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Abstract

The fact that factor shares change over time was well-established by a substantia literature
thirty to forty years ago, yet the systematic tempora variation in factor shares hasreceived little
attention. The chapter explores the macroeconomic behavior and implications of share-dtering technica
change. For the sake of andytica tractability, the analysisis restricted to the smple case of Cobb-
Douglas production, but even in such aredtricted framework a number of intriguing results are obtained.
Share-dtering technica change offers explanations for severd seemingly unrelated phenomena: the
Luddite uprisngsin early 19th England, the widening gap between skilled and unskilled wagesin the
U.S,, and the failure by many underdeveloped countries to adopt recent technologica advances. Also,
share-dtering change can make totd factor productivity amideading indicator of both the direction and
magnitude of technica progress. In the short run, share-atering technica change can produce a non-
monotonic adjustment path of output. In the long run, share-atering technical change tends to be sdlf-
perpetuating. Also, athough there can be no balanced growth in the presence of share-dtering
technica progress, growth nevertheless can be asymptotically baanced. Findly, share-dtering
technical change raises doubts about the plausibility of some endogenous growth models.



I Introduction

This chapter examines some implications of technica change that dters the relative shares of
output accruing to the factors of production. Thistype of technica change was studied extensvely in the
first “golden age’ of growth theory (after Solow-Swan to about 1980) but until very recently has been
largdly ignored in the theoretica literature of the second golden age (the post-Romer literature on
endogenous growth), which generdly treats technical change exclusvely as an increase in tota factor
productivity. Smilarly, in the red business cycle literature, productivity shocks aways take the form of
changesin thetotd factor productivity coefficient in front of the production function; factor shares are
assumed unchanged.

There are at least two reasons why share-neutral technical change seems likely to bethe
exception rather than the rule. The firgt isthe nature of the production function itsalf. A production
function is merdy amathematicaly convenient way to express the relaion between output on the one
hand and factors of production on the other. Technical change by definition dtersthat relation. There
seems no reason whatsoever to assume a priori that such achange in the production function is
confined to only one of the function’s parameters, and changes in parameters other than the neutra TFP
coefficient generdly dter factor shares?

The second and more important reason for doubting share-neutrality of technica changeis that

the data show systematic changes in factor shares over time, afact that has been known for severd

'For example, in the CES production function
Y = A[aF¥ +(1-a)L¥ ¥
changesin a@ther a or {r alter factor shares.



decades®. An example of this“old knowledge’ is given in Table 1, which is taken from Sato (1970) and
reports capital’ s share in the private non-farm sector of the US economy over the period 1909-1960.
Figure 1 plots the data and shows quite clearly that physicd capitd’ s share of output fluctuated
congderably from year to year and followed an overal downward trend over the entire period.
Capitd’ s share has a maximum of 0.397 and a minimum of 0.301, nearly a 33 percent increase from
the minimum to the maximum, alarge swing for a number that congtitutes the exponent of the Cobb-
Douglas production function. The time trend is Satigticdly sgnificant. Regressing thelog of capitd’s
share on timeyieds

logz, = 156048 - 0.00137¢
(0.56785)  (.00050)

where « is cgpitd’ s share and numbers in parentheses are standard errors. The p-vaue of time's
coefficient is 0.0085. In addition, there isa great deal of fluctuation about the trend, asindicated by the
adjusted R-sguared value of only 0.113. These data blie the oft-heard assertion that “ capital’ s shareis
roughly congtant at about thirty percent”; capitd’ s share quite clearly is not constant over either the
short run or the long run. Sato and Hoffman (1968) present data for Japan over the period 1930-1960;
the regression coefficient of capitd’s share on the log of time is-0.039 with a standard error of 0.014
(p-value of 0.0094) and an adjusted R-squared of 0.189. Goldberg’s (1964) data for Canada over the
period 1926-1958 give aregression coefficient on time of -0.0039 with a standard error of 0.0017 (p-

vaue of 0.025) and an adjusted R-squared of 0.124. Schultze (1964) provides further evidence of

’Asfar as| cantell, Solow (1958) was the first to point out the tempora variability of factor
shares.



congderable short-run variation in U. S. factor shares over the period 1922-1959. More recent data
confirm that intertempora variability in factor shares continues to the present. Kahn and Lim (1998)
show that the shares of equipment, production workers, and non-production workersin the U.S. dl
have trends and variation about those trends over the period 1959-91. Krueger (1999) shows that raw
(or unskilled) labor's share in the U.S. has falen by about haf over the past sixty years. Blanchard
(1997, 1998) finds that capitd’ s share in Europe has been smilarly varigble, faling before the mid-
1980s and then rising sharply thereafter in many European countries. We have more than just smple
datistics showing changes in cgpitd’ s share. A wide range of forma econometric investigations finds
capital and labor shares changing over time. Sato and Kendrick (1963), David and Klundert (1965),
Sato (1970), Sato and Hoffman (1968), to name afew, do so by estimating production functions;
Binswanger (1974), Stevenson (1980), and Kumbhakar and Lozano-Vivas (2002) reach the same
conclusions by estimating cost functions. Findly, the past thirty years or so in the US have seen alarge
increase in killed labor’ s output share at the expense of unskilled labor’ s share (Bound and Johnson,
1995)3, Factor shares clearly are not constant, even approximately.

The present chapter takes share-dtering technica change as exogenous and anadyzes some of
its macroeconomic implications. The discusson begins with an examination of the effects of share-
dtering technica change on the economy's steady state and the properties of the dynamic adjustment

path. The conditions under which a share-dtering technica change will be adopted are discussed.

