subditution (i.e, CES technology) would imply that
the secular congancy in factor income shares has to be provided by another very srong
assumption: technical progress has to be purdy labor augmenting. Empirical research, moreover,
has been hampered by the difficulties in identifying a the same time an aggregate dadicity of
subdgtitution and growth rates of labor and capitd augmenting technica change from the avallable
data

The mgor contributions of this paper to the theoreticd and empirica chdlenges mentioned
above ae the fdllowing. Frd, we propose tha empiricd research on aggregate CES functions
can be extended and much improved by applying the normdization procedure of De La
Grandville (1989) ad Klump and De La Grandville (20000 in a supply-Sde sydem.
Normdization implies the fixing of basdine vaues for output, the input factors, the factor shares,
and in a growing economy, the growth rates of technica progress. The benefit of the supply-sde
sysem gpproach, in turn, is that it treats the first-order conditions of a profit maximizing firm as
a system, contaning crossequation paameter condraints which may essntidly dleviate the
identification of dructurd parameters as eg. the dadticity of subditution and technicd progress
parameters. Second, usng a normdized CES function with factor-augmenting technicad progress,
we edimae a wupply-dde sygem of the US economy from 1953 to 1998. Unlike in mogst
empiricad works, we do not, however, condrain technica progress to evolve a a congant rate but
dlow for a quite generd functiond form (namely, the Box-Cox transformation). Putting a high
emphass on data consgency, we obtan robust results not only for the eadicity of subgtitution
but dso for the parameters of labor- and capita-augmenting technica change. We find that the
eadicity of subditution is sgnificantly below unity (between 05 and 0.7) and that the growth
rates of technicd progress show an asymmetricd paitern where the growth of labor-augmenting
technicd progressis dmost exponentia, while that of capitd is hyperbolic or logarithmic.



1. Introduction

A remakable dement of recent advances in economic growth theory is the revivd of the
aggregate Condant Eladticty of Subditution (CES) function far the modding of an economy’s
productive potentid. This revivd that is evident in theoreticd a wdl as in empiricd
contributions ams a linking condderations about changes in factor income didribution to
particular congdlations of the dadicity of subditution on the one hand and the growth rates of
labor and capitd efficiency on the other. Againg this chdlenging background our sudy presents
an innovative gpproach for the edimation of such a function, gpplies it successfully to US data
and derives reaults that have important implications for our understanding of factor subgtitution
in the medium and long run.

Neo-dasscd growth theory and the aggregate CES production function have a long
common higory, dating with the Solow's (1956) semind contribution. However, the workhorse
of growth theory became the Cobb-Douglas production function whose dadicity of subdtitution
is exactly unity. One reason for the genard interest in this paticular functiond form is its
accordance with the most prominent of the empiricd gylized facts of longterm  economic
devdopment: the approximate constancy of factor income shares during a Steedy incresse in
copitd intendity (i.e, the cegpitd/labor ratio) and per-capita income. Allowing for a non-unity
eladicity of factor subgitution (and hence assuming CES technology) would imply that the
secular condancy in factor income shares has to be provided by ancther very drong assumption:
technicd progress has to be purdy labor augmenting. The ongoing competition between both
dternatives has only recently become obvious in two important papers. Seeing no evidence for a
fading away of cgpitd augmenting technica change, Jones (2003) defends the view tha the long
term production function is Cobb-Douglas. Acemoglu (2003) who rdaes the generd exigence of
biased technical change to a non-unitary dadicity of subgiitution gives support to the idea that
technicd progress should be purdly labor augmenting in the long-run.

Empiricd research, moreover, has been unable to sHtle this dispute so far. This reates to
the difficulties in identifying a the same time an aggregate dadticity of subditution and growth
rates of labor and capitd augmenting technicd change from the avaldble data For more than a
quater of a century following Bendt (1976), it had been dmost common knowledge tha
edimations for the US economy strongly supported Cobb-Douglas. This view, however, has now
been chdlenged on empiricd and theoreticd grounds Chirinko (2002), summarizing the results
of recent edimate of the dadticity of subditution that made use of different data sets and various
methodological gpproaches, finds little support for the unitary vaue. Antras (2004) suggeds tha
the finding of the Cobb-Douglas result in many older econometric investigations may be due to
an omitted-variable bias caused by the assumption of Hicks neutra technica change.

A dill rdaivey rady used framework for the etimatiion of aggregate CES production
functions is the supply-9de sysem gpproach. Its origin goes back to Marchak and Andrews
(1947); in the context of crosssection andyss, and in the context of time series andyss it was
inroduced by Bodkin and Klen (1976) As presented by Willmen (2002) or McAdam and
Willman (2004b), the benefit of this gpproach is that it treats the firs-order conditions of a profit
maximizing firm as a system contaning crossequation parameter condraints, which may
fundamentdly dleviae the identification of dructurd paanges as eg the dadicty of
subdtitution and technica progress parameters. Applications of the supply-Sde sysem gpproach
to Europeen daa (Willman, 2002), however, could not find sufficient support for a non-unitary
dadicity of subditution, an agpplication of this framework to US daa the qudity and avalability
of which is better than that of euroarea data, is notably, ill missng. The mgor contributions of
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this pgper to the theoreticd and empiricd chdlenges mentioned above ae the following. Frd,
we propose that the identification of technicd level and didribution parameters from esch other
in the aggregate CES function can be much improved by goplying the normdization procedure of
De La Grandville (1989), Klump and De La Grandville (2000) and Klump and Prasder (2000) in
a pply-sde sysem. Normdization implies the fixing of basdine vaues for output, the input
factors, the factor shares, and in a growing economy, the growth rates of technicd progress.
Second, usng a normdized CES function with factor-augmenting technica progress, we egimate
a upply-gde sygem of the US economy from 1953 to 1998. Unlike in mogt empiricd works we
do not, however, condrain technica progress to evolve a a condant rate but dlow for a quite
generd functiond form. Putting a high emphass on data consstency, we obtain robust results not
only for the dadicity of subgtitution but dso for the parameters of labor- and capita-augmenting
technicd change. We find that the eadicity of subdtitution is ggnificently beow unity and thet
the growth rates of technical progress show an asymmetricd paitern where the growth of labor-
augmenting technicd progress is admogt exponentid, while tha of capitd is hyperbolic or
logarithmic. Third, our reslts ae theefore supportive of Acemoglu's view on biased
technologica change and defend a more extendve use of aggregate CES production functions in
modern growth theory.

The rest of the paper proceeds as follows. Section 2 reviews the theoreticd and empiricd
disoutes surrounding aggregate  CES  production  functions. Section 3 discusses in detal  the
potential estimation biases that can occur in econometric etimations of the aggregate eadicity of
aubditution.  Section 4 explans the normdization procedure and section 5 deveops the
normdized supply-Sde system that is estimated. Section 6 discusses the properties of the US data
and their congruence with neo-classcd growth theory. Section 7 discusses the esimation results.
Section 8 draws conclusonsfor the theoretica debate and for further empirica research.

2. Therevival of the CES production function

The continuous boom in endogenous growth theory snce the mid-1980's led to a renewed
interest in CES production functions (eg., see the discusson in La Grandville and Solow, 2004).
This specid type of production functions rooted in the mahematica theory of dementary meen
vaues (Hady et al., 1934, p. 13 ff.) was introduced into economics by Solow (1956) and hes
dready been much debated in the early times of neocdlasscd growth theory during the 1960's and
1970's. * However, not only conceptud problems causng controversd and problemdic results in
theoreticd growth modds (Klump and Presder 2000) but dso ongoing difficulties in empiricdly
tesing the parameters of the CES function, notebly the aggregate dadicity of subgtitution (S ),
made their use less dtractive. If the pioneering work by Arrow et al., (1961) dands for the
hopeful beginning of empiricd dudies on the aggregate dadicity of subditution, the results
derived by Berndt (1976) st perhgps a disgppointing end to this debae While in the former
paper, esimate of the dadicity of subditution for the US was a a vadue of 057, the laiter paper
tended to prove tha the dadicity of subditution in the US did not dgnificantly deviate from one
in the long run. Hence, the much less complicated Cobb-Douglas specification of the production
function could be used for the modding of the technologicd rdationship between factor inputs
and outpi.

! Though there are many plausible function forms, which may fit the data well —e.g., thetranslog function — here we
concentrate on Cobb-Douglas and CES cases. This reflects the dominance of these two formsin the growth literature
(eg., Barro and Saa-i-Martin, 2003) and allows us to focus our discussion on key issues in the literature like the
unitary or nortunitary value of the substitution elasticity and the nature of factor augmenting technical change.
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One important property of the Cobb-Douglas function is the condancy of factor income
shares. This property meets the essentid condition for a deedy date in neocdlasscad growth
modds and is in line with the mog prominent of the empiricd gylized facts of long-term
economic development: the relative stability of factor income didribution despite a secular rise in
cgpitd intengty and per-capita income. It dso follows immediady that the direction of technica
change is irrdevant for income didribution in the Cobb-Douglas world. It is thus impossble to
determine empiricdly any bias in the direction of technicd change. In contrast, pronounced
cydes in factor income didribution visble in many countries over what Blanchard (1997) cdled
the “medium run” support the more generd CES function and meke possble biases of technicd
progress an important issue. It is an old indgght that in the CES world a deady date with factor
income shaes is only possble if exogenous technical progress is purdy labor augmenting.
Acemoglu (2002, 2003) was ae to derive this same result in a modd with endogenous
innoveive activities He dso demondraes that over quite Sgnificant periods of trandtion growth
of capitd-augmenting progress can be expected resulting from endogenous changes in the
direction of innovations

Acemoglu's view that long-run production posshilities should be characterized by a CES
production function with purdy labor-augmenting technicd change (and an  dadiaty of
subdtitution beow unity to avoid problems of dahility) has recently been chdlenged by Jones
(2003). He suggests that the long-run production function mugst be Cobb-Douglas under the
cucd asumption that the undelying parameters of the production techniques, that bascdly
dand for the emergence of new idess obey Pareto didributions Short-run growth could then be
modded with the hdp of a CES production function (with an dadicty of subditution beow
unity) that is somehow nested in a Cobb-Douglas function for long-run growth. In a theoretica
pergoective the man difference between the two competing approaches is Acemoglu's
“innovaion posshiliies frontier” on the one Sde that describes the technologicd posshilities
for trandorming resources into blueprints for labor- and capitd-augmenting innovations, and
Jones Pareto-didribution for the emergence of new idess. From an empirica perspective, the
difference can be seen in different results concerning mot only the long run dadicty of
subdtitution and the long run dominance of biased technologicd change. While Jones would
excdude any technologicd bias in the long-run Cobb-Douglas world, Acemoglu undelined the
coexigence of labor- and cgpitd augmenting technical change, but with asymmetric long-term
properties. To our knowledge, this asymmetry in the dynamics of factor-augmenting technicd
change has so far not been subject to any empirica testing.

