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INTRAFIRM RATES OF DIFFUSION OF AN INNOVATIOﬁ*

Edwin Mansfield

Yale University and Carnegie Institute of Technology

1. Introduction

In recent years; economists have shown a lively, and growing, interest
in the factors determining how rapidly & new technique is substituted for older
methods. This rate of substitution, or rate of diffusion, merits such attention
because it determines how reapidly productivity rises in response to the new
technique. Since the rate of increase of productivity is directly related to
the rate of diffusion, the full social benefits from the innovation will not

1/
be realized if the diffusion process goes on too slowly.

This paper studies for the first time the intrafirm rate of diffusion --

the rate at which a particular firm, once it has begun to use & new technique,

2/
proceeds to substitute it for older methods. Once they become familiar with

an innovation, some firms abandon the older technology and replece it very
Quickly with the new. Others are much slower to meke the transition. Given
that & firm has begun to use a new type of equipment, what determines how

rapidly it goes on to substitute it for an older type?

This question is important because the intrafirm rates of diffusion

3/
determine in part the rate of diffusion in the entire industry. To help

answer it, we single out one of the most significant immovations that occurred

in the interwar period -- the diesel locomotive. We construct and test an



econometric model to help explein differences among rallroads in the rate at
which, once they bhad begun to dieselize, they substituted diesel motive power
for steam. Although this model is rough and over-simplified; it seems to stand
up quite well; and with appropriate modification, it is likely to prove useful

for other innovations too.

The plan of the paper is as follows. Section 2 provides a brief histeorical
sketch of the nation-wide displacement of the stesm locomotive by the diesel.
Section 3 describes the differences smong railroads in how rapidly, once they
had begun to dieselize, they substituted dlesel power for steam. Sections 4 - 5
present and test a simple model to help explain these differences, and Section 6
discusses the effects of some additional factors, and Section 7 analyzes utilization

rather than ownership data, Section 8 contailns a summary and conclusions.

2, Nation-wide Substitution of Diesel Power for Steem

We begin by considering the overall process whereby the diesel locomotive
displaced the steam locomotive. For present purposes, the atory begins in 192k,
when the first diesel locomotive Was used in this country ~- anl eleven years
after the diesel-electric system was first used in Eucxcv:;pe:oLL The early diesel
locomotives were heevy, slow, and without much power. By 1930, ’ eleven American
roads used them at some point on their properties,i}:ut they were usually installed

where there was a smoke nuisance or a fire hazard.

During the Thirties; diesel locomotives became more important in the
United States. In 1933, General Motors came out with an improved locomotive

that was smaller, faster; and more powerful than previous types and in l95l+,
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&/
there began the era of the diesel "streamliners.™ .= By 1935, 50 percent of

of the major American railroads had begun to use diesel locomotives (see Table 1) R
these leaders generally being large firms and firms where the investment in _such 7
locomotives was particularly profitable. In particular, they tended to haul
little coal. The "coal roads™ were reluctant to instell diesel locomotives

becaunse it might alienate thelr important customers and because coal was relatively

Y
cheap for them.

By 1940, according to a small-scale survey conducted in connection with this
§/
baper, most mejor American railrosds seemed to regard the diesel switcher as

being completely out of the experimental stages, slthough there was still con-
siderable uncertainty regarding its maintenance costs and other factors governing
its profitability. When we entered World War IT, the diesel locomotive led gained
considerable scceptance for switching and limited scceptance for other purposes.
By that time it accounted for about three-fourths of new orders (according to

) 9
7], ». l‘h’)"_/

Defense needs and priorities governed the production and allocation of
diesel locomotives during the war. The allocation of diesel power among the
nation's rallroads was controlled by the Office of Defemse Transportation, and
the locomotive builders were allocated material by the War Production Board.
Because of the wartime incresses in traffic and the change in traffic flows,
there was a considerable need for new motive power to replace many of the old
steam locomotives. At first, materials (particularly for the diesel power plant)
were very tight. But as time went on and the need became more pressing, controlé

\ 10/
were relaxed and the production of diesel locombtives was stepped up considerably.



Table 1 « Number of Diesel and Steam ILocomotives and Number of Major
Railroads Using Diesel Locomotives, United States, 1925-59.

Diesel Locomotives  Steam Locomotives Major Usersg'/
Year Percent Percent Percent
{Dec, 31) Number of Total Number of Total Number of Total
1925 1 v/ 67,713 99.4 1 .2
1927 1l b/ 64,843 99.2 8 33.3
1929 25 b/ 60,572 98.9 9 375
1931 8o I 57,820 98.6 10 3.7
1933 85 .2 53,302 98.3 10 41,7
1935 130 % 48, L7 97.9 12 50.0
1937 293 .6 46,342 974 1L 58.3
1939 639 1.4 W3, 604 96.5 19 79.2
1ok 1,517 3.4 k1,911 9k .k 21 87.5
1943 2,476 5.5 41,983 92.5 23 95.8
1945 4,301 9.3 h1,018 88.7 23 95.8
1947 6,495 14.6 36,942 83.3 23 95.8
1949 12,005 27.8 30,344 T70.1 2% 95.8
1951 19,01k L. .8 22,590 5% .2 23 95.8
1953 2h,200 65.0 12,274 32.9 23 95.8
1955 26,563 79.2 6,266 18.7 2l 100,0
1957 29,137 0.0 2,608 8.1 2L 100.0
1959 30,097 95.h4 871 2.8 oL 100.0

Source: Statistics of Railways [10], 1925-60.

a/  Only railroads with more than 5 billion freight ton-miles in 1925
are included. This group differs slightly from that used in
Mansfield [12], See the Appendix of the latter paper for the
differénces. A railroad is counted as a Muser® if it owned one
or more dlesel locomotives.

b/  Less then one-tenth of one percent.
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During the war, gbout 2,800 diesel locomotives were acquired by American rallroads,
and by the end of 1945, they constituted almost ten percent of the total locomotive

stock.

Whnen the war ended the acceptance of the diesel locomotive was widespread,
but few firms expected it to displace the steam locomotive for all types of work.

For example, only four of the seventeen firms for which we have date planned at

11/
that time to dieselize completely. However, as time went on, several develop-

ments helped to make the adventages of complete dieselization more cbvious. First,
further refinements were made in diesel design, and the price per horsepower of

the diesel locomotive continued to decline relative to steanulg/ Second, it
became obvious that large savings could be effected by completely eliminating

the facilities needed to service end repair stesm locomotives. Third, the remaining
uncertainties regarding the diesel locomotive's performence and ﬁaintenance were
largely dispelled, and the problems in tralning crews and encillery personnel were

13/

met -- with the assistence of the locomotive manufacturers.

