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Size of Firm, Market Strﬁcture, and Innovetion¥

Edwin Mansfield

Yale University end Carnegie Institute of Technology

l, Introduction

What are the effects of an industry's market structure on its rate of
technical preogress? In recent years, economists have become interested once again
in this fundasmental and classic problem. Debates have taken place over the
relative merlts of various market gtructures and the importance of corporate
giants in promoting technical change. Unfortunately, little agreement seems

to have been reached as yet.l/

This paper deals with the folléwing aspects of this problem. First, it
investigates the extent to which the largest firms in several industries haie
been the innovators.g/ Second, it outlines & simple model that seems to be of
use in explaining why these giants accounted for =& disproportionatelyAlarge share
of the innovations in some industries, but not in others. Third, it tries to
estimate whether fewer innovations would have been introduced if they had been

broken up.

Fourth, it tries to determine whether the smaller firms do less innovating,
relative to the :larger firms, than in the past. Fifth, 1t shows how, under certaln
clrcumstances, historical data identifying the inncvators can be used to determine

the effect of a change in market structure on how rapidly inventions made outside
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the industry where they are applicable will be applied.

Of course, the results are by no means free of difficulties, The basic
models are often convenient first approximations, and the data are often rough.
Nonetheless, the findings -~ crude as they are -- contribute to £he solutioﬁ of
some important problems;and they should be useful to those inte:ested in‘the process

of technical change and the effects of industrial organizatioh on economic pProgress.

2. Imnnovation and S5ize of Firm

A controversy has been going on for some time over the extent to which the
largest firms have been the leaders in introducing important new processes and
products. Several decades ago, Schumpeter [29] challenged the then prevailing
viev and asserted that in recent times innovations have been carried out primarily
by very large firms. More recently, Galbraith [9],‘Kaplan [13], ILilienthal [1k4],

and Villard [34] have taken much the same position.

In defense of this view, they clte three primary reasons for the dominance
of the industrial giant.. First, the costs of innovating are claimed to be so great
that only large firms can now become involved. Second, 1t is alleged that projects
mst now be carried out on a large enough scale so that successes and failures can
in some sensé balance cut. Third, it is argued that, for innovetion to be worth-

while, a firm must have sufficient contrel over the market to reap the rewards.éj

This position has been questioned by Mason [22) and others. According to
‘this group, no conclusive evidence supports the view that a disproportionstely
large share of the significant innovations has been carried out by very large

firms. For example, Mason [22] states that "... (W)hether in fact innovetion in
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[Schumpeter's] sense has generally been the product of the largest firms, during

the last few decades of Americen economic history, is seriously open to question..."

(p. 1k2),

There have been numerous recommendations that empirical studies be conducted
to determine the extent to which the largest firms have been the innovatorse, but
because of the considerable difficulties that such studies must face and for other
reasons, fewrguch investigations have been carried out.E/ Section 3 presents some
empirica; find%ngs regarding three bagic industries. Although they are very rough,

these results should help to fill this important gap.

3. Empirical Results

This section estimates thé extent to which the lérgest firms have been the_
innovators in iron and steel, petroleum refining, and bituminous coal. Of course,
these industries mey not be entirely representative, but the difficuities involved
in obtaining fairly complete data prevented.the inelusion of & larger number of
industries. To obtain the data, trade associations and trade journals in each
industry were asked to list the important processes and products first introduced
in the industry slnce 1918.2/ Théy were also asked to rank them by importance.
Having obtained these lists, we consulted technical journals and corresponded
with various firms inside and outside the industry to determine which firm first
introduced each ilnnovation commercially and when this took place. This information
could be gotten for_about 80 percent of the innovations.él The resulﬁs are

contained in Tables la-lc.

Next, we obtained data regarding the gize of each firm in each of the indus-

tries. In steel, the ingot capacity of each firm in 1926 and 1945 was obtained;
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Table la -- Innovations and Innovators,

1919-38 and 1939-58.

—————1919-38

Innovation Innovator
gstempering Ue Se Steel
grtinuous wide strip mill Armco
gatinuous pickling Wheeling
ntinuous galvanizing Armeco
chanical scariing Us S, Bteel

tiple block wire drawing U. S. Steel
tomatic operation of

gpen hearth Laclede

ectronic inspection of Jones & Laughlin
tin plate

ectrically welded pipe Repuolilc

lomite gun Donner

reless induction

electric furnace . Heppenstall
flectrolytic tin plate U. 8. Steel

Bgh strength alloy steels U. S. Steel

lw tungsten high speed Universal & Cyclops

tool steel
train-oriented electric steel Allegheny
fAeging steel Armco
w93 stainless steel Allegheny
litriding steels Tudlum
kron treated steels U. S. Steel
felve steels Ludlum
% chrome hot work tool Braeburn

steels
{ontinuous ennealing¥
fentinuous butt-weld
pipe¥*
figh temperature alloys
Hekel bearing electrical
steel¥*

Crown Cork & Seal
Fretz-Moon

Western Electric

Source:

e

see the text and notes 4,5,6, and 8.

Iron end Steel Industry,

Timken Roller Bearing

1939~56-
Innovation Innovator
3tretch process for hot U. 5. Steel
reducing tubes
All-basic open hearth U. S. Steel
furnace
Ultrasonic testing Republic
High top pressure blast Republic
furnace
Jet tapper Republic
Differential coating Netional
of tin plate

Electric eye for
Begsemer turndown
Vacuum melting, Allegheny Ludium & Crueible

Jones & Iaughlin

Continuous Allegheny Ludlum & Republic
casting

Vacuum degassing Bethlehem & U,S.Steel
(pouring)

McLouth
Bethlehem, National,
Jones & Laughlin,
Republic, & U.S.Steel
Allegheny ILudlum

L-D oxygen process
Oxygen lancing of
open hearth

Automatic programming
of mills

Killed bessemer steel

Precipitetion hardening
steinless steel

Mangenese stainless

U. B Steel
Armco

Allegheny Ludlum

Bteel & Republic
Aluminum c¢led sheets Armeco
Titenium treated Inland
enameling steels
Columbium treated high National

strength steel
Extre low carbon staine-
less steel

U.3.8teel, Armco,
Allegheny Ludlum,
Crucivle & Republic
Closed television Babcock & Wilcox
circuits¥*
Carbon hearth*
Hot extrusion¥

Szendzimir cold mill¥

Interlake Iron
Babcock & Wilcox
Signode Steel Strap

*
Innovations excluded from Tables 2 - 5 because imnovator hed no ingot capacilty

or because 1t wes engaged primarily in another business.

See note 8.



Teble 1b ~=- Innovations end Innovators, Petroleum Refining Industry,
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1919-38 and 1939-58.

e 1919238

Innovation

{on-Clark cracking
bs cracking

gd-bed catalytic cracking
pane deasphelting of lubes
went dewaxing of lubes
yent extraction of lubes

plytic polymerizetion
gmal polymerizetion
glation (302)

slting of crude
frogenation

e stills and multl-draw’

fowers
layed coking

sy treatment of gasoline

ponia
hylene
pylene
tylene

geol
.@igpanol

ffanol.

llehydes

gthenlc Acids
wsylic Aclds

tlones

Hergents

brants

iyl Chloride
traethyl leed as
mii-knock agent¥*
ttane numbers scalek

Qrece: same &8 Table la.