Not only in the theory of endogenous growth, but adso in other aees of dynamic
meacroeconomics, the concept of CES production functions could experience a revivd. As it was
dreedy demondrated by Solow (1956) in the fandard neodassca growth modd, assuming an
aggregate CES production function with an dadticity of subditution above unity is the essest
way to generae perpetud growth. Since scarce labor can be completey subdtituted by capitd, the
margind product of cgpitd remains bounded away from zero in the long run. Recently, it has
been shown that integration into world markets is a feasble way for a country to incresse the
effective subgtitution between factors of production and pave the way for continuous growth
(Ventura 1997, Klump 2001). On the other hand, it could be deived in svad dandard
neoclasscd growth modds with aggregate CES production functions that with an dadticity of
subgtitution bedow unity multiple growth equilibria and development traps can become possble
(Azariadis 1996, Duffy and Papageorgiou 2000, Klump 2002, Kaas and von Thadden 2003).

Public finance and labor economics are other fidds where the dadicity of subditution has
been rediscovered as a crucid parameter for understanding the effects of policy changes. This has
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to do with the importance of factar subgitution posshilities for the demand function of esch
input factor. As pointed out by Chirinko (2002), the lower the dadticity of subdtitution the
andler becomes the response of busness capitd formation to varidions in intered rates that are
caused by monetary or tax policy. In addition, the welfare effects of tax policy changes are highly
sendtive to the assumed vaues of the dadticity of subdtitution. Rowthorn (1999) shows that with
an dadicty of subditution bedow unity, fiscd incentives for invetment become more effective
for the credtion of new jobs whereas in a Cobb-Douglas world only wage policy affects
employment. He concludes that with many egtimates of s lying bedow one “cepitd invesment
does cregte employment even when bendfits are upgraded in line with wages, whils growth in
the labor supply and technicd progress with a labor-saving bias will cause a permanent rise in
unemployment unless they ae offst by additiond invesment. The policy implication is thet
messures to dimulate invesment may have an important role to play in  reducing
unemployment.” (Rowthorn, 1999, p. 414)

A whole saies of pgpers have tried to explain the coincidence of risng unemployment and
a hump-sheped behavior of factor income share in continental Europe with the hep of modds
that incorporate particular assumptions about factor subditution and technologicd  change.
Cabdlero and Hammour (1998), Blanchad (1997) and Bethod et al., (2002) assume a
production technology with purdy labor-augmenting technica progress and a redivdy high
dadicity of subditution with vaues of above unity in the longrun, while in the short run the
posshiliies of factor subditution are rather limited due to putty-clay characteristics of the ex
post production function. A wage-push shock would thus lead & firg to only a smdl dedine in
employment and an increese in the labor-income dhare In the long run, however, labor is
replaced over-proportiondly by capitd and the labor-share will fdl agan. Critics of this line of
explanation have argued that Europe has aso experienced a decline in capitd formation since the
1970's. A dedining capitd intengty, however, can cause a decline in employment and a rise in
the cgpitd income share only if the dadicity of subgtitution does not exceed unity (Rowthorn,
1999).

An intermediate pogtion between the two views has been deveoped by Acemoglu (2002,
2003) who introduces changes in the direction of factor-augmenting technica progress as an
important, and SO fa neglected, endogenous adjusment mechanism. In his modd, technicd
progress is drictlly labor augmenting dong the longterm baanced growth path, but it dso
becomes capita-biased in periods of trangtion. The short-term response to a wage-push is now a
ghort-teem fdl in employment and an increese in the labor-income share. In the long run,
however, capitd-biasad technicd change will reverse the trend in income digribution and leed to
an increese of the cgpitd income share, while employment fdls even further. Capitaaugmenting
technica change has thus an important role to play in the medium run, even if it should not be
dominant in the very long run.

3. Biasesin earlier empirical sudies

Tables 1 and 2 present an ovearview of the results that previous empiricd invedtigation obtained
for the dadicity of subgtitution. We concentrate on the results from time-series or pand Sudies
on aggregate data. In the case of the US, which has been widdy dudied, it is possble to find
vadues of the dadicty of subditution above unity (with Harrod-neutra technica progress), a
unity (with Hicks-neutrd progress) and bdow unity (with Hicks-neutrd progress and with
technicd progress augmenting both factors). The dtuation for other countries is little better; for
Gemany, vauesof s above, below and at unity have been estimated.

6



Usng information about the degree of factor subditution from other sources does not re
solve this puzzle ether. It has been recognized, for example, by Lucas (1967) that older time-
series dudies for the US have generdly provided lower s edtimates than cross-section studies
that are rather supportive of the Cobb-Douglas function. More recent cross section analysis based
on micro daa that where usad to esimate the relaionship between business cgpitd formation and
user codts (eg., Chirinko et al., 1999) edimate very low dadticities of subditution ranging from
025-040. A drawback of these kinds of dudies however, is ther inadility to quantify any
growth rate of technical progress.

Looking & Tables 1 and 2, there seem to be severd reasons for systematic estimation
biases. They are daed not only to differences in data condruction and measurement, but dso to
different & priori assumptions about the nature of technologicd change. Problems with data do
not only concern the use of qudity-adjusted messures for capitd and labor inputs. In particular,
they refer to the correct measurement of the user cost of capitd. The papers by Berndt (1976) and
Antras (2004) put a high emphass on the sdection of high qudity, conastent data, but there are
dill wesknesses such as the non-regard of cgpitd depreciion, of a possble mak-up, the
trestment of indirect taxes and assumptions about saif-employed |abor income.

On the conceptud sSde there is dso the problem how exactly the parameters of the CES

functions ae to be edimated. Single eguation, two equaions and three eguations system
agoproaches are competing. Single equation edtimates usudly concentrate ether on the production
function itsdf or on the fird-order condition of profit maximization with respect to labor or
cgpitd. The edimaion of the dngle production function, however, can only be accomplished
with quite redrictive assumptions about the nature of technological progress Those implicaions
will be further discussed bedow. Furthermore, the dadicity of subditution esimated from the
fird-order condition with respect to labor seems to be systematicdly higher than that that derived
from the fird-order condition with respect to capitd. Findly, it has been pointed out dready by
David and van de Klundet (1965, p. 369), that Ingle equation esimates (based on factor demand
functions) are systematicaly biased, snce factor inputs depend on reative factor prices that again
depend on relative factor inputs.
Two-equation sysems that etimate demand functions for both input factors as in Berthold et al.,
(2002) should dleviate such a sysematic Smultaneous equation bias. However, snce the two
equaion sydems usudly do not edimae explictly a production function, the nature of
technologica progress is usudly redricted by debatable & priori assumptions. Also, the estimated
two equation sysems have 0 far been unable to capture the exisence of market imperfections
that could be captured by the vaues of a possble mak-up on margind production cods This
important empirical issue can only be adequately trested in three-equation system gpproaches.)
The benefit of this approach is tha it trests the fird-order conditions of a profit maximizing firm
as a system ocontaning cross-equation parameter condraints, which may fundamentdly dleviae
the identification of dructurd parangers as eg. the dadicity of subditution and technicd
progress parameters. The esimation of the whole supply-9de sysem not only contains demand
functions for dl factors of production but dso an explict aggregate CES production function.
Applications of this framework to daa from the Euro area by Willman (2002) and to German
data by McAdam and Willmen (20048) demondraed, however, that the high ingability of mogt
non-unitary  dadticity of subditution estimates made it very difficult to rgect the Cobb-Douglas
hypothesis

Furthermore, the dgnificance of redrictions imposed on the edimation with regard to the
direction of technicd change is an issue. Antras (2004), for ingance, showed that the assumption
of Hicks neutrdity of technica progress o popular in dudies of the dadicity of subditution,
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together with the observed development of factor income shares could lead to Sgnificant omitted
vaidble biases. As Antras demondrated, with the a priori assumption of a common growth rae
for labor and capitd augmenting technicd change, a rdatively dable rdation of factor share and
a rigng cgoitd intengty in the long run, it is a logicd conduson that Berndt (1976) found a
Cobb-Douglas function with an dadicity of subdtitution equad to one that should fit best for the
US Findly, it has to be noted tha dl ealier dudies of the CES function imposed condant
growth rates of factor efficiency. A notable exception can only be found in Ripati and Vilmunen
(2001) who beddes assuming a condant labor augmenting technica change specify capitd
augmenting technicd progress to follow a logidic pattern. However, the latter choice is not based
on free estimation but it ischosen on a priori basis.

4. Normalizing a CESfunction with biased technological change

The idea of normdizing CES functions was explicitly developed by de La Grandville (1989) and
further explored by Klump and De La Grandville (2000) and Klump and Preisder (2000). It starts
from the obsarvation tha a family of CES functions whose membears are diginguished only by
different dadticities of subditution needs a common fix point. Snce the dadicity of subdtitution
is defined as a point dadticity, one needs to fix basdine vaues for per capita production, capitd
intengty and factor income shares (or the margind rate of subditution). If technica progress is
biased in the sense that factor income shares change over time the nature of this bias can only be
classfied with regard to the basdine vdues a the given fix point. This important observation has
dreedy been pointed out by Kamien and Schwartz (1967) for the specid case that the capitd
intengty a the given fix point, is equd to one. A principle contribution of this paper, therefore,
lies with merging the normdization method with the empiricad sysem gpproach. Furthermore, we
modd technicdl progress with a very flexible functiond form which dlows the daa to
discriminate between the different forms of technica progress.

Snce the focus of our andyss is on identifying possble biases in technicd change, we
concentrate on the following specification of the CES production function specification that was
introduced by David and van de Klundet (1965, p. 75 ff.). This is a linear homogeneous CES
production function with technologicd change that is augmenting the efficiency of both factors of
production and can be written as:

1

Y =[(EN N H(ESK) T (1)

In this notation, N, and K, represent conventiond measures of the physicd flow of labor and
capitd inputs. The coeffidents EY, E"represent the levels of effidency of both input factors

adr = 1S—S is the subdtitution parameter (with s  the dadticity of subditution).