Between 1946 and 1955, most of the firms for which we have data decided
to dieselize completely. Because they were closer to complete dieselization when
the decision was made, they generally plemned to accomplish it in only three or
four years -- rather than in the ten-year period planned by those that made the
same decision in 19L45. As a rule, these plans were carried out on time, and by

1/
1959, the diesel locomotive hed almost completely displaced the steam locomotive,



3. Intrafirm Rates of Diffusion

Although the previous section provides the necessary background, it tells
us very little about the rate at which particular railroads; once they had begun
to dleselize, substituted diesel motive power for steam. Table 2 provides some
information on this score. It shows how long it took 30 randomly chogsen firms
t0 increase their stock of diesel locomotives from 10 percent to 90 percent of
their total locomotive stock. Of course, this 1s only a crude measure of the
intrafirm rate of diffusion, because 1t srbiirarily regards the date when 10O
percent of a firm*s locomotives were diesels as the date when it "begen" to dieselize.
Moreover, it erbitrarily regerds the date when 90 percent of a firm's locomotives

15/
were diesels as the date vwhen it was "entirely" dieselized.

Despite its limitations this measure is a reasonable first spproximation
that should do for present purposes, although it will be replaced by e better
measure in the following section. In interpreting this measure, note that it
does not indicate how rapidly a firm accepted the dlesel locomotive, as messwred
by the rate at which diesels ceme to dominate the firm's locomotive purcheases.
Although it is influenced by this factor, it also reflects the rate at which steam
locomotives were scrapped and the rate at which locomotives of all kinds were

purchased. Since we are interested in the effect of the rate of diffusion on

16/
productivity, the latter factors must also be included.

Note too that this measure provides no information regarding the date when
various reilroads "began" to dleselize. Since previous pepers [12, 13] investigated
the factors determining how rapidly e firm begins to use an innovation (the diesel

locomotive and others), we simply take these dates as given and focus our attention



Table 2 - Time intervel between date when diesel locomotives were
10 percent of all locomotives and date when they were
90 percent of all locomotives, 30 randomly chosen Class 1

railroadsqa

Time Nunber Percentage
Interval of Firms . of Firms
14 or more years 3 10
11-13 years T , 25
8-10 years 11 37
5-7 years 3 10
3-4  years 6 : 20

TOTAL 30 100

Source: Statistics of Rallways [10], 1925-61.

a/ The railroads included heve are listed in Table 3.
We assumed that the Duluth, Missabe, and Iron Renge
Reilroad would reéach 90 percent of full dieselization
in 1963.
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on how rapidly a firm went on to substitute diesel power for steam. It might
be noted, however, that these firms generally reached the point where diesels
were 10 percent of their locomotive stock after World Wer II. Thus, when we

deal with the results in Taeble 2, we are dealing almost exclusively with postwar
17/

developments.

Finally, returning to Table 2, the results indicate that there were
substantial differences among‘ firms in the rate of diffusion. Althougk nine
years were required on the aversge to increase a firm's stock of diesels from
10 to 90 percent of the total, some firms took three years and others took sixteen.
Once they had "begun” to dieselize, why did some firms meke the tramsition so much
more quickly than others? The material presented in the previous section is of
limited use in answering this qué’stion, since 1t perteins mostly to industry-wide
developments and to the periocd bvefore the end of the war. The following sections

present and test a simple model designed to help answer it.

4, A Simple Model

Let Di(t) be the number of diesel locomotives owned by the ith firm

at time t , Ni be the number of steam locomotives owned by the firm before it

began to dieselize, and Ri be the number of steam locomotives replaced by a

h

diesel. Assuming-that the :Lt firm's traffic volume end R, remain approxi-

i
15/

mately constant during the relevant period, the total number of locomotives

owned by the ith firm at time t 1is



(1) Ti(t) = N - (Ri - 1) Di(t) .

And since the firm will therefore employ Ni/Ri diesel locomotives when fully

dieselized, there are [Ni/Ri - Di(t)] places left to be filled with diesels

at time t .
Let I, be the rate of return thet the 10 £irm could obtain by filling

one of these places with a diesel locomotive (assuming for simplicity that this

rate of return is the seme for all places and 8ll & ) , Ui(t) be a measure of
the apparent riskiness at time t of its making such an invesiment, Si be a
measure of its size, and Ci be a measure of its liquidity at the time when it

"began" to dieselize. Letting

(2) w,(t) = [Dy(¢+1) - D ($II/IN /R, - Dy (8)]

we suppose that
(3) W(t) = £(m , U(t), S5 Cyy oer )

The rationale for this hypothesis is as follows. Other things equal, how
heavily a firm invested in diesel locomotives between time t and time 4+l
certainly depended on how profiteble and how risky such an lnvestment seemed at

time t . Thus, one would expect Wi(t) -~ the proportion of unfilled places

that were filled with a diesel locomotive during this period -- to be directly
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related to I and inversely relsted to u, (t) -

Because more liquid firms were better able to finance the necessary
investment and to teke the risks, one might expect them, all other things equal,
to have invested more heavily than other firms. Moreover, smaller firms might
have been expected to convert to dlesels more rapidly than lerger ones because
of the costliness of operating two kinds of motive power in a smell system, because
of the smeller investment {in sbsolute terms) required to convert; and perhaps

because of the quicker process of decision-meking in smaller units. Thus, Wi(t)

o/
and inversely related to 8

mey be directly related to C 1 °

i

Since Ui(t) cannot be measured directly, we assume that

(h') Ui(t) = g(Lil RiDi(t)/Ni, aeq ) 3

where I, is the time interval separating the year when the first firm (in this

i
country) "begen" using diesel locomotives from the year when the ith firm "begen”

using them, and RiDi(t)/Ni is the proportion of plaeces in the i i alresdy

filled at time + . Equation {(4) sssumes that, the longer a firm waited before
"beginning" 1o use the diesel locomotive, the more knowledge it had derived from
other firms' experiences with the diesel, and the less uncertainty it had regarding
the diesel locomotive’s profitebility when it "began® to dieselize. It also
assumes that, the nearer a firm was to full dieselization at time * (i.2., the

greater was RiDi(t)/Ni) ; the less was its uncertainty at time t relative to

20/
its uncertainty when it "begen" to dieselize. Substituting equation (L) into

equation (3), we have
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(5) Wi(t) = h(Hi’ I'i’ RiDi(t){Ni, Si’ Ci} dos ) ?

where, according to the model, Wi(t) is directly related to each of the

independent variables other than & g

Fquation (5) is guite consistent with interview data and previous studies
of the diffusion process. A dozen railroad officials when interviewed in

connection with this study stressed the importance of each of these lndependent

verisbles. The hypothesized effects of I, Li, and. RiDi(t)/Ni on Wi(t)

are consistent with results concerning the diffusion of other innovations. —/
21
See Coleman, et al., [4), Griliches [8), Mansfield [12, 13], and Yance [20].