Innovator

Standard (NeJe)
Shell

Sun

Union

Indian
Associated
Shell

Philiips
Stendard (N.J.)

Ashland
Stenderd (N.J.)
Atlantic

Stendard (Ind,)
Barnsdall
Shell

Stenderd (Ind¢}
Standard iNsJ-
Standard (N.J.)
Cities Service
Standard (N-.-J.;
Stendard (N.J.
Cltles Service
Standard (Gal.g
Standard (Cal.
Shell )
Atlantic
Standard (C’a.l.g
Standard (Nu+Je
Refiners

Ethyl

Innovation

Moving~bed catalytic
eracking

Flujd~bed catalytic
cracking

Catalytic reforming

Platforming

Hydrogen treating

Unifining

Solvent extraction of
aromatics

Udex process

Propane decarbonlzing

Alkylation (H F1)

Butane isomerization

Pentane and Hexane
isomeyization

Molecular sieve separation

Fluid coking
sulfur
Cyelohexane -

"Heptene

Trimer
Tetramer
Aromatics
Parexylene
Ethanol
Butadiene
Styrene
Cumene

Oxo Alcohols
Dibasic acids

Cerbon black (oll furnace)

Glycerine

Synthetic rubber

Ethylene dichloride -

Disllyl phthalate
polymers

Epoxy resins

Polystyrene

Resinous high-styrene
copolymers

Polyethylene

1939 58—

Innoveator
Socony

Standard (N.J.)

Standard (Ind.)
014 Duteh
Standard (N.J.)
Union & Sohio
Standerd (N.J.)

Bastern States
Cities Service
Philliips

Shell

Standerd (Ind.)

Texaco
Standard (N.J.)
Standerd (Ind.)
Philiips
Stenderd (N.J.)
Atlantic
Atlantic
Standard (N.J.)
Standard, {Cal.)
Standsrd (N.J.)

Standard (N.J.) & Shell

Shell

Stendard (Cal.
Standerd (N.J.
Phillips
Shell

Standard (N.J.)
Standard (N.J,)
Shell

Shell
Cosden
Shell

Phillips

*
Innovetions excluded from Tables 2 « 5 because innovator hed no crude capacity

or because it was engaged primarily in anocther business.

See note 8.
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Table lc -~ Innovations end Innovators, Bituminous Coal Preparation,

1919-38 and 1939-58.

— 191.9~38—
Innovetion Innovator
iimon-Carves washer Jones & Leughlin
& Central Indiena
stump air flow cleaner  Barnes
fhance cleaner Rock HilM
goto Louvre" dryer Henna
fssac (McNally)dryer  Norihwestern Improvement
wggles-Cole kiln dryer Cottonwood

fheolaveur

fenzies cone separator
ister table

larpenter dryer

froth flotation

Source;

American Bmelting
Franklin County

Us 8, Steel
Colorado Fuel & Iron
Pittsburgh

same a5 Table la.

1939-58—-
Innovation Lunovator

Reymond flash dryer Enos
CMI drying unit Hanna
Link-Belt separsator Pitteburgh
Bird centrifugal Consolidation

filter -
Baughmen "Verti-Veme"  Central Indiena

dryer . .

Vissac Pulso Northwestern Improvement
updraft dryer '
Link Belt multi-louvre  Diamond,Elkhorn,

dryer Bethlehem &

_ Eestern Gas & Fuel

Eimro filter United Electric
Dorncofluosolids Iynnville

machine
Parry entrainment Freemsn

dryer
Heyl and Petterson Jewell Ridge

fluid bed dryr=

Feldspar type Northwestern Improvement
Jig :
Bird-Humboldt Clinechfield

centrifuvgal dryer
Wemeo Fagergrom Henna,Sevetors,& Diamond
flotation unit

Continuous horizontal Island Creek
filter

Cyclonen as Dutch Stete Mines
thickeners#*
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in petroleum, the dally crude capacity of each firm in 1927 and 1947 was obtained;
and 1n coal, the production of each firm in 1933 and 1953 was obtained. The
date were collected primarily from government‘documents and trade directories,
but in & few cases they had to be gotten directiy frbﬁ the firms.Z/ Flpally,
we determined how many of these innovatione were first introduced by the lergest four
firms in each industry. 8/ (8ince the recent situation probably differed from
that in the pre-war era, innovations that occurred during 1939-1958 were

separated from those that occurred during 1919-1938.)

Do the results indicate that the largest firms introduced e disp:opor;
tionately large share of the innovations? Of course, this depends on what
one means by a disproportionately large share. But if tﬁe largest firms de-
voted the seme proportion of their resources as smaller firms both to inventive
activity and to the testing and development of cther people's ldeas, 1f they
could obtain applicable results as eesily, and if they were es efficlent and
as quick‘ﬁé apply the results, one would expect their share of the innovations

to equal their share of the market.g/ Did they acoount for more than this?

According to the rather crude measurementg in Table 2, the answer seems
to vary from one industry to another. Relative to their ghare of the market,
the largest fdur coal and pétroleum firms carried out a large number of innova-
tions. On the other hand, the largest four steel producers carried out relatively
few. Thus, if the Schumpeterlian hypothesis is taken to mean:that the largest
firms accounted for a larger share of the innovetions than of the market; it

seemed generally to hold in petroleum and coal, but not in stee;.ég/
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Table.2: FPercent of Innovations and Capacity (or Output)
Accounted for by largest Four Firms, Steel, Petro-
leum Refining, and Bituminous Coal Industries,
1919-38 and 1939.58, 2

SteeiE/ Petroleumgj Goalg/
Weighted Unweighted Weighted Unweighted Weighted Unweighted

[percent of industry total)
Period: 1919-38

cass innovations 39 41 Tk 36 27 18
gduct innovatio 20 20 60 71 ' - -—
il innovations € 30 32 b 54 27 18
waclty (or output) 62 62 33 33 11 11

Period: 19%9.58

vocess inmovations 58 6l 58 57 30 27
roduct innovatiiys a7 27 Lo Bl - -
e

1l innovations
%’city (or output) 63 63 39 39 15 13

\

J

l

!

43 31 kg 43 30 a7

Source: See Tables la « lc.

In the columns headed “weighted", each immovation is weighted roughly sccording to the
respondents' views of its importance. More precisely, each is weighted in proportion
to its average rank in the lists obtained. For processes, we suggested that total
savings be used to judge relative importance; for new products, we suggested that sales
volume be used. Obviously, this is very rough.

Ingot capaeity is used to measure each fimm's size. The industry is defined to be those
firms with inget cepacity, but firms ensaged primarily in some other business were sx-
cluded. For the earlier period, a firm's size refers to 1926; for the later period 1t
refers to 19k5.

Crude capacily is used to measure each firm's size. The industry is defined to be those
firms with crude capacity. For 1919-38, a fim's size refers to 1927; for 1939-58, the
figures refer to 1947. The product innovations included here are petrochemicals. In
each case, the innovator is the first petroleum company that produced it.

Annual production is used to measure esch firm's size. The industiry is defined to include
all who produced bituminous coal. For 191938, a firm's size refers to 1933; for 193958,
these figurea refer to 1953. The innovations included here are sll new devices for
preparing coal. This was the only kind of data we could obtain.

