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The Expenditures of the Firm on Reseasrch and I)ew.-1op1:|stzn:d:'r
by

Fdwin Mansfield

Yale University and Carnegie Institute of Technology

l. Introduction

The past few years have witnessed a much more intense and widespread
interest in the economics of research and development. BSeveral recent studies
have suggested that the increase in per capita output in this country during
the last fifty years has resulted largely from improvements in technology. Our
rate of economic growth is now the subject of considerable national concern,
and these results, despite their crudeness, have stimulated interest ;:Ln the

research activities that help to produce technical inmrovements.l

Despite the heightened interest in research and development, there
have been few attempts, if any, to construct econometric models 'l_;o help explsain
differences among firms in the amount spent for such purposes. Moreover, there
seems to have been no attempt to determine how such expenditures are related
to the number of important inventions or innovations that & firm produces. My
purpose in +this paper is to investigate both of these subjects. The resulis,
though they are rough, should shed new light on these important aspects of the

economics of research and c?l.e\re'lcn,;nnen’c..2



The plan of the paper 1s as follows. Section 2 presents a simple model
to explain the level of & firm's expenditures on research and development.
Section 3 tests this model and Section 4 discusses the economic implications
of the empirical results. Section 5 estimates an important persmeter in this
model for 35 firms and Section 6 discusses the usefulness of these estimates
as forecasting devices. Seciion T examines the relastionship between a firm's
R and D expenditures and the number of si_gnificant inventions or innovations

it produced. Section 8 concludes the peper.

2. A Bimple Model

This section presents & model to help explain the level of a firm's
expenditure on research end development. According to this model, a firm's
mansgers, when they determine how much to spend on R and D during the
coming year, have in mind some desired, or target, smowrt that they would spend
if they could instanteneously meke all of the desired edjustmente in personnel
and plent and 1If they could avoid the inefficiencies involved in t00 rapld an
increase in R and D expenditures. Taking this year's expenditures as a
base from which to figure, they set next yesr's R and D budget so as to

move & ceriain fraction of the way toward this desired amount.3

If ri(t) is the 1'® firm's R and D budget for year +, ﬁi(t)
is its desired expenditure for year + , and Ri(t-l)is its actual expenditure

in year (t-1) , the model implies that
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(1) r,(t) = R (t-1) +e,(t) (R (¢) - R(t-1) ],

vhere ei(‘c) is the fraction of the way the e - firm moves toward the

desired expenditure. Assuming that the actual expenditure in year t equals

the budgeted amount plus & random error term,
{2) Ri(t) = B,(t-1) +e,(t) R (t) - R(t-1)]+ z,(%),

where zi(t) is a random varisble with zero expected va.lue.h

Before proceeding any further, note two things regarding the model.
First, it is meant to apply only to industries like chemicals, drugs, petroleum,
etc., where govérnment research cohtracts are of _;:lttle importence. Although it
ie important to understand the‘deteminants of military and other government
spending on R &and D, +this is not an area where data are eesily aveilable

or Where economic ansalysis is likely to be very useful.5

Second, the model 1s
& more apt representation of decision making regarding development and epplied
research than basic research. However, this is not too importsnt for present

purposes because the former types of expend.itures dominate the total.

Returning to equation {2), there are two varlables, ﬁi(t) and ei(t) y

th

that must be explained. What determines K, (t)? Suppose that the 1% piem,

when planning the extent of its reséarch activities in yesr t , lists various
R and D projects that could be carried out and mekes a rough judgment as to

the technical and commercial promise of each one. Drawing on theee data and
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1ts past experience, it estimates the amount it could spend in year t on
projects with estimated rates of return exceeding 20 percent, 15 percent, etc.

Suppose that the resulis show that

(3) Ly(e) = M(t)e o,

where Iit(p) is the smount that could be spent on projects with anticipated
rates of retwrn exceeding p , Mi(t) is the smount that could be spent with
positive expected returns, and Bi(t) is the average antlcipated rate of retwrn
of projecis with positive expected returns.6

In addition, suppose that the firm has a certain minimum expected rate

of return, p'_}:(t), and that, if it could meke the necessary adjustments

instantaneocusly and without inefficiencies stemming from too rapid an expansion,

it would esccept &ll projects exceeding this minimm expected rate of return.
If so0,

*
(%) R (t) = M(t)e ulIE ()

h

Moreover, since one very important determinent of Mi(t) 15 the 1°® girm's

slze In year t , we asssume that

(5) () = vy 5(9) i (e)
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where vl %

th

varies from industry to industry, v., 1s positive, si(t) is

2t

the 1*° firm's sales in year + , and ki(t) is & random error term.'

Combining equations (4) and (5},
(6) £n ﬁi(t) = In vy + vy, 0 8(%) - pJ(8)/By(8) + 4n K, (%)

Of course, in Vit depends on the profitability of R end D in this

industry, Vor depends on the sensitivity of Mi(t) to differences in size

of Tirm, p;(‘b) reflects the profitability of alternative uses of the 1@

firm's money, and Ei('b) depends on the actual profitability of the ith

firm's prospective R and D projects and the amount its competitors have

been spending on R and D.8

What determines ©,(t) ? First, one would expect ei(t) to be inversely
relsted to [ﬁi(t) - R (t-2)/R,(¢-1) . 1If attaining its desired level of

expenditures implies that a firm's R and D activities must be increased

by & very large percentage, the firm probably will nbve a emaller proportion

of the way toward this desired level than if only & small percentage increase

in its R and D activities were lmplied. There are considerable costs involved
.in a very rapld expension of a firm's R and D department, the importance of
which was stressed in interviews with various executives in the industries
described below. Of course, we assume that ﬁi(t) > Ri(t-l) , but this almost

always seems to have been the case.during the postwar period, and 1t will
o .

probably continue to be so in the near future.
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Second, one would expect ei('b) to be directly related to the ratio of

th

the 1 firm's profits to its R and D expenditures in year (t-1) .

Holding [ﬁi(t) - Ri(t-l)]/Ri(t-l) constant, this factor is directly related

to the percent of & firm's profits in year (t-l) that would have been absorbed

by an incresse in R and D expenditures to the desired level. If a large
percent of s firm's profits would have been &bsorbed by such an increase, the

firm will tend to be more cautious in moving toward the desired level. Conversely,
if & firm spent less of its profite on R and D than others in its indusiry
during year (t-1), it may move more rapidly toward its desired level in an

effor£ to catch up with its competitors. This factor was also stressed in the

interviews, and we assume once again that Ri(t) > Ri’(t-l).lo

th firm's profits to its R

Letting Pi(t-l) be the ratio of the 1
end D expenditures in yesr (t-1) end I, (t-1) be the ratio of P, (t-1)

to the average value of P,(t-1) in the industry, we assume that

Ri(t-l)

(T) ei(t) = V§ + Vk
| (R (t) - R, (+-1)]

+ vg I (3-1) + k;_(t) ,

where vh end v5 are positive and k;(t) is a random exrror term. Of course,

equation (7) is assumed to hold only within a certain range -- presumably the

relevant one. We would expec;t v3 to differ among industries, allowing for

such factore as the extent to which engineering and scientific personnel are in
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relatively short supply. But there is no evidence of such differences between

petroleum and chemicals -~ the industries treated in the following aection.:_l'l

Taken together, equations (2), (6), and (7) constitute & simple model
to explain interfirm differences in the level of R and D expenditures during

year t , the exogenous varisbles being Ri('b-l) s Si(t) R pI(t)/‘ﬁi(t) , |
and l'ii(t-l) » Of course, this model is over=-simplified in many respects.

To keep it managesble and operational, we restricted ourselves to only a few
exogenous varisbles that could be measured at least roughly. Moreover, although
it could readily be genera.lized.‘to explain changes over time in a firm's R and
D expenditures, the model as 1t stands is designed only to explain interfirm

differences at a given point in 'l:imae:.l2

3. Tests of the Model

To test the model, I estimate the parameters in equations (6) and (7)
for the chemical and petroleum industries in 1958 and test whethei' they hé.vé

the hypothesized signs. To obtain these results, I use estimates of ei(t)
and ﬁi(t) derived from interviews and correspondence with eight major firms

in these industries. The Appendix describes in detall how these data were
cbtained. Although the number of firms is quite smelil and the data are rough,

the resulting estimates should be of considerable use In testing the model.
First, consider the parameters in equation {(6). To estimate vy, end

vy, @nd to see how well equation (6) cen explain differences in ﬁi(t) , We
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need date regarding p'z(t)/'ﬁ'i(t) and. Si(t) as well as ﬁi(t) . Using
interviev data regsrding p}_‘(t) and ‘ﬁi(t) for these eight firms in 1958
and data from Moody's regarding Si(t) ; We obtained the results in Teble 1.

Using these results, we obtained lesst-squares estlmates of V NG v

1 3

a.ndva,

assuming that
(8)  n (R (+)/8,(6)] = vV, +Vy #n8y(4) - V, e§(£)/p,(6) + K)(¥) ,

where V, differs between the two industries and k;(t) ie a rendom error

term. Since R and D expenditures are customarily expressed as a percent

of sales, we use ﬁi(t)/si(t) , rather than ﬁi(t) , 85 the dependent varisble.