Given equation (5}, we assume that Wi(t) can be approximated within
the relevent range by a guadratic function of IL., Iy, «e., Ci , but that the
coefficient of [RiDi(t)/Ni]e is zero., Then substituting the corresponding

differentiel equatlion for the difference equation that results and recognizing

that 1im D,(t) = O , we have
tbmta b
-{a, +V ti)i
i i -1
(6) Di(‘t) = N [Ri 1+ e ,
where
(1) v, = "’1*"’2“1"’“31‘1*“1;81*“5 C; + € 5

e, 1is a random error term, and Cy; CB’ “ cw and ¢_ should be positive if the

i 2
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model holds. The argmne_n}; leading up to equetions (6) and (7) is exactly like
22 .
that in Mansfield {12].

th

Finally, if Pi('b) is the proportion of the i firm?s locomotives

at time t that are diesels,

(8) P(t) = Dy(6)/2,(%),

and substituting equations (1) and (6) into equation (8), we have

-(a'+Vt)—]wl
(9) Pi{t)-—-[l-i-e S B

Thms, if the model holds, the proportion of a firm's locomotives that
were diesels should be & logistie funetion of time. And the parameter of this

function measuring the intrafirm rate of diffusion, V should be linearly

i 7

related to 1T Li’ Bi, and ci + In the following section, we see how well
23/
thies model can explain the observed differences in intrafirm rates of diffusion.

i’

5. Tests of the Model

To test this model, we obtained data regarding Pi(t) from the Statistics

i/
of Railways {10] for the 30 railroads in Teble 2 for each year from 1925 to 1960.

Using ICC data and Moody's, we also obtained measures of Li (the year when the

th th

i firm "began” to dieselize less 1941), S, (the 1

5 firm's freight ton-miles
in 1949), and Ci (the ith Tirm's average ratio of current assets to current
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liabilities in the two years prior to and including when it "began" to use diesel

locomotives). Rough estimates of Hi were obtained mainly from correspondence
25/

with the firms. The estimates of Li’ Si’ and Ci gppear in Table 3. The

estimates of 1I

12 which were obtained from the firms with the sssurance that

their replies would remain confidential, are omitted.
First, we use these data to see how well P,(t) conforms to a logistic

function. If equation (9) holds,

(10) in [Pi(t-)/l - Pi(t)] = ol vV, b

Thus, one crude way to measure the goodness of f£it of the logistic function 1s

to see how well in {Pi(t)/l - Pi(t)] cen be represented by a linear furction

6f t . Table 4 shows that the correlation between these two varisbles is

generally very high. Omitting two cases; the average coefficient of determinatic:

(ra) is .90. Thus, the results suggest that & logistic functlon can represent

the‘data reasonably well.
Second, we test whether V, conforms to equation (7). Using equation (10},

we obtained least-squares estimates of V, (after weighting the cbservations

26/

appropriately). . Assuming that the errors in these estimates are uncorrelated
with Hi’ Li; Si’ and Gi’ we have
o~
am ' ; + t
(11) v, ey + ey Byt °5Li + ¢S, 6501. €
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Table 3 -~ Estimates of L,, S, " Q, K, snd A
s o o o o ¢
L S C. q Ky A
Railroad 3 i i i 1 i

Pennsylvania T 54,3 1.68 ok 243 b1 2300
New York Central T 38.9 1.55 90 257 B.b 1720
Baltimore and Ohio 7 25.3% 1.61 95 221 L5 990
T1linois Central 9 18,7 1.68 92 275 8.3 620
Burlington 3 8.5 1.29 95 309 8.7 690
Missouri Pacific 6 21.2  2.55 o7 295 4.9 910
Great Northern 3 16.3 1.4k 93 287 6.5 580
Rock Island 0 12.8 2.3 88 312 3.3 100
Northern Pacific 4 11.6 1.98 89 391 4.8 510
Lehigh Velley 2 L3 1.45 90 191 6.0 180
Nickel Plate 6 9.4 1.73 T6 243 . 5.5 340
TLackewenns, b k.1 2.17 8o 162 2.3 180
Boston and Maine 3 3.1 Ll.hk 96 157 5.2 220
Chicago end Eastern Illinocis 5 1.6 1.93 100 193 3.1 60
Duluth,Missabe,and Iron Range 12 3.2 .88 81 76 27.7 130
Denver and Rio Grande 1 5.0 131 83 28 5.1 210
Bessemer and Lake Erie 9 2.1 1.98 51 108 6.8 80
Western Pacifie 1 3.2 o3 79 4158 L7 140
Monon 3 1.0 5.52 100 166 5.0 Lo
Florida East Coast 3 0.8 2.2 100 226 5.3 80
Maine Central 5 0.9 1.46 99 120 k.1 60
Pittsburgh and West Virginia 6 0.4 2.21 62 €2 2.1 20
Kansas,Oklahoma, and Gulf 8 0.5 71 90 126 5.0 10
Seaboard Air Line 2 T« 2.61 86 217 10.2 Lo
Virginian 13 3.2 1.92 50 248 7.9 Lo
Chesapeske and Ohio 8 27.0 1.26 76 276 5.7 780
Chicego and North Western 4 12.h 1.5k 99 180 6.9 510
Norfolk and Western 16 15.3  1.96 65 275 7.2 L60
Missouri-Kansas-Texas 6 5.1  1.35 100 303 3.1 190
Union Pacific 4 29.0 2.28 8k 559 7.9 10Lo

Source: BStatistics of Railways [10], and Moody's Railroads.

a/ To measure . I ,» We obtalned from the Statistics of Reilways [10).the year when

each firm's diesel 1ocomotives first reached 10 percent of its total locomotive stock,
and we deducted 1941 (the year when diesel locomotives reached 10 percent of the
total locomotive stock on the first American railroad) from it.

b/ 'The number of freight ton-miles {in billions) in 1949 (obtained from the
Statistics of Railways [10]).