For the weighted data, this is Just the unweighted average of the figures for process
and product lmnovations.
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4, A Simple Model

Why did the largest four firms introduce a relatively large share of the
innovations in some cases, but not in others? The differences in this respect
may be explained in part by the following sort of model. Consider the innova-‘
tions of a particular type (i.e., process or product) that were introduced
during e given period of time in & particular industry. ILetting Hj be the
proportion of these innovations introduced by the Jth firms in this indﬁstry,

we assume that

=

0 SJ<M
(1) n, =
sl+fsesj S.> M ,

where Sj is the size (measured in terms of assets) of the jth firm. Of
course, B, , B, » and M vary among industries, time periods, and types of

innovations, aﬁd 62 is presumed to be positlve.

Firms below & certain size (M) introduce none of the ;nnovations beceause
they lack the volume of production required to use the imnovations profitably.
(For simplicity, we assume that the minimum size of firm regquired to use an
innovationfis approximately the same for innovations of the same type that occur
in a particular time intervel in a glven industry.) TFor firms larger than M,
we suppoée that the proportion of these innovationms introduced by a firm iz &
direct, linear function of its size.il/ (For the reasons discussed in Sections

£2-3%, one would expect HJ to be directly related to Sj .)
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Next, we assume that & firm's size has more effect on Hj if the |
innovations require relatively large investments than if they can be intro-
duced cheaply. Certainly, if the innovations require very large investmgnts,
one would expect that larger firms would be required to finance these projects
apd to take the risks. Conseqpently,.increases in SJ would result in larger

increases in HJ than if the imnnovations were relatively cheap to introduce.ég/

Thus, assuming for simplicity that the minimum investment required to
introduce a1l innovations of a particular type that occurred during a particular

time interval in a given industry is I, we suppose that

(2) 52=u.l+a.21/§M+z,

where §ﬁ is the average aqseta of the firms with assets greater than or e-
qual to M, a, is presumed to be positive, end 2z 1is a random error term.
The ratio of I to §ﬁ (rather than I alone} is used because in the present
context the size of the investment must be releted to the average size of the
relevant firms. Of course, measures other than gh (e.g., M) could have been

used instead, but the results would have been much the same as those presented

below.ié/

If these asssumptions hold, it follows that the proportion of the innova-

tions carried out by the four largest firms should equal

(3) M= h/N (M) + 14 ) [§u - §ﬁ] + h'az I [gh - §ﬁ] / §M +zt
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where N(M) is the number of firms with assets greater than or equal to M,
gh is the average assets of the four largest firms, and 2z' is a random
error term.éﬁ/ Thus, N(M), (EL - §M), and I/§M determine whether or not
the four lergest firms introduce & disproportionately lerge share of the

Innovations.

According to this wodel, the characteristics (particularly I and M)
of the innovations that can profitably be introduced in a particuisr Industry
during a given time Interval are exogenous variables determined by the largely
unpredictable nature of the technical breakthroughs made previously by members
of the indueiry, equlpment manufacturers, independent research organizations, etec.
If, on the contrary, these characteristics are influenced by the extent to which

the largest firms are the innovators, an identification problem arises in

equation (3).

For example, if smaller (larger} firms in the industry, when confronted
with various research and innovative opportunities, favor those with small (large)
values of I and M, II wmay be directly related to I and M although the
line of causation is the reverse of that underlying equation (3). Whereas an
identification problem of this sort may turn out to be troublesome in some
industries, interviews indicate that it is probably of little significance in

[
the industries used here.ih/ Iacking other evidence, we proceed on this perhaps .

shaky assumption. :
To see how well this model can explain the observed difference in 1 ,

we obtained rough estimates of I, M, N(M), §h , and §ﬁ for the innovations

of each type in steel and petroleum during each period. Unfortunately,
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suitable data of this sort could not be obtained for ccal. The resulis are
shown in Table 3. Using these data, we derived least-squares estimates of o
and a, . Inserting them into equation (3), we have

(%) T~ 4/N(M) = o002k [, - EM] + 0286 I [é’h - §M]/§ s
(.00007) (.0063)

vhere the filgures in parentheses are standard errors and z' is omitted.

Ae the hodel predicts,the estimate of o

5 is positive and statistically

significant.éé/

Figure 1 shows that this equation can represent the data in Table 2
guite well, the coefficient of correlation (adjusted for degrees of freedom)
being .88, Of course this model is ovérsimplified and incomplete, one important
omisgion being the costliness of carrying out research and development. Nonethe-
less, the model seems useful in uﬁderstanding the determinants of I and in
predicting whether or not the largest firms in a particular industry will introduce

a relatlively large share of the innovations.éz/

5. Dissolution of Corporate (iants

Thus far, we have considered vhether or not the largest firms accounted
for a disproportionately large share of the innovations. More basically, one
would like to know whether fewer innovations would have been introduced during
each period if these gilants had béen broken up., If one is willing to ignore

the effects of all factors other than a firm's size on the nuwber of
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Table 3: Values of M, R{(M), I, Eh , and 'éﬂ , Steel

and Petroleum Refining Industries, Process and
Product Innovations, 1919-38 and 1939-58.

Parametery
Industry and ‘ _ = =
ge_of Innovation n N(m) I 5y S
Period: 1919-38
feele
Process ¥6.0 19 .60 858.5 245.2
Product 7.0 18 .10 858.5 256.2
stroleum: . |
Process 10.0 8L 1.75 55k .4 72.6
Product 18.2 50 3.30 554.4 109.2
Period: 1939-58
Sif.ﬁlz
Process 26.5 29 1.50 1238.0 256.3
Product 23.5 30 .50 1238.0 248.6
letroleum:
Process 13.3% 82 1.77 124%.0 14k.0
Product 36.h 3l 2,08 1243.0 3147

Source: See note 16.

I/ Symbols: M is the average minimum gize (assets) of firms required to use the innovations,
N(M) is the number of firms exceeding this size, 8, is the average size (assets) of’

the firms exceeding this sizse, gh is the average size (assets) of the four largest

firms, and I 1is the average minimum investment required to inagtall the innovations.
All but N(M) are expressed in millions of dollars.
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N
Figure 1 -- Plot of Actual Velue of (II - m)) Against

That Computed from Equation (4), Process and Product

Innovations, Steel and Petroieum Refining Industries, 1919-58.

Actual : -
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Source: Table 3. The line is & 450 line through the origin.
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innovations it carried out, some very rough answers cen be obtained, but these

results should obviously be treated with the utmost caution.
Assume that during 1919-38 and 1939-58 and for each industry and type

of ilnnovation,

(5) : ny = &, + o SJ + oo S? + g Sg +z

J

the firm's size, and z is a random error term, This model is more useful

where n.j is the number of innovations carried out by the Jth firm, S, is

and convenient than equation (1) for present purpeses. Needless to say, the use

of equation (5) rather than equation (1) involves no more than a substitution of

one sort of arproximation for another.éé/

let the computed regression of n, on 8, be N(SJ) and ignore the

J J
gampling errors in it. Then, if N(SJ)/SJ ie & maximum at or near the size
of the largest firm, it would appear on the basis of these assumptions that the
dissolution of the largest firms would have resulted in fewer innovations beiﬁg
carried out. On the other hand, if l\I(S'j)/S‘j reaches & meximum far below the size

of the largest firm, 1ts dissolution would presumably have had a positlve effect.ég/