If the model holds, V, equals one, V, egquals (vzt—l) , and V. equals the

0
14
1958 value of 4n v in each industry.

it
The results ere quite consistent with the model. After omitiing the

second term on the right hand side of equation (8) -- since ﬁl turns out to

be statistleally non-gignificant -- the regression equation is

(9) n Fﬁi(t)/si(t)] = {j:gg - (:gg{) o; (8)/B; (%) ,

vhere the top figure in brackets pertains to the petroleum industry and the

bottom flgure pertains to chemicals. The estimate of V2 i1s statistically

significant, and 1t does not depart significantly from the theoretical value
of one. Figure 1 shows that equation (9) fits the data very well, the coefficient

of correlation (asdjusted for degrees of freedom) being .95.'1'5
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Teble 1 -~ Values of ﬁi{t)jsi(t), p"i"(t)/'ﬁi(t), Bi(t),
R, (t—l)/[R (t)-B;(t-1)], and I, (%-1),

Eight Firms, Chemicel end Petroleum Industries, 19589/

Firm R (6)/8,(t)  of(%)/5, (%) 8;(t) R,(t-1)/IR (¥)-R,(v-1)] I (%-1)
Chemicals:
1 L0262 2.5 1.00 5.6 1.2
2 L0455 2.0 .75 18.9 0.9
3 .0283 2.5 23 3.6 0.8
Petroleun: i
1 .O0L8 1.5 1.00 7.6 1.3
2 .0088 1.5 .20 L.2 0.7
3 .0082 1.0 1.00 8.5 1.1
4 0126 1.0 .10 1.1 0.9
5 +0165 .5 - - -

Source: see the Appendix.
Sp—————

8/ Symbols: ﬁi(t)/si(t) is the ratio of the desired R and D expenditures

th

of the 31 firm during year t +to its sales during year +t ; p"i"(t)/‘p'i(t) is the

ratio of the minimum rate of retwrn expected from R and D pro,jécfa bjr the 1th
Tirm during yesr +t +to the average rate of return it believed it could obtein from
R end D projects vith non-negative expected returns; 9, (t) equals [ri(t) -

R.(t-l)]/[fii(t) = R,(t=1)]; R,(%) is the sctusl R and D expenditures of the 1%B

firm during year t ; and I, (t) equals P,  (t)/P(t), vhere P ;(t) is the ratio of
the 1% firm's profite to its R end D expenditures in year t and P(t) is
the average value of (t) in the industry during year 4.

Most of the data were cobtained with the understanding that they would remein
confidential. Thus the names of the conr_panies are not given., For company 3 in the
chemical industry, the data refer to 1959, not 1958, For company 5 in the petroleum
industry, R (t) <R,(t); thus, the model regarding ©,(t) does not apply, and the

last three colums of the table are left blank,
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Figure 1 =- Plot of Actual Values of .Gn[ﬁi‘(t)/si(t)] Against Those
Computed from Equation (9). "Eight Petroleum and Chemical
Flrms, 1958.2

Actual value of
In[R, (£)/5,{¢)] °

450 }

-14'000 ‘]

~3.50 +

=300 : t : b
""3 cO(i ) -3'.50 ")"-7-00 ’ -ll--50 "5.00
Computed value of £n [ﬁi(t)/si(t)]

Source: See the Appendix. The line is a 45° line through the origin.

&/ Symbols: ﬁi(t)/si(t) 18 the ratio of the 1" firm's desired R and D

expenditures to ite sales in year % .
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Next, consider the parameters in equation (7). Using the 1958 data

regarding ﬁi(t) and Bi(t-l) obtained from interviews and correspondence with

the eight firms and corresponding dats regarding Hi(t-l) from Moody's,we obteined

least-squares estimates of v3 2 vu y and Vg o Since the estimates of v, do

3
not differ significantly between industries, we assume that they were the same
and find that

R,(t-1)
(10} ei(t) = - 1,10 + .029 + 1.53 ni(t-l) .

(-012) [ﬁ;(t)-ni(t-l)] (0.32)

Agein, the resulis are quite consistent with the model. F:Lgure 2 shows
that equation (10) fits the data quite well, the correlatlion coefficient being

91, The estimates of vy, and v. have the expected signs and are statistically
'h 5

significant, Moreover, equation {10) seems to be reesonably effective (considering

the sampling errors in Vs 2 VY and Vs ) in "predicting" the values of ei(t)

for these firms in a few additional years for which we could obtain data. The

average error of these "predictions" (also shown in Fligure 2) 1s ebout .20.16

L. Implicatlons of the Estimates

Because of the small number of observatlons and the roughness of the
basic data, the empirical results in equations (9) and (10) are obviously
tentetive. But if reasonably trustworthy, they have four significant implications.

First, they allow us to make rough estimates of the effect of certain kinds of



-12 -

Figwre 2 == Flot of Actuel Velues of ei(t) Against Those Computed
from Equation (10), Seven Petroleum and Chemical Firms,
Selected Years .

Actual value
of ai(t)

1.0 4+
9+
8T v
N

06 -

-

3]
|
1

L

. i L 1 1
1 L L} t

] 1 1
0 1 2 3 5 6 T B W9 1.0

Computed value of Bi(t)
Source: Bee the Appendix. The line is a 45° line through the origin.,

&/ Symbols: ei(t) equals [ri(t)-Ri(t-l)]/[ﬁ;(t)-Ri(tfl)]. The dots represent the
data in Teble 1 on which equation (10) was based. The X's represent "predictions”
for other years for(firms where the necessary data could be obtained). Note that
& computed value of ei(t) exceeding one was set equal to one. Similarly, a

negative value was pet equal to zero. These changes Were made because O < ei(t) <1l.
See note 11.
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government policies on the amount a firm spends on research and development.

For example, what would be the effect on & firm's expenditures of a change in
policy, e.gs, the tax laws, that increased the prospective profitability of each
of its8 R and D projects by one percent? Assuming that the model holds end
that the firm's actual and desired expenditures would be approximately equal,

the firm's spending would increase by p}_"(t)/‘ﬁi(t) percent -~ which (for the

firms for which we have data) would have been about one percent in 1958 for

petroleum firms and two percent for chemical finr'm.‘s.l7

Second, the fact that equation (9) fits so well seems to imply that the
process by which a firm's R and D expenditures are determined Is not so
divorced from profit considerations as some observers have clalmed. If firms
Yestablish research lsboratories without any clearly defined idea of what the
laboratories could perform” {22, p. 29], and blindly devote some arbitraxrily
determined percentage of éa.les to R end D, it is difficult to see why
equation (9) fits so well.ls

Third, the faet that our estimate of Yoo is less than, but not significantly
different from one means that these data for iarge petroleum and chemical firms are
consistent with the hypothesis that increases in size in this range resuit in no
more than proportional increases in the amount of money & firm believes it can

spend on R and D with positive returns. If this hypothesis holds and if
p";(t)/'ﬁi(t) is indeperdent of a firm's size (in this range), one would expect

larger firms to spend no greater proportion of their sales on R and D +than

spaller firms in this range. This expectation is borne out by the faci;s.l9
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Fourth, the results allow us {0 make rough estimates of the effect of

the smount of interfirm variation in Bi('b) on the total emount spent by the

industry on research and development. Assuming for simplicity that all firms

are of equal size, that they have the same value of p:(t) , and that their

actusl and desired expenditures are equal, one can show that an increase in

the amount of interfirm verlstlion in ';S'i(t) resulte in higher industry spending
1f the average velue of p,(t) is relatively low, but that it reswlts in lover

industry spending if the aversge value of '51(1'.) is relatlively high.ao

5. Estimates of ﬁ;(t)/si(t) in Five Industries

In view of the significance of ﬁ;(t)/si(t) » it is important to under-

stand its recent behavior. My purpose in this section 1 to estimate the value
of this parameter during 19%5-58 for thirty-five firms in five industries.
Since it was generally lmpossible to obtain direct estimates like those in

Table 1 and since dats on pz(t)/ﬁi(t) are generally lacking, two rather bold
assumptions are made in order to obtain indirect estimates of ﬁi(t)/si(t) .

Although these asswmptions are not unreasonable and although they stand wp to

various statisticel tests, their roughness should be noted.

Combining equations (2) and (7), we have
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(11)
R, (t-1)

Ry(t) = Ry{t-1) + [vy + v, %

+ v I (t-1)
i
(R (81012

+ 1y (0)) [Ry(2) = R (£-1)] + %, (t) ,
= (1 + vh) Ri(t-l) + [v5 * vy I_fi] [ﬁi(t) - Ri(t-l)] + {v5[-ni('b-l) - ﬁi]

+ k;(t)} Fﬁi(t) - Ri('l-.-l)] + zi(t) s

vwhere ﬁi is the average value of I[i(t-l) for the i™® firm during 1945-58.