3Katz and Murphy (1992), among others, document that the wages of skilled workers have
increased relative to those of unskilled workers. Bound and Johnson (1995) show that the supply of
skilled workers dso has increased relative to that of unskilled workers, thus establishing that skilled
workers income share has risen relaive to that of unskilled workers.
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Share-dtering change can produce adjustment paths for output that are not monotonic. In particular,
share-dtering technicd change that is beneficid in a present value sense nonethel ess can cause output to
fdl initidly. Thisbehavior contrasts sharply with that implied by technical progress that raises only totd
factor productivity. That kind of progress necessarily produces monotonic adjustment paths for outpuit,
a least in the ample kinds of models considered here. It aso is shown that, when technicd progress
includes dements that ater factor shares, totd factor productivity can fal (rise) as the result of technica
change that raises (lowers) aggregate output, suggesting that totd factor productivity may be arather
poor indicator of technica progress. Share-atering technical progress aso tends to be sdif-
perpetuating. Technical change that raises afactor's income share leads to an increase in that factor
relative to other factors. That increase in turn makes further increasses in the same factor's share more
vauable. Findly, the growth implications of share-atering technica progress are examined. It is shown
that such progress is capable of generating sustained growth of output that is asymptotically balanced”.
The limiting growth rate may be self-perpetuating because the limiting production function appearsto be
of AK form. The growth discussion raises interesting questions about the structure of the R& D sector

of the economy.

“An enormous early literature examined the origins and extent of biased technical progress,
beginning with Kennedy (1964). The recent shift in relative wages for skilled and unskilled labor in the
U. S. hasrevived research into biased change. Casdlli (1999), Kiley (1999), and Acemoglu (2003)
exemplify recent theoretica investigations. Some investigators, such as Borjas and Ramey (1994) and
Dinopoulos, Syropoulos, and Xu (1999), argue that changes in the pattern of trade explain the relative
wage shift between skilled and unskilled workers.  Although possibly true, that explanation begs the
question of why trade patterns have shifted. Apparently, the ultimate explanation must be changesin
technology, government intervention, or tastes. Baldwin and Cain (2000), Harrigan and Balaban
(1999), and Bartel and Sicherman (1999) are among those providing evidence that technica change
explains the relative wage shift.



An interesting aspect of the andys's suggesting the importance of share-dtering technica
change in economic life is that the theory offers a unified explanation for severd quiet unrelated events.
the Luddite uprisings of early 19th century England, the changes in relative wages of U.S. killed and
unskilled workers in the late 20th century, and the failure of some countries, notably underdevel oped
ones, to adopt the latest technologica breakthroughs and instead to continue using outmoded

production methods.

II. General Model Specification

We will confine attention to a one-sector modd of find output Y produced by three factors of
production: labor L, capitd K, and human capita H. With human capita entering as a separate factor
of production, we should interpret L as (man hours of) raw or unskilled labor. In al that we do,
production will be Cobb-Douglas:
(D) Y = F&,LH)

= AF=gPrl-a-B

where «, 3, and 1- -3 are the income shares of K, H, and L, respectively. We assume constant
returnsto scale, so 0 < «, B, a+P < 1. The use of Cobb-Douglas production to discuss variable factor
shares may seem surprising; the usua assumption with Cobb-Douglas is that shares are congtant.
Samuelson (1965), for example, begins his discusson of induced innovation with the Cobb-Douglas
case and imposes without discussion the redtriction that factor shares are constant, and Duffy and
Papageorgiou (2000) do the same thing. However, the Cobb-Douglas specification does not require

congtancy of shares. Indeed, Sato and Beckmann (1968) study production functions in Germany,



Japan, and the United States and find that a Cobb-Douglas function with time-varying factor sharesis
acceptable for al three countries. For Japan, it even offers the best fit among the fourteen types of
production function considered. Given these results, the use of Cobb-Douglas production with changing
factor shares in the following theoretica discussion seems not at al unreasonable®. Those skepticd of its
vadidity can take its use here as amathematica convenience; many of the results derived below
goparently would carry over to more complex specifications, such as the CES function.

The accumulation equations for K and H are

) dKidt = I- 3K
3) dHidt = Iy~ 3H

where I and I,; areinvestment in K and H and mugt satisfy the usud condtraints

(4) 0sIps Y
©®) 0<lg<?¥
(©) 0<Iptlys ¥

The representative household seeks to maximize its utility subject to the appropriate congraints.

In generd, utility would depend on both consumption and labor and aso possibly human capital.

A number of early studies (e.g., Sato, 1970) present evidence that the elagticity of substitution
is less than one, which would rule out the Cobb-Douglas function. However, those sudies dl fal to
distinguish between raw labor time and human capitd, attributing al labor income to man-hours. I
human capitd were lumped with physica capitd rather than with man-hours, the estimated dadticity of
substitution would rise substantidly. Duffy and Papageorgiou (2000) recently have presented evidence
rgjecting the Cobb-Douglas function for many countries, however, they consder only a specification
with fixed factor shares. 1t thusis not clear that the Cobb-Douglas function isruled out by existing
evidence.



Allowing varigble labor complicates the anayss without adding any ingght, so to keep thingsasample
as possible, we suppose that |abor is fixed (no variation in household hours and aso no population
growth). Similarly, including human capitd in the utility function adds andlytica complications but not
ingght. We therefore treat utility as afunction of consumption done. The household's maximization

problemthenis
(7 max j‘U(C")e " Pt
Clalyy
subject to (2)-(6) and to the overall budget congtraint
(8) 0 =Y-C-Ip-Ig
and the bounds on consumption
©) 0<C=<?Y
Although (9) permits the corner solutionsof C=0and C =Y, dl interesting behavior that we shdll
andyze occurs in the interior, so henceforth we will ignore the possibility of corner solutionsin C.