Such an analysis is extremely crude, but what do the results suggest?
The estimates of the a's are contained in Table b, In_the petroleum and coal
industries, the regressions seem to support the Schumpeterean view that fewer
innovations would have beén introduced if the largest firms had been broken up.
(However, in petroleum, many of the estimates of the a's are statistically non-

significant. } In the steel industry, the results seem to centradict the
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Schumpeterean view; the maxinum value of N(Sj)/sj is always found among

relatively small firms;gg/

These findings are not incongistent with the conclusions reached by
others. For example, they lend support to Stocking's assertion that the
largest steel producers have not tended to be the technical leaders. Judging
by our resulﬁs, it would be Aifficult to justify the existence of that industry's

giants on the basis of their past performance as innovators.gé/

Finally, four additional points should be noted regarding these‘rgsulﬁs,
First, it is possible of course that the average delay in utllizing inventiqng,
not the number utilized would be affected if the largest firms were broken up.
Section 7 investigates this possibility in the case where the inventor is not a
member of the industry. Second, judging by the co;relation coefficlients in
Table k, these cubic regressions fit the data quite well in most cases -- but
not always. For the innovations in coal and the product ilnnovations in steel
in 1919-1938, the correlation coefficients were only about .45, but exeluding

these three capes, the eorrelation coefficients average about ‘80.22/

Third, the regressiors indicate that in almost a&ll cases n'j is

an increasing function of SJ throughout most of {he relevant range: of
course, this is what one would expect. Fourth, the data on which the regressions
are based are quite consistent with the estimates of M in Table 2. Firms

below & size closely related to M geldom, if ever, Introduced an innovation

in these industries.gé/
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Table L -- Ieast-squares Estimates of 845 8y 2y and a5, Steel,
Petroleum Refining, end Bituminous Coal Industries,
Process and Product Innovations, 1919-38 and 1939-58.%/

Industry and mmgTmmmmmms E-Estimates ----------------- & Correlation Nug?er
Type of Inmovation [¢) 1 2 3 Coefficient Firms
Period: 1919-38
Steel:
Process -.005042  .3998% L07532% ,002801 .82 101
- (.0887) (.0183%0) (.00065k)
Product 08k12  -.0196 .00108 .000271 49 101
(.1164) (.02402) - (.000859)
Petroleum: I L
Process -.0127h4 65 .845% ~3207 .26% 59,697..4% .72 221
(13.585) (98k.49)  (1h4,674.8)
Product .000 5.858 2k29.70%  -12,463.2 .86 221
(14.525) (1052.67) (15,691.2)
Coal: |
" Process -,008859  .0B8009% -.02525% -002379% .32 639
(.02176) (.00877) (.000720)
Period: 1939-58
Steel: .
Process -.02812 «200l%* -.01470 00027k .71 68
(.0951) (.0139k) (,000380) |
Product -.04551  J3Lh6* -.03779 .00098l% .63 68
(.0588) ~{.00862) ( .000235)
Petroleum:
Process 00056 12.,962% 258,13 -1,037..6 .88 269
(5.428) (18%.91) (1,068.9)
Product ~-.05016 81.811% -180.3%3 1,119.8 .76 269
(13.969) (476 .67) (2,755»5)
Coal: .
Process 01554 -.01153% .01ko5% - .0005295% L6 582
: ( -01916) (.00397) (.0001395)
Source: Tables la - le.

1'/Th.e,- smallest firms were omitted. 8See note 20.
* gSignificant at .05 probability level.
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6., The Changing Role of Iarge and Small Firms

It is frequently asserted that & small firm now does less-innovating -
relative to a large firm -- than it did in the past.g&/ Because of rising
development costs and the greater complexity of technolegy, this hypothesis
seems plausible for a wide range of industries. Does it seem to hold 1n steel,
petroleum and coal? To help answer this question, we took the sverage number of
innovatlons carried out by & "small" firm in 1919-38 and 1939-58 and expressed it
in each casze a&s & percentage of ﬁhe average number carried out by a “"large” or a
"medium-sized" flrm. Then we determined whether -~ as the hypothesis implies --

the percentage in 1919-1938 was higher than in 1939-1958.

The results -- shown in Table 5 -- suggest that this hypothesis
holds in the steel and petroleum industries, but not in bituminous coal.
With regard to both process and product innovations and relative to both
large and medium-~-sized firms, the small firms in the steel and petroleum
industries seem to have become less important as a source of innovations.
This result holds for the weighted data as well as the unwelghted. In
bituminous coal, the opposite appears to be the case, but there is some reason

to think that the data for this industry are blased against the hypothesis.gz/

According to the estimates_in Tap;g 2, the decreasing imﬁq;tance of the
small Tirms in tpg_steel industry way have been due in part t§ an increase in the
capital requirements for innovating, but not to an increase in the minimum size
of firm which could profitably use the innovatione. In the petroleum industry,
the situation was just the opposite. Whereas I remained relatively constant,

M increased appreciably.
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Table 5: Average Number of Imnovations Carried Out by a
Smaller Firm Relative to That Carried Out by a
Larger Firm, Steel, Petroleum Refining, and 1/
Bituminous Coal Industries, 1919-38 and 1939.58.

Number carried out

Number carried out by a small by a medium«sized

Industry, type "firm as a percent of firm as a percent of
of innovation that carried out by a: | that carried out
and time interval. large firm mediumwgized firm by & large firm

Steel process:

1919-38 0.7 0.8 8.3

1939-58 0.0 0.0 7.8
Steel product:

1919-38 T.1 1060.0 7.1

193958 0.0 0.0 37.1
Petroleum process: :

191938 0.6 3.4 18.5

1939-58 0.5 2.0 23.3
Petroleum product:

191938 .2 1.3 13.3%
Coal process:

1919-38 ¢.1 0.7 11.2

1939458 0.2 2.7 6.1

Source: Tables la - lc

1/ In steel "large" firms have 4,000,000 tons or more, "mediumesized" firms have
125,000 to 4,000,000 tons, and "small® firms have less than 125,000 tons of
ingot capacity. In petroleum, "large" firms have 300,000 barrels or more,
"medium=-gized" firms have T75,000'to 300,000 barrels of daily crude capacity
and "small" firms have less than 75,000. In coal, “"large" firms produced
5,000,000 tons or more, "medium-sized” firms produced 500,000 to 5,000,000
tons, and 'small” firms produced less than 500,000 tons annually. The
gize classes obviously are guite arbitrary.
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Although the small steel and petroleum firms seem to have becoﬁe
relatively less important, there is no evidence that this was also the‘cas§
with.regard to the medium-sized firms. On the contrary, in 1939-1958 a
medium-gized firm introduced, on the average, a greater number of innovatiops --
relative to the number introduced by a large firm ~- than ip 1919-1938. The
reasons for this are by no means clear, but it may have been that the medium-sized
firms increased thelr research expenditures by a greater proportion than did the

large firms, This would be quite consletent with a hypothesis recently put
forth by Schmeookler [28].§§/

T+ Market Structure and the Rate of Intreoduction of Inventions

Suppose that an individual or firm invents a device that could
profitably be used in a particular industry, but suppose that the inventor
is not a member of this industry and that consequently he«must induce some
firm in the industry to intreduce it or enter the industry himself. For this type
of invention, an important question is: what effect would & change in market
structure have on the length of time that elapses before someone introduces

the invention?