The two essumptions are as follows: First, we assume that a firm's desired
R and D expenditures, as a percent of its sales, was a 1inea;f Punection of time
with reandom disturbances during 1945-58. That is,

(12) R (4)/5,(%) = o, +apt+u (L),

vhere ui(t) is a random error term, time is measured in years from 1945, and

this equation is assumed to hold only during 1945-58, Second, we assume that

the last term on the right hand side of equation (11) plus ui(t) Si(t) [v5 + vs ﬁi]

can be treated as a random error term with zerc expected value and thet it is

independent of Ri(t-l) 3 Si(t) , and t ,

Judging from interviews with various firms end publlished descriptions of
post-war developments, the first assumption secems to be a reasonsble firsi
approximation. Moreover, as we shall see, some statistical tests, when applied

to a sample of the firms described below, seem to support it. To test the second
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essumption, we estimated the lest term on the right band side of equation (11)

plus ui(t)si(‘r.)[v3 + vy 'I'fi] and tested whether its expected veslue was zero
and whether it wes independent of Ri(t-l) R Si(t) , and % ., Only a small

amount of data for two firms were avallable, but these data were quite consistent

with the second assmption.‘?l

Coxbining equetions {11) end (12) end besring in mind the second
assuptlion, 7

(13)  By(6) = Byy Ri(5-1) + By, 8,(¢) + By5 t 8, (8) +2(8) ,

where By, = (1 + -|..r1+ - 1.;3 - ?5 ﬁi) » Byip - aﬂ(\_«r;,’ + 11'5 ITi) s Bys = ozm('fv5 + ?5 ﬁi) ,

and z:('t) is & rendom error term. Moreover, 1f the model is correct, one would

suppose thatae

Having mede these assumptions, data were gathered regarding the annusl
R and D expenditures and sales of 35 firms in the chemlcal, drug, petroleum,
steel, and glass industries. They pertaln to 1945-58 and were obtained mainly
from Langenhagen [13], Mm's, and correspondence with the firms. Before

estimating ﬁi(t)/s j_(1:) » We tested the essumption in equation (12). Taking

a sample of these firms , we tested whether & quedratic function of t would
fit the date better than the linesr function in equation (12). In general, there

was no evidence that this was the ca.'se.23
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Next, we used equation (13) to obtein least squares estimates of ail 3
312, end 515 for each firm. The results ~- shown in Tables 2 = 3 == 1Ilndicate

that these estimates almost alweys have the signs predicted by the mod.e\l and
that they almost always are of the expected orders of magnitude. And despite
relatively few degrees of freedom, they are generally statisticslly simficant.
Moreover, equation (13) seems to represent the data for each firm quite well,
the correlation coefficients (adjusted for degrees of freedom) generally
exceeding 95,2 ’ '

Finally, we estimated R’i(t)/si(t) for each firm. letting B,, , By, »
and ﬁiB be our estimates of Piy » Byp » emd B;t} » weused q., = 312/(1.5114.?&)

and Gy, = Byaf(1 - By +v),) es estimates of q; and «q, . These estimates

are consistent but biased. To estimate R (£)/8,(t) , we inserted G

e
iland.a

12
into equation (12) and ignored ui(t) . The omission of ui('t) should have

little effect on our conc:li.xs:l.cms.25
Teble 4 shows the mean end dispersionof the resultingestimates of ﬁi(t) Si(t) for

the drug, chemical, end petroleum firms for each year from 1945 to 1958. The
steel and glass firms were excluded because of the small number of cases. As

one would expect, there was & considerable increase during 1945-58 in the average
value of ﬁi(t)/si(t) in each industry, the percenﬁage increase being mach greater

in drugs and petroleum then in chemicals. It increased by about 110 percent in

drugs, 80 percent in petroleum and 20 percent in chemica.ls.%
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Table 2 -- Estimates of Bil’ 312, and aﬂ, Correlation Coefficient, &nd
Percentage Error in Forecasting 1959 R and D Expenditures, 19 Flrms,
Chemicel and Petroleum Industries.Z

~=--Estinates===r=w ~-Standerd Errors-- Correlation Forecasting

Compsany Bil Bi2 B:L'j ﬁil '3-1 55 Coefficient Error
A ~Chemicalgmmemmmum=m
Hercules S1%  L0131% 00079 .22 L0051  .000L5 97 =5.0%
Union Carbide  .64* L0063*% ,00122% .15 .0029  .000k9 39 3.2
Diamond Alkeli .65% .0083% ,00035 .28 .0035 .000T3 .98 5.0
Hooker 55%  LO09L¥ L0003T*# L06 L0012  .00010 1.00 13.1
Allied LB2%  L0079% -.00024 .25  .0038  .00028 .08 =3.9
Generel Aniline .60% ,0286% -,00092% .20 L0114k  .0O0LO 86 -9.6
M 19 LOLEB*  L,00151% L,21 L0040  LOOOhT .99 20.5
A‘bl&s 1.011-* e 0011I- L] 00059 .1.8 00027 000036 098 8 08
American
Cysnamid JTO®  L0212% -.00048  L17 L0072 .00029 .98 -6.9
Monsanto v/ S50%  L010k*  L00095% L11 .002L  .00029 +99 2.4
Total: - - - - - - 1.5
-------- Petroleunueenn=——=-
Firm 1 05 00003 .O00511% ,36 .00056 000205 .99 8.0%
Firm 2 JT5%  L0000L¥* L,00004T* 17  LOOOWT .000021 1.00 2.0
Firm 3 S53%  L00261% 000063 1T 00060 .0000LT .99 -2.8
Firm 4 91%  ,00080 .000063 .14  .00088 .00004L .99 4,0
Firm 5 1.09%  ,00036 =,000025 .13 00036 000070 1.00 2.0
Firm 6 nOh‘ -001‘-38* 0000905* 023 -00181 '000270 097 h'-( 09
Firm 7 oT3% 400240 .000019 .23 L0015l .OOO052 .98 2.4
Firm 8 S55%  L00247* JO00LOT* .15  .00065 L0000kl 99 =243
Firm 9 v/ L6%  ,00107 ~.000004 .15 ,00095 .000032 97 6.9
Tobal: - - ~ - - - : hol

Source: See the Appendix,

a8/  The data for the petroleum firms were obtained with the understanding
that it would remain confidentisl. Thus only numbers sppear in the
first column.

b/  This is the error in forecasting the sum of these firms' 1959
expenditures, using the sum of the individual firms'! forecastis
to forecast this total.

* Significently different from zero (.05 probability level and
one-talled test). '
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Table 3 == Estimates of Bil’ 512, and 513, Correlation Coefficient, and
Percentage Error in Forecasting 1959 R and D Expenditures, 16 Firus,
Drug, Steel, and Glass Industries.>

~emmeBstimateseeenne" -~Standard Errorge=~- Correlation Forecastihg
Company Bil ﬂia Bi3 511 312 Bi3 Coefficlent Frror
o e e e Drugs ==wn= ~———

Firm 1 '1.07% =.00022 .00038 .21 00880  .0003h4 .99 «3.8%
Firm 2 Li5%  L026kh* 00035 A7 00785  .000kh +95 0.5
Firm 3 J65%  L00TL1*  .00112% ,16  .00343  .00036 +99 1.7
Firm 4 Jox  -,00566 LOOLM  L17  .00738 .00110 99 346
Firm 5 L66%  L00990%  LO00TL 21 L0087 00052 97 =5 .4
Firm 6 S56%  L03086%  L00LLT 22 00953  L00079 1.00 =3,1
Firm 7 ST J01984* 00087 J1 01038 .000Th .99 _ =645
Firm 8 v/ «Sh L01843  .00168% .36 01379 00086 97 i

Total: - - - . - - . -1.8

e —————— Steel mcemmccmw-

Firm 1 .28 JO00L609* ,000035 L,20 .O0NKIO 000023 .98 12.5%
Firm 2 O5% «,000017T .OC0LT2% .09 000788 .000087 1.00 =17.7
Firm 3 JI5%  -.00026% ,000368% ,12  ,000803 .000139 1.00 =16.0
Firm J-;' -E/ "ohs = 000357 -00011&2* .39 000215 00000,15 095 l|-05

Total~ - - - - - - 6.1

------ comnnmen (JLOSS =c=mmm——e

Firm 1 L8%  ,00284F  .00018 25  L00235 00033 .98 -5.k%
Fimm 2 26 LO1597* 00017 L2 L,00389 00019 .08 17.9
Firm 3 JE5%  ,00528% L0009 36 ,00289  .000TL +95 14,0
Fimrm li- -E/ -003 -02297* 000117* 029 0006£ 0000)"'9 095 "3-11-

Total - - - - - - 33

Source: See the Appendix.

8/ The date for the firms were obtained with the understanding that
1t would remein confidential. Thus only numbers appesr in the
first column.

b/ This is the error in forecasting the sum of these firms?' 1959
expenditures, using the sum of the individual firms® forecests
to forecast this total.

* Significantly different from zero (.05 probebility level and
one~tailed test).



Teble 4 -- Meen and Coefficient of Varistion of R, (t)/5,(t) ,

Chemical, Petroleum, and Drug Firms, l9i+5-58.§/

- 20 =

Chemical Firms gg.j;rolem Firms Flrms
Coefficlent Coefficient Coefficient
Year Mean of Variation Mean of Variatien Mesn of Variation
1945 L0341 Ob 0049 U6 L0371 T3
1946 +0346 «59 0052 L2 LLOL .
19kt L0352 S 0055 «38 .0k36 5T
1948 .0358 +50 0059 36 U639 W51
1gkg L0364 46 0062 ¢35 0502 6
1950 +0370 L2 0065 W54 0534 A2
1951 03576 .38 0068 .34 +0567 «39
1952 0382 «35 <0071 +35 «0599 o36
1953 »0368- 32 00Tk o35 0632 3k
1954 20593 30 «0078 o356 0664 o3%
1955 0399 29 +0081 3T L0697 32
1956 0405 27 +008L .38 0750 o352
1957 0411 27 0087 10 0762 3L
1958 +OLLT 27 0090 L41 0795 W31
Source: Tables 2 - 3,

&/

The coefficient of veristion is the stenderd deviation
divided by the mean.