Corner solutions in the two investment quantities I, and 1, however, remain important, and we will

consider them where necessary.

I11. Two Factorsof Production

The generd mode has two Sate variables, K and H, so its behavior is rather complex. We
therefore begin by restricting attention to the specid case where K and H are lumped together into a
single aggregate (which will be denoted by K). Mathematicdly, we can achieve this reduction in
dimenson smply by setting 3 equal to zero. The model then reduces to the standard Cass growth

mode with growth restricted to zero because there is no population growth or exogenous technical
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progress. This smplification will alow usto derive some sharper results concerning the system's
dynamics than in the generd modd, and in any case this smpler modd iswidely used in much of
macroeconomic andys's, S0 sudying it in some detall is worthwhile. We will examine the three-factor
mode |ater.

The production function now is.
(10) Y = AR*L!"®
We can use equation (8) to solve for I in terms of everything else and rewrite equation (2) as
(11) dKi/dt = FE,Ly-C-8K
The current value Hamiltonian is
(12) V=UQC)+y[FE,L)-C-38K]

where | is the cogtate variable. The necessary conditions are

(13) dKidt = aVioy = F(K,Ly-C-8K

(14) dp/dt = -IVIOK +py = —Y[eAR* 1L1-% —(p+8)]
(15) VAC = 0 = Up-p

(16) K, given

(17) Emmtxta-w =0

We obtain the equilibrium loci from these conditions in the usua way and so do not dwell on the details
of their derivation. The phase diagram is shown in Figure 2. The equilibrium locus for capitd (dK/dt =
0) isgiven by

(18) 0 = ARSL)"*-C@)-8K



where C({r), obtained from the first-order condition (15), is the function relating consumption to the
codtate variable ¢ and having a negative first derivative: C(yr) < 0. The equilibrium locus for the
costate variable (dy/dt = 0) isgiven by

(19) 0 = wAR*"IL1"®-(p+d)

from which we obtain the steady state value of K:

(=)

As aways, approach to the steady state is monotonic.

(20)

1
X" = l-ep

[11.A. Pure Share-Altering Technical Change.

Let usnow congder atechnica invention aters only the factor shares, leaving tota factor
productivity A the same. In particular, suppose an invention is discovered that raises o°. Will the
invention be adopted? To decide, we examine the effect of anincreasein o on the path of output. The
impect effect on Y of anincreasein « isthe changein'Y induced by achangein o while kegping K at
itsinitid levd K,:

(21) o¥dx = AR°L'"*m(X/L)

Y (X/L)

20 as WEILYZ 0

The dynamic effect on Y takes into account the change in the steady state value of Y brought about by

the change in K:

®Resuts for the case where the invention reduces o are completely symmetric to those
discussed here.



(22) dVide = (1-a) LAR°LY *[1 +m&/L)]

= (1-e) 'P[1 +ka (KIL)]

20 ar 1+h@®IL)Z 0
Clearly, 0¥/0e < d¥/dw, so there are three cases to consider: (i) 0 < 9¥0e, d¥dw, (i) o¥ow <0
< d¥lde, and (jii) 0¥0w, d¥/de < O.

In case (i), theinvention awaysis adopted. Anincreasein o raises K*, causing the dy/dt=0
locus to shift to the right”. Because 9Y/de. > 0 in case (i), it is straightforward to see from (18) that the
dK/dt=0 locus shifts down. We have the stuation shown in Figure 3. The steedy state moves from
point E, to point E;, a which the capital stock is higher and  islower (and therefore consumption Cis
higher) than origindly. The exact dynamic adjustment path that will be taken to the new steady dateis
unclear. It could be that, immediately after the invention is adopted, Y jumps up (C jumps down) and
the upper path P, isfollowed, or it could be that { jumps down (C jumps up) and the lower path P, is
followed. Which path is taken depends on the magnitudes of the production and utility function
derivatives and of the other system parameters, but in any case adoption of the invention is optimal®.

Also, output goes monotonically to its new steedy Stete vaue.

"The derivative of K* with respect to «, obtained from (20), is.

% - (]

o 1-e
The term in brackets exceeds 1+ In(K/L) because o > 1. We are assuming that 0Y /0o > 0, which
requires 1+ In(K/L). Consequently, oK*/da. > 0.

8See the Appendix for the proof.
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The invention is never adopted in case (jii). Output and consumption are lower aong the entire
adjustment path, so utility is unambiguoudy reduced by adoption.

More interesting is case (i), where adoption initidly reduces output but ultimatdy raisesit. In
this case, anincrease in o shifts the dK/dt=0 locus up, and we have the Stuation shown in Figures 4
and 5. Figure 4 is drawn with the new steady state value {r, of the codtate variable above the initid
vaue r,. Thevaue of § isabove Y, dong any possible dynamic adjustment path, meaning that
consumption and thus utility are dways lower than they were before adoption. Adoptionis
unambiguoudy suboptima. Another possibility, however, is shown in Figure 5, where {r, isbelow r,
implying that consumption and utility eventually exceed their pre-adoption levels. If the eventud
increase in utility is great enough to dominate the early decline, adoption will be optima. For adoption
to be optimd, adoption must increase lifetime utility:
(23) ~ -
fU[C'(ﬂI.)]e""dt > fU[C(%}]e""dt
0 0
_ UIC )]
= T
where r, on the right Sde is the pre-invention steady state vaue of ¢ and y, on the left Sdeisthe
current vaue of ¢ asit moves aong the dynamic adjustment path to the new steady state. On the right
sde, we can use (15) to solve for Y, intermsof A, p, 9, L, and «. However, on the left Sde, we must
know the entire path of {r, which requires an explicit formsfor the utility function U. Even then, an
andytic solution usudly is not possble. Nonetheless, there generdly will be situations in which adoption

isoptimal. For such a Situation to arise, the parameters A, p, 6 and « must stisfy the two inequalities

