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I. Introduction

Most. empirical studies of économic érowtﬁ attempt to dete}mine
the relative importance of increases in inputs ;nd advances in};ech—
nology in the acﬁievement of growth in per-capita output. This
approach is motivated 5y a desire to explain the sources of that output
growth: how mﬁch less répidly would the U. S. economy have expanded
in the last 50 years if it had continued to operate with 1918 levels
of technology, or if technology had advanced but no net investment
in.tangible or human capital had occurred? Answers to these questions
help us to maximize our future rate of growth by guiding policy makers
to an optimal allocation of resources among investment in tangible
capital, in education, and in technology-increasing activities, and
they help in explaining the reasons for international differences in

per-capita income.

Since the mid-1950's a common technique for the separation of

*The author gratefully acknowledges research support from the
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University, operating under grants from the Agency for International
Development and the National Science Foundation.




2.

the respective contributions of input growth and advances in tech-

nology has been the calculation of indexes of total factor productivity.

Pioneering studies by Solow [24] and others [1]1012][19] have suggested

capital played only a minor role in per-capita growth, and that most
of the long-term increase in U. S.‘output éer capita-was due to an
increase inbthe output obtainable per unit of appropriately_weighted
input. While it was reéognized that some of this increase in total
factor productivity or "the residual" might have been due to the
spread of education, most of it was assumed to have represented
technical change. A more refined study in 1962 by Denison [4] re-
duced the size of the residual by making adjustmeﬂts for the impact
of education onrthe quality of labor but continuea to attribute most of the
remaining residual to technological advance. 1In his latest book [ 6,
p. 334] Denison has confirmed the earlier studies of long-term U. S.
growth by showing that only 28 per cent of the 1960‘difference in
per-capita income levels between the U. S. and Northwest Europe can
be explained by differenges in capital and in the quality of labor,
and that the remainder.is primarily due to differences in the "state
of knowledge."

" But in a recent duet of papers [9][11] Griliches and Jorgenson
(G-J) make the startling claim that all previous investigators have

committed serious "errors of measurement," resulting in a sizable
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exaggeration of the size of the residual. Whehbtheée errors  are
eliminated and "if real product and real factor ihput are.aC§urately 
accounted for, thé obéerved.growﬁh in total factor prodﬁctivity i§f>
n’egiigible" [.11, p. »249]. The habits of a decade have led to the
association éf:advanées in total factor productivity with technicai_‘

change, so that G-J appear to be concluding that technical change

has been almost non-existent as a source of U. S. growth. Bewildered

businessmen and economists, who previously thought that they had
been obserQing rapid advances in managerial techniques and production
technologyyin the éostwar United States, may-nOW wonder whethef their
eyes have been deceivingvthem. How are they té interpret industry
studies (e.g., [10]) thch emphasize the importance of technological‘
progréss? If we accept G-J's results, are we then forced to concludé
that industries enjoying techniéal change have been atypical and

that their achievements have been counterbalanced by technical re-
gress in unstudied industries?

But a closer evaluation, attempted in this paper, suggests that
the G-J conclusion is misleading. Increases in total factor produc-
tivity appear to be negligible because G-J raise the rate of groch
of inputs relative to output, but they ignore the important role of
technological change in achieving this rapid growth of inputs. Thus

the G-J paper forces us to break our ingrained mental habit of thinking
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of technoiogical advance as a.number equal to or smaller than the
increase in éotal factor prédﬁctivity or "residual," and instead,
to realize that the contribution of technical change to econémicl
growth may in fact be much larger than the "error—co:rected".résiaual.

Unfortunately, G-J repeatedly promote the illusion that their con-

clusion about total factor productivity change provides information

on technological change, contrary to our analysis below. For in-

stance, they argue that "our results suggest that the....advance of
knowledge has been substantially overstated, even by Denison" [9,

p. 61] and that "Identification of measured growth in total féctor

productivity with embodied or disembodied technical change provides

methods for measuring technical change" [11, p. 249]). Again they
imply that calculafions of changes in total factor productivity
yield information on technical change when they claim their results
to "suggest that social rates of return to [expenditures on research
and development] are comparable to rates éf return on other types
of investment" [11, p. 274]. And, most directly, they predict on
the basis of their results that "perhaps the day is not far off when
economists can remove the intellGC£ua1 scaffolding of technical change
altogether" [9, p. 61].2

| This paper demonstrates that the measures of total factor produc-

tivity provided by G-J tell us nothing about the importance of advances
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in technology. In addition, traditional methods of productivity
measurement usedbby.Kendrick [12], solow [24], and others provide
no direct evidence on‘;echnical change,.pértly because they ignore
cost-increasing advances in knowledge. The‘Kendrick—Solow methods,
‘héwéver( both algebraically andAin~computer simulations, appear to
give more accurate evidence on the importance of techniéal chgnge than
the "error-free" G-J methods. Therefore the G-J paper is both misleading
and irrelevant for the study of economic growth; misleading, since it
appears to claim that advances in technology have been unimportant,

» new
and irrelevant, sin¢e it provides no/information to help us measure
the relative contribution of technological advance and other sources
of economic growth. In short, G-J have thrown the baby out with the

error-ridden bathwater.

II. Total Factor Productivity and the Social Return to Research

G-J begin by identifying a change in total factor productivity
with a shift in the production function, i;e. a "costless" advance
in knowledge. They conclude that the l945—é5 increase in total
factor productivity has been substantially overstated. Théir argument,
however, focusses exclusive attention on "costless" advances in knowledge, -

which Nordhaus has called a "pleasant fiction" [17, p. 3]. Consider

in contrast an economy in which knowledge has been advancing steadily,
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but only by means of "the employment of scarce resources with
‘alternative uses'"--e.g.,, managers,K and research workers. TIf these

workers discover new techniques which were previously unknown, a

production function relating output to production labor and capital

alone may be said tb have shifted, even though the fruits of research
work'ﬁave not been "costleSs." Furthermore, if the research wbrkers
are able to appropriate the full social returns of théir efforts and
if the research portion of labor input is properly weighted‘to reflect
these returns, there will be no apparent increase in indexes of total
factor productivity.

Solow [ 22, pp. 16-28] and Schultz [ 20, pp. 293-7] have previously
argued the advantages of thinking in terms of the rate of return of
alternative forms of tangible and intangible capital. But the constancy
of total factor productivity in the example of the previous paragraph tells
us nothing about the social réte of return of research workers. If the
net social rate of return of a research Worker is positive, an economy can
increase output by‘reallécating labor from the production to the research
sector, even if no increase in total factor productivity occurs because
research workers appropriate their full social returns.

Thus the G-J measures of total factor productivity are misleading,
both regarding the contribution éf technological change to economic
growth, and in the implication that social rates of return to expend-

itures on research are comparable to rates of return on other types of
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investment. The rest of the section illustrates this point more
précisely with a simple economic model incorporating a distinction:
between .research and non-research workers; 1t is'demoﬁstraﬁed that

the approach not only of G-J but also of their predecessors inaccurately

measures the true contribution of advances in knowledge to economic

growth. | _ - |

A. The Model

In our simple econbmy thére are no "costles§" shifts in Ehe
production function, yet advances in knowledge play-a crucial role
in economic growth. All technological change is created by rgsearch
workers, and the model iﬁcorporates both embodied and disembodied
reséarch—using technical change. Our aim is to describe the
contribution of advances of knowledge to output growth in the
hypothetical economy, and then compute how accurately G-J and
earlier investigators would measure this contribution. At this initial
stage no separate attention is given to education, which will be
discussed later in Section III.

In the economy output Y(t) is produced by cffective production-
worker man-hours L(t), and effective machine-hours J(t). 1In addition

there is disembodied technical progress which raises output in response

to increases in the accumulated stock of research knowledge R(t):

(L) x(t) = F(L(t),J(t),R(E))




where (2f' R(t) = ) s(g) dg.

and S(g) is the number of workers engaged in knowledge—increaSing 

Cactivities (includingvnot just conventibnally—measﬁred reséarch and
development workers but anyone who thinks about Or'implemen£S-ﬁew
techniques,‘including managers, foremen, summer intefns, and éyen
the share of productioh worker man-hours speﬁﬁ contributing to sug-
gestion boxes). |

The effective_machine—hours.J(t) available ffom a givén stock
of capital K(t) may be increased by means of ehbodied technical
progress, which also takes place through incfeases in the‘accumulafed
stock of research knowledge:
(3) 3(t) = B(K(£),R(E))
where (3) is a shorthand representation of the following‘embodiment

process:
t

(3a)  J(t) [ T(v) &(R(v)) dv
(o]

(3b) K(t) " I(v) dv

I(v) is investment in period Vv, and to simplify matters, we assume
s 3 '
no depreciation.
The production process in our economy has constant returns to

L, K, and R.4 The sum of the elasticities of output with respect to




the three inputs is unity:

4) E__ + E__ +
(4) YL vk tE

4
where (4a) 'EYL

(4b) EYK

F_ + F_G,
(Fp 7% R
YR Y

(4c) E

These elasticitiés, however, do not necessarily describe the distribu-
tion of income. 1In the model, as in most econdmies, research is not
carried on in separate accounting units. Instead, there are only

two such units--employees and firms. Firms obtain both productién

(L) and research man-hours (S) by offering a wage to workers. The
market for production workers is perfectly competitive, and thus

the observed value share of production workers in the national income
VL is equal to EYL‘ But we make no such restrictive assumption about
the market for research workers, and simply write their share as VR'

allowing their wage tp be larger or smaller than their marginal prod-

uct. The share of all workers (M = L + S) is then VM VL

EYL + VR' The share of capital can then be derived from the constant

returns assumption (4):

(5)
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£ EYR > v_, firms are exploiting research workers and pushihg the
observéd rate of return on capital above the marginal prodﬁct_of-
capital.

our aim is to isolate in this model the cbntribution of advances
of knowledge to economic.growth. To do this, we can compare two
economies A and B at time t, each witﬁ préduction and distributionA
arrangements describéd by (1) - (6). The only difference between
the two economies is that suddenly at time t advances in knowledge

cease in economy B. Thus, after time t:

ECONOMY A
ECONOMY B

The next step is to separate observed changes in output in the
two economies into portions attributable to changes in the three in-
puts L, K, and R. This can be accomplished by differentiating (1)
totally with respect to time and converting to elasficities for the

two economies. This isstraightforward for economy A:

A

(6) ”

No subscript is attached to the symbols L or R, since population.
growth is assumed exogenous and therefore is the same in the two
ecconomies. In economy B, all research workers, barren of new ideas,

return to production work, where they behave and are paid exactly




like all other production workers:

B L Ky
7 — + E = -+ - +
(7) YL M YK ~ Py T Fyk B v
o : S

R
R

*.

R
* ' '

where V_ is the share of research workers when they are paid the

same wage as production workers.
The contribution of advances of knowledge (C/C) is simply tﬁe_

difference between'the'growth rates of the two economies:
. : R K K
' A * A
= == (E - V. )T + E (=— -
YA Y - R R YK KA

B
KB

This can be simplified is we assume steady-state growth with a pro-

portional saving rate, so that and ;E —'EE . In that

B B
case:

(8)

The factor inside the parentheses represents the social rate
of return to research workers in economy A. When this factor is
zero, the contribution of research workers in A juét offsets their
opportunity cost, the output which they could be prodﬁcing as pro?
duction workers. In this case, their research efforts make no extra

contribution to economic growth.