The reaionship between the CES production function (1) and the traditiond Arrow et al.,
(1961) form which, ingead of the two efficdency levels contains a didribution and a sngle
efficiency parameter, has been explored by Klump and Preisder (2000, p. 43 f). Both
specifications can be regarded as two members of one family of normdized CES productions

functions as long as they share the same basdine vaues of capitd (K;) and labor input (N,),

M), respectively. This implies

out] Y,) and the magind rae of subgitution =
put (Y,) g (m . 11K,
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automaticaly, that under imperfect competition, two members of one family dso share the same
besdline values for the distribution parameter po =—2950 __ where w and q refer to the

wWoN, + 90K,
wage rate and the rental price of capitd, respectively.?

Whereas the Arrow et al. (1961) specification seems to imply that technologica change is
adways Hicks-neutrd, the specification (1) dlows for different growth rates of factor efficiency.
In order to drcumvent problems rdaed to the non-identification theorem by Diamond et al.,
(1978), we assume a cetain functiond form for the growth rates of both efficiency leves and
define:

E[N:E[L\le o (© con(t=t)=0 @
£ =Efe %0 - alt=to)=0 @

gy () and g« (t) define the growth raes of labor-augmenting and capita-augmenting technical
progress, respectively. Following the recent theoreticd discusson about possble biases in
technical progress, it is not cdear tha these growth rates should dways be congant; peatterns of
logarithmic or hyperbolic growth seem plausble This is why in our empiricd investigations we

will work with the hypothesis of congtant growth rates (Wﬂ#t(t):gN) ad (_ﬂg{t(t)

as with a trandormation that gives more flexibility on the actud functiond form and neds
exponentid, logarithmic and hyperbolic growth patterns as specid cases. The Box-Cox (1964)

trandformation leads to the expressons gN(t):lg—N(t'N -1), gK(t):?—K(t'K -1) with t>0.
N K
While |, equds unity (zero) {less than zero}, technicd progress functions, g ae linear (long
linear) { hyperbalic} functionsin time.
E, ad E; ae the basdine vaues of the two efficiency levels taken a the common

basdine time t=t,. Agan, normdization of the CES function implies tha members of the same
CES family should dl share the same basdine vaues and should in this point and a that time of
reference only be characterized by different dadticities of subgtitution. In order to assure tha this
property holds dso in the presence of growing factor efficiencies it follows that (see appendix
One for an extended explanation of the normdization procedure):

=g, ) & wdl

1

YO

N —_"0 % 1 r
EO ) N, 1- po) @
B = ®

2 Under perfect competition distribution parameter is equal to the capital income share but, wnder imperfect
competition with zero markup, it equals the share of capital income over total factor income.
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e QN(to)ze QK('O)::L (6)

The lagt expresson assures that in the common point of reference the factor shares are not biased
by the growth of factor efficiencies but are just equd to the didtribution parameters p, and

1- p, (seeds0 Appendix 1).

Inserting the assumptions (2) and (3) and the normdized vaues (4), (5) and (6) into
function (1) leads to a normdized CES function that can be rewritten in the following form that
resembles again the Arrow et al., (1961) variant:

1

v, =[Ern) (B )]

-r
B éy, U éy, 0

(t,to) p <0 (tto) p
=1 (1 po) N >t th u +p0€_. >kt thl,j
1 eéNo u e™o u

y U
b
—YO{(l Do No [N )egN(tt)] +poKo[K xegK(“)]

In this spedification of the normdized CES function, with factor augmenting technicd progress
the growth of effidency levds is now messured by the expressons N, e o % and
Koe % 9 respectively. As a test of consstent normaization, we see from (7) that for t=t,
we retrieve Y =Y. This dso holds for the Box-Cox trandformation of the efficiency growth

Rt VR a‘:ét L‘Jl “« 0
variables which can be written as 9y, (t,t,) = gN t et_u - 1 and g« (t,t)) = e—u -1
OU ﬂ K eoU ﬂ

Ealier theoreticd and empirica work on CES functions used to assume exponentid

growth of both efficiency levels s0 tha rates are given by ﬂgﬁt()_gN, ﬂg{t()_gK Specid
caes of (7) ae the specifications used by Rowthorn (1999), Bentdlila and Saint-Paul (2003) or

Acemoglu (2002, 2003), where N, =K, =Y, =1 is implictly assumed, or by Antres (2004) who
sats N, =K, =1. Cabdlero and Hammour (1997), Blanchard (1997) and Bethold et al., (2002)
work with a version of (7) where in addition to N, = K, =1, ﬂgﬁt(t) ~ g, =0 is a0 asumed 0
that technologica change is only of the labor-augmenting variety. It is dso worth noting that for
condant effidency leveds g, (t) =9, (t)=0 our normdized function (7) is formdly identica
with the CES function that Jones (2003, p. 12) has proposed for the characterization of the “short
term”. In his terminology, the basdine parameters N,, K, and Y, are “appropriate’ vaues of the

fundamenta production technology that determines long run dynamics. This long-run production
function is then conddered to be of a Cobb-Douglas form with congant factor shares equd to

% Note we scaled (divided) the original g, and timet by the fixpoint value to . This rescaling allows us to interpret
gy andgy directly astherates of labour and capital augmenting technical change at the fixpoint period to.
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poand 1-p, amd with a condant exogenous growth rate. Actud behavior of output and factor
input is thus modd ed as permanent fluctuations around “gopropriae’ long-term values.

For empiricd edimations of the normadized CES production function (7), it becomes an
interesting question how the basdine vadues should be determined. One should be aware that the
choice of the basdine vaues fixes dso a reference level for factor income shares that is
conddered as “normd” — or “gopropriate’ in the sense of Jones (2003) — and is then used for the
measurement of biased technologicd change. We think that this “normd” levd of factor shares
can only be detected from the data and should make use of as much information as possble. This
is why we suggest that basdine vaues should be cdculaed on the bass of sample geometric
averages, because over a longer period of time cydica vaiaions have netted out and even
longer-term fluctuations have compensated.

The choice of sample geomeric average vdues for a practicad implementaion of
normdization can imply a problem of scding, however, snce the geometric average of each time
series is cdculated independently. Hence, fix points cdculated as the geometric averages of
inputs correspond to the geometric average of output only if the production function is loglinear
i.e the Cobb-Douglas case. Therefore, we capture and measure the possble emergence of a
scding problem by introducing and edimating an additiond parameter A. Its role is to capture
the effects of the devigion of the CES from the log liner function on the fix point output
corresponding to the geometric averages of inputs.

With tresting sample averages as basdine vdues a the common point (and time) of
reference and introducing an additiona scding parameter A sotha v, =A%, K, =K, N,=N |,
P, =p ad t,=t. The scding paameter A deviaes from unity, when the edimated CES

production function devides from the log liner Cobb-Douglas function. Under perfect
competition, the didribution parameter could be cdculaed directly, pre-recursvey, from the
data but, when associated with unobservable markup, it can be esimated jointly with the other
paaneters of the modd. Hence, we arive a the find econometric specification of our
normdized CES function with factor augmenting technological change. Per-capita output can be
written in logarithmic form as

Img ﬁwmer[gN t[0 gK a( i

e +i- p)J+I09§——+gN(tt) log A ®)

SEEEY

From the point of view of edimaion, the advantage of normdized eguaion (8) over the un
normdized case, is that dl parameter have dear economic interpretations with well-defined,
plausble ranges. For comparison, we can re-write an un-normaized counterpart of (8):

L
p

YtzBi:begK(t't‘))Kt]_ +(1- b)[egNttO ] Eué (8)
vall 1
whereb=— PN g B:AV[er +(1- b)N" ]_T
pK' +(@-p)N'

As discussed in Klump and Presder (2000), an important feature of the above unnormdized
formulation is tha the paameters B and b have no cdear theoretic interpretation. They ae
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compodte parameters conditiond on, beddes the odected fixed points the dadicty of
subdtitution.

In the following, we use expresson (8) for the estimation of an aggregate supply-sde system as
in Willman (2002) or in McAdam and Willmen (2004b). Hence, the man merit in udng it
ingeed of the un-normalized form, isthat dl parameters have dear empiricd interpretation.

5. The normalized supply-side system

Frms ae assumed to maximize ther profits in impefectly competing markets under the
production function condraint (8). The fird-order maximization conditions can be presented by
the fdlowing three-equation system (which incorporates the generdized Box-Cox technicd
progress terms),

. A A _ é — "|N JPRN
Iogaw'\ltgzlogaa P §+1 3 éogBEYt/Y_E- log A 'Oy 8%5:9 - 19uu (©)
éP[tha 1+mg s g gNt/Nﬂ Iy gele
O  z=p 0.1-s€ & /N f o
10gf S 0o j0g BP9, 1-8 G /Y 0 1o 10 FBO" 5 e
PY g tMg S e Kt/KIZI I« gef o S|
A é AN 9 k8l 1-s <
.. — .. AN o ? 1': Afgwa%‘ig B :Tig?lg 170 Y ljl
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where the subdiitution parameter r is presented in terms of the dadicity of subditution s and

where parameter 3 0messures the sze of the makup determined by the price dadticity of
demand for goods. Equaions (9) and (10) are the fird-order condition of profit meximization
with respect to labor and capitd, respectively, and (11) is the production function.

Equations (9) and (10) are normdized for the respective factor-income shares. This
normdization demondrates problems coupled with the identification of the Cobb-Douglas
production function and the CES production function from each other, when the twostage
goproach is used in edimating the parameters of the underlying production function. In mogt of
the studies referred to in Tables 1 and 2, the dadticity of subditution has been edimated as a
fird stage result, i.e the edimates are based on dngle equaion edimation of equation (9) or
equation (10) or on the difference of (9) and (10).