This question has received considerable attention -- both recently
and in the past. On the one hand, there are some -- like Bain [2]}, Brozen [4],.
Joan Robinson [27], and Stocking [33] ~- who believe that inventions would be
apélied most rapldly under purely'competitive conditione.. They argue that

if many firms exist, there is more protection sgainst an invention's being
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blocked by the faulty Jjudgment of only a few men. Moreover, they allege that
the existence of meny competitors will force a firm to seek out and apply new ideas,

whereas a live-and-let-live policy may develop otherwise.27

On the other hand, there are others -- like Villard [34] -- who think
that they would be epplied most vapidly if industries contained relatively
few large firms. They point out that such firms are better able to flnance
the introduction of inventions and to take the necessary risks. And they some;
times claim that the larger firms will have better managers who will be more

inclined to innovate.

Although each group has some convincing points on its slde, there is no evi-
dence that one's arguments are universelly more powerful than the othersf. And
in a particular case we are unable to tell how these factors should be quantified
and weighted so that a conclusion can be reached. This section contalns some

exploratory attempts to devise operatlonal techniques to handle this problem.

Suppose that an industry is composed of n-1 firme. If at time t a
partieular invention of this sort has not yet bdeen introduced, supposge that
the probability that the ith firm will introduce 1t between time t and
time t +A is), A . Buppose that the probability that the inventor or
some other new entrant into the industry will introduce it then is xda . Assume
too that there is no collusion among the firms to prevent the application of the
techniqus. That is, assume that the probability that the 1 firm will
introduce it between time t and time +t + A does not depend on whether some

other firm decides to do so.§§/
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Under these conditions, one can easily obtain expressions for I y the

expected length of time that will elapse before the invention is applled, and

P, , the probability that the 5B firm will be the innovator.

L = lim [A il-n (1-xi}£1+2n (1-xA)+5[n(:L-xA)] +...2]
A~ 0 i=1

n -1
(6) =(Z %)
=l
P =11m[xan (1-).&) 1+n(1-xA)+[n(1-xa)]2+...}]
J Am0 9 e t=1 i=1

#3
(7) =M L

Suppese that & éhange is belng contemplated in the size distributién of
firms in & given industry. Assume that each firm's size and its value of A\
have been relatively constent in the recent past. Assume that, once this
reorganizetion is either carried out or dropped, each firm's size and its wvalue of
A will agein remain relatively constant for some time.gg/ Suppose that, if the
proposed reorgahization occurs, the frequency distribution of firms by size will
be n(S). If it does not oceur, suppose that it will be m(S). Ignore differences
among inventions in a firm's value of A an& the possibllity that the inventor
will enter the industry. Although they complicate things, these matters cén be

intrdduced without altering the essentials of the argument.ég/
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What effect will the proposed reorgenization have on L ? I¥ seems reason-
able to believe that a firm's value of A 1s a function of its size. BSuppose
that, whether or not the proposed change in market structure occurs, the average
value of A for firms of given size will be proportional to the average value
in the recent past (the coefficient of proportionality being ¢ ). Of course,

vhether or not this is true depends on the particular change in market structure

and on the chearacteristics of the industry.éi/

If this assumption holds and if A(S) was the average value of } for

firme of size § in the recent past, the expected delsy, given that the reorganiza-

tion occurs, is

(8) L, = [ za(8) n (8)]° 1

8
And if P(8) 1s the regression in the recent past of the proportion of the innova-
tions of this type that a firm carried out on its size, an estimate of the

percentage change in average delsy resulting from the proposed change in the

size distribution of firms is

§

(9) ¢ =100 9[ Z n(s) £ (8)/ £ m (8) F(8)] -1

LS_ ]

Since n(S8) and w(8) are given and £(8) can be estimated from past data, the

expression in equation (9) can be computed.ég/

As an illustration, consider process innovations in steel. TIn 1945,

suppose that we wanted to estimate the effect of eplitting U. S. Steel into
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seven amaller firms of equal size and keeping the rest of the steél producers

at their 1945 size, the alternative being that all firms (including U.8. Steel)
would maintain their 1945 size. Assuming that Ry did not vary much from
invention to invention and that the relation between the proportion of the in-
novations of the relevant kind that a firm carried out in the period immediately
before 1945 and its 1945 size was like that between the proportion of all process

innovations it carried out during 1939-58 end its 1945 size,

(10) #(s) = - .0022 + ,0228 - .00118° + 190002133 .

Since 8 = 28 ffor U.§. Steel, 1t follows from equations (9) end (10} that
the average delay, according to these rough estimates, would have been decreased
by about 20 percent if U.S. Steel had been broken up in this wey. Needless to say,

these results can only be suggestive, particularly since the A's might have been

affected by the reorganization of the induétry.zé/

8. Summary and Conclusion

This paper reports some theoretical and empirical resulis regarding
the effects of an industry's market structure on its rate of technical
progress., Its principal findings are as follows: First; although it is
often alleged that the largest firms introduce a disproportionately large
share of the imnovations, this is not always the case. Iﬁ petroleum.refining
and bituminous coal, the largest four firms accounted for a larger share of the

innovations than they did of the market. But in steel they accounted for less.
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Second, the largest four firms seemed to asccount for a relatively
1arga share of the innovating in cases where (1) the investment required
to innovate was large, (2) the minimum size of firm reguired to use the
innovations profitably was relatively large, and (3) the average size of
the largest four firms was much éreater than the average size of all potential
users of the innovations. A simple model that focused particuler attention on
these factors could explain most of the observed interindﬁstry and temporal

differences.

Third, some very rough estimates suggest that, if the largest firms in
the petroleum and coal industrieé had been broken up,-fewér.innavations would
have been introduced. On the other hand, in the steel industry, their dis-
éolution might have had positive effeects. In view of the crudeness of the

underlying model, these results should be treated with considerable caution.

Fourth, there 1s evidence that the smallest steel and oll firms did
less innovating -- relative to large end medium-sized firms -- in recent years
fhan in the perlod before World war II. With the rising costs of development
and the greater complexity of technology, this is not surprising. In the coal

industry, this is not the ease but there are some special factors at work there.

Fifth, under certain circumstances, one can estimate the effect of &
proposed change in market structure on the average time interval that elapses
before an invention made cutside the industry is applied. If a simple model
of the inncvaiion process holds, historical data identifying the innovators
can be used to estimate these effects. Of course, this technique can only be

uged under certain circumstances, but 1t is operational and 1t should be a
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useful step toward the general solution of this problem.

Despite their obvicus limitations, these results seem both useful and _
encouraging. Being concerned entirely with innovatien, tﬁey provide a necessary
link between the findings in [20] regsrding the effects of & firm's size on_the
extent and effectiveness of its research activities and the finéinge in [17].-
[19] regarding the effects of a flim's size and an industry's market structure
on the rate of imitation. Moreover, they provide an important supplement to the

results in [21] regarding the effects of innovation on & firm's rate of growth.