B. The Kendrick-Solow Method

Now let us expose economy A to two pairs of energetic economic




12.
detectives, who can observe only the rates of growth of inputs and
outputs and factor shares, but not the underlyihg structure of pro-
duction. The first pair to arrive on the scene are Kendrick and
Solow (K-S), who propose to measure the contribution of knowlédge

or the "residual" by the foilowing formula: 3

R
+ VR' and .assum-

o
K-S

(10) = (B, ~ V) (3 -
Cp o YR ~ R 'R

Does the K-S "residual" correctly identify the contribution of ad-
vances of knowledge to the growth of economy A? By subtracting (10)
from (8), we can derive an expression for the K-S "error" in measuring

the contribution of advances in knowledge:
c E. (E | ¥ .
- + - :
K-S YK ( YR VR) VR Vg R \ KZ\
(11) c ¢ 1 - E R Eyr T VR
K-S YK A

There are several possible cases:

1. Research workers are not exploited, and their marginal prod-

*

uct is larger than that of production workers, gﬂ{= VR >‘VR . 1In

this case the K-S error becomes:




*
: . Cr o Eor = Vi
: K-S , .. YK

)

By identifying the contribution of advances of knowledée with increases

in total factor productivity; K-S erroneously conclude that there is

no residual, even though the true contribution of knowlédge from (8)

x
fyr T VR R |
-7fj:jE—f)'§ . The mistake stems from counting the salary advan-

YK : o

o is
tage of research workers over production workers as part of the con-
tribution of labor, rather than as a consequence of the advance of
knowledge which causes the salary differentials.

2. Firms exploit research workers by paying them the production

worker wage, even though their marginal product exceeds the marginal

product of production workers,'EYR > VR = VR. The K-S error is:

c E R K
(13) —v ) (A

R 1 - EYK R KA

If capital is not growing (%X@%==O), K-S err again, although the mis-
take may not be too serious if EYKis small. -

3. If k{kA>0,>Kendrick—Solow underesﬁimate the contribution of
knowledge by erroneously;using all of capital's share as a weight oh
the growth éf capitai, ignoring the fact that a portion ofvcapital's
share really represents the contribution of research. Thus a finding
by K-S that their<residﬁal (10) is equal to zero should not be ac-

cepted as evidence that advances in knowledge have been unimportant




or that the social rate of return to research is zero.

C. The Griliches-Jorgenson Method

After the team of Kendrick-Solow has issued.its report on economy:

A using formula (9), the team of Griliches¥Jorgenson arrives on the
scene and discovers "errors of measurement" in the work of Kendrick-
’ASoiow. The earlier investigators err in (9) by ﬁsing the stock of
capital K as a meaSure_of capital input, and Griliches-Jorgenson re-
calculate their procedure "correctly," replacing K in (9) by effec-
tive capital J.7 Thus the Griliches-Jorgenson measure of the contribu-

tion of advances of knowledge (CG—J)

e-3  ‘a
(14) = Ty
G-J A

which can be solved like (9):8

C
(15) ===

G-J

Err) (R

Again we can compare the G-J estimate (14) with the actual con-
tribution of knowledge to gauge the accuracy of their approach. Sub-

tracting (15) from (10), we can write the G-J error as:
. . . - .
C C -V R R K
R A
)5 - (E,, - V_ - VE_)(s -7
K J
YK R YR R K JR” "R KA

(16) — - ==L - ¢
G-J

1l - E

C




Again, there are.seQéral possible cases:

1. Resééfch workers gre not'éxploited; E&é = VR >YV§ . It}’ |
appears from (15) that, if é/R > I.<A/KA > 0, G-J are furthérvfyom'the :
truth than‘K-S, since the fofmer calculate a negative contribution
of knowledge in the amoﬁnt —VKEJé(é/k - kA/KA). This Qcc#rs because
they double-count the impéct of research in making capital more "efé_
féctive," i.e., in raising the ratio of J to K. In this no-exploitation
case, the maréinal proauct of research workers is already fully counted
in the research share VR, but G-J add to the growth of input an extra

quantity reflecting the contribution of research workers in making

capital more effective. This is in addition to the basic mistake

which G-J make (in common with K-S) in counting the wage differential

between research and production workers as part of the contribution

of labor. In sum, the G-J error in this case is:
é E V*. : :

- R R K

G—-J YR R A

(17) = (T o R CEV(R )

G-J YKR JR K'R A

2. When research workers are exploited and paid a wage equal
to the marginal product-of production workers (so that ER > V‘
G-J still underestimate the contribution of advances of knowledge,
even when I.<A/KA = 0. This again occurs bécause G—J count the con-

tribution of research workers in making capital more effective as an

increase in input rather than as a contribution of advances in knowledge.




Their error in the KA/Ké = 0 case is:

¢ Cag EYK(EYR - V) + (1 - Eyg) E;pVk. R
(18) 2 - = 1 - E | ) R
G-J YK _ ,

3. BAnd, as was true with K-S, in the éxploitation case where
&/R > I.<A/KA > 0, G-J underestimate the contribution of knowleage by
érroneously applying all of capital's share as a weight on th¢ growth
of capital, e&en though part of capital's share répresents the contributioh
of research rather than capital. 1In this case their error caﬁ be
wriften as equation (16) above.

In short, neither the K-S nor G-J calculations of changes in
total factor productivity are reliable indicators of the contribution
~of advances in knowledéé to economic growth. Nor can a finding of
negligible growth in total factor productivity be accepted as evidence
that the social returns to research activity are similar to returns
for those in other kinds of employment. Both methods tend to under-—
estimate the contribution of knowledge by including in the weights on
input growth the portion of labor and capital compénsation which really
represents the return to research workers. And, in addition, the G-J
insistence on measuring "effective capital" further understates the
contribution bf ad§ances in'knowledge by ignoring the role of research
in raising capital's'effectiveness." (Note that in each of the three

cases above, the G-J "error" is larger than that of K-S). It is easy
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to conceive of examples, using (14), in which the social return to

research workers is strongly positive, yet at'thé sahé time G-J

could be calculating virtually\no growth in totél factor productivity.
After a few brief remarks on the G-J treatment of eaucation,

we shall use computer simulations of a hypothetical economy to sug-

gest orders of magnitude for the K-S and G-J errors.

III. The Treatment of Education

To simplify the discussion in the preceding section, the labor
force was divided into two homogeneous groups, production and research

workers, and no account was taken of possible differences in the

quality of labor within these groups. Now, however, we should rec-

ognize the role of education in creating quality differences among
workers and should consequently examine G-J's method of measuring
the contribution of education to economic growth.

Just as embodied research can make some machines more productive
than others, so can embodied education make some workers more produCeb
tive than others. 1In addition, the efficiency of workeré with given
education endowments will vary with their "native ability" or intel-
ligence, as well as with their environment, amount of encouragement
from parents, and other factbrs. Thus the input of effective labor

L(t) into the production function (1) is itself a function of
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education, ability (whereAFability" stands for influences on labor.
quality other than education), and man-hours:

(19) L(t) = 2 G(E,)Z H(A.)B,.(t)

. : 1. J 1]
Here total man-hours B are allocated into groups according to native
ability Aj and educational attainment Ei' Bij is the number of man-
. , , _ 0

hours in each education-ability group;'H(Ai) represents the contribu-

tion of ability to effective labor input, and G(Ei) similarly stands

for the impact of.differing levels of educational attainment Jn e£+
fective labor input. The respéctive coﬁtributioné of ability.and
education to economic growth can be sepérated as follows. First,
we define bij' the proportion of man—héurs of a given ability grgup

j in an education group i:

2 =
(20) Byy = Byy/By

and e.. the proportion of aggregate man-hours in a group with educaf
tional attainment i:

(21) e, = Bi/B'
Substituting (20) and (21) into (19), differentiating with respect

to time, and dividing by L, we obtain:

LB - - - .
(22) = = ;,G(Ei)(ef? H(Aj)bij + ef; H(Aj)bij) f

The average wage within an educational group can be written as




follows (if workers are paid their marginal produots):

2 wijBij , . . C ‘
. - J .~ « 0oL o ' Tyl
(23) v wi ‘ B. L]_/ __—_BB bij 2 G(Ei) ZH(AJ) bl]

i i3 T3

Substituting (23) into (22), and noting that the average wage in

the economy is w = L/B, we can write:

S H(AL) b. oo B
(24) 2} u zH(Aj) bljj * 3
i 3’ J ij

Here the relarive wage wi/;gtimes the first‘term inside the brackets
represents the contribution to economic growth of the changing educa-
tional distribution of the labor force. Even with a stationary popu—n
lation, effective labor input L will increase as a larger fraction
of the labor force enters the educational groups with high relative
wages wi/w. The second term is an adjustment for the changing average
ability of each educational group. As a larger and larger fraction
of the nation's population artains a twelfth-grade educational level,
the average ability of the twelfth-grade group is likely to declineg
so the net effect of tha‘second term on economic growth is almost
certainly negative.

Stated in another way, differencés‘in the relarive nages wi/;
used to weight the edncational groups occur for reasons other than
education. The relative earnings of collage-educated workers are

high not just because they went to college, but also because of the
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relatively high percentage of college graduates"who had.obtained N
~high marks in earlier schooling, who had écoréd‘well on standardized
intelligence'testé, who had attended the betteg'schools at lower
educational levels, and who also had parents who were themselves

well educated and had substantial incomes" [6, p. 83].9

Equation (17) above can be compared with G-J's equation (12),

which in our notation can be written:

T
(25) =

G-J, therefére, allow for the first term inside the brackets in (17),
the positive contribution of education to economic growth, but they
make no mention of the second term, thé changing ability mix of each
educational group. Thus G-J substantially exaggerate the rate of
growth of labor input "with errors in the aggregation of’labor ser-
vices eliminated." The order of magnitude of this exaggeration can
never be known exactly; although Denison has recently cited several
pieces of evidence supporting his original estimate that education
is responsible for 60 per cent of observed wage differentials among

educational groups, not the 100 per cent assumed by G—J.lO

IV. Advances in Knowledge and Total Factor Productivity in a
‘ Hypothetical Economy

Sections II and III demohstrated that the measurement techniques
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of Griliches and Jorgenson tend to underestimate the contribution
of advances in knowledge to economic growth. But, unfortunately,

we can never obtain accurate estimates of the magnitude of their

errors, since we can never know how rapidly the U. S. economy would

have grown from 1945 to 1965 without any advances in knowledge. As.

a second-best alternative, it ié possible to construct a numerical
model of econohic growth in a hypothetical economy to reveal the ac-
curacy of the G—Jvmeasurement techniques, given the stated assumptions
of the numerical model. The model has been designed for computer
simulation té faciiitate the inclusion of numerous "realistic" as-
sumptions, and so several diffefent experiments can be run to test

the sensitivity of the conclusions to alternative parameter values.