¢/ The average of the current ratio in: the year prior to and the year when diesel
locomotives first reached 10 percent of the firm's total locomotive stock.

g/ The percentage of a firm's steam locomotives that were 15 years old or more at
the time when diesel locomotives first reached 10 percent of the firm's total
Jocomotive stock.

e/ See Section 6 for a definition of Qs K, and A, .
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Teble 4 -- Estimates of i, V,, Coefficient of Determination, and H .

o % Coefficient of E/ ﬁ E/
Railroad i i Determination 1

Pennsylvanis - T.48 A3 .92 T3
New York Central - 5.95 «35 .91 .88
Baltimore and Ohio - 6.10 #3h .98 -
Tllinois Central - 6.21 +30 292 -
Bul‘ling‘ton - 1‘-.80 .29 099 th9
Missouri Pacific - 6,94 R .99 .73
Great Northern - bkl 27 95 +H9
ROCk ISland bl 1!-052 029 687 -63
Northern Pacific = 5420 «27 +59 -
Lehigh Va.lley - 1(—.72 35 079 088
Nickel Plate - 6.7 34 093 -
Lackawanna - }-|'020 028 090 -73
Boston and Maine - 5,01 .33 9k <63
Chicago and Eastern Illinois -~ 5.93 -10 T3 2.20
Duluth,Missabe,and Iron Range -9.39 210 ral -
Denver and Rio Grande - 3,96 025 «93% ok
Bessemer and Lake Erie - T.18 L1 oTh -
Western Pacific - k.79 +36 87 W63
Monon -11.97 1.04 -8k 2,97
Florida East Coast - 5.52 35 91 -
Maine Central - 6,91 U5 295 1,10
Pittsburgh and West Virginia - 8.50 51 -85 1,10
Kansas ,Oklshoma,and Gulf <11.7h >3 55 1.46
Seaboard Air Line - 5.28 +36 97 55
Virginian -15.32 o5 5T -
Chesapeake and Ohio -10.30 .59 .88 .88
Chicago and North Western - 5,80 +33% 299 .88
Norfolk and Western -30.48 1.%5 .98 -
Missouri-Kansas-Texas -11,16 s o)1 1.25
Union Pacific - 5.58 .33 97 -

Source: Statistics of Reilways {10], 1925-56 and edditional ICC data
deseribed in note 32.

a/ The square of the coefficient of correlation between £n [Pi(t)/l-Pi(t)]

end t , the observations being welghted as Berkson [2] has suggested. As Griliches
[8] pointed out, high correlation coefficients of this sort should be taken with a
grain of salt. Nonetheless, the fits seem on inspection o e ressonably good in
almost all cases. ~

b/ See Section 7 (and note 32 in particular) for a definition of H, and a

i
description of how it was obtained.
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where ?i is the estimate of Vi and ei is an error term. Using least-

squares to estimete the c's , inserting these estimates into equation (8), and
suppressing si » Wwe have

(12) V. = - J165 + Q00 I, + 048 L, ~ 0028 5, + ,115 C
i (92) T (L008) T (.0023) T (.ob0) ¥

Wwhere the quantities in parentheses are standard errors,

The results are gulte encouraging. The estimntes of Cps c5, cg, and c5
turn out to have the expected signs, and all but ¢, 8re statistically significent
{.05 level). About 70 percent of the observed variation in ﬁi can he explained

by the regressior, the correlation coefficient being .83. Thus, the model, simple
and. incomplete though it is, can explain a substantisl portion of the interfirm

variation in the intrafirm rates of diffusion.

A convenient measure of the effect of each of the exogenous varisbles on
the rate of intrafirm imitation is the elasticity of the time intervel in Table 2
(between the dates when & firm was 10 percent and 90 percent dieselized) with

fespect to the exogenous vaeriable. The estimated elasticities are w°35 (Hi) R
-.60 (Lj), °07(81), and =~.49 (Ci). Al) are evsluated at the means of the

exogenous variables. Judging by these resulis, the intrafirm rate of diffusion

is most sensitive (in an elaesticity sense)} to changes in Li and least sensitive
21/

to changes in Si .
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6. Effect of Additional Factors

Some of the importent factors that help to account for the unexplained

variation in Gi seem fairly obvious. The intrafirm rate of diffusion

was probably affected by the amount of pressure exerted on the firm by the diesel
locomotive manufacturers. It was probably affected too by the training and
preference regerding risk of the firm's technical officers and top management.
Moreover, changes over time in the profitability of the firm's investment in diesel
locomotives undoubtedly was a significant factor. Although these factors were

probably important; they were omitied because no satisfactory way could be found
28/ |

10 measure them.

In this section, we investigate the effects of four additional variables
that may have been important and that can be measured at least roughly. The first
factor is the age distribution of the steam locomotives owned by the ith' firm
when it "begen" to dieselize. Assuming that this age distribution was rectangular
with its upper end point at the replacement age, the percent of a firm's locomotives
that had to be replaced each year after it "began" to dieselize was inversely

related to the range of this distribution. Moreo%er, the range was inversely related

1o Mi «« the percent of the ith Tirm®s steam locomotlves that were 15 years old

or more when it "began" to dieselize. Thus, since the intrafirm rate of diffusion
would be expected to vary directly with the percent of & firm's steam locomotives
that were due for replacement each year after it "began” to dieselize, one would

expect Gi to be directly related to Mi « To check this, Mi was included asg

an additional independent variasble in eguation (12), the result being
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(13) V., = - o257+ .89 X

+ 051 L
I (.515) *

(+009)

- 0030 8, + 117 C, + ;0011 M, .

1 (0023) Y (ov) 1 (Lo0zs) 1

The regression coefficient for Mi has the rvight sign, but is statistically
29/

non-significant.

The second factor is Ai ;5 the absclute number of diesel locomotives that

the ith firm had to acquire in order to go from 10 to 90 percent of full dieseliza-

tion. As this number increases; the firm is forced to invest more heavily each year
in diesel locomotives in order to meke this transition in a given length of time
(and hence to meintein a given value of vi) « Silnce it may not be possible or
worthwhile for firms of given size to suppoft an annual investment exceeding some

maxximum amount, Vi mey be inversely related to this number. To check this, Ai

wes included in equation (12), the result being

(1%) Gi = - .17% + 1036 W, + .ObT L + .0126 S, + .108 C, - .00038 A, .
(J90) * (.008) ' (.0118) * (.0k0) * {.00028)

The regression coefficient for Ai has the right sign, but is statistically

30/
non-significant.

The third fector is the average length of haul of the ith firm. Diesel
locomotives would be expected to be particularly profiteble for railroads that

made long hauls, because intermediate service points could be eliminated. Thus,

th

one might expect V, +to be directly related to Qi == the 1

i firm's average

length of haul (in miles) during 1937-46. But when this variable is added to
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equation (12), we find once again that, slthough the sign of its regression co-
efficient is "right," the coefficlent is not statistically significent. More

specifically, the result is

(15) \?i = - 268+ 1058, + .052 L, - .O0k3 8, + J106 C, + 00039 Q,
( +500) (.008) (.0025) ( «0L0) ( .00031)

[

The fourth fector is the profitsbility of the i'® firm. More profitable

firms might be expected to have higher value of Vi because they were better able

then other firms to finance the necessary investment and to teke - risks. To

check this -~ the average retio of the ith firm's railwey operating revenue
H

to its totel adjusted capitel in the two years prior to and including the year when
1% “"pegen™ to dieselize -= iz included as en additional independent variable in

equation (12), the result being

(16) 7 = - .087 + 6021

i + 052 L, - .0032 S, + 113 C, - 0086 K, .