11



that define case (ii):
mE] <p<1+mlE
L L

1
_1<h(£] I-« =]n[£] <
3+p L

which are equivadent to

where we have used (20) to substitute for K/L. In addition, the parameters A, p, 0, L, o, and the
parameters of the utility function must satisfy (23). We thus have atota of three inequdities to satisfy
and many more than three parametersto vary. In genera, we should be able to find combinations that
satidfy dl three inequdities, thus leading to the conclusion that adoption of the invention can be optimal
even though it initidly reduces output, consumption, and utility.

An interesting aspect of this caseisthat, in those Situations when adoption is optimal, output's
path to the new steedy State is not monotonic; Y first declines and subsequently rises. This behavior
contrasts sharply with increasesin tota factor productivity (the coefficient A in our model). In response
to technical progress that raises only TFP, output's path to the new steady state must be monotonic.

Another interesting aspect of share-atering technical changeisthat it tends to be sdf-

perpetuating. For both cases (i) and (i), the capital stock rises if adoption occurs. The changein K

induced by anincreasein o is
&K _ (1 \p|le X
de 1-a @ L
1

: . K
>0 if and only if [E+h(f)l>b

(24)

However,
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Loff] ] o oce

Adoption requires that the expression on the right Side of the foregoing inequality (which determinesthe
ggn of dY/do) be positive, so if adoption occurs, the expresson on the left sSide of the inequality dso
will be positive and K will increase. Because labor is congtant, the increase in K guarantees that the
economy's capital/labor ratio dso rises. Thisrise in K/L makes In(K/L) more positive and so makes
future adoption of the same kind of technica change more desirable. In this sense, technical change that
dters sharesin agiven direction tends to perpetuate itsdf.
[11.B. An Application to Economic History: Luddism.

It ispossblefor anincreasein o to raise total income but reduce labor's income. Labor income
Y* istotd income multiplied by labor's share, (1 - )Y . The derivative of labor income with respect to

ois

o rra-n
de o

Yin(K/L)
Comparing this expression with (22) shows that dY/doc can be positive a the same time that dY'/d is
negative, o that an increasein o can Smultaneoudy raise output and lower [abor income. Intuitively,
the pieisincreased but labor's share is decreased by more than an offsetting amount, leaving labor with
less income even though total income is higher.

This posshility may have characterized England's situation during the famous episode of the
Luddites. The Luddites were textile workers who sporadically destroyed textile machinery in various
English towns over the period 1811-1816, blaming the machines for the prevailing unemployment and

13



low wages. The Luddites usudly are written off in the history books as misguided fanatics, but in fact
they may have been right about the cause of low wages, a least in thar indudtries. If the textile
machines (or perhaps “new and improved” machines that replaced older ones) raised both income and
capitd’ s share, and if the capitd/labor ratio was low, then the introduction of the machines could have
smultaneoudly raised total output and capital income on the one hand and reduced labor’ s income on
the other hand. Indeed, the Luddite uprisings occurred fairly early in the Industrid Revolution, when the
capital/labor ratio was low compared to the levels it subsequently reached, so this story is at least
plausble. The subject merits further examination by economic higtorians.

I11.C. Total Factor Productivity as a Measure of Technical Progress.

In generd, one should expect that ared-world invention generdly would dter dl the
parameters of the production function, not just one. We can cadl this mixed technica change. In our
simple Cobb-Douglas case with two factors of production, there are only two parameters to consider:
total factor productivity A and capital’s share «. The quditative results obtained in section [11.A above
are not dtered by alowing A to change aswell as o, S0 we need not dwel on the mathematica details
here. However, mixed technica change does have an interesting implication for the usefulness of totd
factor productivity as ameasure of technica progress.

Thetotd differentid for Y is

(25) '
dY = (ﬁ] Y{(1/A)IA +[1 +K/[)}de)

20 a dA+A[1+m(K/L)de Z 0
It isimmediately clear that total factor productivity A may be amideading indicator of technica
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progress. It is possble for Y to increase in response to atechnica change even though the change
reduces tota factor productivity. The condition necessary for this outcomeis
(26) dA+A[l +l(K/L)de > 0

~ dA > -A[1 +In(R/L)de
Recdl that for this discusson we are assuming do > 0. If the coefficient on do is positive, the economy
can experience an increase in output even if dA is negative, aslong as dA isless negetive than the right
sde of the second line above. We thus can have Stuations in which technical progress raises tota
output but is nonetheless associated with adecline in total factor productivity. Symmetricaly, we can
have stuationsin which Y fals even though A rises’. In such cases, TFP does not just mismeasure the
magnitude of technica change but even gets the direction wrong. We thus have another problem to add

to the list of reasons to distrust TFP as a measure of technical progress.

IV. Three Factors of Production

We now return to the full mode in which physica and human capitd enter separately in the
production function. Most of the characterigtics of the steady state and the dynamic adjustment path are
graightforward generdizations of the results obtained for the two-factor model, so the details can be
skipped or relegated to the Appendix. The three-factor model merits specid attention because it offers

possible explanations for some observed behavior.