A. Outline of the Model

1. The Effective Input of Labor. The model is completely

production-oriented and has no demana mechanism. Full employment

is maintained continuously,‘since investment is always set equal to
saving. There ére two production.sectors, one producing consumption
goods with‘effective production workers, effective capital, and part
of the accumulated stock of knowledge. Effective capital is produced
by effective production workers in the investment sector and the rest

of the accumulated stock of knowledge. There is no capitalvinput
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in the investmentléoods sector. The allocation of the iabor forcé
‘between research workers and the two groups of prodﬁction wquers

is arbitrary; an allocation obtained through the equalization of:_
marginal returﬁs is not desired, since one of the main purposes of

the model is to exhibit the effects on growth and productivity meas-

urement of large.differences between the marginal returns to research

and investment. So the allocation of production workers between the

two sectors is governed by a fixed proportional savings rate, and
the proportion of the total labor force engaged in research activity
. ~ 11 | |

is completely exogenous.

The first equation of the model describes the determination of

_the effective labor force M given the exogenous supply of "brute-

tl
force" or "raw" labor Bt' the proportionreit of the labor force in
each of n education-ability classes, and the multiplicative education

' |
(Gi)»and ability (Hi) factors which convert the units of raw labor

in each class into units of effectiVe‘labor:

(26) M, =B & e, GH
i=1

The multiplicative factors are based on U. S. data on the relative
compensation of workers in different educational groups, using Denison's
assumption that 60 per cent of compensation differences are due to

e o iaaa 12
differences in education and the remainder to differences in ability.
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The proportions in the different education-ability groups are based'on

‘ o o ] L
G-J's figures on the education attainment of the U. S. labor force,

and in addition onttﬁe aséumption.that all péople;hbving fpom one
educatibﬁal level to a higher one have the native abilitY.of‘an
averageimember of the former clasé.13

As noted above in section 3, Griliches and Jofgensén do'not
allow for differenéeé in native abiiity. ‘Their procedure impiies
that the native ability of persons moving to a higher educational
attainmeﬁt is effortlessiy converted to the évefage,native ability
of those in-thehigher educational cétegory.14 The application by.
G~-J of ability coefficients Hf—J which differ from the Hi values
>QSed in (26) requires us to calculate a separate series showing

'G-J's measure of the labor force:

n
G-J _ 5 G-J
(27) M_ ° = B, i.:l‘eitGiHi

Research workers are assumed to constitute a given (and growing)
fraction u, of “raw",labo:, but their share St/Lt of effective labor

input is considerably greater than this, since they are assumed to

be the most-educated members of the labor force.




1

X..e ., ,G .H .
it n-i,t n-i n-i <<

m+l'oco, n_l v

i=0 Xit
where m is the lowest number
at which ' {
< N
U T CheiLt

. N i=0

The portion of effective labor input Mt‘which is not devoted to

research work is available as production labor in the investment
| |
(LiI) and consumptlon‘(LzC) sectors:

: . . .PI
(29) Lt'_ Lt_ +

The effective input of researchbworkers (St) is apportioned arbitrarily
to three different research laboratories. One group works on disem-
bodied process imporovement in the machinery industry; -a second is
engaged in product imprqvement in the machinery industry (performing
what we usuélly meén'by'"technical change embodied in capital"):; and:
the third group works on disembodied process improvements in the
production of consumér'goods (improvements in management, organiza--
tion, etc.). There is'ho product research in the consumption sector

built into the model, reflecting the real-life failure of the national
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accounts properly to measure quality change in consumer goods.

In keeping with our deliberately arbitrary allocation of the
labor force, we shall assume that the research labor force is evenly
‘divided among the three research laboratories. Effective labor in-

put in each laboratory (st) is:
(30) S, = St/3

Technical progress takes place in the model in response to increases
in the accumulated stock of the three différent types of knowledge
produced by the thréee groups of research workers. The accumulated
stock of knowledge in each laboratory (Rt) is:

' t-1
-A (t-g)
= 2
(31) Ry Zis e

g=0
where A represents the obsolescence of ideas.l7 0l1ld ideas lose their

usefulness when replaced by newer versions, just as do old machines.

2. Technology in the Consumption Sector. A simple Cobb-Douglas

production -function is assumed for the consumption goods industry:

al PC, -
(32) q_ = (Rt) (Lt ) Je

t
Ooutput is a function of the accumulated stock of research knowledge
on production processes in the consumption industry Rt, the effective

input of production workers (Lic), and the effective stock of capital

(Jt)' which is measured not in tons or dollars but in machine
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revolutions per unit of time. If there are constant returns to

all factors, so that a; +a, +a, = 1, and if Qi > 0, then there

are diminishing returns to effective labor and capital alone. A

possible rationalization for this assumption is that any economy

which grows without process research in the consumption sector be-
. . " .. 18 . . .
comes disorganized and inefficient. An alternative assumption is

increasing returns to the three factors (al + a2 + a3 . l)_and con-

stant returns to LPC and J alone. If the stock of knowledge is

growing exponentially, this assumption makes (32) into the tradi-
tional constant-returns Cobb-Douglas production function with}neutral
disembodied technical progress which has been used so often in stud-
ies of. economic gfthh. We are not committed to any particular
values of the factor elasticities, and below we shall present results
for values of al + a2 + a3 both equal to and greater than one.

The wage rate for production wo;kers in the‘consumption industry
is competitively determined, for each unit of effective labor receives
its marginal product. In the increasing returns case, the wage is

assumed to be proportional to the marginal product:

30 a, Q

t 2 "t

(32) Yo T aLPC( (o, + 0 + «a )LPc
' t 1 1 2 3"t

Research workers, however, are not paid their marginal product but

are paid the same wage per unit of effective input as production
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workers. Since research workers are all the best—educated membefs

of society, their ‘annual earnings per man will Be'gréater than those

of the less-educated production workers. This payment system corre-

1

sponds to the obsérvable fact in the reél‘worid that salafieé for'v
research workers arebsimilar to the\earnings of employees with similar
educational backgrounds. | |

The compensation of gapital AE is simply the residual prbduct
in the consumption sector after all workers have been paid:

PC + s.)

K _ . _
(34) At = Q \ (Lt ¢

t t

i

3. Technology in the Investment Goods Sector. The conversion

of labor into machine revolutions (Jt) takes place in two stages.
First, production workers in the investment sector join with the

accumulated stock of process knowledge to produce strgctures and

equipment (It):

| B B
(35) 1, = (R) T(LTh) ?

t t

This production function, like (32), can exhibit either constant or

. . . . PI . . . -
increasing returns in R and L' ~. 1I_ is measured in units of effec-

t
tive labor input.19

Although only equipment is used in (32) to produce consumption

goods, structures are necessary to house the equipment, in the ratio
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U units of structures to every l-u units of equipment. Thus, if.
Ii is the portion.of ihvestmeht,output available for expansion]after'

replacement needs have been satisfied, KS is the accumulated Stockl

t

of structures, & the depreciation rate of effective machine revolu-.

tions, and n the depreciation rate for structures, we have:

! X . ‘. S
= -8 -
(38) T, =1 - 60 - MK

. E X
(3 - 5
(37) TP = (1T + o,

S X S
(38) It uIt + nKt

with Iﬁ and Ii as gross ihvestment in equipmént and structures, re;
spectively. The machine revolutions 2, obtainable ﬁrom a unit of
gross equipment investment Ii do not remain constant over time but
are constantly increased through product research in the investment
sector. The production function for effective equipment investment
is similar to (35): |

Y

. Y
o 1, E, 2

If the stock of reseérch knowledge grows exponentially and Y2 =1,
this equation represents expohential capital-augmenting, capital-
embodied technical progress.zo Only machines improve, howgver, and
structures always‘reﬁain the same.

Finally, we write two accounting equations which describe the




accumulation of capital:

- (40) Ki 5 15 e N(t9)

. =0 (t-9)
(41) Jt - Zt e _

Another set of equations is necessary to determine the alloca-

tion of the-productioh,labor force between the consumption and in-

vestment sectors. On the assumption of a constant propensity to

save and invest (w) out of current-dollar income (Yt), current dollar
investment (pilt) can be written:

42 I W Y*

(42) ptIt = &

But current-dollar income and product is:

43 * I
(43) Y =0Qp + PLI,
where the relative price of investment goods is just the wage bill -

in the investment sector Wi divided by real investment (in labor

its :
units) It

(44) p}

Note that production labor input in the investment sector is paid
the same wage (wt) as in the consumption sector, implying.a competi-

tive market for production workers. The three equations (42), (43)
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and (44) can be combined with (33) to vyield an expression for the
input of production labor in the consumption sector.

BC. az(l—w)

t T + -
( ,(1-w)

(45) (M s )

t Tt

PI

and then Lt

is a residual determined by (29).

A final unknown in the model is the rate of return on the book

value of capital (rt), which is:

(46)  ry

(47) | < o0 (t-9) + Ii e—n(t—gh

B. Total Factor Productivity and the Contribution of Advances in
Knowledge , ,

1. Growth in Economies A and B. Following the scheme laid out

in section II above, the contribution of advances in knowledge to
cconomic growth é/C is the difference betweén the growth rates of
two cconomies, A and B, which are the same in évery detail except
that research workers are productive in eéonomy A and completely

barren of ideas in economy B:

v
A

(48) =

where Yi is constant-dollar output of vonsumption goods plus the




real gross output of capital services in economy A,

A S
= + ‘
(49) Yt Qt Zt + It

and Yt is a similar expression for economy B. Economy B differs from
= 0, and research workers .

the model outlined above in that a; = Bl'= Yy

abandon their desks and drawing boards, to return to production wofk'

- in the same sector.(i.e,} LPC from

t

in economy B_équéls Lic'+ Sy

ecbnbmy A above and LPI =L, - LPC

: " ¢ ). In the cases where there are

constant returns to both research and‘non—reseéfchjfactdré,-this
im?lies; of'éoufse,'that the elésticity of Q. and It with respect
to the“reméining honefeseafch‘inputs is less than one.. Diminishing
returns would:potbbe implausible in énbe¢onomy with no advances in

technical or managerial knowledge, since capital accumulation would

just amount, in Domar's phrase, to "wooden ploughs piled up on top

of existing wooden plouéhs"[?, p. 712]. The alternative of increas-
ing retufns to all:inphfs with constant péturns to non-research inputs
will also be included in the experiments.