The coefficlents of variation indicate that interfirm differences in

ﬁi(t)/si(t) were quite large immediately after the war, the relative variation

being higher in chemicels and drugs than in petrolewm. But with the passage

of time these Interfirm differences have nerrowed apprecisbly, In drugs and
chemicels the 1958 coefficient of veriation was sbout half of whet 1% had been
in 1945; in petroleum it wes sbout 10 percent below its 1945 level. Of course y
this would be expected if, as we esserted in Section 2, firms tend to be
influenced by their competitors® behavior and if they adjust towerd the industry

27

BYETELS

In conclusicn, the estimates of 311 in Tebles 2 ~ 3 can &ls¢ be used to

5% -

test the model in the following way. The model esserts that ‘311 e 1+ vh-vB-v
If s0, 1t follows that the average value of Bii in each industry should equal
1+ vy, - 'v3 - v5 s which is .60 according to the estimates in equation (10) .

Are the average values of _Eﬂ close to .60 in each industry? It turns out that
they are in all industries where the sample is reasonebly large. In chemicals,

petroleum, and drugs, the average value of §1l is .6l in each c:a.soa.28

6. Forecests of R and D Expenditures

If one is willing to make certain assumptions sbout the future behavior

of ﬁi(t) end 81(1:) » equation (13) can be used to forecast a firm's expenditures

on research and development. Although we mre concerned Principaliy with Interfirm

gifferences in R and D expenditures, we digress for a moment and discuss some
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forecasts of this sort. First, we see the extent to which one could have fore-
casted & firm's 1959 expenditures on R and D by simply assuming that

ﬁi(t)/si(t) would, continue to change at the 1945-58 rate (vj, Vi Vs and Fi

remeining constant). Second, we see what would heppen to the level of R and D

expenditures in each industry during the Sixties if ﬁi(t)/si(t) either remained

constant at its 1960 level or if 1t continued to change at its 1915-58 rate

(v3, vy, Vg end ﬁg remaining constent).

To find out how well a firm!s 1959 R and D expenditures could be
forecasted in this way, the firm's 1959 sales, its 1958 R and D expenditures,

and the estimates of Bil’ and B

ﬁiZ’ i3

were inserted into equetion {13},

and the resulting forecast wes compared with the firm's actual expenditures in
1959. The results in Tebles 2 - 3 indicate that the forecasting errors for
individusl firms were elmost always less than 10 percent and that they were

only sbout 3 percent for the industry totels. Moreover, these forecesis were
considerably better {than those resulting‘from three standard naive models. OFf
course, this comparison is somewhat unfailr because we assume that we havé perfect
information regarding the firm's 1959 sales, but when forecasts were based on
1959 sales data containing 10 percent errors, the results were still superior

to the naive models. Thus, these forecamsts seemed in this instance to be

relatively useful.29

To help form some very rough judgments concerning the levels of R and
D expenditures during the Sixties, it should be useful to see how such expenditures

would bshave in these industries under two sets of naive assumptions. First, we
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assume that o,, O, Vas V) ?5, and, ﬁi will remain at thelr 1945-58

levels during the Sixties -- which meeans in effect that ﬁi(‘b)/si(t)‘ will.
continus to increase at iis 1945-58 annual rate. Second, wé ;ssuﬁe'that v5, vy
Vs and 'ﬁi wi..'l_'l. remain at this 1945-58 level but that” ﬁi(t)/si(t) will stay
at its 1960 level throughout the Sixties. -

Under both sets of assumptions, we suppose that for 1960-69,
_tl
(15) Si(t) = si(1+ r)

where S, 1is the 1" pirm's seles in 1959, t' i measured in years from

1959, and r = .04 for petroleum firms, .05 for chemical firms, and .06 for drug
firms. Using equation {15) we generate 1560-69 sales figures for each firm.

To obtein the first set of forecasts, we insert these figures and 5&1, Eia,
and 533 into equation (13). To obtain the second set, we do the same thing
except that t is fixed at 15.°0

Figure 3 shows the values of f Ri(t)/§ Si(t) under each set of assumptions.

1
_ These results suggest two interesting things. First, fuwrther increeses in the

ratio of B and D expenditures to seles can be expected during the Sixties

in each of these industries even if there is no further increese in ﬁi(t)/si(t) .
Unless the values of ﬁ;(t)/si(t) decline, which seems.unlikely, R and D

expenditures will continue to incresse as & percent of sales. Second, unless
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Figure 3 ~= Expenditures on Research &nd Development as a Percendt of Sales,
Chemical, Petroleum, and Drug Firms, Actual {1946-59) and Projected
(1960-695 Under Two Sets of Assumptions. &/

Exvenditures s.é '
a Percent of Seles

12.]
Pt
1 ¢ Chemicals % X
10 X Drugs X
© Petroleun X
4
9
xx xxxx
X
8 - p% X
X
7- X

0 T T I 1 T l"l"‘"l i T f Y .. T 1 1 T T b
1986 B 50 52 5k 56 58 60 gp 6 6 70

Year

Source: See the text.

_e_l./ Beyond 1959, the points are forecasts based on two nalve sssumptions.
The higher of the points results from the first set of assumptions given in the
text. The lower resulte from the second set of sssumptions.
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the velues of ﬁi(t)/si(t) increase more rapidly during the Sixties than they

did dwring 1945-58, the increase in the ratio of R and D expenditures to

sales seems llikely to be smaller in most industries than during the Fifties .31

T+ Expenditures on R and D and Inventive Output -

S0 fer, we have been concerned strictly with the determinants of a firm's
expenditures on research and development. What sort of relationship exists
between the level of & flim's expenditures and the number of significant inventions
it produced? Even crude resulits bearing on this important question should be of
interest because they help to Indicate the extent to which there are economies
of scale in R eand D . Such economies of scele might be present because of
the lwpiness of resea.rch equipment,' the advanteges of using highly specialized
personnel, the greater chance that gains and losses will cancel when a large
number of projects are undertaken, e‘l:c.32 This sectlon presenis some very

tentative findings regarding the chemlesal, petroleum, and steel industries.

For the chemical industry, we use Langenhagen's date [13] on the number
of significant inventions (weighted roughly by a measure of their importance)

cerried out by esch firm vetween 1940 and 1957. Letting this number be ni- for

the ith firm, we find thai

= '18 + 1051 R, + 008 Ra

’ (r = .97)
! (Bo) L (lo3) *

(16)

where Ri is the average of the g firm's expenditures on R and D in

19k0 and 1950. Data for fowrteen firms could be included in this regresaicm.'55
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For the petroleum industry, we use Schmooklerts list [25) of important
inventions in petroleum refining and my list [16] of important petrochemical

Innovations. Letting ny be the combined number of refining inventlions and

petrochemical innovations cerried out by the ith firm between 1946 and 1956,
we find that
2
{(17) n, = 81+ 59 R - JOL R, (r = .95)
- > (37) 1 (.06) *
th

where Ri is the average of the i firm's expenditures on R and D in

1945 and 1950. Data for eight firms couwld be included in this regression.

For the steel industry, my list [16) of importent innovations is used.

th

If n, 1s the number of these innovations carried ouf by the 4 firm

i

between 1945 and 1958, we find that

(18) n, = .09+ 1.06 R - . n? (r = .82)
(+40) (+08)

vhere Bi is the aversage of the ith firm's expenditures on R &nd D in

1946 and 1950. Data for eleven firms could be included in this regreséion.

These results suggest at least three things. First, the number of -
significant inventions carried out by a firm seems to be highly correlated with
the size of 1ts R and D expenditures, Although the peyout from an individual
R and D 'pro,ject is cobviously very uncertain, it seems that there is & close
relationship over the long run between the apount & firm spends on R a.nd L

and the total number of jmportant inventions it produces.
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Second, when a firm's size is introduced as an additional independent
varisble in equations (16) - (18), 11;5 effects turn out to be negative, bub
not quite stetistically significant, in each case. Thus, the observed relation-
ship between the number of inventions and the amount spent on R and D is not
due merely to a relationship between & firm's size and its inventive output.
On the contrary, when a firm's expenditures on R and D are held constant,

inereases in size seem to be assoclated with decreases in inventive ou'l::pu’o.BlF

Third, the evidence s;aems to suggest that increases in R and D
expenditures result in more than proportional lncreases in inventive output
in chemicals, but less than proportional incresses in steel. In petroleun,
there is no real indication one wey or the other. Thus, excepi: for chemicals,
the results do not indicate any marked adventeges of large scale research

activities over mediuvm-sized ones.35

Finally, the crudeness of these results should be noted. The measures
of “inventive output" are obviously only the roughest a.pproxima.tibns , since
they include only in{ren'bions that sre considered aignif;cant in some sense by
informed observers and these inventions are weighted srbitrarily. Moreover,
because of differences in accounting procedures and errors of measurement, the
data regarding R and D expenditures may not be entirely comparable from one

36

firm to another.



8. Summary and Conclusions

The need for systematic resesrch into the factors governing & firm's
expenditures on R and D end the relstionship of such factors to the extent
of its inventive achievements seems ¢lear. To help satisfy this need, I formulated
in this paper a simple model to help explain the level of a firm's expei;ditures
on R and D . According to this model, & firm sets its expenditures so as to
move part wey from last year's spending toward a desired level that depends on
the firm®s expectations regarding the profitability of the R and D projecis
&t hand, the profifability of slternastive uses of 1ts funds, and 1lis size. The
firm*s speed of adjustment toward the desired level depends on the extent to
which the desi:fed level differs from last year®s spending and the percent of

its profits spent last year on R and D.