For the first time, data of more than a fragmentary nature have been
collected regarding the innovators in severael important industries. The useful-
ness of such data for & wlde variety of purposes seems obvious. 1In addition,
models have been devised to help relate these empirical findings to questions
bearing on public policy. Further efforts should be made to obtain the
theoretical and empirical results so badly needed in the area. Although an
industry's market structure iz but one of many factors influenecing the rate of

technical progress, 1t is important in formulating public policy that we learn

more about the direction and magnitude of its effects.
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FOOTNOTES

*The work on which this report is based was supported by a contract with
the Office of Special Studies of the National Science Foundation, by a Ford
Foundation Faculty Research Fellowshlp, and by the Cowles Foundatlon for Research
in Economics at Yale University. It is part of a broader study of industrial
research and tedhnical change that I have been conducting. The paper has
benefitted from discussions with various colleagues, particulariy A. Melizer,

J. Math, end R. Nelson. My thanks also go to G. Haynes for his assistance and
to the many people in industry who provided dats and granted interviews. A

version of this paper was presented at the December 1960 meeting of the
Eccnometric Society.

-

_1/ For example, see Schumpeter [29], Gelbraith [9], Kaplan [13],
Iilienthal [14], MacIaurin [16], villard [34], Mason [22], Mueller [23], Nutter
[25], stigler [32], Bain [2], Brozen [4], Robinson [27], Stocking [33], Jewkes,
gawers and Stillerman [12], Steltzer [31], Schmookler [28], Scitovsky [30], and
Fellner [7].

g/ Throughout this paper we shall meke the customary distinction between
the inventor and the imnovator, the latter being the firm that first introduced
a new process or product commercially in this country. We are concerned here
almwost exclusively with innovations, not inventions. For some relevent findings
regarding invention and other aspects of technical change, see [17], [18], [19],
[20], and [21]. :

2/ The argument that bilgness has become necessary for innovation has
probably been stated most bluntly by Calbraith {9]. "Technical development
hes long since become the preserve of the scientist and the engineer. Most
of the cheap and simple inventions.....bave been made." (p.91) *[Development]

can be carried on only by & firm that has the resources assoclated with consider-
able size." (p.92)

If thie is so, the largest firms are likely to carry out & dispreportionately
large share of the inventions; and since (es Schumpeter pointed cut) inmovation
is generally more risky and costly than invention, they are perhaps even more
likely to carry out a disproportiomately large share of the innovatlons. of
course, if they do not carry out a disproporticnately large share, 1t does not
follow that some minimum size of firm is not required in this area, but it
suggests that this argument cen not be used to justify the existence of the
largest firms -- and they are likely to be the main candidates for dissolutlon.
The problem of defining what is & "disproportionately large" share is postponed
to Beetion 5. ‘

4/ Empirical studies of this sort have been recommended by Mason [22]1, p.
143; Hennipman [11], p. 456; and Seitoveky [30], p. 108. There are considerable --
and obvious -- difficulties in defining & particular inmovation, in singling
out the innovators, and in ganging the relative importance of various innovations.
Tn view of these difficulties, any empirical study must be arbitrary in some
respects and the results can only be rough approximations.



- 30 -

§/ Of course, the distinction between & process and a product innovation may'
spmetimes be blurred because & new technique that reduces the cost of some product
miy also alter it somewhat. In such cases, we asked the respondent to make a
judgment as to whether the alteration was great enough for it to be considered a
new produect.

In the case of petroleum refining, the produet innovations are petro-
chemicals. We used a classification of important petrochemicals developed by &
major oil company for its internal use. Then sales in 1958 were used to rank
them. Some of the classes are very broad, but there is no obvious bias, In
steel, innovation in iron ore preparation, handling, ete. are excluded. In the
coal industry, the innovations are all new techniques for the preparation of
coal. This was the only type of innovation for which data could be cbtained
et all readily, and it may not be representative of all process innovations
in bituminous coal. Most of the results in Teble le¢ were computed from data
and information appearing in Coal Ags, & McGraw-Hill publication. '

To make sure that the lists were reasonably complete, they were checked
with members of the Carnegie engineering faculty and the Bureau of Mines., A
few innovations were added to the lists on their recommendation (end some were dropped).

6/ We could obtain data for about 90 percent of the imnovations in
petroleun refining, about 50 percent of the innovations in the steel industry,
and practically all of the innovations in the cogsl industry. In the case of the
product innovations in petroleum refining -- i.e., petrochemicals, the innovator
is defined to be the first petroleum corxmpany that produeced the product com-
mercially from a petroleum base. In & considerable number of these cases, the
rroduct had been previously produced by chemical companies. However, the
petroleun company generally used a different proeess than its predecessors.

In such cases, the innovations might have been considered as process innova-
tiong, but this would have made little difference to the final results.

Although the data cn the identity of the imnovation are generally reliable,
there are & few céses in each industry where the data -- based on the recollec-
tions of suppliers, etc. -~ may be wrong,

With regerd to the rankings by lmportance, no sales data could be obtalned
to rank the product innovations in steel, Tariff Commission data for 1958 were
usad for this purpose in the case of the product imnovations in petroleum. In
the other cases, ranks were obtained both from respondents and Carnegie (or
Bureau of Mines) personnel; and the average of these ranks was used. These date
are obviously very rough, but it is noteworthy that in each case the independent
rankings were very highly correlated, indicating a considerable amount of
agreement.
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'Z/ The daily crude capacity of each petroleum refiner (other than the top
twenty companies) in 1927 was obtained from the Petroleum Register. For 1947 it
was Obtained from a Buremu of Mines circular [5]. The daily crude capacity
(domeatic and overseas) of the top twenty companies was obtained directly from
the firms. The ingot capacity of each firm in 1926 and in 1945 was obtained
from the Directory of the American Iron and Steel Institute [1].

For the coal industry, size distributions of firms in the "base states”
are provided by Risser [26] for 1933 and 1953. We multiplied the number in
each size class -- under one million tons of production annually -- by the
retio of the total production in the country to that in the "bage states." A
complete count of firms with over 1 million tons produced in 1933 and 1933 was
obteined from the Keystone Coal Buyer's Guide. The production of the innovators
was also obtained Trom this Bource. Risser's dats seem to exclude firms
producing less than 1,000 tong annuslly.

- 8/ 1In the steel industry, imnovations intreduced by firms without any
ingot capaclty or by firms engaged primarily in some other business had to be
omitted. Mo include them on the basis of their ingot capacity would have been
to misstate their true size. And no measure of size other than ingot capacity
(or pig iron capacity) is readily available for most of the firms in the indus-
try. Such innovations are marked with an asterisk in Teble la.

In the petroleum industry, & few imnovations had to he omitted for much the
same sort of reason. 1In the coal industry, innovations introduced by firms
engaged primarily in some other business were not omitted. Such firms account .
for & large proportion of the industry's output, and the results would not have -
been altered much in any event if they had been omitted.

g/ 0f course, it could also be that they devote more of their resources
to inventive activity and less to testing and trying out inventions mede by
outsiders, and thet fewer innovations are produced per dollar of expenditure
on the former activity. This is difficult to check. But there is no evidence
that it was the case in the steel industry -- the only case where their share of
the innovations was less than their share of the market.

The unwelghted date suffer from the lack of a clear-cut way to define an
innovation end gauge its importance. Conceivably, some of these innovations
could be regerded as & set of separate innovations -- not one. If they were,
the resulte using unweighted date would depend on how many elements were recog-
nized in each case. :

Of course, the weighted data should eliminate this problem, but the
weights are obviously very crude. In addition, the lesser -- and some
important -- innovations are excluded altogether; and hence sampling errors
(and perhaps biases) are present.
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}9/ We follow the convention (adopted in most studies of industrial
concentration) of using the largest four firms as a basis for concentration
measures. In steel, the largest firms' share of the market is their share
of the industry's ingot capacity. In petroleum, it is their share of the
industry's daily crude capacity. In bituminous coal, it is their share of
the industry's {tonnage) production.