In practice,ythé above ﬁodel can be written down as a éomputer
program, and given arbitrary values of the parameters (X,al,az,a3,slf
B?,yl,yz,é,n,w,u) and initial period values of capital-apd research

stocks, the time path of economies A and B can be traced and the con-

tribution of advances in knowledge C/C can be calculated. The purpoSé

!
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.

of‘the'exercise'is to.compare c/c with the.measures of total factor

productivity which'would.be calculated by the riVal‘teams of KendriCk¥ :7 '

Soléw’and’Griliéhes—qugénéon,if they had adgess_to daﬁé'on’ﬁhebde¥ '
»penden£ vafiablés.in eéonohy A,but~not.thé péra@étef‘vaiuéé. uifAis

importantlfélevélﬁaté fhe'accﬁraéf of theirtmethods,§f coﬁrsé,‘$indgff
we’canfhevéf learnihow a rea1—world.ec§nomy ﬁ.woﬁld have behaved_v'

P

without advances of knowledge; hence we cannot calculate\C/C‘for the B

United States and must reiy on some indirect technique.’21

2. The Measurement of'Output, The first differéndeibetWeen 

Kendrick-Solow (K-S) and Griliches-Jorgenson (G—J) is in the measuré+.
ment of real output. G-J meaéure-real invéStment:asvthe real gross
goutpuﬁfof capital services, so that their output measure‘YS;Jagrees

with (49) above:
S
t

(s0) ¥ - YA'=th’+ Z, + 1

t t t

The K-S measure of output Ygfs differs-infﬁwo wayé;aﬁe both to a
conceptual différence énd‘to.én.errof in measurement. First, K-S
include in oufput:ﬁét the gross butput-of équipment services, but
the gross output of equipment in unifs of base—yea; cost Ii.' And,
second, K-S use erroneous structures deflators which are merely
averages of input costs and ignore‘téchnological advance in the

construction part of the investment sector. Since the only'input

in the sector ié labor,‘the'K—S price deflator is the wage wt,iand
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their measure of the real output of structures is ISKS = Ii(pi/wt).

t
K-S therefore calculate output as:
K-S E S, I
o= . +
(51) v/ Q + I+ I (PL/w)
E
tl

If Bl and Yl are positive, the growth of_Zt will be faster than I

and W, will grow more rapidly than pi, so_that”YG*q.will grow at a-

faster rate than vX S,

3. The Measurement of Input. G-J make an advance over K-S

(as did Denison.[4]'in 1962) by:recognizing thaf‘labor is heﬁerogene—_
ous and shoﬁld‘bé Weighted by educational attainment. But, as shown
above in equation (27); G-J ignore differences in-native ability,
with the result‘tﬁat their measure'df éffective labor inputlﬂg;qgrpws
more rapidly than théAErue measure Mt' and both‘grow more rapidly
than the homogenegus_K—S labor force Bt. |

The differences between G-J and K-S in. the ﬁeasurement of capital
parallellthose in the measuremenf of investment. The K-S aggregate

capital stock is:

- K-S S B =8 (t-qg) S -mM(t-qg)
(52) Kt t e + It e

Griliches-Jorgenson, on the other hand, weight together the effective

capital input of structures and equipment into a Divisia index:

- J S
(53) Vi + Ve
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where the definitions of J, and Ki are given above in (40) and (41),

t
and the respective weights are determined by the relative prices of':~

capital services ci and ci,zz

(54)

(55)

(56) Pp(r, + 8,)

(57) cS = p

I(r + )
¢ e e TN

Finally, both K-S and G-J calculate the rate of growth of total
I | ' L K-S G-J R
input and total factor productivity (C and C ) by weighting

. together capital and labor with weights based on share of total com-

pensation:

B

where




4. The Social Rate of Return to Research and Physical

‘CaEiﬁal. Griliéhes énd Jorgenson have‘Claimed that their.finding

- of negligible growth in total factor pfoductivity implies ﬁhat.“social
rates of return to this type of investmént are comparable to rateév
of return on other tyées of inVestment" (11, p. 274]. To evaluate
this claim,'Wé_can calculate the social rates of feturn of invest—‘

ment to research and to physical capitél in each of our simulations,

and observe true differences in rates of return in cases where

CG-'J/CG—J is very small.

‘To calculate the oﬁe—period'rafe of return on investment in
 physiqal capital, we follow Solow and "sacrifice one unit of'consump—
tion-at time t in favor of investment, and:then ask what is the
largest increment of consumptiQn that canvbe enjoyed at timé t+1
without impairing consumption possibilities in aﬁy later period.;..
This last conditidnfmeans that the effective stock of capital bequeathed .
to period t+2 must be no smaller than would have been the case had
the extra saying.in period. t and the extré consumption in period
t+l not taken place" [22, p. 60]. 1In practice we begin the calcula—
tion by switchind one.pfoduction worker from the consumption to the
investment sector. Similarly, ﬁhe one;period rate of return on in-
vestment in research involves the switch of one man from production

work in the consumption sector to research work with one third of
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“the man going to cach of the three rescarch laboratovies for one
time period. We calculate the maximum consumption increment at
time period t+l compared to the original "control solution" on the

condition that the effective stock of physical capital and accumu-

lated research bequeathed to period t+2 must not be altered by the

experiment. In practice, we must extend our calculations over two
time periods, since extra research performed at time t raises con-
sumption at time t+1 directly through disembodied change in the

consumption sector, but also raises consumption indirectly at time.

t+2 as a consequence of the ihcreased research input in the invest-

ment sector at time t+1 and higher resulting quantity of J

t+2° The

experiméntal switch in the allocation of\labor lasts only for the>
one period t, and in period t+1 the allbcation of labor is unchanged
from the basic sihulation. The labor allocation is affected at time
t+2, however. Since.the J, ., and R must return to the original

t+3 t+3

values of the contrbl solution and since Jt+2 and Rt+2 are higher than

in the control solution, less investment and research work &2 neces-
sary in time period t+2 than in the control solution, leaving extra
workers for the production labor force in the consumption sector and

giving an additional boost to Qt+ . To preserve symmetry, the rate

2

of return on physical capital, like the rate of return on research,

is calculated over two periods.




V. Simulation Results

“Initial experimentation revealed thét variations iﬁ ngeralﬂ
structural parameters_made'little difference in the results, so ﬁhat
arbitrary values were assigned to fhe three'depreciation-parameters'-
(A=.05, 6=.10, n=.04) and thevstructures requireménts parameteri(u=

.40); ‘In the first part of this section results will be reported

for a saving rate (w) of .20, but later the effect of alterations

in w will be examined. Growth rates were calculated over fifteen

periods.

A. Embodied and Disembodied Change

1. cConstant Returns. Information on the first simulation is

presentéd in Table 1. Technical progress takes piéce in all three
,laboratories in economy A; there is disembodied progress in the
consumption aﬁd investment sectors as well as embodied progress
which improves the quality of equipment. There are constant returns
to scale in production labor, the stock of knowledée, and effective
equipment services in the'consumption sector, and to production labor
and the stock of knowledge in the equipment sector. The effect of
altering this assumption to increasing returns will be examined
shortly.23 The technological parameters are listed invline C of

Table 1, and the results are summarized in .line D. The rate of




TABLE I

Types of Technical Progress: Disembodied in Consumption Sector
: Disembodied in Investment Sector
Embodied '

Returns to séale in all factors: - Constant

Parameter values of the technology:

al = .20 a2 4 = .20 52 = .80 Yl = .20 Y2 = .80

Summary of results (percentage growth rates):

Y. e c
24,30 B 1,44 — 2.86 CK 5 1.01 CG 2o 970

YA YB K-S - G-J

R—

8 .365

Components of G-J Correction of K-S:

Output Price of Effective O
Aggregation Structures Equipment Education

Percentage points :
subtracted from -.17 .23 .26 .55
residual ' o ' : '

Per cent of output
growth explained by 52.4
input growth.after
correction

Explanation of discrepancies between calculations of residual
and true contribution of advances in knowledge:

(percentage points) - True K-S G-J

Calculated contribution 2.86 1.91 .97
Sources of Discrepancies:
a. Growth capital input 4 .51 .68
b. Price of structures -.16
c. Capital share : .61 .84
d. Growth labor input ‘ -.29 .18
e¢. Labor share J11 .19
f. Growth of output .17
Truc contribution _ 2.86 2.86 2.86

Addendum: Sources of true contribution of advances in knowledge
a. Direct impact of research 2.61

b. Indirect impact on capital .74

<. Indirect impact on prod'n labor -.49
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growth of output in’economy A (YA) is 4.30 per cent per year, but

only 1.44 per cent iﬁ‘economy B (YB). The difference between the
two rates is the contribution of advances of technology’(2.86_pér
cent pér year). In their pioneer calculations of the growth of
total factor productivity (“the'residual") in econOmy A, Kendrick
and Solow arrive at the figure of 1.91 per cent per year. And shortiy
thereafter Griliches-Jorgenson announce that the K-S study suffers
from "errors in meésuremenﬁ" and that the corrected rate of growth
of total factor productivity ié really only .97 per cent per Year.
The social ratés of return to investment in research and tangible
capital are .3645 and .0095, respectively, so that a considerable
increase in the growth rate could be‘achieved by switching produc-
tion workers into the research laboratories.

Line E describes the components of the G-J corrections. First,
the K-S index of output, aggregated by adding together quantities
at constant prices, is replaced by a Divisia index of consumption
and investment goods output. There are no corresponding errors of
aggregation of labor agd capital iﬁput, since in (58) and (59) abovec
K-S and G-J both calculate Divisia indexes of total input. After
the error in output aggregatioﬁ is corrected, growth in total inputs
explains 52.4 per cent of tﬁe growth in total output. Next, the R—S

input-cost price index for structures, which does not adjust for
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improvements in labor productivity in the cdnstructionjindust:y,

is replaced by alﬁrue price ihdex. With this error corrected, inputﬁ
growth‘expléiﬁs 58.4 per,cent of output gréwth.- Next, tﬁe meésure—'
ment ofbthe‘sfbck of equipmeﬁt in terms of baée—year cost. is repléced
by a measure of‘effective equipment services (J). This is equivalent
to G—J's:replacement of the offiéial producérs' durables price index '
by the price index for consumers' durables, and their adjustment for
the secular improvement in'the utilization of~equipment.25 ‘Thié third
adjustment on line E also includes a switch to the use of service
prices as weights for the aggregatioﬁ of structures and equipment.
After thése correctibns, input growth explains 64.8 per cent of out-
put growth in economy A. .Fiﬁally, the K-S measure of man—hogr labor
input is replaced by G—i's estimate of effective labor input; in
which different educatibnal categories of labpr are aggregéted, using

relative wages as weights. With this final correction completed,

input growth explains 77.5 per cent of output growth. Notice that

the G-J corrections do not lead to a conclusion that the growth in

total factor productivity has been zero. This occurs, as we shall
sce below, only if all advances in technology are embodied in new
cqupment.,

Section F of Table 1 analyzes the sources of discrepancies between

the K-S and G-J measures of growth in total factor productivity and
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the true contribution of advances in knowledge to the growth of
economy A. First, the stock;of capital (measured at base-year cost)

in ecenomy A grows much faster than in economy B, due to the faster

rate of output growth in economy A and the proportional saving as-

sumption (Line'F.2.a.of Table 1). Thus, even if there had been no
embodied technical change, disembodied change would have indirectly
caused an increase in the rate of growth of the capital stock, and
both the K-S and G-J techniques would exaggerate the growth of capital
which would have occurred in the absence of any advances in tech-
nology (i.e., in economy B). For this reason alone, calculations
of the growth in total factor productivity may be unreiiable‘guides
to the_importanee of a@vances in teehnolegy.' The G-J discrepaney'
in line F.2.a is lérger than that of K-S because the G-J effective
capital series grows faster than the K-S capital. stock series measured
at base-year cost. In‘line f.2.b. the K—S discrepancy is reduced by
the use of an erroneous input-cost price index for structures, which
reduces the rate of growth of their capital measure.