This model seemed to fit historical data quite well and, when supplemented
with additional assumptlons, it seemed useful as & tool for short range forecasting.
For eight firms where the necessary data could be obtained, estimates of the
desired expenditures seemed in fact to be related in the way predicted by the
model 1o the exogenous verigbles; and the interfirm differences in the speed of
edjustment seemed to be consistent with the model. Moreover, assuming that éach
firm*s desired expenditures (as @ percent of 1ts sales) was a linear function
of time during 1945-58, the model could fit the 1945-58 data and forecest the 1959

data for 35 firms in five industries quite well.

Besides constructing and testing this model, the paper presented for the

first time some rough estimates of the relationship between the level of a fimm's
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R end D expenditures and the number of significent inventions it produced
during the relevant period. The relatlonship in the industries for which we
could obtain data, chemicals, petroleun, and steel,; seemed to be quite close,
but, except for the chemical industry, there was no real indicetion of economies
of scale within the range covered by the data. Because of the lmportance of
such relationships, these results should be of interest, .'but consldering the
roughness of the meabsures of inventive oulput on which they are based, they

should be trested with considerable caution.

Despite its obvious limitations, the peper may contribute in at least
two Wways 40 the formation of public pollcy in this area. Flrst, the results
provide a rough technique for estimating the effects of ché.nges in tex laws,
changes in patent laws (such as the recent Kefauver proposals), and changes in
other public policies on the mmount spent on R and D . To the extent that

one can estimate the effect of such changes on p';'(t)/ﬁi(t) , the model in

Sections 2 = 3 can be used for this purpose. For example, if the effect of a
tax change hed been to raise the prospective profitabllity of each of & firm's
R and D projects in 1993 by one percent, expenditures on R and D of

petroleum firms would epperently have incressed by &bout cne percent and those

of chemical firms would have incressed by abouf two percent.

8econd, the results provide new, but obviously tentative, evidence
regerding the effects of industrisl orgenization on the amount spent by an industry
on R and D and the effectiveness of such expenditures in producing significant
inventions. Among the large firms in three major industries (chemicals, petroleum,

and steel), there was no tendency for larger firms to spend a grester percent of
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gales on R end D +than smaller firms; and there was no reel evidence, except
in chemicals, of economies of scale in R and D in this range. Moreover,
holding R and D expenditures cons-bant, there was no evidence that the
productivity of such expenditures was higher in the larger firms; 1f anything,

the reverse seemed to be the case.

Finally, the findings may elso be of interest to economists concerned
with inventory behavior, investment in plent and equipment, and other aress
where the acceleration principle haes found extensive use., The model presented
here employs a modified version of the B.CCelerVa'bOr in which the speed of
adjustment depends on the discrepancy between the previous and desired level
of the endogenous veriable. This new version, for which there is considerable
evidence in the case of research and development, is likely to be useful in

other areas where the conventional accelerator has played an important role}T
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APPENDIX: DATA AND METHODS

Interview data; Interviews were obimined with executives of three pefroleum

end three chemical firms. These executives were ordinarily the president or research
director of the firm. RNumerous questions were asked regerding the process by which
the firm's expenditures on R and D were determined, but three of these questions
are of particular imporitance as sources of the data in Table l. First, to determine

§i<t) in 1958, they were asked to estimate how muth the firm would bave spent in

1958 1f it could have acquired instantenecusly all bf the personnel esnd equipment |
that 1t may have wanted, if it could have avoided whatever inefficlencies that may
have resulted from rapid chenges in B and D expenditures end if the desired
change in such expenditures could have been maintained for a reasonsble length of
time, In & few cases, it was also possible to obtain such estimates for earlier

yesrs in the Fiftles and for 1959.

Second,, they were asked to estimate the frequency-distribution of projects
{that would heve been carried out in 1958 under those circumstances) by expected
i:rofita.bility. Thése estimebes generally allowed for differences e.mong projects
in risk, rough estimates of the probebility of success being used by almost all
firms in their measures of & project's potential profitabllity. The actuel units
in vhich these estimates were expressed differed from f£irm to firm, depending on the

sorts of evaluation procedures they used.

Equation {(3) means (if all projects cost the same) that there is an
exponential distrivution of projects by expected proﬁtaibility. Judging by the

frequency distributions drswm up by those executives, equation (3) would fit the
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data for these firms gulte well. For this reason and because it is convenient,
we meke the assunption in equation (3). Note that we assume only that it holds

in the relevant range, i.e., for .p' greater than some reasonable minimum. The
lover bound.of the estimated .'requex;cy distribution was used &8 an estimate of
6;(8) « To estimate Ei(t) » We note that, if equation (3) holds, p (t) =
'51(1'.) - p;i(t) , vhere %i(t) 18 the average expected ﬁoﬁtabinty of pfo.jecta
that the firm would accept 1f it could edjust instenfaneously and without the

costs cited ebove. That is, if p i1s exponentially distributed, its mverage,

given that it exceeds p;(‘b) , equals Bi(t) plus p'}_{(t) » Estimates of %'i(t)

were derived from the freguency distributions drawn up in the interviews and from

correspondence with the firms.

Third, they were asked how much the planned, or budgeted, expenditures on
R and D for 1958 differed from the actual expendiiures. Using this plece of

information, it was possible to estimate v i(t) , which is needed to compute

ai{t} o« In a few cases, it was possible to obtaln such estimates for earlier

yvears and for 1959 too.

Finally, in the case of the remaining two petroleum firms in Teble 1, answers
to thege three guestions wer'e obtained through correspondence with the research
director. These firms were too far from Pittsburgh or New Haven for interviews
10 be femsible. ILelters were sent to other firms smong those represented in

Tgbles 2 ~ 3, but their replies were not usable, See note 15.
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Effect of tex change on R and D expenditures: We assume that the firm

has & certeln set of factor prices in mind and thet they are not aliered by 'bhe

tex change. In other words, we &ssume that the firm 1s confronted by a perfectly
elaestic supply of .engineers ; scientists, ete., Otherwise, depending on the elasticity
of supply, the result might be & mixture of increased "real" R and D and higher
wages for englineers, sclentists, etc. Moreover, becauvse of the effect of the wage

changes on Ei(t) » the firm's expenditures would be affected.
Under these circumstences, it is easy to show that the firm's spendlng on
R and D would increase by p“i"(t)/'é’i(t) percent if the expected profitebility

of all projects increased by one percent. If the profitabillity of all projects

increased by a certain proportion, Mi(t) would be unaffected but "Bi(t) would

increase by this proportion. From equation (U4), it follows that

a R (t) * B,(t)

a By(%) * By(%)

= P;(t)/—ﬁi(t) .

Of course, this result {as well as the fourth listed in Section 4) depends on the

assumption that p 15 exponentially distributed.

For the industry as a whole, it is generally more convenient to work with
the conventlonal supply and demand functions, if the supply of factors 1s not

infinitely elastic, If one can express 'ﬁi(t) and Mi(t) as functions of an

index of the price during year t of & "unit” of R anid D and if one is willing

to allow sufficient time so that Ri(t) =:= ﬁi(ﬁ) , 1t is easy to derive o demand

function for "real" R and D o E.ge, 1f F, 1s such en index end if Mi(t) and
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-p (t) P./¢;
— -1 = i it
pi(t) are proportionsl to P , Q = :!..t ; where Q.

the "real" R and D the firm will purchase during year + » is the value

]
Pry
of M,(t) When Ft =1 and ¢;t is the value of Ei(t) when 'ft =1, Coupled
with an estimate of the supply function for "real" R and D, one could use such

demand functions to estimate the effects of a tax-cha.nge on the entire industry's

"real" R and D effort.

Effect of interfirm variation in -'61(1'.) on R and D expenditures:

For simplicity, assume that Mi(t) is the same for all firms and that there are

n firms in the industry. If U, is the average value of ‘51(1:) , U

1 o is the

coefficient of variation about this average, and U, is small, the total desired

expenditures in the industry will be

-o¥(t
i%l ﬁi(t) ;n My © pi( )/Ui (t) C(t) )

. n _
Thus, increeses in U, Wwill incresse I R,(t) if U, < p:(t)/a end decrease
i=l _ .

‘it otherwise.

Estimates Of By, Byp, Bysy and ﬁi(t)/si'(t) : The data on R,(t) and

Ri(t-l) came mainly from correspondence with the' firms and from [13}. TFor a

few firms, they came from [8]. The National Science Foundation's definition of
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research and development is used throughout the peper. Nonetheless, it is possible
that the data are nol entirely comparable over time and among firms because ) despite
the instructions given the firms, different definitions were used. The data on

Si(t) came from Moody's. TFor all firms, Ri(t) s Ri(t-l) , and Si(t) are

measured in units of millions of dollars, and t is messured in years from 1945,

In equation (13), the intercept is constrained to be zero, since we assume that

" the expected value of z;(t) is zero.