To demondrate the identification problem, let us assume that the avaldble daa is
compatible with the implications of dandard neo-classcd growth modd, i.e. tha factor income
shares — the lhs vaiables of equaions (9) and (10) — as well as the capita-output ratio are
saionary. If technicd progress is not purdy labor-augmenting, i.e g« (tt)* 0 ad is non
dationary, then the square bracket term on the right-hand dde of equaion (10) mugt be non
dationary snce, by assumption, the cegpitd-output ratio was found to be dationay. Now by
necessty, the dadicity of subgtitution, S must be unity (implying Cobb-Douglas). However, as
technical progress is unobservable, data compatibility with neo-dasscd growth modd and the
Cobb-Douglas  production  function, implies that factor augmentation is not esimable from the
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sysem (9) and (10). Ancther dternative is to teke labor-augmentation as the mantaned
hypothesis, i.e g.(t,f)=0. Now the data compatibility with neodasscd growth modd implies
that, besdes the left hand terms, the right hand terms in square brackets are dso dationary. This,
in turn, implies that independently from the magnitude of s the edimation of equations (9) and
(10) gives daionay redduds which is a necessty condition for data compatibility.
Accordingly, the sgn and dze of the devidgion of s from unity depends on the corrdation
between dationary varidbles. If the squared bracket terms in (9) and (10) are un-corrdaed with
the lefthand teems we end up with unit dadicity of subditution. The higher pogtive (negetive)
corrdation is found, the more beow (above) unity the etimae of the dadticity of subditution is
However, in the red world with frictions, one can question whether these current-period
cardations measure only the dadicity of subditution with no effects from the gpeeds of
adjustments of factor and output. 4

The identificstion of the augmentation of technicd change and the dadicty of
subdtitution becomes eeser, if the production function (11) is edimaed jointly with the equations
9 and (10). In this respect, the non-linearity of the CES function dleviates the identification.
The rde of non-linearity can be illustrated by agoplying the Kmenta-gpproximeation (Kmenta,
1967) aound the fix-points N, =N, K, =K andt =T t0 separate the tota factor productivity (TFP)
term from the ret of the production function. We obtain:

0L, ) (1 o) 1S B Pig 1) o,
%) L . (12

A ussful feature of approximation (12) is that it separates the output contribution of the tota
factor productivity from the output contribution of inputs. Equation (12) shows dearly thet, when
the dadicity of subditution s *1, the factor augmentation introduces additiond curveture into
the edimated production function i.e, the squared bracket term in power two. When edimating
equations (9)-(11) [or (9)-(10) and (12)] as a system, the Sationarity of the edtimation resdud of
equaion (11) [or (12)] dso requires the induson of this curvature term (s 1), if the true
production function is CES with labor-augmenting technicd change. If the curvaure term is not
needed, the obsarved data compatibility with the neoclasscd growth modd implies that the
underlying production function is Cobb-Douglas. One reservaion to the above argument can be
made. An esimaed sysem can account for non-linear curvature effect dso with dose to unity
vaues of the dadticity of subdttution, if the difference gy (t.f)- g« (t.f), in power two in (12), is
aufficiently high. However, in tha case one would expect that the edtimates for factor
augmenting technica change components g, (.) ad g, (t,f) are unreasonable in economic sense
and, therefore, these reaults can be rgected.

* Apparently, identification becomes easier, if factor income shares as well as the capital-output ratio are non-
stationary, because in that case the estimation of the elasticity of substitution depend on the co-integration I(1)
variables. On the other hand, then the time-series properties of the data indicate inconsistency with the requirements
of the balanced growth path.
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6. Data

Our principle data source for the US (annud) series was the NIPA Tables (Nationd Income and
Product Accounts) for production and income, whose szies may be found a
http://mww.bea.doc.gov/bes/d/nipaweb/index.asp, Ho and Jorgenson  (1999) for labor  input,
Herman (2000) for current cost and red capitd stock and Auerbach (1983, 2003) for the data of
the rentd price of capitd.> Our data saries runs from 1953 until 1998: the data span is explained
by the avalability of Auerbach’'s usr cost series In egtimation, we use the following series and
data transformations.

The output series is cdculated as Private nonresdentid Sector Output — this is totd
output minus Indirect Tax Revenues, Public-Sector output and Housng-Sector Output. After
these adjusments the output concept we use, corresponds to the concept of the private non
resdentia capita stock.

In addition, three dternative measures are used for labor input, i.e totd private sector
employment, corresponding number of hours worked and the condant qudity index of labor
input taken from Ho and Jorgenson (1999). They ague tha totd number of hours is not
appropriate measure of the flow of labor ®rvices because it ignores sgnificant differences in the
qudity of the labor services provided by different workers. A congant qudity index of labor
input, which they have condructed, captures subditution among different types of labor inputs by
weghting the hours of differentiated labor groups by ther margind products They ague that
this hepsidentify correctly the contribution of productivity to output growth

As discussed by, for example Krueger (1999) and Gallin (2002), a problem in caculaing
labor-income is that it is unclear how the income of proprietors (self-employed) should be
caegorized in the labor-cgpitd dichotomy. Some of the income earned by sdf-employed workers
clearly represents labor income, while some represents a return on invesment or economic profit.
In this sudy, two dternative gpproaches to account for aso sdf-employed workers labor income
ae gplied. Frd, folowing eg. Krueger (1999) and Antras (2004) we add two-thirds of
proprietors income to the private sector compensdion to employees Although blunt, snce
Johnson (1954), this has been a common convention to account for sdf-employed labor income
Second, a draghtforward gpproach — dthough agpparently better founded in economic terms — is
to use compensation per employee as a shedow price of labor of sdf-employed workers. Hence,
labor-incomeis calculated dso as

Sdf Employed 0 , :
+ SCompensati on to Private Sector Employees 13
? Total Private Employment g pen POy (13)

Recently the latter gpproach has been gpplied eg. by Blanchard (1997), Gallin (2002) and
Bentolilaand Saint-Paul (2003).

The condruction of the capitd income data is most problematic. This is due to the fact
that the pure profit (or the markup) component cannot be separated from the rest of nonlabor
income in nationd accounting. However, as pat of condructing the nationd income and product
accounts, the Bureau of Economic Andyss (BEA) caculaes dso esimates of fixed assets and
consumer goods induding esimates of net capitd socks in red and nomind tems (Herman,
2000). This information is needed in cdculding nationd account figures for consumption.
Accordingly, a condgent esimae for the (non-profit) capitd income should be obtaned as the

® We are grateful to Alan Auerbach for providing us with his data on the rental price of capital.
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product of red renta price of cepitd, as eg. condructed by Auerbach (1983, 2003), and BEA
figures of current-cost fixed capital. We chose this practice.

Before edimation, it is useful, fird, to check the internd consgency of our data set and,
second, to evauate how compdible it is with the implications of the sandard neo-cdlasscd
growth modd.

Convertiondly, we bdieve in empiricd gpplications little (or too little) atention has been
pad to the internd condgtency of the data, especidly regarding the didribution of the non-labor
income into the cgoitd income and the implied markup components For that purpose, the
accounting identity of the non-housing private sector provides a useful framework:

Profit= pY - (WN + gK) (14

Internd conggtency would require that the sample average of the implied markup component is
non-negative.  Further, if demand functions of goods ae isodagic and ether competition in
different sectors is the same or sectord output shares remain dable, then the implied markup
component should be stationary.® These requirements are fulfilled by our daa As shown in the
lowest pand of Figure 1, the makup share, dthough exhibiting temporarily negative vaues, is
for the mog of the sample period postive In addition, it is dso dationay as the augmented
Dickey-Fuller test datistic shows ADF (1)= -3.65, where the number insde brackets refer to the
number of lags.

How compatible is our data with the badanced growth path implied by the standard neo
classcd growth modd? Are factor-income ratios dationary, as the theory would imply? Based
on the “eyebdl” economerics the three pands of Figure 1 show that these dHationarity
requirements are not, & lesst, strongly violated. The upper pand of Figure 1shows that, over the
sample, the trend growth rates of production and the capitd stock are around the same whilg the
growth of employment has been dower. A doser datidicd examination, however, shows that the
capita-output ratio, with ADF (1) = -1.80, is non dationary. Interestingly, two of our three
dternative measures for labor input have around the same longer-run trend, i.e totd private
sector employment and the condant qudity index of the labor input. This implies that
improvements in the qudity of labor have roughly compensated for the effects of shortened
average weekly working hours on labor input and that both meesures of labor input imply around
the same average contribution from labor-augmented technicad change. The deveopment of
factor income shares seems to be quite wdl in line with the implications of the neo-cdlasscd
growth modd (the midde and lower pand of Figure 1). The ADF (0) = -3.61 for the capitd
income share implies dationarity. Our two ways to account for sdf-employed workers labor
income results in quite Smilar devdopments for the labor-income share. In both cases, the
rgection of the null hypothess of unit root is just in the border of 5 per cent sgnificance leve.
ADF (0) = -290, when two-thirds of proprietors income is incduded by the labor income, and
ADF (2) = -3.00, when compensation per employee is used as a shadow price of labor of sdf-
employed workers

We can conclude, therefore, that dthough the deviations are not dramétic, the properties
of our data do not fully coincide with the implications of the dandard neoclasscd growth
modd. The most prominent deviaion is the non-dationarity of the capita-output ratio dthough
factor-income shares ae a leadt, borderline dationay. Do thee devidions have any
implications concarning  the underlying production technology and the nature of technicd
progress? The fird implication is that technica progress cannot be only labor augmenting. There

¢ Seethe discussion in Willman (2002) or McAdam and Willman (2004a, 2004b)
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must be dso a capitd augmenting component in technical progress However, as in our sample,
the capitd-output ratio has no dear trend, in line with the endogenous growth modd of
Acemoglu (2003), capitd augmenting technicd progress may be a trangtory phenomenon. The
second implication is that the Cobb-Douglas production technology is not fully competible with
these properties of the data Under the Cobb-Douglas technology, independently from the
augmentation of the technica change the capitd-output share as well as factor income shares
should be gationary.

These anticipations are confirmed by the edtimation rexults, which we present in the
following section.

7. Results

Our main results are presented in Tables 3 to 6, referring, as before, to the edtimation of the
sysem (9)-(112).

Alongsde the numericd results are the associated Graphs 1.1 to 4.4 corresponding to
each case in the tables. The tables show the parameter estimates and their sandard errors. As can
be seen, most parameters are sgnificant a the 1% leve. Also shown are the changes in technica
progress (evauaed a the fixed point), tota Technicd Factor Progress (caculated as defined in
equaion (12)), as wel as the Log Likdihood of each specification and the Augmented Dickey
Fuller tests for gationarity for the resduas of the Labor, Capitd and Output equations. Tables 3
and 4 present estimation results when labor input is messured in employed persons Table 5
when labor input is measured in hours, wheress in Table 6 we use the qudity-adjusted series of
Ho and Jorgenson (1999). As dready discussed (Section 6) a problem in caculaing labor-
income is tha it is undear how the income of proprietors (sdf-employed) should be categorized
in the labor-capitd dichotomy. Firs, we add twothirds of propritors income to the private
sector compensdtion to employees. Second, we use compensdion per employee as a shadow
price of labor of sdf-employed workers. In Table 3 we use the former approach and the latter in
Tables4to 6. Reaults, however, are not overly sendtive to which definition is used.