Next, in line F.2.c,, both K-S and G-J exaggerate the contribution
ot capital to economic growth through the use of an oversized weight
on capital based on the share of capital compensation in current-dollar
output. Since in this model research workers are exploited, part of

the reward to capital represents the contribution of research to
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output growth. Thé;GeJ error is larger despite their use of the
same capital'share as K-S, because that capital éhéfe is applied to

a more rapidly growing capital series. ‘Line F.Z;d. shows the effect
of the failure of K-S to adjust for the contribution of education to

economic growth, and the effect of the dvercorrection by G-J. = The

K-S underestimate of the grthh rate of labor input reduces the dis-

crepanéy betwéen Cc/C and their calculation of the "resiaual,“ so that
a correctAmeasure of labor input by K-S would reduce their residual
to only 1.57.2-6

As shown in line F.2.e., another discrepancy,is'due to the use
by G-J and K-S Qf weights which exaggefate the contribution of produc-
tion workers to output. As we shall see, this discrepancy-is elimi-
nated when wé assume increasing returns to all factors and raise
the elasticity of output with respect to production workers. A
final source of discrepancy for K-S is the undereétimation of the
rate of growth of output, causing an underestimate of the residual
relative to the contribution of advances in knowledge.

Line F.4 separates é/C into coﬁponents showing the routes by
which advances in technology affect the growﬁh rate of economy A
relative to that of economy B. The direct impact of disembodied
technical change is an improvement in the growth rate of 2.61 per

cent, of which 1.77 occurs through the growth rate of consumption

: - . . 27
and .84 through the growth rate of effectiive investment. The
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indirect impact of research through the rate of growth of capital

is .74 per cent, of which .28 per cent represents the contribution

of embodied technical_change to the growth of consumption, and the

remainder is due to the over-all impact of faster output growth on

capital growth through the proportional saving rate. In fact, the
stock of capital measured in base-year cost (i.e., excluding embodi-
ment effects) grows 40 per»cept faster in économy A than ecénomy B.
The influence of research on the supply of production Qorkers serves
to reduce tﬁe growth rate.  Since the portion of the labor force
engaged in research in economy A_is steadily rising, the rate of
growth of production Workers in economy A is slower than in economy
B, where all research,wgrkers do production work.

In short, the simulation results confirm the'analysis.of sec-
tion II above. Both K-S and G-J underestimate the contribution of
advances in knowledge to economic growth. The underestimate by G-J
is larger, both becaﬁse.they count theyeffects of embodied technical
change as part of the grgwth of input and because they exaggerate the
contribution of education to growth. But even if these two “corfec—
tions" in the G-J procedur¢ were to be omitted, the calculated increase
in total factor productivity would still be only 1.32 per cént,_lcss
than half of the true contribution of advaﬁces in knowledéc. This,

for instance, would be the K-S measure of the residual if K-S (as is
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likely) were to agree with G-J on the use of correct structures

deflators, on Divisia indexes for output and ihput aggregation,

and‘éh a "correct" adjustment for education; We cah call this 1.32
per cent figure the "compromise residual," and it is striking ﬁhét
it explains so little of the true contribution of advances in know-
ledge.

Other interesting features of the first experiment are not
shown in Table 1. Over the fifteen time periods of the simulation,
the relétive price of investment rises by 55.per cent, aue to the
more‘rapid pace of productivity change in the consumption than in
the investment sector, combined with thé fact that wage rates in
the two sectors are the same. The wage rate increases by 64 per
cent over this interval, and since the wage rate is used by K-S
to measure the price-of structures, they overestimate the growth of
the lattef by 9 per cent. Due to the relativei& greater burden of
replacement investment in equipment and the‘riéing importance of
replacement, the ratio of gross investment.in structures to equip-
ment (Ii/IE) declines over the simulation period from 64 to 53 per
cent. The ratio of gross investment in structures to the gross pro-
duction of equipmcﬁt services (Ii/zt) declines even more, from 54
per cent to 35 per cent.

Although the assumed saving rate in current prices is 20 per

cent, the actual share of gross constant-price investment in output
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(when investment is measured at baec~year cost) is.only 16 pcr cent
in the final period, because the rising relative price of inveStment
goods cuts down on the.inyestmentgoods which can be purehaSed with
a given sacrifice of consumption goods. But the,share of effective
in&estment7in output (defined to include coneumption plus effective
investment) is 23 per cent, due to the contribution of technical
change to increasing the equipment services obtainable ffom a given
amount of base—yearfcost investment.

2. Increasing Returns. As shown in Table 2, the main points

of the first simulation are confirmed if we introduce increasing

returns in all factors, which can be accomplished if the technological

elasticities of output with respect tonproduction labor.and‘effec~
tive capital are raised in proportion by enough to’yield'constant |
returns to production labor and effective-capital alone. But the
magnitudes of the discrepancies bethen é/C and the two measures of
growth in total factor productivity are reduced considerably, enough.
so that the K-S residual isvacﬁually slightly larger than the true
contribution of advances in knowledge. The G-J residual is 58 per
cent of é/c, as opposed to only 34 pef cent in the constant returns
~ case.
‘The recasons for the main differences between Tables 1 and 2 may

be briefly noted. The increase in the az,u3,32, and Y2 parameters




- TABLE 2 a6. .

Types of Technical Progress: Disembodied in Consumption Sector
: ' Disembodied in Investment Sector
Embodied :

Returns to scale in all factors: Increasing
pParameter values of the technology:

@, = .200Q,_ = _,75Q

1 5 a, =.°25'B'1 = .20 B, = ;.oo Y1,=_°2°~ Y, = 1.Qo

Summary of results (percentage growth rates):

Y Yy ~ cC C c ‘ '
: - - K
P=5.29 5=.2.31 = 2.98 S 3,01 5= 1,73 pg= .351 Pg= .147
A B K-S G-J

Components of G-J Correction of K-S:

Output Price of Effective
. Aggregation Structures Equipment Education
Percentage points . ' . ,
subtracted from -.02 .20 .55 .55
~residual ' o

~ Per cent of output

growth explained by  42.7
input growth after
correction

Explanation éf'discrepancies between calculations of residual
and truc contribution of advances in knowledge:

- (percentage points) True - K-S

Calculated contribution 2.98 3.01
Sources of Discrepancies:
a. Growth capital input .31 .
b. Price of structures -.17
" c. Capital share .22
d. Growth labor input : -.37"
e. Labor share _ ‘ -.04
f. Growth of output ' .02
True contribution 2.98 2.98

Addendum: Sources of true contribution of advances in knowledge
a. Direct impact of research 2.76 |
b. Indirect impact on capital .90
. Indirecct impact on prod'n labor -.68
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raises the growth rate of output in economy'A, but economy B, where

the output growth rate had been held down by diminishing returns in

labor and capital, benefits relatively more; thus the contribution
of advahces in knowledge, tﬁe difference in the growth rates of the
two ecoﬁomies, is only slightly larger here than in Table 1. Sinée
the increased growth rate of economy A has been achieved with no
increase in the growth rate of labor input and only a moderate in-
crease in the growth rate of capital, both the K-S and G-J "residuals,"
i.e;, output growth ﬁinus weighted input growth, are raised consid-
Qrablyi Another result in line D is the reduction in the social
rate of return to reséarch (since shifting a unit of labor out of
production wbrk now involves more of a sacrifice, given the unchanged
elasticity of output with respect to research) andla substantial
increase in thé social rate of return to tangible capital (which
again makes sénse, since output is now more responsive to the efforts
of production workers in the investment sector).

Tﬁe difference between the K-S and G-J residuals is a bit larger
than before--1.28 perceﬁtage points in the increasing returns case
as opposed to .94 with constant returns. The G-J correction which
converts capital K into effective capital J is more important here,
since the increased Y2 coefficient raises the magnitude Qf the embodi-

ment coffect. Another reason for the increase in the difference between




48,

K-S and G-J is the élightly increased share of iabor, whichvraiseé
the importaﬁce'of;the,G-J céffectioﬁ for.educétion; -
'InvS¢cti§n F'We}néticé first that the K-S oVérstatement 6f thé
contributidn of capitél'input is less éerious ndw, mainly because
of the faster growth of capital in economy B. Inbline F;2.c. both
Qverestiﬁateé of fhe'capital share are less serious. This occurs
because the highér elasticity with respect to labor raises the marginal
product of production workers iﬁ the consumption sector, hence the
wage of research workers relative to the marginal produqt of research,
and thus reduces the degree.of exploitation of fesearch workers. The
value shares understate the true share of labor, as shown in line |
'F.Z.e. Ah important .change in the last Séction.is.in line F.4;c.,
.whére the negative impact of research on the contribution of produé—:
tion workers is larger, since a larger sacrifice is now involved in 
switching a worker from production to research employment.

Although the K-S residual overestimates the contribution of

knowledge, this is not true after corrections are made for the errone-

ousvprice'of structures, for the contribution of education, and for
errors in odtput aggregation. »This'“compromise residual" is 2.48
per cent, or 83 per cent of the true contribution of advances in
knowledge. This may be compared to a "compromise residual" in the

initial constant-returns trial which is only 46 per cent of the




49,

contribution of advances in knowledge. Thus the degree of returns. ,"

[ ! ‘-' v R . . )

to scale in the economy is very important in assessing the. actual

deviation -of the "compromise residual" from the true contribution
! .

of technical change, but is not decisive in determining the direction

of that deviation (unless there are significantly increasing returns

in capital and production labor alone).

Disembodied and Embodied Change Introduced Separately

Tables 3 aﬁd 4,présent results for the case of technological
advance which takes place only in the form of disembodied improvements
~in the consumption sector. This brings the K-Sland G-J residuals
“much closer together, with the oﬁly important differences being due
to the G-J corrections for errors in output aggregation and education.
K-S would probably agree with these correctidns, at least after the
educational correction has been adjusted for ability differences,
and a "compromise residual" can be calculated. As in Tables 1 and
2, this only.explains a fraction of the true contribution of advances
in technology--48 per cent in Table 3 and 81 per cépt in Table 4.
Incidentally, we are reminded in Tables 3 and 4 that there is nothing
about the G-J measurement techniques which forces the contribution of
advances in knowledge to be zero by definition, as Denison appoaré

to have inmplied (sec footnote 7 above).