(.520) 1 (.008) ¥ (.0023) * (.040) * (.0073) T

The regression coefficient for Ki has the wrong sign and is statistically non-
31/
significant.
Thus, although Mi’ Ai’ Qi’ and Ki might be expected to influence V,
in the ways we describe, there is no real evidence that they exerted such an
influence. Their apparent effect is almost always in the expected direction, but

it is statistically non-significant in every case.



7. Results Based on Ufilization Data for Freight Service

Our measure of the rate of intrafirm diffusion is based on the number of
locomotive units of each type (steam and diesel) owned by e firm. This measure
suffers from the fact that locomotives differ in size and capacity and that some
locomotives may be used little (if at 21l). It also suffers from the fact that
freight, passenger, and switching service have to be lumped together. It would be
preferable to use & measure based on the growth over 'bime in the percerﬁ: of total
vwork done by diesels and to separate various types of service, but only & small

emount of dmsta of this sort has been published.,

Using the available dats regarding freight service (perhaps the most
significant type of work) s We try to determine whether our :E‘ind.ings would have
been modified substantiai]y if wtilization data of this sorﬁ, rather than ownership
data, had been used. The model in Section 4 can easily be modified to accommodaie

th

such data. Let th be the totsl freight ton-miles of the i firm during the

relevant period, D{(t) be the number of freight ton-miles hauled by diesels at

time t , and
Wit) = E};(tﬂ) - DX(&))/LN, - Di(tj:] .
= g, Ui(t), 8; G4y o0l s

Proceeding as we did in Section 4 and letting P{( t) be the proportion of the

th

i firm's totel freight ton-miles hauled by diesels at time t ;, we find that
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-1
[; . ~(31+Hit§]
e P

i
s dl + da Hi + 63 Li + dh Si + d5 Ci + ey s

Pi(t)

il

jas)
i

where e; is an error term.

From published ICC data, it is possible to piece together enough information

regarding P{(t) to allow a rough test of this model for twenty of the firms in

Teble 3. Apperently a logistic function provides a reasonsbly good fit. Using the

rough estimates of H, shown in Table 4 (and omitting e; }, we find that

(17) ﬁi = - .268+ 5021, + L1381, - L0168, + 39LC, ,
(1.752) & (.040) * (.007) T (.11k)

the coefficient of correlation being .83. When M, A, Q, and K are inserted

into equation (17) as additional independent variables, the results are generally

like those in the previous section, the only notable difference being that the
32/

effect of Mi is statisticelly significant.
Thus these fragmentary data regarding the utilization of diesels in freight
service yileld the same general kind of results as those obtained from ownership

data. The effects of Hi’ Li, Si’ Ci, and Mﬁ are in the same direction, and the

model in Section 3 seems to fit about as well in one case as in the other. The only
difference is that some coefficients are statistically significant in one case but

not in the other, the effects of M, end 8, being significant here (but not in

Sections 5-6) and the effect of I, being non-significant here (but significant

in Bections 5-6).



8. Summary and Conclusions

Once & firm begins using & new type of equipment, what determines how
repidly 1t substitutes it for older types? To help answer this question, we
constructed a simple model to explain how rai)idly, once a firm began to dleselize,
it substituted diesel motive power for steam. When tested against data for 30
Class I rallrosds, this model seemed to stand up quite well. About 70 percent
of the interflirm veriation in the rate of dlieselization could be explained, and

the effect of each exogenous varieble was in the expected direction and (with one

33/ -
exception) .  statistically significant. Although the model is obviously over-

simplifiec:i end incomplete, it 1s of considerable help in explaining the substential

differences among the intrafirm rates of diffusion of this inmovation.

Since these findings pertain to only one innovation, they providq little
information regarding the usefulness of a model of this sort for new techniques
in generel. However, judging from what little additional evidence we have, there

seems to be a good chance that the same sort of model would be useful in dealing

3/
with & wide cless of innovations. .  If so, this would have at least four

implications.

First, it would mean thet the seme sort of model can be used to represent
both the rate of diffusion among firms and the rate of diffusion within a firm.
The model used here emphasizes the same sorts of explanatory factors and is
similar in structure to one used with considersble success in [12] to represent
the rate of interfirm diffusion of an innovation. The fact that the seame sort
of model works reasonsbly well in both cases su.ggesfa that there is s considerable

amount of unity and similarity between the two diffusion processes. Moreover; the
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results in each case lend support to those in the other case.

Second, together with previous results, it would suggest that there exists
an important economic analogue to the classic psychological laws relating reaction
time to the intensity of the stimulus.éz/ The profitability of an investiment
opportunity acts as a stimulus, the intensity of which seems to govern quite
closely a firm's speed of response. In terms of the diffusion process, it governs

both how rapidly a firm begins usiné an innovetion and how rapidly it substitutes

it for older methods.

Third, if the effect of a firm's size is generally like that found here,
it would be of considersble interest to economists concerned with problems
regearding industrial concentration and the lerge firm. In line with the allegations
of Stocking [17], Ysnce [20], end others, it would appear thet small firms, once
they begin, ere at lesst as quick to substitute new technigues for old as their

larger rivals. Although this is obviously only one of a great many considerations

36/
in formuleting policy in this asrea, it is worthy of attention.

. Fourth, the results point up the importance in this regard of when a firm
begins to use the innovation, the age of its equipment at that time, and its
‘liquidity. All of these factors have a statistically significant effect on the

intrafirm rate of diffusion, (meocsured in terms of either the ownership or the

37/

utilization data or both). However, as so often has becn the case in studies
of investment behevior, the effect of the profitability of the firm is not

statistically significant.
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In conclusion, further efforts should be made, using data for other
innovations, to test this sort of model of the intrafirm rate of diffusion of
an lonovation. Moreover, studies should be made of how a firm's rate of diffusion
varies smong innovations. Studies of the latter kind would provide sn important
supplement to investigations like this (of interfirm differences in the rate of
diffusion of the seme innovation)} becawse they can gauge more edequately the
impact of factors like the dwabi:l:l.ty of old equipment, the investment required
to introduce the innovaetion, and the business cycle, It is important thaet we
understand more fully the factors determining how rapidly & firim bubstitutes a
new technique for older ones, and studies of both sorts cen make an importent

con;br'ibu-bien “toward this end.
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FOOTNOTES

* The work on which this report is based is part of a larger project on
industrial research and technical change supported by a contract with the Office
of Special Studies of the National Science Foundation, by a Ford Foundation Faculty
Research Fellowship; and by the Cowles Foundation for Research in Economics at Yale
University. I am particularly indebted to XK. Healy, whose comments on an earlier
draft eliminated several errors. In addition, the paper has benefited from dis-
cussions with various colleagues; particularly A. Meltzer, J, Muth, R. Nelson, and
N. Seeber. My thanks also go to G. Halnes and D. Remington for their assistance
and to the many people in the reilroad and related industries who provided
information.