L

Other measures -- e.g., percent of value added or percent of employment --
might have been used instead. But Census data for petroleum in 1935 and 1947
and for steel 'in 1947 indicete that the results would change only slightly. For
1919-1938, the largest petroleum firms' share of the innovations would have
exceeded their share of value added or employment, but the difference would
have been somewhat smaller than in Teble 2. For 1939-1958, the results in
petroleum would have been about the same as in Table 2! For 1939-1958, the
largest steel firms' share of the inmovations would have been less than

their share of the assets or employment, but larger than their share of value
added. ) .

Of course, these shares pertain to only one year during each of the twenty-
year periods, but this should not cause much difficulty because the rank order
of firms by size -- and the share of the market of the largest firme -- 1s
reasonably stable in these industries.

'

In 1919-38, ‘the difference between the largest firms' share of the innovations
and their share of the market was almost always statistically significant in steel
and petroleum. In 1939-58, the share of the innovations introduced by the largest
firms was closer to their share of the market than in 1919-1938, and often the
differences may not have been statistically significant in steel and petroleum.

Tn bituminous coal, there was a relatively small chance that the differences in
Table 2 were due to chance in either peried.

;}/ Of course, & linear functlon is only a convenlent simplification. Up
to some point, increases in size may bring progressively greater increases in nJ

because & certain minimum size must be attained before a research laboratory

can be maintained (assuming that this size exceeds M). BSee Section 2 and Nelson
[2k].

. Beyond some point, inereases in size may result in less than proportionate
inereases in’ the number of innovations. Eventually, increases in size result
in little further advantage from the viewpoint of the pooling of risks, there is
relatively little difference in the ease with which innovations can be financed,
and, as is often alleged, the motivation to innovate mey become weaker and
administrative difficulties mway multiply. See Stocking [32].

12/ The results in Mansfield [18] seem to be consistent with this.
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13/ Bed I/M rather than IS, been used in equation (2), the results
in equation (4) would have been

I - &/N(M) = .00015 [, - B,] + .00321I [8, - §,l/m,
(.00009) (.0010)

and the estimate of oy would still be positive and stetistically significant.

14/ Since the sum of I{J is one, 1t follows that, if f(sé) is the
pumber of firms of size S;j ’

1= & (B.,+B,S,) t(s,)
sj>nl 27J 3° 7

= By N(M) + B, N(¥) EM .
Thus,
-« 1 -

Substituting this expression for f, (a.nd the expression for B, in equation (2))

into equation (1) and summing up the I[J for the four largest firms, we have
equation (%), Of course, z' =32 [S SM] and B, must be greater than

. e ]
&(M) [SM- MU » Using the estimates of By s the latter inequality
almost always seems to hold.

_];2/ According to interviews with executives of engineering assceiations
and research directors of firms, the line of ecausation has predominately run
in the direction presumed by the model. But such evidence is hardly conclusive,
and the problem may be more serious than they indicate.

16/ The data in Teble 3 regerding M and I were obteined primarily from
interviews with officials of englrneering associsations and firms, althocugh some
came from published sources. Estimates were obtained for as many of the lnnova-
tions in Tables la and 1b as possible and the average values of M and I were
used in each case., Using the data described in note 7, we determined N(M).
Since M was quoted in ingot capacity or crude capacity, we used the ratio of the
largest firm's assets to its capseity in 1953 to estimate M , SM s &and Sb,

in terms of dollars (rather than capacity). This obviously is a very rough
procedure. The estimates of I are in (approximately) 1950 dollars. The
weighted data regarding I are used.
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17/ Note two things. (1) There is no tendency for the residuals from
equation (&) to be positive in one industry or time period and negative In another.
They seem quite random in thig regard. (2) Even if we include only firms larger
than M , the largest four petroleum firms seem to account for a disproportionately
large share of the product innovations in 1919-38 and the process innovations in
19%9-58, For process innovations in 1919-38 and product innovations in 1939-58,
they account for about the "expected" share. Of course, including only firms larger
than M , the largest four steel firme fare even worse than in Table 2.

18/ As we pointed out in note 11, equation (1) ignored the fact that n,

might be & curvilinear function of 8,; on the other hand, equation (5) ignores
the fact that n:l mey be zero helow Qome value of Sj . Equation (5) is more

convenient here because ordinary regression techniques can be used to estimate the

a's , and its disadvantages are reduced by the fact that the very smallest firms
are excluded.

19/ There are several obvious difficulties in this sort of an analyeis.
(1) Although & firm's size influences the number of innovations it carries out,
this is not the only factor. The preferences of its management with respect to
risk, its profitability and rate of growth, and the size of ite competltors may
also be important. Thus, if the largest firms had been broken up, their smaller
successors would not necessarily have behaved like others of their size in fact
behaved.,

(2) 1If the largest firms had been broken up, the innovations that were
introduced might have been of a different type. Only the largest firms may have
heen able to carry ocut some kinds of imnovations. We assume that such innovatlons
were no more important then those that their smeller successors would have in-
troduced. There is no evidence in these induatries that an innovation introduced
by a larger firm tended to be any more -- or less -- important than one introduced
by & smaller firm. But the data are very rough.

(3) If the largest firms had been broken up, changes might have cccurred
outside the industry. For example, if the largest firms hed carried out a
relatively large amount of research, there might have been some transfer of
research activities to independent laboratories. The amount of inventive activity
might not have been greatly affected. The reorganization of the industry might
have affected how many of the research results were applied -~ and how quickly.

(4) As the literature on cost and production functions clearly shows, there
are many difficulties in interpreting least-squares relationships between & flrm's
size and other variables. Some of these dlfficulties -- as well as sampling errors
-- are present here, e.g., there is anidentification problem. For some reason,
certain firms may be innovators and &8 a conseguence they may grow more rapidly
than others. If-go0, they may eventually- become relatively large and the largest
may account for a disproportionately large share of the innovations -- even

though size per se brings no particular advantages. This hypothesis is
obviously difficult to check.
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2/ 1If N(SJ)/Sj is plotted as a function of Sj , one finds that

1ts meaximum occurs &t or near the size of the largest firm in almost every case
in the coal and petroleum industries. Thus on the average, no combination of
smaller firms that in toto equaled the size of the largest firm would carry

out a&s meny innovations as it did (if 1:1'j is & function only of SJ). However,

in the steel industry, N(S j) /8 3 reaches & maximum far below the size of the

largest firm (at about 1,000,000 tons of ingot capacity in 194%5). Thus, if
factors other than a firm's size are ignored, it appears that a combination of
smaller firms would carry out more immovetions than the largest firm.

The following points should be noted regarding the regressions. In steel,
firms with less than 5,000 tons of ingoet capacity were omitted in 1919-38 and
firms with less than 10,000 tons were omitted in 1939-58. SJ is measured in units

of 1,000,000 tons. In petroleum, firms with less than 500 berrels of capacity
were omitted, and Sj is measured in units of 10,000,000 barrels. In coal,

firme producing less than 100,000 tons annually were omitted and Sj is
measured in units of 1,000,000 tons.