Furthermore, the grgphs digplay the resduds from each of the egudions technicd
progress and its growth contributions. The box on the bottom right hand side of each grgph shows
the senstivity of the Log-Likdihood with repect to the initid condition for the key S parameter;
given, tr;at we edimate a nonlinear sysem, the issue of identifying globd optima is a primary
concern.

In the fird two columns of each table, congant factor augmenting technicad progress is
asumed (e, | =1, =1). Examining the Log-Likdihoad in each case, we see that the second
column embodies the globd minimum implying a S aound one and the fird column contains a

locd minmum with a vdue aound 050.6. Nevethdess a cdoser examination of second
columns of tables 36 reveds some weskness in these (congant-growth) edimates (i.e, the

" This consideration arises because non-linear estimation can be sensitive to starting parameter values. Accordingly,
variations help identify the global maximum. In our case, the results were only sensitive to different starting values
inthe S parameter. This may be expected since our system has asingularity at S =1. When we start with S <1, it
would essentially require a stroke of luck for the estimation process to skip over the singularity into the above-unity
zone; similarly starting with S >1, we will be limited to above-unity solution territory. Thus, there may be separate
optima with below and above unity values for S . Consequently, we performance a fine grid search of initial

guesses: S (O)T [O, 2.5]. Given this range and for the various cases, we find that estimated S 's cluster around

unity or 0.6. In each of the graphs (lower right-hand box) therefore, we present the range of S ’s estimated against
this starting-value grid search and the associated | og-likelihood.
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gopaent globa minimum). For example, dthough the implied totd Technicad Fector Progress
over the sample on average is reasonable, its time profile is less so. More importantly, factor-
soecific technica progress parameters, though inggnificant, appear economicdly unressonable:
yiedding large negdive (postive) labor (capitd) progress and an implied growth in totd factor
productivity (i.e, second right-hand pand box in Graphs 1.2) that is srongly decressng and a
the end is cdose to intersecting the zero line These unreasonably high edimates for factor
augmenting technicd progress indeed results in a srong curvature effect dso with dose to unity
dadicity of subditution in the THP-component, without any reasonable economic interpretation,
asdiscussad in Section 5, in the context of equation (12).

The firg column, in tun, dthough not represanting a globad minimum is in an economic
sne, more plausble This wdl-bdow-unity dadicity (aound 0506) is coupled with
ressonable labor and capitd augmenting technica progress. According to these results, labor-
augmenting technica progress is dominating (i.e, 1.7% annud versus 04 for cgpitd and 14 for
TFP when labor input is messured in terms of employed persons or qudity adjusted index; when
labor input is measured in terms of hours both labor augmented technicd progress and THP are
somewha fader, i.e 21% and 1.7%, respectivdy). Furthermore, dthough improved, the resdud
properties of production function (associated with the locd minimum) are not fully stisfactory —
see the hump in the labor share in the Graphs 1.1, 2.1, 3.1 and 4.1 (bottomleft box), which
uggests some underlying (and missing) non-linear form for the equations.

Consequently, we proceeded to fredy estimate the technica progress parameters in a
time-varying manner (ie | ,I , * 1). This yields apprecicbly better reslts in al cases, the
Log Likdihood was superior and S was dways found to be sgnificantly wdl bdow unity (as
before, around 0.6). Note, that this S vadue was dways assodated with the globd minimum, as
can be veified by ingpecting the lower right box in the Gragphs (athough as this box shows there
dill reman wdl-defined locd minimum for S aound unity). Likewise, we see in these time
vaying cases tha resdud propeties are now saisfectory (i.e, dationay) when the Ho and
Jorgenson  (1999) qudity-adjusted labor input is used. This therefore represents our preferred
ca= However in dl tebles we deive economicdly-reasonable vadues for augmented technica
progress for labor and cgpitd and broadly in line with the fird column, the dadicty of
subdtitution are around 0.6.

Of the uncondrained time-varying results (column 1.3 in Table 3, column 23 in Table 4;
column 33 in Table 5; coumn 4.3 in Table 6, we see tha labor-augmenting technicd progress
shows an exponentid petern (dso seen in the top right box of the corresponding graphs)
dthough with growth rates dightly decderating (i.e, middie right boxes). Further, snce point
edimates for | ae negaive, this implies tha capitd-augmenting technicd progress shows a
hyperbolic pattern (i.e, top right box) dthough with growth rates asymptoting towards zero (i.e,
middle right boxes). Since | ( is not dgnificantly different from zero (except in Table 3), we
impose a vdue of zero and therefore edimate the more parsmonious form in Tables 3-6
(columns 14, 24, 34 and 44). Thee dl paangeas ae highly ggnificant and resdud
properties are roughly smilar to the corresponding unconstrained case.

Furthermore, we present in the tables cases which explicitly uses the Kmenta
agoproximation for the THP component (columns 24 KMENTA, 34 KMENTA ad 44
KMENTA in Tables 3-6). We find quite smilar technica progress as before. Edimates of the
vaue for S, though Hill well bedow unity, are somewhat higher then before (of the order of 0.05,
0.1 extra); this gpparent bias arises from the fact that the Kmenta approximation is itsdf an
approximation linearised around avaue of unity for s .
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Let us summarize. We have seen that where we do not dlow for time-varying technica
change (i.e, we impose the conventiond case of condant factor-augmenting technica progress),
tha a globd minimum is asodated (like O many other dudies) with a unitary dadticity of
Subditution. However, that case is not chaacterized by dationay resduds or by plausble
technicd parameters. A locd minimum (associaed with an dadicity of 0.6) digdlays damilaly
poor resdud propeties but more economicdly reasondble technology parameters. When we
dlowed the daa to choose the functiond form (via the Box-Cox trandformaion) we found not
only thet labor-augmenting technica progress exceeds that of capitd but that |abor-augmenting
technicd progress shows an exponentid pettern whilst that of cgpitd diglays a hyperbolic (or a
mog logaithmic) dynamic. This is in line with Acemoglu's growth modd, which dlows
temporary but persstent capita-augmenting technica progress.

Regarding other parameters, (A and 1), esimaed vaues are wel in line with our priors
The scde parameter is in the neighborhood of one, the capitd share parameter corresponds well
to the sample average of capitd income share. The mark-up is sonificantly different from zero
and appears relatively robust a 4%.° Furthermore, as discussed in Section 4, the distribution
parameter is robudly identified by the normdized sysem (a 0.2), and is not, for example
sendtive to different sgma esimates and is wel in line with obsarved average capitd-income
share (accounting for the markup).

Findly, in Appendix Two, to provide further evidence on the empiricd application of the
Normdization agpproach, we peaform recursve edimation of our upply-gde sysem with the
various fixed point edimated fird within the rolling and then imposed a ther full-sample vaues.
Unaurprisngly, we find the second, full-information gpproach, to, provide the more robust
results.

8. Conclusions

Our andyds was motivated by both theordticd and empiricd contributions that have recently
chdlenged the dominance of the Cobb-Douglas production for modding the aggregate
production function in modds of economic growth. The naturd dternaive to the Cobb-Douglas
function being the CES function with nonunitary dadicity of subgtitution we andyzed the many
problems that occur with esimations of the respective parameters of this functiond form. We
propose that by usng normdized CES functions and more flexible functiond form for the growth
rate of factor efficiencies the estimation results can be much improved.

Applying a normdized CES function with fadtor-augmenting technica progress, we
edimate a wupply-sde system of the US economy fran 1953 to 1998. Avoiding potentid
edimation biases that have occurred in earlier edimations and putting a high emphess on the
condgency of the data set, required by the esimaed sysem, we obtain robust results not only for
the aggregate dadticity of subgtitution but dso for the parameters of labor and capitd augmenting
technicd change. We find that the dadiicity of subditution is dgnificantly below unity (between
05 and 0.7) and tha the growth rates of technicd progress show an interesting asymmetrica
patern where the growth of labor-augmenting technicd progress is exponentid, while the growth
of cgpita augmenting progress is hyperbalic or logarithmic.

Our reslts are therefore supportive of Acemoglu's view on biased technologica chage
where labor efficdency growth is dominant in the long run while capitd effidency growth must
fade away. Given a nonunitary dadticity of subditution this pettern of technica growth rates

8 It is worth noting that estimates of the markup parameter, I, are very sensitive to possible measurement errors and

aggregation errorsin the level of the capital stock and the user cost of capital.
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guarantees the secular sability of income shares whereas they can fluctuate in the medium run.
We think that with these properties the CES production function has gill (or agan) a prominent
role to in the theory of economic growth.

References

Acemoglu, D. (2002) “Directed technicd change’, Review of Economic Studies, 69, 781-809.

Acemoglu, D. (2003) “Labor- and capitd-augmenting technical change’, Journal of the
European Economic Association, 1, 1-37.

Andasen, P. S, Klau, M. and Yndgaard, E. (1999) “Higher profits and lower capitd prices Is
factor dlocation optima?’ BIS Working Paper No. 65, Bank of Internationd Settlements.

Antras, P. (2004) “Is the U.S. Aggregate Production Function Cobb-Douglas? New Egimates of
the Eladticity of Subdgtitution”, Contributions to Macroeconomics, 4, 1, Artide 4.

Arrow, K. J, Chenay, H. B., Minhas, B. S. and Solow, R. M. (1961) “Capita-labor subgtitution
and economic efficiency”, Review of Economics and Statistics, 43, 225250,

Auerbach, A. J (1983) “Corporate Taxation in the United States’, Brookings Papers on
Economic Activity, 2, 451-513.

Auerbach, A. J (2003) “Fiscd Policy, Past and Present”, Brookings Papers on Economic
Activity, 1, 75-138.

Azaiadis, C. (1996) “The economics of poverty trgps — Part One: Complete markets’, Journal of
Economic Growth, 1, 449-436.

Barro, R. J,, and X. Sdai-Martin (2003) Economic Growth, Second Edition, MIT Press

Bendt, E. R (1976) “Reconciling dternative etimates of the dadicity of subditution”, Review
of Economics and Satistics 58, 59-68.