Although the least-squares estimates of ﬁil’ 312’ and ﬁi} in Tebles 2 -~ 3
are consistent, they are not unbiased because Ri(t-l) , & lagged endogenous

varisble, is used as an exogenous varisble. See Hurwicz [9]. There seems to be
no simple way to eliminate this bias, but fortunaiely it ::ihould. be falirly small.
According to Hurwicz's results, :ft would be sbout 10 percent. Note hovever that
his model :aniud.es no Independent varisbles other than the lagged endogenocus
.variable. Note too that for a few firms we could not get date for the entire

period (1945-58) and that we had to omit the first few years for this reason.
For each industry, the meens in Teble 4 equal & + '&'21: , vhere & is
the mean value of 3‘11 and 52 15 the mean value of &ia « For obvious reasons,

we must omlt firms where G. - 511 + 'FD < 0 . For each industry, the variance

> 2 2.2 2 ~
of Ri(t)/si(t) equals o) + 20, + o5 t° , where o] is the varience of Q, ,
2 ~ ~ -~
O is the varlance of %y s and Oyp is the covarlance between %y and Gy o

From this and the mean value of ﬁi(t)/si(t) , one can easily derive the

coefficients of variation.
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Besides the bles in 611, 512’ and ﬁﬁ , there are other blsses in

Table 4, Since the expectation of the ratio of random varisbles does not equael

the ratio of their expeclations, the transformation from these estimates to &il

and 3:12 regults in blas, Moreover, because Ui(t.) is omitted, the means in
Tgdble 4 would not necesserily equal the means of ﬁi(t)/si(t) » even if there

were no errors in the estimates of o, and @, . But they would be unbissed

estimates. Similsrly, the coefficients of variation of ﬁﬂ.(t)/si(t) are under=-

estimated beceuse we lgnore the varience of Ui(t) « But if this variance wes
spproximately constant over time, the conclusion that the coefficients of veriation
declined still holds.

Despite these problems, the genersl conclusions in Section 5 are almost
certainly correct; end although the particular numibers in Teble U must be viewed
with 'caution, there is evidence that they are reasonably accurate. When the
direct estimates of ﬁi(t)/si(t) in Teble 1 are compared with those based on

Tables 2 = 5, the results a.re—quite close.

Finally, note that the objection has been raised that the model in equé.tion
(13) may not reveal adequately the effect on a firm's R and D expenditures of a
decrease in sales. Some have said that under such circumstances R and D expendi-
tures will fall less -~ or rise more =-- than the model would predict. An analysis
of the residusls from these regressions shows that this objection is incorrect.
-There is no tendéncy for the residuals to be positive in years when a firm's sales

hed dropped below the previous yearfs level.
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Alternative ways of estimating ﬁi(t)/si(t): First, using equations (2)
and {7), it follows that
-~ L 4
Ri(t) = Ri(t-l) + ;ni(t) - {1+ ?h)ai(t-l)-zi(t)]/?ﬁ + v5IIi(t-1) + ki(t)]
We have data on Ri(t) ’ Ri(t-l) and II (t-l), and we have estimates of v.j ’
v, » ad Vs from equation (10)_. Thus, if we ignore zi(t) and ui(t.) , Wwe can

estimate Ri(t) from this equation. A major adventage of this approach is that

we need not assume that equation (12) holds. A major disadvantage is that we must

assume that our estimates of v5,‘vh; and v5 in equation (10) are good enough

for these purposes.

Second, using equations (2), (7), end (12), it follows that
(t) = v3 41 1(1;) + (1 + vh-VB) Ri(t-l) + v3 4o i(1:.) + vy 11“1“ -1) Si(t)

+ V5 aia ni(t"l) t Si(t) - vs I[i(t-l) Ri(t'l) + z|lt (t) ,

where z;." (t) is a random error term that equals {[ai + oty (*b)] Si('t)
- i(t-l)} k;(t) + {VB + vy I[i(t-l)} Si(t) ui(t) + zi(t) + Least-squares estimate:
of the coefficients in this equation could be used (in much the same way as the

estimates in Tables 2 - 3 are used) to estimate 0y 8nd O, . An sdventage of

ie
this approach ls that z'" (t) may behave more nearly like a random error term
i -

than z;(t) . The primary disadvantege is that there are relatively few degrees of

freedom. (But this difficulty could be avoided by constralning the values of the
v's 10 be equal for all firms.)
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Still other methods could have been used. E.g., if we had more data on

pz(t)/ﬁi(t) , equation (9) cowld be used for this purpose. Although these techniques

would result in somewhet different estimates from those in Table 4, I doubt that
very substantial differences would occur. As an experiment, I used the first method

described above to estimate f{'i('b) in the cases where the actual value of ﬁi(t)

was known. The results are quite simllar to those in the text (and no more accurate,
one difficulty being that the second term on the right in the first equation above

sometimes is negative).

Forecasts of R and D expenditures: The root-mean-square error of the

forecasts based on equation {13) is $1.16 million. Using the naive forecast that
expenditures in 1959 will equal those in 1958, the root-mean-square error is $2.10
million. Using the nalve forecast that expenditures in 1959 will differ from those
in 1958 by the same emount that expenditures in 1958 differed from those in 1957,
the root-mean-square error is $1.57 million, And using the naive forecast that
expenditures .:Ln 1959 will differ by the same percent from those in 1958 as 1958

expenditwres differed from those in 1957, the rooct-mesn-square error is $1.67 million.

-Our results seem to be better than forecests based on businessmen's
expectations, See Greenwald [6). Note that the root~mean~square error of the
forecasts based on equation (10) is inflated considersbly by one firm -- Minnesote

Mining and Menufacturing. If it Is excluded, the root-mean-squere error is less
than $1 million.
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To obtaln the forecasis where sales estimates contained errors, we
digtributed at random errors of plus or minus 10 percent of sales. A coin was’
tossed to determine whether or not the 10 percent error would be plus or minus.

The sdmates of ¥ in »quation (15) were obtained as follows., The figure for
petroleum is based on forecasts made by the pfesident of Shell 0il in 1960 Wall

Street Journal,(May 18, 1960) and by Chemical Processing in 1960. The figure for

chemicals iz an average of forecests from Chemical Week {December 24, 1960) and

Chemical Processing. The figure for drugs is from the presideni of Eli Lilly in

the Wall Street Journal (May 18, 1960). The roughness of these forecasts of

] i(t) need not be labored.
Finally, the increase in the ratio of R and D expendltures to sales in

Figure 3, even if ﬁi(t)/si(t) remsins constant at its 1960 level, is due %o

+the fact that firms are currently below their deslired expenditures for R and D »

h

If R, is the :Lt firms 1959 expendlitures on B""ﬁnd.D and ¢i is the 1960

1
value of ﬁi(t)/si(t) » its expenditures at fime t' under the assumptions

gbove would equal

o R AN X Lo
Ri(t') = (1 =~ Bi) Ri + 81 ¢i Si(l +r) '1_2-0 v T )

ir ei(t) were constant. As time goes on, Ri(t')/si(t.‘) would not tend to

¢i » but instead to

l.+r ¢
J.-x-r7ei i ¢
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Data on inventive output: For the chemical firms, Langenhagen [13]

provides data on the number of significant inventions and the R and D expenditures.
The data on n, come from his Table 2, Chapter 4. The inventions are weighted by

the mumber of times they were included on the questionnaires he describes there.

For the petroleum firms, we looked up who was credited by verious trade
and technicel sources with having invented each of the inventions on Schmookler's
Iist [25]. Then using biographical directories and other sources, we found out
the firm that employed him when the invention was made. TFor most of the inventions |
during this period, we could find thls information. Note that the data for petrow
chemicals pertain to innovation, not invention. The data on Ri(t) are des.cribed.

above.

For the steel firms, the data on n, are described in Mansfield [16]. Note

that they 'perta.in to innovations, not inventions. No data on the latter were
evaileble. Some of the data on R, come from Ninian [21]; the rest are described

above.

Estimates of the parsmeters in an accelerator model with varisble response

coefficients: According to the conventional accelerator model, R (t) =(t-1)

+ el[eay(t) ~Z{%-1)) + z(t) , where z(t) is an error term and X(t) is the

endogenous varisble which adjusts toward a "desired" or “"equilibrium" level, the

latter being proportional to an exogenous varilable, y(t). Buppose one assumes that



8, = ¢1 + ¢2.Z (t-l)/paa y(%) = X (t~1)] when egy{t) > X (t~1) and that
8, =@ - @, X (t-1)/ ;62 y(t) =« X {%-1)] when 8, y(t) <X (t-1) . Then if
one cen distinguish whether 6, y(t) is greater or less then X (t-1) end if one

assumes that the data always lle in the range where this expression for @

, holds,

it is not difficult to obtain consistent estimates of $, » f, and O . Since
X(t) = (3-8 - 80X (s-1) + 2 ¢, W(t) + B, 8, y(t) + 2(4) ,

where W(t) is zero if @, y(t) <X (%-1) and X (t-1) otherwise, conventional

methods can be used.



1.

2.

-4l -

FOOTNOTES

A preliminery version of this paper ﬁas read at the December 1961 meetings

of the Econometric Society. The work on which it is based 1s part of a

larger project on industrial resesrch and technical change supported by &
contract with the Office of Special Studies of the Naetlonal Science

Foundation and by a Ford Foundation Faculty Research Fellowship. The work

was completed while I was Vieiting Associsbe Professor at the Cowles Foundation
for Research in Economics at Yale University, and the paper has benefitted
from dlscussions with my colleagues there, W. Brainard, A. Heston, J. Hooper,

and E. Phelps. Mv thanks also ro2 to J. Z ler fo~ his assistance; to the thlirty-

five companies for data andi interviews, and to Professors Horowltz, Ninien,
Rubenstein end Schmookler for making unpublished data availeble to me.

Two studles by Solow [26, 27] and one by /bremowitz [1] have been particularly
influential in this regard. For a list of other stuciies reaching similar
conclusions, see Massell [18]. of .course, these studies can only be suggestive,
the estimate of the effect of technical change being in reallty a catch-all

residual.