}/ It seems cebvicus that productivity in an industry can be regarded as
8 weighted average of the productivity with the old technique and the productivity
with the new, the weights reflecting the extent to which the new %techniqgue has
replaced the 0ld. (Whether one hes in mind labor, capital, or total productivity
is irrelevent, although it affects the sort of weights one would use.) Thus, if the
productivity with the new technique exceeds that with the old, productivity in the
industry will rise as the new technique is substituted for the old. The rate at
which it rises depends clearly on the rate of diffusion. And if the diffusion
process goes on more slowly than it should;, productivity will not rise sufficiently
rapldly and output will fall below its potential. (Of course if the diffusion
process goes on too rapidly, inefficiencies result as well.) For further discussicn,
see Salter [16].

g/ Rote that the intrafirm rate of diffusion measures how quickly a firm
substitutes the new technique for the old once it has begun to use the technigue.
It does not tell us anything about the speed at which it began to use it. See
Section 3. Note too that some immovations can only be introduced on such a large
scale that the intrafirm rate of diffusion is of litile relevance. The firm either
edopts the innovation or it does not. In addition; we presume here that there is
an 0ld technique that the innovation replaces.

Assuming that the new technique will completely displace the old, & reasonsble,
but arbitrary; measure of the intrafirm rate of diffusion is the time interveol
separating the date when the innovation accounts for 10 percent of the firm's ocutputb
from the date when it accounts for 90 percent of the firm's output. This sort of
measure (which is inversely relsbted to the intrafirm rate of diffusion) is used in
Section 3. If the new technique will eventually displace the old in B percent of
the cases, .,1B and .9B can be used instead of 10 and 90.

Studies of the diffusion process are relatively rare for industries other
than agriculture. For some studies bearing on the spread of innovations among
industriel firms, see Enos [6], Healy [9], Mansfield [12, 13, 15], and Sutherland
{18]. For some investigations of agricultural innovations, see Beal ond Bohlin [1]
and Griliches [8]. For the diffusion of an antibiotic, see Coleman, Xatz, and
Menzel [14].
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Some attention was devoted to the diesel locomotive by Healy [9]. Moreover,
Yance did some unpublished work [20] on this innovation. But most of their work
pertained to the spresd of the diesel locomotive among firms, not to the intrafirm
rates of diffusion. Thus, the amount of overlap with the present study is relatively
small,

3/ Glven that one knows the percent of the firms in the industry that have
begun to use the innovation at each point in time and the average percent of ocutput
produced with the innovation (or some similar measure of the intrafirm rate of
diffusion) by these firms at each point in time, one can simply multiply them to
get the corresponding measure of the rate of diffusion in the industry (if the firms
are roughly of the same size). The rate at which firms begin to use an innovation
is studied in [12), and the factors determining whether one firm will be quicker
than another to begin using it is studied in [13]. Thus, the combined results of
these previous papers and the present one should help to explain the rate of
diffusion in the entire industry.

ﬁ/ During the Twenties, diesel locomotives were employed in a limlted way
in meny countries, their most extensive use being in places lacking coal supplies.
The first operational diesel locomotive made in the United States resulted from the
joint efforts of Ingersoll-Rend (which built the engine), General Electric (which
made the components), and American Iocomotive (which made the structure). It was
put in demonstrating service on June 9, 1924 in New York. It was used for demonstra-
tion purposes for eighteen months and then was used by Ingersoll-Rand for experimental
and development purposes. This sixty-ton unit was eguipped with one 300 h.p.,
200 k.w. oil engine generator set. Rajilway Review (May 8, 1926).

2/ When municipal governments put pressure on the railroads to eliminate
the smoke nuisance, they sometimes turned to diesel power because it was cheaper
than electrification. For a sketch of the early history of the diesel locomotive
outside the United States, and for references to more detailed accounts; see Jewkes,
Sewers, and Stillerman [11). For a sketch of its early history in this country, see
Healy [9], Jewkes, Sawers, and Stillerman [1l], and Yance [20]. For & "biography"
of one of the earliest diesel locomotives, see Trains (November 1956), pp. 26-28.

6/ TFor a description of the GM locomotive and some early comperisons of
the cost of diesels and steam locomotives, see Foell and Thompson [7].

7/ There is a definite relationship between (1) how rapidly a firm began
using diesels and (2) its size and the percent of its revenue obtained from hauwling
coal. Using only these two independent varisbles, the coefficient of correlation
for all Class I railroads is .70. See Mansfield [13].

§/ Letters were sent to the presidentis of most of the railroads inecluded
in the sample in Table 3. These letters asked various questions regarding the
firms® acceptance of the diesel locomotive. About two-thirds of the railroad
presidents replied.

One guestion was: vwhen were diesel locomotives no longer considered
experimental by your firm? A percentage breskdown of the replies is: before 1935,
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none ; 1932-35, 23%; 1936-39, 23%; 1940-47, 3G%; 19%3-h5, 159 . This pertains
only to switcners. Road locomotives generally reasined in the experimental stage
several years longer,

Of course, some of the varisation here may be due to differences in the
interpretation of "experimentsl.” For a summary of some of the other data obtained
in this way, see notes 9 and 1l.

g/ According to the correspondence cited in note 8, most diesel locomctives
introduced before World Wer II were used for switching. Ounly sbout 15% of the
responding firms used them for any work other than switching at thet time.

In the course of other correspondence with the firms listed in Table 3, each
firm was asked to estimate the aversge pay-out period for diesel locomotives intro-
duced prior to World War II. About helf of the firms replied. The unweighted
average of the estimates obiained was 6 years. Of course; there was substantial
variation of the estimates by individual firms about this aversge. For comments
on the data, see Mansfield [12].

10/ According to the president of a major Eastern road it became much
easier for the railroads to obtain diesel locomotives after May 1943.