Bethold, N, Fehn, R. and Thode, E. (2002) “Fdling labor share and rigng unemployment:
Long-run conseguences of inditutiona shocks?”, German Economic Review, 3, 431-450,

Betdlila, S, and Sant-Paul, G. (2003) “Explaning movements in the labor share’, Contributions
to Macroeconomics, 3, Art. 9.

Blanchard, O. (1997) “The medium run”, Brookings Papers on Economic Activity, 2, 89-158.

Bodkin, R. G. and Klein, L. R. (1967) “Nonlinear edimation of aggregate production functions’,
Review of Economics and Satistics, 49, 28-44.

Balt, W. and ven Ells P. J A. (2000) “Output and inflation in the EU”, Staff Reports No. 44, De
Nederlandsche Bank.

Box, G. and Cox, D. (1964) “An andyss of trandormations’, Journal of the Royal Satistical
Society, 26, Saries B, 211-243.

Brown, M. and De Cani, J (1963) “Technologicd change and the didribution of income”,
International Economic Review, 4, 239-300.

Cabdlero, R. J and Hammour, M. (1998) “Jobless growth: Approprigblity, factor subdtitution
and unemployment”, Carnegie-Rochester Conference Proceedings, 48, 51-94.

Chirinko, R. S, Fazzai, S M. and Meyer, A. P. (1999) “How respondve is busness cgpitd
formation to its user cost?”, Journal of Public Economics, 74, 53-80.

Chrininko, R. S (2002) “Corporate taxaion, capitd formation, and the subditution dadicty
between labor and capitd”, National Tax Journal, 60, 339-355.

David, P. A. and van de Klundet, T. (1965) “Biased efficiency growth and capita-labor
subdtitution in the US, 1899-1960", American Economic Review, 55, 357-3%4.

19



De La Grandville, O. (1989) “In quest of the Sutzky diamond’, American Economic Review, 79,
468-481.

De La Grandville O. and R. M. Solow (2004) “On the determinants of economic Growth: Is
something missing?’, mimeo, April 14™

Diamond, P., Mc Fadden, D. and Rodriguez, M. (1978) “Measurement of the dadticity of factor
subgtitution and bias of technicad change’, in: Fuss M., and Mc Fadden, D. (Eds)
Production economics. A dual approach to theory and application, 2, Amsterdam and New
York, p. 125-147.

Duffy, J and Pegpageorgiou, C. (2000) “A cross-country empiricd investigaion of the aggregate
production function specification”, Journal of Economic Growth, 5, 86-120.

Eagerly, W. and FHscher, S (1995) “The soviet economic decling’, World Bank Economic
Review, 9, 341-371

Gdllin, D. (2002) “ Getting Income Sharesright”, Journal of Political Economy, 110, 2, 458-474.

Hady, G. H., Litlewood, J E., Polya G. (1934) “Inequdities’, 2" ed. 1952, reprinted 1967,
Cambridge.

Herman, S. (2000) “Fixed Assats and Consumer Durdble Goods’, Survey of Current Business
April.

Ho, Mun S and Jorgenson, Dde W. (1999) “The Qudity of the U.S Workforce 1948-957,
Harvard Universty, mimeo with data update through 2000.

Johnson, D. G. 1954) “The functiond Didribution of Income in the United States, 1850-1952”,
Review of Economics and Statistics, 35, 2, 175-182.

Jones, C. |. (2003) “Growth, cgpitd shares and a new perspective on production functions’,
Working Paper, Verson 1.0, June

Kass, L. and von Thadden, L. (2003) “Unemployment, factor subdtitution, and capitd
formation”, German Economic Review, 4, 475-495.

Kdt, J P. (1978) “Technologicd change and factor subditution in the United States 1929
19677, International Economic Review, 19, 761-775.

Kamien, M. I. and Schwartz, N. L. (1968) “Optimd ‘Induced’ technicd change’, Econometrica,
36, 1-17.

Kendrick, J and Sato, R. (1963) “Factor prices productivity and economic growth’, American
Economic Review, 53, 974-1003.

Klump, R (2001 “Trade money ad employment in intetempord optimisng modds of
growth”, Journal of International Trade and Development, 10, 411-428,

Klump, R. (2002) “Vertelung und Wirtschaftsvachdum: Eine neoklasssche Verdlgemenerung
des Wachsumsmoddl von Kddor”, in Menkhoff, L. and SdI, F. (Eds) Zur Theorie,
Empirie und Politik der Einkommensverteilung, Balin-Heideberg-New Y ork, 11-26.

Klump, R. and De La Grandville, O. (2000) “Economic growth and the dadicty of subgtitution:
Two theorems and some suggestions’, American Economic Review, 90, 282-291.

Klump, R and Prasde, H. (20000 “CES production functions and economic growth”,
Scandinavian Journal of Economics, 102, 41-56.

Kmenta, J. (1967) “On Edimation of the CES Production Function”, International Economic
Review, 8, 180-180.

Krueger, A. B. (1999) “Measuring Labor's Share’, American Economic Review, Papers and
Proceedings, 89, 45-51

Lewis P. E. T. and Kirby, M. G. (1988) “A new agpproach to moddling the effects of income
polices’, Economics Letters 28, 81-&.

20



Lucas, R. E (1969) “Labor-capitd subditution in U.S. manufecturing”, in Harberger, A. C. ad
Baley, M. J (Eds) The taxation of income from capital, Washington, D. C. The
Brookings Inditution, 223-274.

Maschek, J ad W. Andrews (1947) “Random smultaneous equations and the theory of
production”, Econometrica, 12, 143-53

McAdam, P. and Willman, A. (2004a) “Production, supply and factor shares An applicaion to
edimating German long-run supply”, Economic Modelling, 21, 2, 191-215.

McAdam, P. and Willman, A. (2004b) “Supply, Factor Shares And Inflation Perssence’, Oxford
Bulletin of Economics and Statistics, forthcoming.

Panik, M. (1976) “Factor learning and biased factor efficiency growth in the United Sates 1929
1966", International Economic Review, 17, 733-739.

Ripati, A. and Vilmunen, J (2001) “Dedining ldbour share — Evidence of a change in the
underlying production technology?’, Bank of Finland Discussion Papers 10/2001.

Rowthorn, R. (1999) “Unemployment, wege baganing and cepitaklabour subditution”,
Cambridge Journal of Economics, 23, 413-425.

Sao, R (1970) “The edimation of biased technicd change and the production function”,
International Economic Review, 11, 179-208.

Ventura, J. ( 1997) “ Growth and interdependence’, Quarterly Journal of Economics, 62, 57-84.

Wilkinson, M. (1968) “Feactor supply and the direction of technologicd change’, American
Economic Review, 58, 210-217.

Willmen, A. (2002) “Euro aea production function and potentid output: A supply-Sde sysem
goproach”, ECB Working Pgper No. 153.

21



Tablel.

Empirical studies of aggregate elasticity of substitution and technological changein the US

. Estimated Estimated Annual Rate Of Efficiency Change
Sample Assumption on Elasticity of _
Study (Annual Technological Substitution: Neutral: L abor- Capltal_-
Frequency) Change s ' ' o Augmenting:
aN =9k augmenting: gy o
Arrowetal. | 190 1919 | HicksNeutra 057 18 : :
(1961) ' )
Kendrick and .
Sato (1963) 1919-1960 Hicks-Neutral 0.58 21 - -
1890-1918 035 Labor saving (g - 9x =0.48)
Brown and De 1919-1%67 Factor 008 Labor saving ( gy - 9x = 0.62)
Cani (1963 1938-1958 Augmentin 011 .
( ) g g Labor saving ( gy, - 9 =0.36)
1890-1958 044 >
David and van
deKlundert | 18091060 | , FeClor 032 - 22 15
(1965) 9 g
Bodkin and .
Klein (1967) 1909-1949 Hicks-neutral 0507 1415
Wilkinson Factor .
(1969) 1899-1953 Augmenting 05 Labor saving ( gy - 9x =051)
Sato Factor
(1970) 1909-1960 Augmenting 05-07 - 20 10
Panik Factor . _
(1976) 19291966 | augmenting 0.76 Labor saving (gy, - g =027)
Berndt :
? - -
(1976) 1929-1968 Hicks-neutral | 0.96-1.25 7
Kalt Factor
(1978) 19291967 | pugmenting 0.76 - 22 0.01
Antras 1051966 H|cllzs-neutral 0.941.02 114 - -
2003 actor- . -
(2009) augmenting 08 Labor saving (g - 9 =3.15)




Table 2.

Recent empirical studies of aggregate elagticity of substitution in different countries

. Estimated Elasticity
. Sample Assumption For ST
Sudy Countries (Frequency) Technological Change Of Subzututlon.
Lewisand Kirby . 1967-1987 .
(1988) Australia (Weekly) Hicks-Neutral 0.78
Easterly and Fischer ; . 1950-1987 e
(1995) Soviet Union (Annual) Hicks-Neutral 0.37
Panel of 17 OECD 1966-1996 .
Andersen et al. (1999) countries (Annual) Hicks-Neutral 112
Austria 0.24
Belgium 0.78
Germany 0.53
Denmark 0.61
$pai n 1
Bolt and van Els Anland 1971-1996 i Newtra 2%
(2000) Italy (Quarterly) 052
Netherlands 0.27
Sweden 0.68
UK 0.6
us 0.82
Japan 0.3
Duffy and 82 developed and 1960-1987 .
Papageorgiou (2000) developing countries (Annual) Hicks-Neutral 14
Ripatti and Vilmunen Finland 1975-1999 Factor 06
(2001) (Quarterly) Augmenting
Harrod Neutral 0.37Infinity
Willman (2002) Euro area (ngzgtlegr?7) Hicks Neutra 066-2.23
y Solow Neutral 0951.05@
us 115
Berthold et al. (2002) Germany (Selra?-%ﬁgngt?al) Harrod-Neutral 145
France 201
: Panel of 13 industries
Bertolilaand . 1972-1993
. in12 Harrod-Neutral 1.06
Saint-Paul (2003) OECD countries (Annual)
McAdam and 1983-1999 .
Willman (20044) Germany (Quarterly) Hicks Neutral 0.7-1.2
Note:

(@) In the light of statistical criteria, Solow Neutral was preferred since, for Hicks- and Harrod-Neutral
cases elasticity estimates were highly unstable (being strongly sample dependent).
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Table 3. Egimation of Supply-Side