I presented a preliminary version of this model at the 1960 Conferxence on the
Rate and Direction of Inventive Activity. Although I pointed out that

ﬁi(t)/si(t) and ai(t) might vary ove.:c‘"':cime, I assumed for simplicity that

they were constant in the preliminary tests regarding chemical firms reported
there. See Mansfield [15). For an epplication of these results, see
Brozen [4]. 7

Horowitz [B8] analyzed firms' expenditure on R and D , but unfortunately
his results were almost entirely negative. TIn another paper that is of
relevance here, Minasian [19] inspected the relationship vetween & firm's

expenditure on R and D and its profitability.
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There are two primery reasons why the firm moves only part way toward ﬁi(t) .
First, there are often substantial costs involved in expanding R,(t) too

rapidly. It is difficult to assimilate large percentage increases in R and D
staff. Second, it tekes time to hire people, bulld leboratorles, etc. (of
course this assumes that ﬁi(t) > Ri(t_) , but this seems to have been typically
during the relevant period. -
the case./ The costs of ¢ ng Bi(t) are not included in determining Ri(t).
Besides these two reasons, a firm may move only part way toward ﬁi(t)'
because 1t is uncertain asg to whether or not expenditures of ﬁi(t) can be
maintained for & sufficiently long period of time so that pro,jecﬁs that are
started can be carried out without interruption. A firm does not want to start
e project that it will soon havé to interrupt.

There is considerable evidence that ei(t) is generally less than oue.

BE.g., the interviews in the National Sclence Foundation®s Science and Engineering

in American Industry, 1953-54, show that firms place great velue on the stability

of their R and D expenditures. More direct evidence to this effect is

presented in the following section.

This assumes that, on the average; the ‘budgéted and actual expenditures are
equal. Judging from the interview data described in the Appendix, this seems
t0 be & reasonable approximation. But if for some reason the expected value

of zi(t) is non-zero, the only effect it has on the model is that equation (2)

will contain an intercept. And so will equation (11), etc.

For some analyses of military research and development, see Hitch and Mckean
(73.
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Of course, the rate of return on the investment in & particular R and D
project is notoriously difficult to measure (Cf. [2k1), and we do not assume
that the firm can do so with any real accuracy. What we assume 1s that the firm
mskes sowe rough estimates of a project's prospective profitahility and thé.t
it beses its decision on them. This assumption seems to be borme out by [5, 23],
gad. by the interview data in the Appendix. Presumsbly crude allowances fér
differences in risk are made in these estimates.

Note that the model works just & well if some other index of a project's
attractiveness (rather than the prospective rate of return) is used by the firm,
The interviews reported in the National Science Found.ationis Sclence and

Engineering in American Yndustry, 1953-54 indicate thet almost all of the firms

in the survey mede some attempt to evaluate the returns from R and D projects,
although the methods were sometimes infom_mal. Only about one-quarter of these
firms reported that they esteblished & certain minimum rate of return as & cut~off
point, but it seems likely that & cut-off point of some sort was used,

The distribution of projects by prospective rabte of return in equation (3}
was suggested by the interview data described in the Appendix, Although equation
(3) is convenient, one could use & more general function of p instead (e.gs, &
quadratic function}, with the consequence that §i(t) would depend in part on
higher moments than the mean of p . If data can be obtained regarding these
moments, the model can easily be generalized in this way.

Finally, note two sdditional points. (1) We lump resesrch expenditures
and. d.evelment expenditures together throughout the paper -= alibough it would
be prefersble to separate them in cases where the distinction‘is a meaningful
one. (2) We treat R and D expenditures as investments, although they are treated
as current expenses for tax purposes. S0 far as the ana'l;}sis is concerned, this

obviously makes no real difference.
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One would expect larger firms to believe that they could spend lerger
emounts on R end D with positive returns than smaller firms. Meny research
results would be worth much more to & large firm than to a small one hecause the
saving per unit of production would be ‘s;pread over & larger volume, because the
large firm would have the necessary capital to exploit the new produact or process,
etc. Moreover, meny projects would be chesper for & large firm than a small one
and the risks would often be less for a large firm. Cf. Nelson [6]. In passing,
note that the model does not assume that the firm is necessarily'a. profit meodd-

mizer (the meaning of which is unclear in any event in a world containing un-

certainty ).

Certainly, it seems likely that 'Ei(t) -- the average expected. profitabili{.y
of prospective R and D projects with expected positive returns -- is directly
related to the average actual profitability of prospective R and D projects
with actual positive retwrns. Moreover, given this average actusl profitebility,
one would expect Ei('b) to be directly related to the amount the firm's
competitors are spending on R and D . In the face of considerable uncertainty
regarding the actual profitebility of R and D , the fact that other comparable
firms spend & great deal more on R and D often results in an upward revision
in & firm's estimate of the profitebility of R and D . (Of course, there ere
slso large potentisl losses in being too far out of step with regard to the level'
of R and D expenditures.) TFor some evidence tha.t this process was going on

during 1945-58, see Section 5. For some additional discussion, see [11].
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According to the Interviews described in the Appendix, there are considerable
inefficiencies and problems caused by too large a percentege increase from one
year to the next in a firm*s R and D expenditures. Because of the difficulties
in obtaining and assimilating & large increase in staff and egquipment,
some firms were reporied to avoid increases exceeding 10 - 15 percent., Practically
all the interviews suggested that ei(t) wouwld be laversely related to

}Eﬁi(t) - R, (£-1)1/R, (%-1).

th

Let Pi(t-l) be the ratio of the i firm's profits to its R and D

expenditures in year (t-l) . Since the percent of the ith firm's profits in

veer (t-1) that would be absérbed by en increase in R and D expenditures to the

desired level is the ratio of [ﬁi(t) - Ri(t-l)/Ri(t-l) to Pi(‘c—l) s it
follows that this percent is in&ersely related to Pi(t-l) when [ﬁi(t) -
Ri(t-l)]/Ri(t-l) is held constant. If a firm spent a relatively iarge proportion
of its profits on R end D in year (t-1) it seems likely to move more elowly

in ite plans for year t Decause of liquidity constrainis and because it usy
believe it is getting out of line with its competitors, The importance of Pi(t)
was stressed in practically all of the interviews.

In equation (1Q), we use as an independent varieble the ratio of Pi(t-l)'
to the average value of Pi(t-l) in the industry. Since & "large" and "small"
value of Pi(t-l) very from industry to industry, this normalization seems
reasonsble. But the value of Pi('b-l) relative to the past mey aiso be important,
although its principal effect isllikeiy to be on p;(t) 3ather than Gi(t) .

In this connection, it should be neted that chenges in earnings are very likely

to affect p;(t), the impact Deing particularly lmportant for smaller firms.
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The form of equation (7) wes chosen primarily for its convenient properties

and 1ts simplicity. The following section indicates that it fits the avallable

. dats reasonably well. Note, however, that because 0 < ei(t) <1, equation (7)

that

can hold only for values of Ri(t-l)/[ﬁi(t) - R;(%)] and ni(t-l) in & certain
range. Beyond that range, the values of ai(t) will violate these inequalities.
We assume in the following section and in Sections 5 - 6 that firms were always
in this range dwring the periocd. This probebly is reaesongble in the next section
but it is more questionsble in Sections 5 - 6. See note 3l.

Of course, if the labor market is tight, it will probevly take longer for
firms to hire extra personnel at the wages they want to pay. Thus, this factor
(which is extremely difficult to measure) is probably an important determinant
of Bi(t) . ‘For some discussion of the ma:rkg‘c. for engineers and scientists, see

Blank and Stigler [3] and Arrow and Capron [2].

To be of use in explaining differences over time in firms* expenditures
on R end D , the model would have to be expended to explain differences over

time in Vyy and vy . Over fairly short periods, one could probably assume

2t

Yoy remsin unchangéd and that Vig is & function of the amount of basic research
cbnducted before year t in this.ind.ustry, the level of wage rates for sclentists
and engineers, etc,

An additional problem in compering R and D expenditures over time, rather
than meking interfirm comparisons, is that for most purposes one is lnterested in
changes in "real" R and D, not money magnitudes. In interfirm comparisons,
this problem does not arise because the factor prices paid by ell firms are

gbout the same, (This problem should be borne in mind in Sections 5 - 6

perticularly. )
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Finelly, note that all of the exogenous variables other than Si(t) can
be measured at time t-1. If 1t seems desirable for all such veriables to be
measurable at time t-1 , the firm's forecast of sales In year { or its actual

sales in year +t-1 probably can be used instead of Si(t) .

For the sources of the data in Table 1, see the Appendix.

Biases in the estimates of ﬁi(t)/si(t) , 1if they are sbout the same
proportion of ﬁi(t)/si(t) and in the ssme direction in each case, Will make
little difference in the estimate, of V:L e They will result in & corresponding

bies in Vo » but Vl should still equal omne. However, errors in measuring

p‘:(t)/ Bi(t) would be likely to bias the estimate of V., toward zero. Note too

1

that k;(t) ' is assumed to be independent of k:;(t) .

One possible bias here should be noted. ~ Only about half of the firms that
we contacted could give us estimetes of 'p_i(t) and p':'{(t) (see the Appendix),
end the fact that certain Firms could give us such data may indicate that they
are more likely to conform to the model. If this 1s the case, there would
obviously be much more unexplained veristion if &ll firms were included.