11/ For eleven of the seventeen firms, we received complete dats on Yy
the year when plans for complete dieselization were first drawn up, Y2 s the year
when these plans visualized that complete dieselization would be accomplished, and

Y3 the year when in fact it was accomplished. These data follow:

Railrosd ‘1 2 Y3 Railvesd 11 o Y3
1 1951 195k 1954 1 195 1955 1956
2 1950 1953 1953 8 1954 1958 1957
> 985 1955 1955 9 19hk7 1958 1955
4 945 1955 1953 10 196 1956 1956
5 1945 1955 1853 11 okt 1961 1958
6 1954 1959 1960

12/ In the 1920's and early 1930's, the smallest diesel switchers uost
sbout $100,000. By 1936, a 1000 h.p. diesel switcher cost aboub $100,000 and =
large steam switcher cost gbout $70,000. By 1948, a 1000 h.p. diesel switcher
still cosi about $100,000 but a large steam switcher cost sbout $120,000. See
Healy [9]; p. 175-

}é/ Diesel manufscturers helped firms chocee the most profitable installa-
tions, determine rates of return, and set up schedules. They helped to train
operating snd maintenance perscnnel. One manufacturer conducted a servive Wwhere
firms submitted cost data on a confidentisl taesis and received summaries ol covres-
ponding data from other firms in return. See Yarce [20].
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i/ A comparison of Y, with Y5 (in note 11) suggests that these

prograns were generally compieted on time.’

_.1_5/ Throughout this paper, the year when & firm "began" to dieselize will
mesn the year when diesel locomotives first reached 10 percent of its total loco-
motive stock. When the quotation marks are omitted; it will mean the year when the
first diesel locomotive was purchased.

16/ Three Jurther points might be noted, (1) Por discussions showing the
relevance of the sort of measure used in Table 2 (rather than the rate at which
diesels came to dominste locomotive purcheses) to changes over time in productivity,
gee note 1 and Salter [16]. Of course we concentrate entirely on differences in
productivity between diesel and steam locomotives and ignore the varistion in
productivity emong locomotives of each type. (2) Little or nothing can be deduced
from Teble 2 regarding the rate at which dlesel locomotives came to dominate new
orders. (3) Another measure of the intrafirm rate of diffusion, V, , 1s used in

the following section. This measure has the advantege that it does not rely on
any srbitrary percentages like 10 and 90. For any Pl and Pa 5 1f the model

holds, Vi is inversely proportional to the time intervel separating the date when
diesels were Il percent of the totel from the date when they were P, DPpercent of

2

the total. Results based on Vi also indicate that there were large differences

in the intrafirm rates of diffusion.

w If we are interested primarily in how rapidly a firm went from 10 to
90 percent of full dieselization, it is only important that owr model hold for the
postwar period. If it does not hold so well for earlier times, the result will
only be that it will not explain the movement up to about 10 percent very well.

y_?)j The assumption that each firm's traffic volume (and motive power
req,uirements) remained constant over tlme is only & convenient epproximation; but
during the late Forties and early Fifties (when dieselization was going on at a
significant pace) there was little or no trend in railroad traffic. Tetting
1929 = 100, the index of railroad cutput wes 14k in 1946 and 136 in 1956.

On many railroads, there may have been s tendency for Ri to decrease with
time. But for most of the relevant period, the decrease was probably slight.

_3_.2/ Of course, one might also reason that; because larger firms were better
able to finance the investment and take risks, the effects of S_ might be in the
opposite direction from that supposed in the test. Originally,I” thought that this
might be the case but further research hes convinced me otherwise.

Of course;, a larger investment in diesel locomotives between time t and
time +t+1 does not necessarily result in a higher value of Wi(t) + One can only

be sure that this will be the cese if N,/R; and R;D,(t)/N; are held constant,
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since under these circumstances the number of places left to be fllled with diesel
locomotives at time +t will be constant. Thus, Ni/Ri end R,D, (t)/N, may be

two of the factors influencing Wi(t) that are omitted from equation (3) . In the
analysis below, both are introduced explicitly (N’i/Ri being closely related to A, ) «

20/ The reasoning here is as follows. Ui(t) is identically equal to the
product of Ui(t‘?i*) and Ui(‘c)/Ui(t;) ; where t% is the year when the i piem
"began''to use dilesel locomotives. We assume that Uy (t*) is inversely related to
L, end that Ui(t)/Ui(t*) is inversely related to R;D (t)/N . Thus, Ui(t) is
inversely related to L, and R,D (t)/N . These assumptions seenm reasoneble (and

the data below bear them out) but their roughness should be obvious, end somewhat
different measures might have been used. For example, we might have used Di(t)

rather then R,D (t)/Ni , but the latter seems to work quite well.

g;/ Descriptions of these interviews are contained in Mansfield [12, 13].
Coleman, et al., (4] present evidence regarding the diffusion of an antibiotic that
tends to support the hypothesis that W, (t) is directly related to Li . Griliches

[8] presents evidence regarding hybrid corn that tends to support the hypothesis
that Wi(t) is directly related to I, . Yance [20] presents evidence that tends

%o support the hypothesis that W (t) is directly related to (t)/N .

Mensfield [12, 13] presents evidence regarding a dozen innovatlons thet bears on
several of. these hypotheses.

With regard to the effects of ci s note too that about half of the respondents

to the letters described in note 8 emphasized that the financial condition of the
firm was an important determinant of the rate of diffusion of the diesel locomotive.
Unfortunately, it is difficult to know precisely what they meant by "finencial
condition” and how this can be measured. However, from the remarks, it seemed that

the liquidity of the firm was closely linked with their notion of “"financial
condition."

gg/‘ See [12], Section 3.

gé/ Of course, it would have been preferable to have studied the growth
over time in the percent of total traffic hauled by diesel locomotives rather thanthe
Percent of the locomotive stock that are diesels. I used the latter measure because
it was the only one that was published on & firm-by-firm basis. Section 7 analyzes

what little data are avallsble regarding the growths over time in the percent of freight
“"output produced" by diesel locomotives.

Note too that, if the model holds; there is 2 simple relationship between
Vi and the figure for the ith firm in Teble 2. The latter eguals h.59/vi
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2k/  An entire system 1s regarded as a single railroed here.

gﬁ/ Fach firm in Tehle 3 was asked to estimate the average pay-out period
for the diesel locomotives it bought during 1946-57. The reciprocel of this pay-out
period (which is a crude estimate of the rate of return) is used as an estimate of
Hi for the 22 firms that replied.