(Labor Input: Employed persons, Labor Income: Proprietors income set at 67%)

Constant Factor-Augmenting Technical

Time-Varying Factor-Augmenting Technical

Growth Growth (BoxCox Case)
GRAPHS 1.1 1.2 13 13KMENTA
(Local Optimum) (Global Optimum) (Global Optimum) (Global Optimum)

A 1.000 1.030 1.027 1.027
(0.014) (0.017) (0.011) (0.012)

0.221 0.219 0.219 0.219

P (0.010) (0.009) (0.010) (0.010)

g 0.017 -0.248 0.016 0.016

N (0.001) (0.141) (0.001) (0.001)

| 1.000 0538 0.609

N (—) (0.120) (0.137)

0.004 0.944 0.002 0.003

9k (0.001) (0.488) (0.001) (0.001)

| 1.000 -1.028 -0.835

K (=) (0.460) (0.502)

s 0.600 0.999 0.639 0.707
(0.014) (0.001) (0.032) (0.036)

. 1.039 1.041 1.042 1.040
(0.014) (0.014) (0.014) (0.015)

dogy,, _

W| t=t, 0.017 -0.248 0.016 0.016
dd%| t=t, 0004 0944 0002 0003
TFP 0.014 0.014 0.013 0013
LogLik. -18.039 -18.157 -18.714 -18.718
ADFy -2.880 -3.350 -3.340 -3.460
ADFy -3.550 -3520 -3530 -3520
ADFy -2.440 -2.000 -2.480 -2.470

Note: Standard Errorsin parenthesis.
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Table 4. Egimation of Supply-Side

(Labor Input: Employed persons, Labor income: Self-employed labor share)

Time-Varying Factor-
Augmenting Technical

Constant Factor- Time-Varying Factor- Growth (BoxCox Case)
Augmenting Technical Augmenting Technical With
Growth Growth (Box-Cox Case) Logarithmic Capitd-
Augmenting Technical
Growth
21 2.2 23 2.3 24 2.4
GRAPHS (Local (Global (Global K ('\é:fo';;A (Global K?éﬁ)’;;A
Optimum) Optimum) Optimum) Optimun) Optimum) Optimum)
A 1.000 1.039 1029 1.029 1.029 1.028
(0.014) (0.016) (0.012) (0.012) (0.012) (0.013)
p 0.221 0.220 0220 0.220 0221 0220
(0.009) (0.009) (0.010) (0.010) (0.010) (0.010)
g 0.017 -0.198 0.015 0.015 0.015 0015
N (0.001) (0.113) (0.001) (0.001) (0.001) (0.001)
| 1.000 0461 0.531 0.428 0557
N (=) (0.153) (0.188) (0.142) (0.131)
0.004 0.768 0.004 0.005 0.004 0.005
9k (0.001) (0.384) (0.001) (0.002) (0.002) (0.001)
| 1.000 -0.253 0.219 0.00 (a)
K (=) (0.371) (0.653) (—)
s 0.467 0.997 0592 0.677 0.579 0.69%5
(0.007) (0.003) (0.021) (0.028) (0.021) (0.027)
m 1.039 1042 1042 1.040 1.042 1040
(0.012) (0.012) (0.012) (0.013) (0.012) (0.013)
d gN |t -
dt 0.017 -0.198 0.015 0.015 0.015 0015
d9¢ [t=t
dt 0.004 0.768 0.004 0.005 0.004 0.005
TFP 0.014 0.014 0013 0.013 0.013 0013
Log Lik. -18.131 -18414 -18.836 -18.835 -18.825 -18.833
ADRy -2.460 -3.140 -2.810 -2.840 -3670 -2.850
ADR¢ -3.610 -3.540 -3.570 -3.560 -3.580 -3560
ADFy -2.230 -1.660 -2.400 -2.370 -2.380 -2.380

Note: Standard Errorsin parenthesis. (a) We imposed a value of —0.001 for | k Which proved, within our sample, to
give aclose enough approximation to logarithmic function since avalue of zero renders the equation indeterminate;

F Aze -0001 &
N . T gt &tu U
thus, we employ the approximation of the functiong In (t - t) by
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Table 5. Egtimation of Supply-Side
(Labor Input: Hours, Labor Income: Sdf-employed labor share)

Time-Varying Factor-
Augmenting Technical
Constant Factor- Time-Varying Factor- Growth (BoxCox Case)
Augmenting Technical Augmenting Technical With
Growth Growth (BoxCox Case) Logarithmic Capital -
Augmenting Technical
Growth
3.3 34
31 3.2 33 34
GRAPHS (Loca (Global (Globa K('\c";i';‘LA (Globa K%E)’E;A
Optimum) Optimum) Optimum) Optimun) Optimum) Optimum
A 1.000 1.040 1029 1.030 1.029 1029
(0.012) (0.011) (0.008) (0.008) (0.008) (0.009)
0.221 0.219 0221 0.221 0221 0219
P (0.009 (0.009) (0.009) (0.010) (0.009) (0.009)
g 0.021 -0.198 0019 0.019 0.019 0019
N (0.001) (0.116) (0.001) (0.001) (0.001) (0.001)
| 1.000 0545 0.611 0533 0671
N (= (0.075) (0.100) (0.079) (0.080)
0.004 0.785 0.003 0.005 0.004 0004
Ik (0.001) (0.397) (0.001) (0.001) (0.000) (0.001)
| 1.000 -0.175 0.880 0.00 (@
K =) (0317) (0.873) (=)
S 0.485 0.997 0544 0.651 0.541 0.6%4
(0.009) (0.003) (0.019) (0.028) (0.019) (0.029)
n 1.039 1043 1043 1.039 1043 1039
(0.012) (0.012) (0.012) (0.012) (0.012) (0.012)
I
dt o 0.021 -0.198 0019 0.019 0.019 0019
d g« |t _
dt 0 0.004 0.785 0.003 0.005 0.004 0004
TFP 0.017 0.017 0.016 0.016 0.016 0.016
Log Lik. -18.341 -18.982 -19.338 -19.328 -19.331 -19.298
ADRy -2.504 -3.152 -3.621 -3.474 -3.653 -3.39
ADF¢ -3.612 -3542 -3581 -3571 -35838 -3553
ADK -2.317 -2.338 -3.175 -3.105 -3.163 -3.133

Note: Standard Errorsin parenthesis. (a) We imposed avalue of —0.001 for | , which proved, within our sample, to
give a close enough approximation to logarithmic function since avalue of zero renders the equation indeterminate;
g t— %t l:l 0.001 U
thus, we employ the approximation of the function g ¢ In(t - f) by —K__a— " -13.

- 0.001 gt H g
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Table 6. Estimation of Supply-Side
(Labor Input: Quality-adjusted hours, Labor income: Self-employed labor share)

Constant Factor-Augmenting

Time-Varying Factor-
Augmenting Technical Growth

Time-Varying Factor-
Augmenting Technical Growth
(BoxCox Case)

Technica Growth With
(Box-Cox Case) L ogarithmic Capital-
Augmenting Technical Growth
41 42 43 4.3 4.4 4.4
GRAPHS (Loca (Globa (Global K ('\él'i';;A (Globa K('\ég;';A
Optimun) Optimum Optimum) Optimum) Optimum) Optimum)
A 1.000 1.040 1.029 1.029 1.029 1.029
(0.012) (0.007) (0.006) (0.006) (0.006) (0.007)
p 0.222 0.219 0221 0222 0222 0221
(0.009) (0.009) (0.009) (0.009) (0.009) (0.009)
g 0.017 0.210 0.015 0.015 0.015 0.016
N (0.001) (0.121) (0.000) (0.000) (0.000) (0.000)
| 1.000 0439 0.499 0427 0.562
N (— (0.076) (0.090) (0.083) (0.082)
0.004 0.813 0.004 0.004 0.004 0.004
9k (0.002) (0.416) (0.001) (0.001) (0.000) (0.001)
| 1.000 0.118 0.866 0.00 (&
K =) (0.336) (0.583) =)
S 0.509 0.998 0.556 0.605 0.557 0.642
(0.012) (0.002) (0.018) (0.019) (0.018) (0.024)
08 1.038 1.043 1.042 1037 1.042 1.038
(0.012) (0.012 (0.0112) (0.012) (0.012 (0.012
49y |t=t
dt 0.017 0.210 0.015 0.015 0.015 0.016
d9¢ [t=t
dt 0.004 0.813 0.004 0.004 0.004 0.004
TFP 0.014 0.014 0.013 0.013 0.013 0.013
Log Lik. -18.365 -19.408 -19.618 -19.633 -19.614 -19.577
ADRy -2.500 -3.170 -4.310 -4.050 -4.360 -3.880
ADRK -3.610 -3.540 -3.580 -3.570 -3.580 -3.550
ADK, -2.150 -3.140 -3.960 -3.880 -3.970 -3.840

Note: Standard Errorsin parenthesis. () We imposed avalue of —0.001 for |  which proved, within our sample, to
give aclose enough approximation to logarithmic function since a value of zero renders the equation indeterminate;

thus, we employ the approximation of the functiong In (t - f) by

27

gKf %t 9-0.001
- 0001

oEc




12

1.0

0.8

0.6

0.2

0.78

0.77

0.76

0.75

0.74

0.73

0.72

0.71

0.8

0.6

0.4

0.2

0.0

-0.2

Notes: For the employment series we have three measures (8) employed persons (b)

FIGURE 1.

Production, inputs, factor-income shares and markup

Production, capital stock and labour input (a,b,c)

Production
Capital stock
Labour input (a)
Labour input (b)
Labour input (c)

rTTT T T T T T T T T T T T T T T T T T T TT T T T T T TT T T T T T T T T T T TT T 1T
1953 1956 1959 1962 1965 1968 1971 1974 1977 1980 1983 1986 1989 1992 1995 1998

Labour-income share

—— L-share (b)
- L-share (a)
LU A A A A A A A A A O
1953 1956 1959 1962 1965 1968 1971 1974 1977 1980 1983 1986 1989 1992 1995 1998
Labour, capital and markup shares
P
—— L-share (b)
/ \\ 7\ _7 \ —  K-share
N_ -7 IN I\~ \ ~— e~ _ - Markup
-~ \ ~=
-/ ~7 - /\/
e /~
~_, - \/A _ r N ——_-——
N7 T N 7
\' N V]

L AN JN R O O N A N R A N A N O B O O N A I O A I O
1953 1956 1959 1962 1965 1968 1971 1974 1977 1980 1983 1986 1989 1992 1995 1998

worked, (C) congtant labor quality index.