%Galor and Moav (2000) obtain asimilar result for very different reasons. In their modd, a
changein the rate of technica progress (measured as (dA/dt)/A) causes theinitia level of TFPto
change in the opposite direction.
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IV.A. Seady Sate and Dynamics.

The steady state values of K and H are easily obtained:'©

1

1-p B
K =gheBpled 4 1«3
3+p

1

[ l-«
H=gleBplsp A4 1-s-BJ
3+p

The steady dtate ratio of K to H therefore is

X /2

7 B

We are interested in how the economy responds to atechnica advance that dters factor
shares. The number of possible combinations of parameter changesis now considerably larger than
previoudy; to keep the discussion tractable and to concentrate on the most interesting case, we restrict
atention to atechnicd change that dters the reative shares of human capital and unskilled |abor while
leaving physicd capitd’s share unchanged: 3 rises, 1-«-f fals, and « is unchanged. We dso smplify
the discussion by supposing that totd factor productivity A is unchanged. We thus have a Stuation that
pardldsthat of section I11.A above, with human capitd taking the place of physicd capitd in the
discussion.

The derivatives of K and H with respect 3, written in percentage form, are

19See the Appendix.
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(27) dx 1 1 ®

logee

4B -ap (1-e-By
1-¢ 1 A
T 1 1 L
N (1-2-py? 8B+ (1-z-B)y? 03[ 5+p)l
1
= I_E_B[Hh(H/L)]
(28) 47 1 1-x 1 e
af 1 _ 1
4B ( B ]( 1'“'B)+(1-a-B)’ B

1-¢ 1 A
_ e 1 L
+(1—u.—[3)2 & +(1—m-B)2 °3[ 5+p)
1
1-a-B

% +in (H/L)}

Asin the two-factor case, the Sgns of both these expressions are ambiguous in generd and depend on

the magnitudes of the production function’s parameters and of the rate of time preference. However,

(dK/dB)/(V/K) < (dH/dB)/(1/H) because the two expressions differ only in the first term and the share

1-« of income going to H and L exceeds the share 3 going to H aone. Consequently, it is possible for

dH/dp to be positive and dK/dp to be negative, but the converseis not possible.

The derivative of Y with repect to 3 is
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(29) L) b /ALl Lo V) LotV AL LS 2L AT NG 2
dB dp

[ AR 1 . dH 1
(v4 +
4B K BdBH

+in (H/L)]

(1
\ 1-&-

BU+EWMH]

pdk 1
dBK

which is pogtiveif and only if dK/dp is postive.

The dynamic adjustment path to the steady state is consderably more difficult to work out. A
complete characterization is not possible, but the adjustment path can be either monotonic in both K
and H or cydic in both. The proof is given in the Appendix. Except for the possibility of cyclica
adjustment, the results are not much different from what was obtained in section I11.A above. Asin the
two-factor modd, atechnologica change that lowers output initialy may gill be worth adopting if it
raises output in the steady sate.

IV.B. An Application to Unskilled Labor’s Share.

The three-factor modd offers an explanation for the widdly noted fact that, in the United States
over thelast thirty years or S0, the red income of unskilled labor has been stagnant while total income
and the incomes of physica capita and especiadly human capita (skilled labor) al have risen. This event
isregarded by a least some people as evidence of a breakdown in “the system” that has left unskilled
workers behind and that must be corrected by some sort of government intervention. The three-factor
model suggests the event in question is not compelling evidence of a defect in the workings of the

economy. A technical change that raises totd output and the income share of skilled labor can reduce
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the income of unskilled labor.
Labor income s totd income multiplied by labor's share, (1-o-B)Y . Its derivative with respect

tofis

dyl _ o 4T
E Y"'(“B>dB

Yin(H/L)

Comparing this expression with (29) showsthat dY/dB can be negative a the same time that dY/dp is
positive. If H/L has been sufficiently smdl in the U.S,, and if technica change recently hasraised 3, then
the drop in unskilled labor's share is unsurprising and aso does not Sgnify any failure in the workings of
the economy. In principle, we could check whether this explanation appliesto the U.S. by seeing if
In(H/L) <0< 1+ In(H/L). In practice, this check is difficult to do because data on human capital H are
sketchy at best.

Of course, red-world technica advances generdly will be more complex than that discussed in
this section; in particular, we would expect tota factor productivity A and probably physica capita’s
share « to change in most cases. Indeed, the data show an upward trend in A and adownward trend in
o. We have seen, however, that alowing A to change does not dter the generd character of the results.
Allowing o and 3 to change smultaneoudy complicates the results but again does not change the main
conclusion that it is quite possible that a technical advance can reduce the income of unskilled labor
even though it raises total output and the incomes of other factors of production.

This possibility dso may explain Berman's (2000) recent finding from athree-dimensiond panel

(industry, country, time) that, in the decade of the 1980s covered by the pand, technical change was
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srongly biased againgt less-skilled workers and in favor of both physical and human capitd. If research
and development is conducted largely by industries in developed countries for the benefit of those same
indugtries, it will tend to favor technica advances that increase the income shares of the relatively
abundant factors - that is, of physical and human capitd. Such behavior would be consstent with the
literature on induced technical change. For example, Kiley (1999) has shown that, when factor shares
are fixed, endogenous technica change that dters factor shares will be chosen to favor the abundant
factor.

IV.C. Failure of Underdevel oped Economies to Adopt New Technol ogy.