In addition, it is alweys possible that a firm might overstate the figure
regarding its expectstions of the profitebility of R and D +to rationalize large
R and D expenditures carryied out for other reasons. But this seems rather far-
fetched because the firms were not told what their estimate of Ei(t':) and p}_"(t)'
would be used fox‘-. Moreover, it seems unlikely that they would go to this much

trouble to deceive, when they could more easily claim that they could not answer.
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Before omitting 2n Si(t) from the regression in equation (9), the

results were

iR (£)/5,(+)] ={:§;g‘;} - .86 o} (6)/B,(t) - 11 4n 5, (8) «
(3) (.09)

Thus, the svailable evidence suggests that Véi': was less than ome in these
industries in 1958.

Judging from Figure 2, the variance of k:(t) may be directly related to
p;(t)/p‘i(t)_ o This may be due to differences ';aetween the indusiries in the

variance of fn ki(t) .

Yote four things. First, the sources of the date used in the “predictions™
were the interviews described in the Appez;dix. Unfortunately, since'correspondir.xg
values of p*i‘(t)/ﬁi(t) could not be obtalned, they could not be used in connection
with equation (9). They generally pertain to 1952, 1955, or 1959.

Second, one reeson why v5 does not Giffer significantly =among industries
may be thet the 1ebor market wes sbout 88 tight in one industry as in the other.
Third, there may be some tendency for the e@ec’ted value of k;.(t) o vary,
depending on 1 and t . With §0 few observations, this is impossible to check.
Fourth, somewhat better estimates might have been obtaeined in equation {10) 4f the |
estimete of ﬁi(t) from equation ($) had been used rather than the actual values

of ﬁi(t} « But the differences would undoubtedly have been slight.

For the assuwgptions involved here and for more generel resulis, see the

Appendix.
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There has been a tendency in some quarters Yo emphasize the importance of
non-economic motives and “fashion,” rather than expectation of profit as deter-
minanﬁs of the firm's speﬁding on RandD ., See [10], p. 151 and [22], ps 29,
Such factors do operate but they may not be so0 impé)rtant as has beel-'x claimed.

Of course, in the face of considersble uncertainty, & firm's expectations
of the profitebility of R and D may be formwlated in a wey thaf is in some sense
"{rrational.” Por example, if it is spending much less than its competitors .on
R and T , it.may adjust its expectations wpward, even though its original
exXpectations may have been more nearly correct. But this ié quite different from
saying that the firm sets its R and D budget with little or no regard to the

profitability of the expenditures.

Note four things. First, these results regarding v pertain only to the

2t
larger firms in these two industries. Second; since the estimate of v2t in
note 15 is subject to rather large error, one cammot be sure that Vor is less

than or equal to one. The probability is ebout .85 that this is the case (in the

sense that an 85 percent confidence interval for with no lower bou.nd"has

Vot
one as its upper bound). Third, for the expecta.‘bién in the text 1o follow,
ﬁi(t)/Ri(t) must be independent of & firm's size in this range. Fourth, using
1957'01' 1958 data for gbout & dozen of the largest chemical, petroleum, and steel
firms, we regressed /n Ri(t) on An Si('t‘.) « The slopes of these regressions
were .998 {chemicals), .870 {petroleum) ’ and .932 (steel). Since all are less than
one, they indicate that in this range and in this year increases in Si(t) were
not accompanied by more than proportional increases in Ri(t) « Of course, sampling
errore sre present, but, 1if the largest fifteen or so firms in each industry are

regarded 85 the relevant universe, these errors must be quite small because

practically all of the firms are included. These resulis differ somevwhat from
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Worley!s [28], but his findings ere based on 1955 employment data and his cut off!

point with regard to firm size is smaller than ours.

For the assumptions involved here, see the Appendix.

Certainly, most observers seem to believe that ﬁi(t)/si(t) increased for
nost firms in these industries during the postwar period, and the interviews
indiceted this as well. Moreover, with reesonsble values of ei(t) s 1t is hard
to believe that the large postwar increases in Ri(t)/si(t) could have occurred
without such inecresses in 'ﬁj:(t)/si(t) . See Figure 3 for the past values of
R,(t)/8,(¢) in these industries.

' Of course, Lf both equation (6) end equation (12) hold, it follows that
— * - Y "']jé} ) ( -1
pi(‘l‘.)/pi(t) = 40 [vy,8,(t) 2t i.(t)/ @, + aietwi(t) ] . Whether or
not this is reasonable is by no mesns obvious. But if it holds, 'pi(t)/ p';'(t) is

likely to have increased at a decreasing rate, which seems reasonable. of course,

the 1954 changes in the tax treatment of R and D expenditures undoubtedly increased

their profitability.

Inserting. the estimates of v’s, vy, and v. in egquation (10} in the

5

expressions for ai'l’ Bia’ and 613 and noting that ii shoul& bé fairly close

to one and ¢, end @, should be small, the inequalities in (14) seem very
likely to hold.
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To see whether a linear function was satisfactory, we tested whether the.
coefficient of tzsi(t) -- when 2dded to equation (13) =- was significently
different from zero for five randomly selected firms. If ﬁi(';:)/si(t) vere a
quadratic (rather than a linear) function of t , this term would have a non-
zero coefficlent. The results ere quite consistent with equation (12). It turns
out that its coefficient is never statisticelly significant. '

Of course, the relatively small number of years cuis down on the power of the
tests. Moreover, when these additional veriables were added; the coefficients of
tSi(t) and Si(t) sometimes became non-significant too ~- although they were
eloser to being significant than the additional verisbles. The data used here

are described in the Appendix.

Note two points. First, the correlation coefficients in Tables 2 - 3 use
Ri(t) as the independent variable. If Ri(t)-Ri(t-l) had been used instead,
the coefficlents would probably have been lowver. Second, we could have tested

whether equation (13) has an intercept, but the tests would have been quite weak.

For a discussion of the bilases in these estimates, see the Appendix. Of
course, this is only one of meny ways in which ﬁi(t)/si(t) might have been

estimated. See the Appendix for & discussion of some alternative ways.

In comparing values of ﬁi(t)/si(t) at various points in time, note that
they are unadjusted for differences in the purchasing power of the dollar.

Unfortunetely, no appropriate deflators exist.
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Of course, one would expect that the coeffleient of variation would
eventually become stabilized. Probebly this decresse in the coefficient of

variation is largely a postwar phenomenon. In each industiry,there seems to
have been some tendency for the coefficient to become more stable.

As & further test, we looked at individual firms in the chemical industry
to see whether §il = 2.13 = 1.5% ﬁ% ; Wwhich would be the case if the model held
and 1f the estimates in equation (10) were correct. For those firms where the
velues of ﬁ; vere within the relevant range (see note 31), there seemd to be a

~ . - —
considerable amount of agreement between By end (2,13 - 1.5% Hi)'

Note that the average valus of 511 in glass and steel is not very close
1o the theoretical value of .60, This may be due to the faect thet the sample is
50 small that the average value of ﬁ£ is not close €O one or because the v?!s
are different in these industries due to differences in the relevant labor

markets, ete.

The accuracy of the forecests based on equation (13) and those based on

various naive models is described in the Appendix.
The sources of these estimates of r ere given in the Appendix.

Note that the results In this section and in the previous one assume that
firms continually operated and will operate in the range where equation (7) holds.
On the basis of the estimates in equation (10), the value of I, (t-1) observed
dwring 1945-58 in the chemicel industry, and what little we can guess sbout

(%%ﬁt) - Ri(t-1§>jni(t-l), it seems likely that this was the case for most firms.
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But for the remaining minority, it is possible that this equation did not hold and
that ai(t) was usually one. For such firms, the estimates of ﬁi(t)/si(t) will
be underestimated slightly but the results in this section will not be affected

50 long as ai(t) continues to be one.

For some discussion of economies of scale in resesrch, see the references

in [16].

The data underlying equations (16) - (18) ere described in the Appendix.
A quadratic function is. used beceuse of its‘simplicity and because alternative
functions often do not permit zero values of ny 1o be used. Ri is measured

in unlts of millions of dollars.

For some relevant discussion in this commection, see [10], Chapters 6-7.

- As measure of a firm's size we used its sales in 1940 (chemicals) or J9L6

(petrolemn and steel). Note that, iIf one regards the relevant uﬁiverse here to
be the largest fifteen or twenty firms in each Industry, the standard errors of
the regression coefficients are over=-stated, and seemingly non-significent co-

efflcients are in fact significant.

Note that most of the firms that are included here spent a reasonably :L_a.rée
amount on R and D . The minimm expenditure was $270,000 (chemicals), $600,000 .
(petroleunm), and $50,000 (steel). There may be considersble "economies of scale”

in the lower renges of spending. (These figures are averages for the years
indicated in the test.)
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For some discussion of the problems involved in measuring inventive

input and output, see Kuznets [12) and Machlup [1k].

For ways in which the parameters of such a model cen be estimated, see
the Appendix. Of course, one very interesting point 1s that an equation of
the same form will reswlt from this model, if the endogenous varisble is
constantly ineressing or constantly decreasing, as from the conventional
model with a constant response coefficlent. Thus, the fact that the
conventional equetion fits well does not necessarily mean that the conventional
model is correct. Of course, if this model rather then the conventional one
is correct, the estimatgs of the desired or equilibrium level of the endogenous
varisble and the response coefficient will be biased. The direction of the

bias can often be estimated.
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