Finally, note two other important points. First, all of this pertains
only to the existing ranges of firm size. There is no way to tell how firms bigger
than the largest existing firm would have behaved. Second, there are substantial
sampling errors in the estimates of the a's and consequently in the estimates

of the values of Sj vhere H(SJ)/SJ is & meximum. Particularly in 1939-58, a

considerable number of the estimates of a, and aB are not statistically signifi-h
cent. Thus, on these grounds too, the results should be treated with cavtion.

21/ FKote two points in this connection. First, the situation in steel
in the future may be quite different. In the interviews described in note 16,
geveral executives claimed that U.S. Steel was becoming much more of an
innovator than in the past. Second, elthough U.S. Steel has frequently been
eriticized on this score, its performance seems to be much better than the
gecond-largest firm -- Bethlehem.

For discussions of the situation in petroleum, see Bain [3]. For both
steel and petroleum, see Hamburg [10].

gg/ To what extent were the significant innovations in these industries
introduced by new firms? According to some authors, society frequently must
rely on such firms %o be the innovetors. E.8., see [6]., In young industries
where barriers to entry are relatively weak and the technology is changing
rapidly, this mway often be true. But in industries like gteel and petroleum,
where entry was difficult and the technology was relatively well explored,
this seems less likely. As it turns out, not one of the innovations for
which we have data was introduced by & new firm.
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Footnote 22 (Continued)

In the coal industry, the results are the same -- but the data may be
biased scmewhat. The innovations in the coal industry are new technigues
for preparing coal. According to interviews with the Bureeu of Mines personnel,
such techniques were probably less likely to be introduced by new firms and
small firms than many other types. But this bias is unlikely to be great enough
to reverse the results in this section. Had 1t been poseible to include other
types of innovations as well, the largest firms would probably have continued
to account for a disproportionately lerge share, but the difference might not
have been so large. Note that the equipmnt producers had a very important hand

in developing most of these innovations, but the coal producers took the risks
involved in introducing them,

23/ Of course, the fact that a few firms below our estimate of M are
innovators does not mean that our estimates are incorrect. We assume in Section
4 that M is the same for all innovations, but this reslly 1s not the case and
our estimates are really of the average value of M. Since the estimates are of
this sort, the size of sowe innovators mway fall below them.

24/ E.G., see Hamburg [10] for some discussion of this.

25/ In recent years competitive pressures seem to have forced smaller
companies to do more preparation of coal. Hence, one might expect them to do
somewhat more innovating in this area., But for all areas taken together, this
geems less likely.

26/ He asserts that “...given the progressive improvement in the quality
of management...given the growing recognition...of the value of research, and
given the increasing supply of engineers and scientists, & rise in the relative
importance of organized research and development among swall and medium~sized
firms is perheps to be expected." See [28], p. 631. Our results could be
due in part to such a movement in the past, since it would be expected that
the medium-sized firms would react before the small ones.

gI/ Of course, these sre only a few of the arguments that are submitted.
No attempt is wade here to present a cowplete account of the arguments on elther
glde.

28/ A1l thie is assumed to hold onlj for small A . In the analysis bhelow,
A tends to zero and terms of higher order would vanish.

We assume thatAthe development work has already been done by the inventor
or that it will take sbout the same length of time regardless of which firm does
it. Of course this may not be the case. . .

We focus attention stiricetly on the mean delay, but for some purposes
higher moments might also be relevant.
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gg/ This simplification can be relaxed. All that we need to assume ig
that the future can be divided into epochs within which each firm's glze and
value of ) 1is relatively constent, that these epochs are very long relative
to L, and that forecasts are available of the size distribution of firms
(given that the reorganization does or does not occur) in each epoch.
Then one can estimate the effects in each epoch.

ég/ These factors can be introduced in the following way. The relation-
ship between a firm's size and its value of X is likely to differ, depending
on the characteristics of the innovation. Thus, one should classify innovations
by their capital requirement and other characteristics causing differences in
the shape of this relationship. "Factors (like the overall profitebility of
the invention) that cause all the A's to increase or decrease in proportion
may be ignored. (If all », wvary in proportion, the Pi will remain constant,
and f(8) and the result in cquation (9) will be unaffected. Inventions with
proportienal A, can be lumped into one class 0 long a&s the composition of
the class with Tregard to profitability, etc. is unlikely to change much over
time.) Classes should be established so &s to maximize differences -- ignoring
proportional varlations in all the X\, -- in the shape of the relationships.
Then f(S) can be estimated in each ciass, the goodness of fit being some in-
dication of how homogeneous the class is. In each class, equation (9) can be
used to estimate the percentage reduction in delay. To obtain an overall
estimate of the effect on all innovations, one must forecast the proportion
of the innovetions in the period ahead that will be in each class and estimate
the average delay in each class in the previous period. These dats -- and the
classes ~-- mast often be rough, but it is difficult to see how any technlque
could be devised that would not require them.

Ir Ln in the period ahead remains in the same proportion to the

average value of ) in each size class (whether or not the reorganizatlion

oceurs) one can easily handle the possibility of new entrants being the innovators.
The proportion of the innovations eaﬁried out by Eew entrants is an estimate of

Pn in the past -- which equals & ). , where Ll is the value of kn in the

future. Hence, this proportion can merely be added to beth the numerator and
denominator of the term in parentheses on the right-hand side of equation (9).
Essentially, this assumes that the reorganization will not sericusly impede

or promote entry into the industry. Whether or not this is true depends on the
particular reorganization.

2;/ Can the facts in Section 5 be brought to bear on this agsumption?
Suppose that all the innovations included there were of the type considered
here and that A, did not vary much from invention to iqvention. According
to equation (7),l xi is proportional to Pi ; &and the proportion of innova-
tions carried out by the ith firm is an estimate of Pi" As 8 rough check
on this assumption, we took firms that resulted from important mergers in 1925-38
and compared their proportion of the innovations in 1939-58 with those of other

firms of their (new)size. If a firm's value of li adjusts relatively quickly

to a change in its size, as we assume, their proportion should net differ
significantly from the others., In fact, this turns out to be the case. Note however,
that this is only & crude and incomplete test of this assumption.
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;g/ Note that this regression should only 1nclude data for innovations
invented outside the industry.

33/ To derive equation (10), merely divide equation (5) «- after in-
gserting the estimates of the a's in Table 4 into it ~-- by the number of
relevant process innovations during this peried, 13. The result equals.

F(8) because we ignore differences in A, from one invention to another and
because we assume the relation between th& proportion of the innovations
invented outside the industry that a firm carried out and its size was like
that for all innovatlons. '

To derive the figure (20 percent) in the text, note that L n(s) ) £(s)

is necessarily one because the residuals from a least-squares regression sum
to zero. Moreover X n(s) T(8) equals 1 - F (28) + 7 £ (L), since .all

firms other than U.S. Steel will maintain their size despite the reorganization.

Since equation (10) shows that t (28) = .21 eand T (%) = .07, it follows
that € = « 20. Although it is dlfficult to estimate how much shorter the average

delay would be after a 20 percent reduction, it is likely to be at least twoyears
shorter.

0f course, the roughness of this estimate need hardly be labored. Given
a major change in market structure of this sort, the average value of » for
firms of given size might not be proportional to the average value in the recent
past. Instead the relation between the average value of A and a firm's size
may be altered by the change in market structure. In addition, the assumptions
underlying equation (10) -- and spelled out in the firet paragraph of this
footnote -- are obviously very rough.
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