A seriousissue in development economicsis the failure of underdevel oped countries to adopt
recent technologica advances, leaving those countries ever farther behind the devel oped world.
Increasesin totdl factor productivity would not leed to this result; everybody gains from an increasein
THP. Share-dtering technicad progress, in contrast, explains this seemingly self-defeating behavior by
underdevel oped countries.

Suppose Country A and Country B have the same technology (the same functiond form of the
production function with the same parameter values), but suppose Country A has ahigher ratio of
human capitd to unskilled labor than Country B. This disparity could arise, for example, if one (or both)
of the countrieswas not at its steady state or if the two countries had different steady states because
they had different sets of digtorting taxes. If an invention is discovered that raises human capitd's share
B, it could be the case that Country A would find it optimal to adopt this new technology but Country B
would not. If Country A findsit optimal to adopt, it does so and thereby raises its output. Asin the

two-factor model, adoption will raise the steady State vaue of H/L and thus dispose Country A toward

20



adoption in the future if another invention is discovered that raises 3 again. In the meantime, Country B
does not adopt and stays disposed againgt adopting any future inventions that raise . If actua
inventions generdly raise 3, we would see Country A adopting them and increasing its income while
Country B stagnates. The gap between the two countries incomes would widen.

Thereis some recent evidence consstent with this scenario. Casdlli and Coleman (2003) find
that countries with a relative abundance of unskilled labor are relatively inefficient at using skilled labor
and capitd, thet is, they have rdatively low vaues of o and 3, suggesting they have not adopted
technical advances that have raised those parameters in other countries. In another paper, Casdli and
Coleman’s (2001) find that countries with rdatively low human capital are rdatively dow to adopt
computer technology, which they argue increases the emphasis on human capitad in production. In terms
of our mode, such anincreasein emphasisis captured by an increasein 3. These bits of evidence are
by no means decisive, but they are congstent with the behavior one would expect from share-atering
technica change.

Differing adoption behavior across countries has an important implication for cross-country
studies of aggregate production or the determinants of economic growth. The usud procedure in such
gsudiesisto assume that dl countries have production functions of the same form and with the same
vauesfor al parameters other than TFP. However, if technica change involves dteration of factor
shares, and if some countries do not find adoption of such change in their interest, then the parameter
vaues of the production functions in various countries will diverge. The assumption of common
production functions then isinvalid. In that case, the concept of beta-convergence (either absolute or

conditiond) is meaningless. Knowledge of how fast one country is converging to its Seady Saetdlsus
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nothing about other countries behavior. Crass-country variation in the adoption of share-dtering
technica change may explain Lee, Pesaran, and Smith's (1998) finding that speeds of convergence
differ across countries. The speed of convergence depends on the share parameters of the production
function (Barro and Sdai-Martin, 1995). Share-atering technical change would lead usto expect
different adoption histories across countries and therefore also would lead us to expect different

adjustment speeds, as Lee, Pesaran, and Smith report.

V. Economic Growth

Share-dtering technica change has interesting implications for the analys's of economic growth.
Here we briefly examine two - the possihility of asymptotic balanced growth and the usefulness of the
popular qudity ladder modd.

V.A. Asymptotic Balanced Growth.

We gart with the smpler two-factor model; afew remarks on the three-factor modd follow.
We a0 suppose for smplicity that totd factor productivity A is congtant.

Badanced growth is not possible in the presence of share-dtering technica change because the
shares mugt liein theinterva [0,1]. If one shareis growing, the other must be fdling. The growth rate of
the share that isfalling can be congtant as that share goes asymptoticaly to zero, but the growth rate of
the other share must die out as the share approaches its upper bound of one. Thus not dl variables can
be growing at congtant rates. However, persistent growth that converges asymptoticaly to balanced
growth is possible. To see how this behavior arises, divide both sides of (22) by Y to get the growth

rate of output, which we can write in the following form by using (20) to substitute for K/L:
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Let us suppose that o grows over time and that A > 8+p. Then'Y aso grows over time. Because « is
bounded above by one, its growth rate must go asymptoticaly to zero. The long-run behavior of the
growth rate of Y is not immediately obvious because the coefficient of the growth rate of o in (30) isa

positive function of «, going to infinity as o goesto its upper limit of one (given our assumption that aA

>0 +p):
1
fim | & |1+ 24T = [ ® ) % e
el 1- +p s-a\ 172 ) s~a(l-q)
+ Im ® ln[ A)
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However, the growth rate of Y can be any congtant value vy if the growth rate of o satisfies

a2l

This expresson goes to zero as o goes to one, o it satisfies the necessary bound on the growth rate of

o.

If the growth rate of Y is congtant, the growth rate of K is not. From (24) we have
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However, 1o -~ 1 as« ~ 1, so the growth rate of K goes asymptoticaly to the growth rate of Y as o
goesto its upper bound. In the limit, then, we have the growth rate of K approaching the congtant
growth rate of Y and the growth rate of o going to zero. Balanced growth thusis possible
asymptoticaly. Also, the whole production function goes asymptoticdly to the AK modd, where
growth is sdf-sustaining even without R& D-induced changes in the production function's parameters.
These results suggest thet it would be very interesting to extend the analysisto amodd of endogenous
technical progress in which firms can expend R& D resources on changing o.