TABLE 3 | 50.
Types of Technibai Progress: Disembodied in Consumption Sector Only fb

i : : |

Returns to scale in all factors: Constant
Parameter values of the technology:

;fg)al~= .00 '?2 = 1.00Y, = .00 Y

Summary of results (percentage growth rates):

.

c e :
K-S G-J . R_ K_
1.76 5 —= 1.00 5~ = .64 Pg= .574 Pg

.040
K-S “G-J '

»Componehts'of G-J Correction of K-S:

output Price of Effective
_ Aggregation Structures Equipment Education
Percentage points _ : - o '
subtracted from -.13 .o -.05 - .54
residual fn ' :

per cent of output-

growth explained by 67.9
input growth after
correction

Explanation of discrepancies between calculations of residual
and true contribution of advances in knowledge: '

(percentage points) . True G-J

Calculated contribution 1.76 .64
Sources of Discrepancies: _ '
a. Growth capital input » : .15
b. Price of structures . o e
~ c. Ccapital share , .81 .78
d. Growth labor input - : -.34 .21
c. Labor share -.01 -.02
f. Growth of.output : .13 .o
True contribution 1.76 1.76 1.76

Addendum: Sources of true contribution of advances in knowledge
a. Direct impact of research 1.72 '

. Indirect impact on capital .17

. Indirect impact on prod'n labor -.13




TABLE 4

Types of Technical Progress: Disembodied in Consumption Sector

Returns to»scale in all factors: Increasing

parameter values of the technology:

¢y = »=.25 Bl = .00 52 = 1.00Y; = .00 Yy = 1.00
‘Summary of results (percentage growth rates):

A B CK—S ' G- K
= 4.37 2B= 2,31 == 2.06 5= 2,025 = 1.60 Pg= .505 Pg= .080

Ya B . K-S G-J

Components. of G-J Correction of K-S:

Output Price of Effective :
Aggregation Structures  Equipment ELducation
Percentage points . _ :
subtracted from .09 _ ' -.04 .5
residual ‘ :

Per cent of output

growth explained by  51.7
input growth after ‘
correction

Explanation of discrepancies between calculations of re51dual
and truc contribution of advances in knowledge:

(pelcentage ‘points) ' ' ’ True K-S

Calculated contribution 2.06 2.02
Sources of Discrepancies: ‘
a. Growth capital input .12
b. Price of structures ' ces ces
c. Capital share : .24 .23
d. Growth labor input _ -.37 .22
e. Labor share -.04 -.08
£. Growth of output .09 .
True contribution : 2.06 2.06 2.06

addendum: Sources of true contribution of advances in knowledge
a. Direct impact of research 2.06

}. Indirect impact on capital .13

o Indirect impact on prod'n labor -.13
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Results in Tables 5 and 6 depict the case of embodied quality
improveﬁents‘in ejuipment, with no disembodied techniéal'change in
either the consumption or investment sectors. The results are quali;
tatively similér»to the initial cases considered in Tables l-ana 2,
but the growth.rates of ail the variables in line D are much smaller,
since only one-third as much research is being carried on and, its
effect is dampenéd by an elasticity of output with respect to effec-
tive capital of only .20. Taking aside the G-J exaggeration of the

contribution of education, the G-J residual would be .19 percentage

points in the constant returns case and .30 in the increasing returns

case. The residual in this embodied-only example would be equal to

zero but for a peculiarity of the simulation model--in the simulations
it is only effective equipment which directly contributes to output,
but the G-J measure of effective capital includes both equipment and
slower-growing structures. ‘If the model had been designed so that
both structures and equipment contributed directly to output, YA
would have grown more slowly and the small remaining G-J residual
would have been wiped out.

If the K-S residual is corrected for the true contribution of
education, the price of structures, and errors of‘output aggregation,
we again have the "compromise residual," which is .45 per ceﬁt per

ycar'in Table 5 and .63 in Table 6, and thus explains 88 and 112




TABLE 5

‘Types 6f'Techni¢al Progress:  Embodied Only

Returns to scale in all factors: Constant

Parameter values of the technology:

: = aQ o= a = = ‘ - . =' '..'= -
ay .00 % .80 @ ,go.Bl .00 ?2,» 1.00 Yy .20 Y, .80

Summary of results (percentage growth rates):

. - -

D Y R, c o
A B K-S G-J R K |
= 2.46 7=1.95 7= .51 T = .58 g =-.03Pg= .0995Pg= -.0003
A B O Tr-s -3 o

Components of G-J Correction of K-S:

output Price of Effective ,
: Aggregation Structures Equipment Education
- Percentage points , ‘ : :
subtracted from ' .20 - =.03 - .23 .62
residual ' ‘ ' ' ' o

‘Per cent of output : . ' o
growth explained by 72.4 , o ‘ 1.013
input growth after

correction

Explanatiqh of discrepancies between calculations of residual
and true contribution of advances in knowledge:

(percentage points) True K-S

Calculated contribution .51 .58
Sources of Discrepancies:
a. Growth capital input .05
b. Price of structures ' .03 .
c. Capital share .02 .03
d. Growth labor input : -.38 .22
c. Labor share ‘ .02 .03
f. Growth of output .20 .o
True contribution .51 .51 .51

Addendum: Sources of true contribution of advances in knowledge
a. Direct impact of research .29
}». Indirect impact on capital .39

¢. Indirect impact on prod'n labor -.17
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TABLE 6

Typcs of Technical Progress: Embodied Only

Returns to scale in all factors: Increasing
Parameter values of the technology:

a, = .00 a_ = .80 a_ =,20 Bl = ,00 - =

1 T2 3 o T 1.00Y

1

Summary of results (percentage growth rates):
C
G-J.
C 8
_ _ G-J
Compohents of G-J Correction of K-S:
- Output Price of
Percentage points
subtracted from
‘residual

Per cent of output
growth explained by
input growth after
correction

66.4

= .20 Y

R
= .07 P,= .08520P

i Effective | L
Aggregation Structures Equipment Education

-.05 " .00 .16

5 =.lfOO

K_

8

.0536

.62

Explanation of discrepancies between calculatiqns of residual

-and truc contribution of advances in knowledge:

(percentage points) True K-S

1. cCalculated contribution .56 .80
2. Sources of Discrepancies: '
a. Growth capital input -.13
b. Price of structures - e
c. Capital share ‘ .05
d. Growth labor input -.38
e. Labor share .00
f. Growth of output .23

G-J

.07

.19
.07
.23
.00

True contribution .56 .56

Addendum:
a. Direct impact of resecarch .44
b. Indirect impact on capital .33
. Indircct impact on prod'n 1ébor .21

.56

Sources of true contribution of advances in knowledge
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per cent of the true C/C. The percentage of explanation is higher

in the pure embodied case, since the compromise capital index for

| economy A does nof grow markedly faster than the growth of capital
S

in economy B, as occurs in the presence of disembodied technical
|
|

change.

C. Other Examples

Table 7 sﬁmmarizes the results of the previous.tables and several

additional trials. ‘Two lines of results are given for each trial,

|
one for constant returns and a second for increasing returnsfkwhere
in each case the Cobb4Douglés exponents on capital and production
labor are raised in proportion by enough to yield constant returns
in capital and production labor alone).

Trial liduplicates the experiment presented in Tables 1 and 2.
Trial 2 is the same with higher research elastiéities in the invest-
ment sectdr, which appears further to widen the gap between é/C and
the "residuals." The "compromise residual” explains only 48 and
76 per cent of é/c in thé constant and increasing returns cases,
respectively. In general, the higher the coefficients on disembodied
change in either sector, the less accurate the "compromise residual."

This is confirmed in Trial 3, in which the parameters on capital and

disembodied research in the consumption sector are raised, resulting




TABLE 7

Summary Data for Experiments

Type of . Returns
Technical Parameter g to
Change Values . Scale

Trial DC DI E Inc. Dec.

1. ped X X




Tvpe of
Technical
Change

Trial DC DI

9.

New Abbreviations:

4

TABLE 7 (Continued)

‘ Returns
Parameter to
vValues ' Scale
o ¢
3 Fjl Inc. Dec.

.20 .00

The "compromise residual."

Disembodied technical change in consumption sector.
Disembodied technical change in investment sector.
Embodied technical change.
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in a "“"compromise residual” which only explains 33 and 70 per cent

of ¢/Cc. Trial 4 returns to the B, and y; parameters of the initial

1

trial but lowers the disembodied consumption research parameter (ai)

and raises the capital parameter (d3). The result is a narrowing of -

the gap between C/C and all versions of the residual; the "compromise
residual" explains 54 and 85 per cent of C/C. Trial 5 reverses the

change in the al and a3 parameters, with a slight alteration of the

explanation of C/C by the compromise residual to 48 and 86 per cent.
In general,.theigap between the social rates of réfﬁtﬁ.to investment
research‘énd tangible capital widens in favor of research when
is increased and narrows when a_ is increased. The increase in

3

and y, (Trial 2 compared to Trial 1) appears to raise the gap

4 1
the constant returns.case and reduce it with increasing returns.
Trial 6 corresponds to Tables 3 and 4 above.A In Trial 7 there is
disembodied technical change iny in the investment sector, with
resulfs very similar to the embodied—only case in Trial 8, except
that the "compromise residual" explains a cohsiderably smaller frac-
in thevembodied—only case is raised over

tion of C¢/C. In Trial 9 Yy

its value in Trial 8, with a "compromise" residual which continues
to explain most or all of ¢/C. depending on the degrece of returns

to scale. Finally, in Trial 10, there is another variant which dif-

fers from the first trial by omitting disembodied change in the
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consumption sector, but in which the explanation of C/C by the

"cémproﬁise fesidual" is about the same--58 ana 86 per centf

An interesting feature of Table 7 is the existence of, several"
Trials, 7, 8, and 10, in which the Griliches-Jorgenson vefsion'of
the residual is virtually zero, but in wﬁich-the social rate of
return to research eXéeeds the ‘social rate of return to investment
in tangible capitai (an exception is the increasing returns version
of Trial 10). As pointed out above in Section IT, this contrédicts
the G-J statement that a small valué of their residual implies

virtual equality of the two social rates of return.

D. Effect of a Higher Saving Rate

Denison has argued on several occasions [4][5] that a substantial
boost in the proportion of fixed inveétment in national incoﬁe would
yield inconsequential increases in the growth rate of output. 1In
his initial study of the U. S., for instance, Denison calculated
that "A change of 0.1 points in the growth rate over perhaps 60 years
wouid be achieved by cqntinuingbadditional net investment equal to...
0.75 per cent [of the nat;onal income] if none of the additional
investment were devoted to non-farm housing" (4, p.277). The present
simulations lead to smaller effect, as illustrated in Table 8. With
the parameter values of thé initial trial, as shown on line 1, a

five per cent increase in the ratio of gross investment to gross




TABLE 8

Effect of Increase in
Saving Rate from 20 to 25 Per Cent

Type of : Returns
Technical to

Change . a o ) Scale
DC DI B I ] : Inc. Dec.

Increase
. 1in
Y /Y
A/ A

Points

%

.20
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national product (both measured in current prices) yields an increase

of bnly .1l points in the 15-period average annual growth rate in

the constaﬁt retufns case (from 4.30 to 4.41 per cent), ‘and oniy

.22 with increasing returns. Thus a 25 per cent boost in the saving
" rate produces only a 2.6‘(or 4.2) per cent increése in the growth
rate.