For the others, we estimated Hi in the following way. First; we estimated
Ry (except for a multiplicative constant) for all %0 firms. To obtaln this estimate,
we assumed that all rallroads were working at 100 @ percent of “"capacity™ in 1939
and at 100 @ percent of "capacity" in 1957. Thus, if the ith firm hauled tg
ton~-miles of freight in 1939 and hed Zg locomotives in 1939 (practically all steam),
¢Z§/tg steem 1ocomo§ives were required per ton-~mile of freight on this roed.
Similarly, if the i firm hauled ti ton-miles of freight in 1957 and had Zi
locomotives in 1957 (practically all diesels), ezi/ti diesel locomotives were
required per tone-mile of freight on this road., Thus, one diesel locomotive can

o 1l;,.,1 0 . o,l,1.0
replace 97/ tilaﬁi t; steam locomotives. As a messure of R, , We use Z; ti/Ziti

-- which was proportional to Ri if these sssumptions hold. Of course this is very

crude. Freight ton-miles are not a completely adequate measure of a firm's output.
Al) firme may not have been operating at approximstely the same percentage of
"capacity.” A firm®s "capscity” may not be a linear, homogeneous function of the
number of locomotives it owned. The resulting messures of Ri ere only rough

approximations.,

Second, we found that our estimate of ni vas correlated with our estimate

of Ri for the 22 firms where data on Hi were &vellseble. According to the
interviews, such & relationship would be expected. Using the regression of 1L

i
on Bi ; Wwe estimated the value of I, for the remaining 8§ firms on the basis of
their value of Ri .

i

Note that we assume that ithe interfirm differences in the profitebility of
introducing diesel locomotives were approximately the same over time. Veriation over
time during the relevant period is ignored. There is some evidence that the diesel
locomotives introduced after the war were somewhat less profitable than those intro-
duced before and during it {although the very last stages of dieselization were often
the most profitable). Estimates of +h~ pay-ovt meriod (like those in note 93
ohtained for the post-war period icnded 0 be somewhat higher than those in note 9.

gé/ Berkson's [2] weights are applied. Only those values of t such
that .01 < Pi(t) <1 are included; and t is measured in years from 1939,
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27/ According to the model; the interval in Teble 2 equals 4.39/V, , which

wl
is approximetely 4.39 Fcl +e, 0o+ ¢y L, +¢) 8 + Cs Ci] . Thus, letting I

I
ar . i -1
—— —_— = e +
represent this interval, a, T c, I, [cl e, I, + cs Ly +¢) 8 + c5 Cij )
Similer results are obtained for Li’ Si’ and C1 « Evaluating the resulis at the
means of the exogenous variasbles; we get the numbers in the text.

g§/ In the current anti-trust case brought against General Motors, one of
the points at issue seems to be whether or not it exerted undue influence on the
reilroads. See Business Week (April 15, 1961). For what it is worth, the interviews
(see note 21) indicated thatl reciprocity was often an importent factor here.

Of course; another factor that might be important here is a firm's rate of
growth «= because of its impact on the extent of & firm's investment in new loco-
motives and the rate at which old locomotives are scrapped. Although we sssume
throughout that every firm's output remsins the same throughout the period, this is
only & convenient first epproximation. '

Salter [16] describes a number of factors influencing the rate of diffusion,
but his analysis cannot easily be appiied here becamuse the railroed industry is
regulated. His analysis is concerned primarily with free markets. Another relevant
publication is Terborgh [19].

gg/ We assume that each firm's steam locomotives were replaced when they
were X years old (the diesel being availsble as an alternative) and that the age
distribution of each firm's steam locomotives was rectangular when it "began® to
dieselize; the upper end-point of the distribution being X . If so, the lower
end-point must equal X - (X - 15)/Mi, end the range of the distribution (a measure

of the smount of variation) must equal ( X - 15)/M1q Moreover, since the proportion

of a firm's steam locomotives that had to be replaced each year immediately after it
"began" to dieselize is the reciprocal of the range of the distribution, this
proportion is directly related to Mi * Finally, one would expect the intrafirm

rate of diffusion to be directly related to this proportion because, as the proportion
of steam locomotives falling due for replacement each year increases, the minimum time
reguired to attain full dieselization decreases.

0f course, the assumption that the age distribution can be approximated by
& rectangular distribution and that its maximum was X (which was the same for all
firms) is very rough. Moreover, the minimum and actuval time required to attain
full dieselization may not be very closely related. These factors mesy explain the
non-significant results in equation (13). Moreover it is possible that the results
would have been different if some cut-off point other than 15 years had been used.
(The form of the basic data required that we use a measure like Mi to estimate the
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range.) Certainly, the present analysis of the effect of the age distribution of
steam locomotives on the intrafirm rate of diffusion is only a beginning.

Finally, we fit this factor into the model simply by adding Mﬁ 1o the list
of vaeriasbles on the right-hand side of equation (3) and treating it like the other
variables in subsequent equations. The result is that ﬁi showld be a linear function

of it t00. (The same procedure is used in dealing with the other factors in this
section.) But under some circumstences, it is difficult to fit M, into this

framework because its effects on Wi(t) are likely after a while to change with

time. This problem does not arise so acutely with the other three factors discussed
in this section.

ég/ Note that, when Ai is included in the regression, the regression
corfficient for S, becomes positive. Of course, this is becavse A, and 8, are

i i i
highly correlated.

31/ Of course, this result msy be due to inasdequacies in the date regarding
Ki . For example, the time periods to which these data pertain are somewhat

arbitrary. Note too that this result is quite consistent with Eisner's findings [5]
regarding the investment function.

ég/ For 1951-195k4, we could obtain the percent of freight ton-miles hauled
by diesel locomotives for 23 of the firms in Tsble L. These figures came from the
ICC's Monthly Comment on Transport Statistics (1951 1952, and 1953 and Mo ocody's.
Prior to 1951 we could obtain the percent of freight locomotive miles accounted for
by diesel locomotives for &ll the firms. These figures came from the ICC's
Comparative Statement of Railway Operating Statistics. Ignoring the differences
between these two measures, we computed the time interval between the date when the
percentage equaled 10 and the date vhen it equaled 90. Then we divided this interval
into 4.39 to % ain a rough ertimate of H, . Such an estimete cou'l be made for

only 20 firms. since not all firms had reached o0 percent by 1954. See Teble L.
These seem to be the only published data that are available.

Of course, to be consistent; we should probably have based our measure of
Li’ Ci’ Mi, and K on the date when diesel locomotives accounted for 10 percent of

freight tonwmlles rather than 10 percent of the locomotive stock. But it is doubtful
that this would have made any apprecisble difference.

When M, is added to eguation (17), the result fs H, = - 1.76 - .11b I

+ .136 L, - .OL7 8, + .395 C, + 018 M; - The correlation co- (1.572) *
(.036) * (.006) & (.200) * (.008)

cificient is glmost .9 .
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33/ See note 36.

_5_14:/ As we pointed out in note 21, the results from the studies previously
made of the diffusion process seem to indicate that the factors considered here are
important (end that they operate in the expected direction) for imnovations of
various sortis in a variety of industries.

35/ See for example [3]. Note that I, has a statistically significant

effect only when the ownership; rather than the utilizatiog data are used. However,
if utilization data for all 30 firms hed been available, I strongly suspect that it
would have had a significant effect in both cases.

36/ In this commection see [14]. Note that S, has a statistically

significant effect only when the utilization, rather than the ownership, data are
used.
ﬂ/ Mi has a statistically significant effect only when the utillzation,

rather than the ownership,dats are used.
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