28

hours



Graphs 1.1: Congtant Factor-Augmenting Technical Growth
(Labor Input: Employed persons, Labor Income: Proprietors income set at 67%)

(Local Optimum)
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Graphs 1.2: Congtant Factor-Augmenting Technical Growth
(Labor Input: Employed persons, Labor Income: Proprietors income set at 67%)

(Global Optimum)
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Graphs 1.3.: Time-Varying Factor-Augmenting Technical Growth
(Box-Cox Case)
(Labor Input: Employed persons, Labor Income: Proprietors income set at 67%)

(Global Maximum)
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Graphs 1.3. (Kmenta Case): Time-Varying Factor-Augmenting Technical Growth
(Box-Cox Case)
(Labor Input: Employed persons, Labor Income: Proprietors income set at 67%)

(Global Maximum)
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Graphs 2.1: Congtant Factor-Augmenting Technical Growth
(Labor Input: Employed persons, Labor income: Self-employed labor share)

(Local Optimum)
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Graphs 2.2: Congtant Factor-Augmenting Technical Growth
(Labor Input: Employed persons, Labor income: Sdf-employed labor share)

(Global Optimum)
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Graphs 2.3: Time-Varying Factor-Augmenting Technical Gr owth (Box-Cox Case)
(Labor Input: Employed persons, Labor income: Sdf-employed labor share)

(Global Optimum)
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Graphs 2.3 (Kmenta Case): Time-Varying Factor-Augmenting Technical Growth (Box-Cox
Case)
(Labor Input: Employed persons, Labor income: Self-employed labor share)

(Global Optimum)
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Graphs 2.4: Time-Varying Factor-Augmenting Technical Growth (Box-Cox Case)
With Logarithmic Capital-Augmenting Technical Growth
(Labor Input: Employed persons, Labor income: Sdf-employed labor share)

(Global Optimum)
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Graphs 2.4 (Kmenta Case): Time-Varying Factor-Augmenting Technical Growth (Box-Cox
Case) With Logarithmic Capital- Augmenting Technical Growth
(Labor Input: Employed persons, Labor income: Sdf-employed labor share)
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Graphs 3.1: Congtant factor-augmenting technical growth
(Labor Input: Hours, Labor Income: Sdf-employed labor share)

(L ocal Optimum)
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Graphs 3.2: Congtant Factor-Augmenting Technical Growth
(Labor Input: Hours, Labor Income: Sdf-employed labor share)

(Global Optimum)
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Graphs 3.3. : Time-varying factor-augmenting technical growth (Box-Cox case)
(Labor Input: Hours, Labor Income: Sdf-employed labor share)

0.075

0.050

0.025

0.000

-0.025

-0.050

-0.075

(Global Optimum)

Properties of the supply-side system

L-share residuals (ADF(2)=-3.62)
sigma = 0.54

1058 TIET T TG TIJGIT IR TIAE T I TTIGRT TIhd T 16D TIghd T IhY

K-share residuals (ADF(0)=-3.58)
sigma=0.54

0.0

02 4

04 4

06

08 4

0.048

0.032

0.016

0.000

-0.016

-0.032

-0.048

-0.064

Production function residuals (ADF(2)=-3.18)
sigma =0.54

AT

| VV\\/\W

1953 ' 1957 1961 ' 1965 1968 ' 1975 1977 ' 1981 T1983 " 1985 " 1953 T 1967

41

Technical progress, log-levels
sigma =0.54

0.0

02

04

0.040

0.035

0.030

0.025

0.020

0.015

0.010

0.005

0.000

-19.200

-19.225

-19.250

Likglihood valug

-19.350 4
-19.375

-19.400
0.

—— TP — - Laugening —— Kaugmening

Growth contributions of technical progress
sigma =0.54

19.275

9.300

19.325

1955 11957 ' 1961 | 1965 ' 1969 ' 1975 ' 1977 1981 ' 1985 ' 1989 ' 1993 ' 1997

[— e = = tagmeiange  —  Kaugnichange)

Scatter plot (Sigma, Likelihood): Local Minima




Graphs 3.3. (Kmenta Case): Time-varying factor-augmenting technical growth (Box-Cox
case)
(Labor Input: Hours, Labor Income: Sdf-employed labor share)
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Graphs 34. : Time-varying factor-augmenting technical growth (Box-Cox case) with
logarithmic capital - augmenting technical growth.
(Labor Input: Hours, Labor Income: Sdf-employed labor share)
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Graphs 3.4. (Kmenta case): Time-varying factor-augmenting technical growth (box-cox

0.06

case) with logarithmic capital - augmenting technical growth.
(Labor Input: Hours, Labor Income: Sdf-employed labor share)
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Graphs4.1: Congtant factor-augmenting technical growth
(Labor Input: Quality-adjusted hours, Labor income: Self-employed labor share)

(Local Optimum)
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Graphs4.2: Congtant Factor-Augmenting Technical Growth
(Labor Input: Quality-adjusted hours, Labor income: Self-employed labor share)

(Global Optimum)

Properties of the supply-side system

L-share residuals (ADF(2)=-3.17)
sgma =09%8

0024

0012

mA M P/\/\/\

-0000

0012 =

-0024 =

003 =

0048

K-share residuals (ADF(0)=-3.54)
Sgma = 0998

00

02 4

04 o

06 o

08

Production function residuals (ADF(2)=-3.14)
Sgra=09%8

008

0032 -

0016 -

\/\ /\\/\/\ Na

0000

0016

0032 =

0048 =

AR AWER

0084

L L
1963 1057 1961 195 1960 1973 1977 1981 1085 1089 198 1997

Technical progress, log-levels
sgma=09%8

025

050

LI
1953 19560 1950 11963 1965 1968 1971 1974 1977 1960 1963 1986 1989

TTITTITTITTT
192 19% 1998

Growth contributions of technical progress
Sgma=09%8

00225

00200 o

007 o

00150

00125 o

00100 4

Likelihood value

TTTTITTTITTTrT
1958 1957 1961 1965

L
1981 198 1989 198 1997

Scatter plot (Sigma, Likelihood): Local Minima
o
a
q
04 05 06 07 08 09 10 11



Graphs4.3. : Time-varying factor-augmenting technical growth (Box-Cox case)
(Labor Input: Quality-adjusted hours, Labor income: Sdf-employed labor shar €)
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Graphs4.3. (Kmenta Case): Time-varying factor-augmenting technical growth (Box-Cox
case)
(Labor Input: Quality-adjusted hours, Labor income: Self-employed labor share)
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Graphs4.4. : Time-varying factor-augmenting technical growth (Box-Cox case) with
logarithmic capital - augmenting technical growth.
(Labor Input: Quality-adjusted hours, Labor income: Self-employed labor share)
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Graphs4.4. (Kmenta case): Time-varying factor-augmenting technical growth (box-cox
case) with logarithmic capital - augmenting technical growth.
(Labor Input: Quality-adjusted hours, Labor income: Self-employed labor share)
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Appendix One: Normalization

Fom (2) and (3), it fdlows immediady that a the point in time of reference t=t, the
expresson (6) must hold.

Next, the factor income share ratio is cdculaed and a the point of reference set equd to
the basdine values

N LT
TF/MNi=, _Wo gEto No2  wNg _1-pg

TF/Kizt, o 'gEt': KOi QoKo  Po

1
a-p,07 KES
Thisleadsto the following expression for E)':E;) =¢ Po? o5, .
e P o No
Findly, tota output according to (1) is cdculaed at the point of reference and st equd to

the basdine vaue, leading to:

. 1
= r

Yo =[(E No) " +(Ef Ko) '] ={[§‘bp°§ KGESTT + (KoES) T and
o _&-p,0 . .
Yo' = = (K KEX)" .

0 gpo Q( OE[o) +( 0 to)

With the help of this expresson, one obtains (4) and (5).

51



Appendix Two: Recursive Estimation

To provide further evidence on the empiricd application of the Normdization gpproach, we
perform recursve edimaion of our upply-sde sysem (specificdly, the following results refer
to our preferred soecification 24). We condgder two exercises fird, to estimate incrementally
(i.e, recursvely) specification 24 where the fixed points and the scde parameter (A) are
determined or egtimated within each rolling sample; second, where these vaues are fixed a ther
full-sample values.

FiglA embodies the time-varying sub-sample fixed points. We can see that the system
embodies good convergence properties — tha is to say, the recursve vadues converge very
quickly to ther longrun vaues especidly the technicd progress parameters. For example,
S darts a 0.9 but exhibits theresfter a smooth downward profile towards a vdue of around 0.7 in
the 1980s and then around mid-1990s it Starts to dip to a lower vaue, this may represent a new
regime or some protracted mean-reverson. So it may indicate that the late 1990s was somehow
exceptiond (either permanent or temporaily).

Notably the Scde parameter (A) hes an upward trend, which mirrors inversdyS . A
plausble explanation is that this rdates to the non-linearity which becomes dronger the more
dgma edimates deviates from unity. When S in the early part of the edimation sample (close to
unity) then also as expected scale parameter (A) is closeto unity.

Now we look a Fig 2A (dngle full sample fixed-point average). Here, we derive more
precise edimates from this procedure. Initid estimaes coser to thar full-sample ones
unsurprisng snce we use more information. The parameter S converges from 0.9 to 0.6 dbeit
in a rather bumpy manner which appears to reate to the firg oil crigs. A plausble explanation §
that the data features around the firg oil shock did not reflect devdopments in the rest of the
sample. Neverthdess, the recursve procedure tries hard to fit this movement in the data (this
aopears inconsgent with this full-sample fixed point which captures (as desred in modding the
economy’s long-run productive potentid) the truly long-run features. This movement can dso be
seen in the other parameters.

The names in the below graphs correspond to the symbols as beta (p), &a (), gamma

(9n), kamma (g ), laml (1 ), scale (A) and sigma (s ).
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Figure. 2A. Recursive Estimates
(Time-Varying Sub-Sample Dependent Fixed-Point)

Recursive Parameters of the Supply-Side System
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Figure. 2B— Recursive Estimates
(Sngle Full-Sample Dependent Fixed-Point)

Recursive Parameters of the Supply-Side System
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