Further, the results confirm Denison's argument that the yield
of extra saving is little affected by the existence of embodied
technical change. For instancé, the assumed increase
in thevsaving rate by one-quarter yields a 2.6 per cent (.09 points)
increase_in the growth rate in‘the trial which assumes disembodied
technical change in thé-Consumption sector, and an increase of 4.1
per cent (.10 points) in the embodied-only trial. 1In fact,‘these
calculations may oversﬁate the effect of higher séving on the growth
rate, since no allowance is made for Denison's point [5, é. 92] that
new capital goods are heterogeneous; some new pieces of equipment,
which are vastly superior in quality to older vintages, will be in-
stalled even at low rates of saving and investment. Marginal in-
croments in the saving rate, however, will be usea to purchase lower-
priority items which are less superior in qqality to earlicr vintages
and which will thus yield smaller increments in the growth rate than

suggested in Table 8.28




VI. Conclusion: Summary and Implications

A. Summary

This paper has demonstrated that total factor productivity or
"residual" indekes, whether calculated with or without correction
for the "errérs" discévered by Griliches and Jorgenson, are not
i
reliable estimates of the contribution of technological change Eo
economic growth. 1In a thebretical model and in computer simulations,
the true contribution of advanceslin technology is, in most cases,

greater than indexes of total factor productivity as calculated by

Kendrick-Solow and Griliches-Jorgenson. In all cases the full list

of corrections for "errors in measurement" proposed in the G-J papers

makes the G-J "residual" smaller than that of K-S and hence a more
inaccurate estimate of the contribution-of technological advance.

O0f the numerous G-J corrections, Kendrick and Solow might égree
on the use of accurate price indexes for structures, Divisia indexes
for the growth of input and output, and some adjustment of labor input
for education--although not as much of an adjustment as made by G-J.
Aﬁ index of total factor productivity adjusted for these corrections
can be called a "compromise residual." But Kendrick and Solow would
not go‘beyond this and approve the G-J substitution of measures of

effective capital (J) for the base-year-cost stock of capital (K),
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since this heaéure of effective input disgquises the role of advances
in technology in achieving the increase in J relative to K,‘i.e.(
iﬁ rules out embodied technical change by definition. And, as‘

we saw above in Tables 5 and 6, the G-J residual (after their errone-

ous educational adjustment is corrected) is zero in the case of em-

bodied technical change. It isvthis feature‘which makes the G-J
residual in all of the above simulations further from.the‘t;ue con-
tribution of technqlogical progress than the "compromise residual."

A more novel conclusion is that even the ”coméromise residual"
almost always underestimates the contribution of advances of knowledge
to economic growth. The magn}tude of this discrepancy varies over
a considerable range in the computer simulations, depenaing on as-
éumptions madé in the model regarding the underlying production éo—
efficients and payment arrangeménts for research workers. The

discrepancy depends mainly on:

1. The Degree of Returns to Scale. Simulations with constant

returns to scale in production labor, capital, and research, produced
larger discrepancies than the assumption of increasing returns in
these three factorsiand constant returns in production labor and
capital alone. This is natural, since constant returns to labor
and capital is an underlying assumption of the K-S and G-J techniques
for calculating indexes of total factor input; if the true elasticity

of output with respect to labor and capital is actually less than
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one, their weights on the growth of labor and capital (which add

to one) are too high, their measures of total factor input grow too

rapidly, and their residual is too small. Of course this source of
the discrepancy between the "compromise residual" and the true con-
tribution éf advances in technology is eliminated or reversed if

the true elasticity of output with respect to production labor and
capital is sqfficientlyAgreater than one. But it seems unlikely that
an ecoﬁomy with ab;olutely no advances in knowledge could avoid di-
minishing.returns tq prodﬁctigp ;abér‘and capital. It could endlessly
duplicate pié%ﬁg-0§éfatiné Qit£'19l8 or 1818.technology, but how
could it overcome problems of transport, organization, and distribu-
tion when no one takes time out to thiﬁk about them? 1In fact, this
is the fate of economy B in Tables 1, 3, and 5 abové, in which there
is no research, significantly decreasing returns in labor and capital,
and a large discrepancy between the "compromise residual" and the
true contribution of advances in knowledge.

2. The True Growth Rate of Capital Input. Whether returnsto

scale are constant of increasing in the three factors, disembodied
technical change increases the rate of growth of economy Avrelativc
to economy B, and this, due to the proportional saving assumption,
raises the growth rate of capital in economy A relative to B, even

if there is no embodied technical change. Since the K-S and G-J
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indexes of total factor productivity are based on the observed

growth of capital in economy A, they overstate the growth of capital

which would have occurred without technical change and cdnsequently
understate the contribution of advances of technology to economic
growth. Thére ié no way this error can be avoided, so that even

the "compromise residual" will hot accurately identify the.contribu—
tion of technical change unless.in the real world there is no dis- |
embodied chaﬁge ét all.

3. Research Compensation in the Capital and Labor Shares. 1In

the computer simulations research workers are‘paid the same wage as
production workers of the same educational attainmént, so that they
are exploited if Ehe social rate of return to research is positive.
For this reason the observed capital share in economy A overstates
the elasticity'of oufput with respect to capital, and the K-S and
G-J measures of the contribution of the growth of capital to output
growth are overstated due to the application of oversized capital
shares. This source of error in the approximation of é/C By the
K-S and G-J residﬁals would not be eliminated if capital were to be
paid its marginal product; in this case it would bé the oversized
vélue share of labor which would disguise the contribution of re-

search workers, and the contribution of the growth of labor would

be overstated. Only with constant returns to scale in production
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-labor and'capita%,"and'increasing returns to all factors, will there
be no error when the extra research cbmpensation is included ih;the

shares of the conventional factors.2

B. Implications

Griliches'anvaorgenson claim that "the equality between private:
and social rates of return is a testable hypothesis within our frame-
work," i.e., that a finding by G-J of no change in total factor pro-

ductivity would imply that the "contribution of investment to economic

growth is....compensated by the private returns to. investment"|11,p.274].

Presumably a positive G-J residual would suggest that social returns
exceed private returns. Yet in oﬁr simulations above there are
numerous trials in‘whicﬁ the G-J. residual is positive, yet private
returﬁs exceed the contribution of investment to growth,.due to the
exploitatioﬁ of research workers. Without exploitation the sociél
and private returnsiare equal, but the G-J residuals would be raised
due to a smaller weight on the growth of capital inpﬁt. Thﬁs there
18 no corresponaence between the G-J residual aﬁd the difference be-
tween the social and private rates of returﬁ to investment, since
fescarch—using disembodied technical change creates a positive G-J
residual without causing the social rate of return to diverge from

the private. This point reminds us that previous writers on total
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factor p;oductivity, including G-J, have been led to misleading
cénclusions through excessivé_concentration on "costless" technical
change and insufficient attention to cost-increasing advahcesvin
teéhnology.

In the simulations above the G-J residual is much smaller in
trials in which all technical change is embodied than those in which
part or all of technolbgiéal advance is disembodied. Does the small
G-J residual in [11] for U. s. growth from 1945 fo 1965 therefore

imply that in reality most U. S. technological advance has been of

the embodied type? As yet we do not have sufficient information to

answer this question, since the G-J corrections for "errors" in the
price of equipment ‘and utilization of capital are notoriously unreli-

able, as pointed out by Denison - [2, pp. 76-781]:

Whether the [equipment] deflator on balance can be
assumed to have an upward bias rather than random error
depends on the criterion adopted for judging appropriate
behavior. I think there is no such presumption if the
criterion is the same as for other price indexes, including
those for consumers' durables.... '

: Power-driven machinery in manufacturing, to which the
[utilization] data refer, is so small a component of total
capital input. that an increase in the hours it is used
would have only a minor effect on the growth rate...|G-JJ
assume, with no attempt at jus:ification, that the average
hours worl.2d by inventories, by structures, and by all
producers' durables, including such components as office
furniture and restaurant equipment, increased in all in-
dustries in proportion to the increase in hours worked by
manufacturing machinery driven by electric motors.
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There is a noticeable assymetry in the models'outlined above
in Sections iI and IV, since, following the U. S ﬁétional accounts,
investment in tangible capital is considered a part of output and
investment in reéearch,is excluded from output. If output<Wére re-
defined to include investment in research and if "investmenﬁ in sci-

entific research and development could be....cumulated into stocks"

(as G-J suggest - on p. 275 of [11]) and included in total factor iﬁ—

put, changes in total factor productivity would be eliminated in
the above models, which do not allow for any shifts in the consump-
tion or investmént production functions. But this would be aﬁ un-
rewarding effort for students of economic growth, since such a
redefiniﬁion would furthér disguise the true contribution of advances
iﬁ knowledge to economic growth. No useful informationlabout growth
could be gained from such a "broader accounfing framework.f We
could not discover, for instance,vhow much growth had been due to
research, for we would have no way of estimating the contribution

of research inputs to growth without assuming in advance that the

private earnings of research workers are equal to their social mar-
ginal product. Yet the social returns to fesearcﬁ are one of the
elements which calculations of the "residual” are designed to reveal.
This diffiéulty 1s in addition to the insuperable problem of measur-

ing the proportion of the labor force which is really engaged in
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rtechnologyfadvancing activities. We wduld include those.formally
designated as tesearéh and»dévelopment employee;,-to be,sure,’bﬁtv
how many managers would we include, and what fraction of the Fime
of foremen. and innovative production‘workers?

A full evaluation of previous research in the light of our
simulation studies is beyond the scope of this Qapef. But it‘is
interesting to reflect that the work of Denison [4][6], which ba-
sically foilows the K-S techniques but corrects for the contribution

of education to growth, is a close approximation of what we have

called the "compromise residual." 1In most of our simulations the

"compromise residual" substantially underestimates the contribution
of advances in knowledge to economic growth, suggesting Denison's

"state of knowledge" source of U. S. and European growth may be

3
too low. °

For potential cconometric production function studies, this
paper introduces a new note of caution into a file drawer already
overstuffed With warnings. . Investigators attempting to identifyvthc
relative importance of'input_growth and advances in technology as
sources of economic growth should study the results of our simulations,
which suggest that the growth in the base—year—cost capital stock
which has actually occurred in a technologically adyancing economy
is larger than that which would have occurred without technical

change, so that statistically-estimated'residuals" are likely to

|
|
|
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underésﬁimate the true contribution of technical change. Also, it
is probable tﬁaﬁ the observed rate of g?owth of\the labor force is
greater than.the rate of growth of workers actually engaged in pro-
duction work. Further, as Nelson has pointed out [15, p.597], a
cyclicél correlation between investment in research and development

and investment in tangible capital will produce estimated capital

parameters which are biased upward in regressions which exclude a

research variable; this in turn would foil any attempt to estimate

the true degree of returns to écale, leading us to be skeptical of
_G—J's statement that "such production functions provide one means
éf testing the assumptions of constant returns to scale and equality
between price ratios and marginal rates of transformation...."[11,
p. 276].
Griliches and Jorgenson claim that their results "suggest a

new point of departure for econometric studies of production func-
tions at every level of aggregations" [11, p. 276]. Econometricians
should view this advice with caution, for literal interpretation
would reduire the replacement of capital stock data by "surrogate"
or "effective" capital series. This would prevent econometric stud-
ies from identifyinc the portion of output growth which is explaina—
ble by technological advance, since part of the advance in technology

would be disguised in the growth of effective capital. G-J might
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" counter that econometric production function studies based on "error-

corrected" data are at least a guide to disembodied change,-but this

is true only if we can trust the reliability of the G-J techniques
for estimating the ratio of effective éapital services—to thé capital
étock——and Denison's remarks suggest that this is very‘doubtful. (of
coursé, econometricians should continue té heed Jorgenson's warning
that embodiéd and disembodied technical change cannot in principle
be distinguished with standard capital stock data);

Where does research go'from here? Since studies of economic
growth with existing macro data are suspect for so many reasons,
increased resources should be devoted to micro studies of technoiogi—
cal improvement at the plaht and product level. Nothing in this
paper criticizes the laudablebearlier attempts of Griliches and
others to compute quality-corrected price indexes for machinery
and other durables. While we have warned against the use of input
indexes compufed from such quality-corrected data in studies which
attempt to determine the importance of technological advance by
residual-type methods, quality-corrected data are clearly desirable
for measuring improvements in welfare and the true rate of inflation.
And, in the field of human capital, the task of separating the rela-
tive contributions of education, ability, experience, and environ-

mental differences to wage differentials has only begun.
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FOOTNOTES

1. 1In this discussion we adopt Mansfield's definition of tech-
nical éhange as the advance of technology, which-is“society's pool
of knowledge regarding the industrial arts. It consists of knowledge
used by industry regarding the principles of physical and social
phenomena ..., knowledge regarding the application of these prin-
ciples to production -+., and knowledge regarding the day-to-day

operations of production" [13, p. 10].