The three-factor model, though potentialy richer and more redidtic, isfar more difficult to
andyze. With the production function now given by (1), the growth rate of Y is (fill assuming thet total
factor productivity is constant)

d¥ 1 =udK1+BdH1
atY ddKX d H

1+ wp ln[E)
1-e-f | L

de 1 etp (H)|(dB1
(EE) B ”_1—a—ah(f) Hzﬁ)

Both . and 3 can change; they can do so in the same direction or opposite directions. Both are free to
go to zero, but they cannot both go to one. Indeed, if either goesto one, the other must go to zero, at
leadt if linear homogeneity of the production function is to be preserved. The behavior of the coefficients

of the growth rates of « and 3 depends on whether o and 3 are growing or faling and on whether they
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are moving in the same or opposte directions. A theory in which R&D expenditure on o and p was
endogenoudy determined might put useful restrictions on the relation between the growth rates of « and
. However, without some restrictions on the paths of o and 3, not much can be said about the path of
the growth rate of output Y.
V.B. A Doubt About Some Endogenous Growth Models.

To be useful, most endogenous growth models require existence of a balanced growth path,
which often requires knife-edge assumptions that are functions of factor share parameters. For
example, the usud qudlity ladder mode of endogenous growth has an aggregate production function of

the form
N
Y = ALCE (#l)l-u
=1

where the X; are intermediate goods produced in other sectors and the g are indices of the qudity of
the X;. In thismodel, monopoligtically compstitive suppliers of intermediate goods compete to discover
ways to advance up the qudlity ladder by increasing ¢. For balanced growth to be possible, we must
impose the following knife-edge assumption on the form of the function describing the probakility thet

R&D will succeed in raisng the qudity of intermediate good j:
= -(k+Dsl-s)
(31) pjk, = Zﬂj(”f)ﬂ 7

where q > 1is congtant, Z is the quantity of resources expended on R&D in industry j, k; isthe current
quality step in that industry, ¢ isthe cost of aunit of R&D, and p, is the probability of advancing one
step when the current step is a level k; (see Chapter 7 of Barro and Salari-Martin, 1995, for details).
Any departure from this form will lead ether to a cessation of growth asymptoticaly or explosve
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growth. Assuming this functiona form is defensible on the grounds that the balanced growth path thet it
permits can be considered an approximation, perhaps by apped to aturnpike theorem, to the actual
path of the economy. In the presence of share-dtering technica change, however, the usefulness of this
defense becomes questionable. Any time thereis atechnica change that dters «, the success function
must change to reflect the change in o if balanced growth isto remain possible. In that case, though, the
meaning of the balanced growth path as an approximation is lost because the balanced growth path
itsdf is continuoudy shifting as o changes. Given the strong evidence for share-dtering technica change
discussed in the Introduction, one therefore has to question the usefulness of models such as the qudity

ladder modd that rely on assumptions that require constant factor shares.

V1. Conclusion

The usud gpproach to modelling technica change assumes that technicd change dters only
total factor productivity, with no direct effect on factor shares. There is no particular reason to expect
technical change to be of such aredtricted nature, and indeed a substantial body of data and
econometric andyss suggest that factor shares do vary as aresult of technica change. The foregoing
andysis has examined some of the properties and implications of technica change that is not share-
neutrdl. Share-dtering technica progress offers explanations for severa economic events across both
time and space: the Luddite uprisngs of 19th century England, the growing gap between wages of
skilled and unskilled labor in the U.S,, and the failure of underdevel oped countries to adopt new
technology. Share-dtering technical change tends to perpetuate itself, can produce non-monotonic

adjustment paths for output, and can lead to sustained growth in red output that is balanced
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asymptoticaly. We aso have seen that share-dtering change brings into question tota factor
productivity as measure of technica progress, possbly causng TFP even to have the wrong sign.
Share-dtering change dso bringsinto question the usefulness of severd classes of endogenous growth
models.

These results suggest that share-dtering technical is an important phenomenon. The nature and
origin of such technica change therefore requires further study. In particular, it would be vauable to
develop amodd of endogenous technica change in which firms made deliberate decisions to dlocate

R& D resources to change that dters factor shares.
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Appendix

A. Two-Factor Modd: Optimality of Adoption when0 < 0¥0w, d¥/de

First suppose path P, isthe optima adjustment path. Along that path, consumption and therefore utility
ishigher a dl timesthan if the invention is not adopted and the economy remains a point E,.
Unambiguoudy, adoption is optimal. Now suppose that path P isthe optima path. Recal that
optimdity hereis a conditiond notion; if theinvention is adopted, then the optima path to follow is P.
Along this path, initid consumption and therefore utility islower with adoption than without it. It
therefore is not immediately clear that adoption is optima. However, notice that a path like P, dwaysis
feasible even if not optima. Along path P_, consumption is dways higher. Path P, thus dominates the
dterndive of not adopting the invention and remaining & point E,. Path P_, however, isitsaf dominated
by path P, so adoption isoptima a fortiori.

B. Three Factor Moddl: Steady State
The Hamiltonian is

V = UCY+L{I-3K) W (AK°HP - C'- I~ dH)
where 6 has been used to iminate I,,. The dynamic equations are

dK/dt = I -38K

dHldt = AK'H?‘—C'—II—&H

dLidt = L(3+p)-WeAR* 1P

dy/dt = ~W[ARK*HP 1 -8 +p)]
In steady State, these must all equal zero. The firgt-order conditions are

VC = UCH-y =0

oVIdL, = A= =0
Theinitid and transversdity conditions are

K, gwven

Hy, gwven
limA K 2P =D
F X )

lia s H 0P = 0
fm

We use the second of the first-order conditions to eiminate A from the equation for dA/dt. We then
smultaneoudy solve the equations dA/dt = 0 and dys/dt = O to obtain the steady state values of K and
H given in the text.