2. These statements are contradicted by the remark, "our con-

clusion is not that advances in knowledge are negligible" [11,
bﬁt are nowhere retracted or rescinded. 1In fact, the admission that
no conclusion is reached regarding teéhnological change is immedi-
ately.followed by the statement on the comparability of social returns:
to research and other kinds of investment, which requires the identi-
fication of advances in knowledge (i.e., the returns to research) with
changes in tofal factor productivity.

3. Since all capital-embodied technical change is capital-
augmentiné, it is legitimate to write the capital aggregate J(t).
See f8]. For a more preéise description of the production process
in such an economy, see |22, p. 75].

4. Possible justifications for this assumption, which implies

diminishing returns to the "conventional" factors K and I, alone, have




been enumerated by Nordhau§ 17, pp. 172-4). There are no strong‘
reasons to expecf that thié-assumption’is more fealistic than the
alternétivé of constant returns in L and K, but it simplifies the
exposition. The computer simulations bélow include experiments as-
suming both diminishing and'constant returns to L and K. One reason
to expect at least slightly diminishing returns to I, and K is that

a doubling of L and K pfobably requires some improvements in mana-
gerial techniques and distribution and handling techniques, and if
these technological improvements do not occur, Y may not be able to
double in size.

5. The expreséion for economy B is derived as follows. We
differentiate (1) with respect to time on the condition‘that the
margipal product of research workers is the same as that of produc-
tion workers.

(a) YB = FLL + FJGKKB+ FLS

Now we divide both sides by YB, multiply the three right-hand terms

K LS . .
by % , ﬁ ' IS respectively, and note that, on the assumption of
AN

steady-state exponential growth in S,

F_L r
(L) L J _B

L
- +
L

Y
B B

6. This point has been made before: "Surely it is a mistake




to measure the contribution of technological change to economic

growth after subtracting the higher incomes that R&D scientists

and engineeré receive" [15, p. 591)]. oOne might add thaﬁ this point
is valid also for a large portion of managerial saléries, for fewer
and less well—paid,managers'would be necessary if there were ho. |
technological changéf

7. At this point it is important.té clarify a aisagreement
between G-J and Denison [1l1, p. 254, fn. 1]. 'Denison clainms:

Since advances in knowledge cannot increase national
product without raising the marginal product of one or
more factors of production, they, of course, disappear
as a source of growth if an increase in a factor's mar-
ginal product resulting from the advance of knowledge is.
counted as an increase in the quantity of factor input.

G-J respond that Denison's interpretation implies the measurement
of input growth as the éum of the growth of input.prices and input
quantities, whereas G-J clearly state in their equation (4) that
input growth only includes the growth of input quantities.

In fact, Denison is partly right. Consider the model in the
text above. On the assumption that factor shares equal factor elasti-
cities, G-J measure the growth Qf inputs as:

L J
(a) =g 24p Y
X YL L J

That is, they measure the sum of growth in input quantities. But

what is J/J? Substituting from (4) above:




| R
b -~
(b) YL ‘ < * Pys®ar R

This last term is what Denison means as "an increase in a factor's
marginal product resulting froh the advance of knowledge," and G-J
indeed include it in their measurement of input, as long as the
"factor" to.which Denison refers is understood to be K, not J.
However, Denison is not correct thét ad;ances ih knowledge "disappear
as a source of growth" through this prdcedure, as can be seen by
subtracting the G-J expression for the growth of inputs (b) from

(4) above:

R
YR R

(c) + E X + E
K

YK

K
- ) — - E__E
EYJFJK K EYJ JR R

This last term is the contribution of research-using disembodied

advances of knowledge to output growth, which the G-J procedure does
allow them to identify. 1In short, Denison is right to the extent
that advances in knowledge operate in the form of embodied technical
change, but not to the extent that they are disembodied.

8. This ignores the Griliches-Jorgenson recalculation of output
as a weighted averace of the output of consumers' goods and "effective"
investment goods. 2As long as the share of capital exceeds the sharce

of investment goods in output, as in the United States, our algebraic




manipulations can safely ignore this adjustment to‘output. See

V11,3pf 259,’fn..l]. Also, we ignore the G-J tfeatment of.educa~~
tion, which is discussed below.

9. Note that our‘discussionbabove ignores Denison's adjustment
fot the‘seculér Iincreaée ih the number of school dayévper school
year, which is explained by him in detail in [3, p. 28] and ﬁhich
has the effeét éf déubling the contribution of education to érowth.
This adjustment has been questioned reéently_by Schwartzman.[2ll.

10. see {3, pp. 86-100][6, p. 84].

11. Thus the model differs considerably, both in form and in
purpose, from the models of Phelps [183, Uzawa [ 27], and Nordhéus

[16], which are designed to calculate the optimal allocation of the

labor force between research and non-research work. Here we want

the allocation to be non-optimal, as it may well be in the real
world due to bottlenécks and long gestation periods in the supply
of reseafch‘workers.

12. The figures on relative compensation were obtained from

p. 68].

13. Resources to furnish education are not specified in the
model, for they are aséumed to be provided from outside the private
sector. Specific assumptions on our seven education-ability classes

are:




. : Education Ability Proportion in
Educational Native Coefficient coefficient Class i at
Attainment Ability Gy H; t =1 t = 25

(1) (2) (3) - (4) (5) (6)

0-4 grade -4 grade .70 .71 .10 .04
5-11 grade ~ grade 1.00 . .71 .00 .06
5-11 grade grade 1.00 1.00 .63 .34
12-15 grade grade 1.24 , 1.00 .00 .29
12-15 grade grade 1.24 1.13 : .22 .14
" 16+ grade grade 1.81 1.13 .00 .08
16+ grade grade 1.81 1.30 .05 .05

Data for columns (5) and (6) from [11, p. 279, Table XI, columns_l and 8].

1l4.  Thus their ability coefficients Hf—J for the seven groups
would be, respectively, ;71, 1.00, 1.00, 1.13, 1.13, 1.30, 1.30.

15, Recently David Schwartzman [21] has claimed that the earn-
ings statistics used by Denison and G-J (and copied for use here)
exaggerate the contribution of education, due to the inclusion of
agricﬁltural workers, the unemployed, and those not in the labor
force. An offsetting bias may be the failure to allow for differ-
ences in experience. Since inexperienced young workers are on the
average better educated thanvolder, more experienced workers, the
figures on relative compensation by educational attainment of all
workers may understate the effect of education with experience held
constant. For calculations of the contribution of experience, see
[ 25, Chapter 5].

16. The annual rate of growth of.ut was determined by the




increase in the proportion of prdfessional, technical, and kindred
workers (excluding teachers) plus managers, officials, and proprie-
tors (excluding retail trade proprietors) in the U. S. labor force

from 1900 to 1950 [26, p. 75]. ‘The 1900 proportion was .054 and

had increased by 1950 to .121.

17. (31) is similar to Mansfield's expression for the stock of
research in [13, equation (1)]. This expression has tﬁe undesirable
property that obsolescence will continue even if new'research ceasés,
which is unrealistic, since obsolescence is caused'by the appearance
of new ideas. |

18. (32) implies that with a constant population, a constant
share of research workers in the labor force, and no obsolescence
of ideas, the rate of increase of technology would approach zero
because of decreasing returns (al < 1).

19. See [23] for another model in which investment is ﬁeasured
in units of labor input.

20. And we are allowed to write the capital aggregate Jt, since
all capital-embodied techﬁical change is capital-augmenting. See [8].

21. As Nelson [ 15, pp. 591-2] points out, the returns to educa-
tion would be lower if there were no technological change, and thus
the growth of effective labor input in economy A would probably be

greater than in economy B. This point would cause our procedure to




underestimate the contribution of technological advance to the

of'ecdnemy,A; o
M22. In practice, year-to-year growthirates are caleulated
(53) and averaged over the petiod of the simulatioh.

23. The constanf'returns assumption here, which referé Ee'capiﬁal'
services (J), thus differs somewhat from the eonstant returns assﬁmp—
tioﬂ in the theoretical model of Section II above, Which‘referred.
to the capital stock (K) uncorrected‘for improvements in equipment

The present ‘
quality. /Assumption is more convenient in the two-sector model of

the simulations and does not diffef for an instantaneous,doubling(of
L, J, and R, since the increased stock of knowledge would have ne
time to affect the ratio of J to K.

24. - In the calcuiations of social rates of return the initial
switch of a producfien worker from the consumption sector takes
place in period‘8.,

25. G-J attempt a parallel treatment of labor and capital utiliza-
tion, implying that the secular improvement in equipment utilization
has been caused, like any reduction‘in the‘unemployment rate, by an
improvemen§ in aggregate demand. But in fact, the main cause of the
secular improvement in equipment utilization has probably been tech-
nical change, ‘e.g., improvements in machine quality which reduce down-

time and allow the stretching of maintenance and overhaul intervals.




Otherwise, why wouldn't manufacturing firms in the 1920's have chosen
to invest less and utilize their existing capital more?
26. This calculation assumes a value of .00 for line F.2.d. and

.16 for -line F.2.e.

27. Although the share of effective investment in total real

output is only about one-fifth, the direct impact of research is
relatively greater than this implies, since there are twice as many’
research workers in the investment sector as in the consumption

sector.

28. Alferatiohs'in the saving rate do not yield important changes
in our comparisons of é/c with the G-J, K-S, and "compromise" ;esiduals.
Experiments were run with saving rates of .15, .20, and .25. Smaller'.
saving rétes cannot in general be used, since simulations with Bl
and.Yl.positive required a saving rate of at least .15 to‘pay the
salaries of the research workers in the twé laboratories in the in-
vestment sector. And even then, with @ = .15, there was little of
the wage'bill left over for production workers in the investment
sector, resulting in some c&ses in negative net investment.-

29. DMore precisely, there’will be no error when (a) there are
constant returns to capital and labor, and (b) the excess of the

contripbution of research workers over the marginal product of pro-

duction workers is distributed between capital and labor in. proportion




to the contribution of each to output growth.

30.  In addition, Schwartzman [21] presents evidence that Denison's

educational adjustment is too high, further raising the probable

contribution of advances in knowledge.