C. Three Factor Modd: Dynamics

Because L is condant, it plays no rolein the dynamics. Therefore set L = 1 for smplicity. Then note the
following relations:
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(A1) di/dB = -yudR* 'HPWH < 0
dp/dB = - YRAR*HY \mH- y AR HF1
= EE ﬂ - « zrp-1
uH(dB] AR
(A2)
di
= GA AKsHB-I
) W
< ﬂ <0

(A3) diidE = -y (e-Dek*2HP > 0
(Ad) diidH = -yuPAR* HF! <0
(A5) d/dK = -yaRR*HPF1 <D
(A6) dp/dH = -y@B-1HPR“HP2 >0
Suppose 3 riseswith no changein «.

(1) At theorigind K, H, A, , we have dys/dt < dA/dt < O.

(2) After re-optimizing, if thenew A, §r are such that A > {, then dyr/dt << dA/dt. (To seethis,
notice that at K, Hy, theterm a AK “HP in the dA/dt expression now islessin magnitude than the term
APBK*KP1 in the dys/dt expression. Both are multiplied by . The 8+p term in the two expressions are
the same; oneis multiplied by {r and the other by A.) Given A > 5, dl investment goesto K, noneto
H, by the bang-bang nature of the problem. Therefore K isrising and H faling, implying that dA/dt is
becoming less negative and dys/dt is becoming more negative, which leads to explosive behavior and
falure to satidy the transversdlity condition. So we must have A, < U,

(3) So take A, < Uy as given. This reation tends to make dA/dt < dys/dt, from the two dynamic
equations for A and yr. However, we cannot have dA/dt < dy/dt because it leads to explosive behavior
(A <y = dK/dt = 0 < dH/dt by the bang-bang property, = dA/dt becomes more negative, dys/dt
becomes less negative). So we must have both A < ¢ and ds/dt < dA/dt. We then haveK fdling and
H rising (bang-bang) and aso di/dt becoming more negative and dys/dt becoming less negetive. There
are three possibilities to consider.

(3.1) K/H reaches the new steady dtate ratio K*/H* while ¢ > A. At that moment, dys/dt = 0
but dA/dt < 0 and dK/dt < 0 < dH/dt. Immediately, dyr/dt becomes positive, and dA/dt continues to
become more negative, implying impermissible explosive behavior.

(3.2) K/H reaches K*/H* at the sameingtant that A = . There are two possible ways for this
to happen, one permissible and one not.

(3.2.8) Saddle path. Theingant in question is the infinite horizon and the system goes
monotonicaly to its Seady Sate asymptoticaly. This posshility is permissible.

(3.2.b) Theingant in question isfinite. This posshility is not possble. Suppose it were possible.
Then a that ingtant t#, we would have ¢ = A, dys/dt = dA/dt = 0, and K/H = K*/H*. If we adso had K
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=K* and H = H* separately, we would be in the steady State; however, steady state cannot be
reached in finite time along an optimd path. Therefore, K = K*, H # H*, and both K and H are too
high or both are too low (because their ratio is“just right” a K*/H*). Because ¢ = A, | isfredy
chosen. It isnot possible to chooseit so that K and H dide toward K* and H* while maintaining
K*/H*. The reason is that doing that would leave dys/dt = dA/dt = 0 and thuswould aso leave ¢ = A
= condant, implying that  is at its steady State vaue §r* and thusthat C is a its steady State value C*.
Butif C=C* and K= K*, H = H*, thenather (i) Y >Y* and Y - C* istoo large, implying that K >
K*, H > H*, in turn implying that we must have I < 8K, so that C > C* (acontradiction), or (i) Y <
Y* and the opposite logic applies and C < C* (another contradiction). So dy/dt and dA/dt must cease
to be zero. Either ¢ becomeslarger than A or viceversa. If ¢ > A, then H grows, K fals, making
dA/dt smaller and dys/dt larger, leading to impermissible explosive behavior. If < A, then once again
we have an explosion, for opposite reasons.

(3.3) K/H reaches K*/H* while A < {. Then K continuesto fall, and H continuesto rise,
implying that K/H fadls beow K*/H*, which in turn implies that dys/dt continues to become less
negative and dA/dt continues to become more negative, but still dy/dt < diA/dt. Eventudly, ¢ fdls
below A, and we have areversd of the investment pattern, with I, = 0 < I. At that point, K starts
growing, and H sarts faling, leading to a cyclicd adjustment path.
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Tablel

Capital’s Share of Income, United States

Y ear Capitd’s Share Year Capitd’s Share
1909 0.335 1935 0.351
1910 0.33 1936 0.357
1911 0.335 1937 0.34
1912 0.33 1938 0.331
1913 0.334 1939 0.347
1914 0.325 1940 0.357
1915 0.344 1941 0.377
1916 0.358 1942 0.356
1917 0.37 1943 0.342
1918 0.342 1944 0.332
1919 0.354 1945 0.314
1920 0.319 1946 0.312
1921 0.369 1947 0.327
1922 0.339 1948 0.332
1923 0.337 1949 0.326
1924 0.33 1950 0.363
1925 0.336 1951 0.345
1926 0.327 1952 0.317
1927 0.323 1953 0.311
1928 0.338 1954 0.305
1929 0.332 1955 0.329
1930 0.347 1956 0.319
1931 0.325 1957 0.311
1932 0.397 1958 0.301
1933 0.362 1959 0.316
1934 0.355 1960 0.309
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Figure 1: Plot of capitd’ s share; Sato data.

Figure 3: Technicd advance with dY /de>0.
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Figure 2: Generic phase diagram.
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Figure4: Increasein o with dY/oo < 0 <
dY/do; case where adoption is suboptimal.
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Figure5: Increasein o with dY /0o < 0 < dY/dw;
case where adoption is optimal.
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