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Abstract 

Manufacturing cost reduction curves result, I theorize, from process innovations whose 
optimal choice yields directions including mechanization.  I compile and analyze innovation data 
for 1947-1971 television manufacture.  Firm output drove innovations that propelled automation, 
multiple-operation mechanization, and complex mechanization.  Causal identification is 
confirmed using prior radio industry entry and output.  Larger firms exploited even high marginal 
R&D expense innovations to reduce unit cost, including in high-cost production loci, a new 
technological trajectory, and mechanization.  The innovations were typically incremental, lacking 
in strong patent rights, duplicative, and routinely manageable.  Innovation propelled 
mechanization and additional dimensions of the production cost reduction curve.  JEL Codes: O33, 
O31, D83, D24, L63, N62 
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I. INTRODUCTION 

Manufacturing technology and productivity are affected by shifts in mechanization, not 

driven just through employee wages relative to machinery cost, but through the menu of 

technological possibilities.  Technological possibilities typically consist of many potential 

innovations, each using more or less capital versus labor, each having a development expense.  

Some possible innovations, including large new machines, are likely to be especially expensive.  

Because large output scale incentivizes more expensive innovations, I show, large producers by 

default tend toward high-expense innovation traits including mechanization as they carry out 

substantial innovation to reduce unit cost. 

The progressive reduction of unit manufacturing cost brings societal welfare, firm survival, 

and national growth (Arrow 1962, Fudenberg and Tirole 1983, Lucas 1993, Irwin and Klenow 

1994, Petrakis, Rasmusen, and Roy 1997, Besanko, Doraszelski, and Kryukov 2014, Harris, Keay, 

and Lewis 2015).  Unit cost reductions associated with cumulative output trace out so-called 

“experience curves.”  The many-year cost reduction curves that affect most manufacturing 

industries bring especially important gains in efficiency, profit, and consumer benefit (Boston 

Consulting Group 1972).  Cost reduction curves spawned a revolution in business strategy, with 

firms recommended to price low and produce a lot to drive down unit costs.  Despite the common 

term “learning by doing,” learning by production workers does not explain the typical multi-year 

cost reduction curves (Thompson 2012).  The learning is organizational, and results not “by doing” 

the making of goods but by deliberate cost-reducing activity.  In contrast to a long statistical 

literature that found no clear connections with R&D or innovation, in-depth studies have excavated 

the causes of many-year unit cost reduction in specific firm and industry cases.  These studies find 

that innovation explains the cost reduction, through R&D, engineering, and process adjustment 

(Hatch and Mowery 1998, Sinclair, Klepper, and Cohen 2000, Levitt, List, and Syverson 2013, 

Hendel and Spiegel 2014).1  Although the studies suggest that innovation really is central, no 

studies have systematically documented and analyzed the underlying innovative improvements. 

 
1 These studies investigate semiconductor manufacturers, a Fortune 500 batch chemical producer, an automobile 

assembly plant, and a steel mini mill.  Pure capital investment may explain some cost reduction, as Thompson (2001) 

argues for World War II Liberty shipyards.  Production employee learning occasionally plays out over multiple years, 
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I document and analyze the innovations behind a cost reduction curve, and show that firms’ 

innovation choices drove cost reduction and directed production toward mechanization.  Thus I 

confirm the role of deliberate innovation in an industry’s “experience” or “learning” curve, extend 

the theoretical vantage used to consider innovation choices, and trace causally a direction of 

innovation that gives direction to the cost reduction curve.  Directed technological change follows 

changes in supply of production inputs (Hanlon 2015) and demand for outputs (Schmookler 1966), 

but I argue that technological change has an ordinary direction without supply or demand shifts.  

Innovation choices propel cost reduction and bring changes including mechanization. 

I document individual process innovations across an entire industry, television receiver 

manufacture, in 1947-1971.2  Television receivers pioneered postwar consumer electronics, and 

developed production techniques that fueled the electronics manufacturing era.  The study is 

possible because television’s postwar excitement and electronics activity spurred trade articles.  

The articles gave prestige to firms and engineers, and Electronics magazine even paid for tips and 

tricks to aid manufacture.  The disclosure delay and cost of imitation (Mansfield, Schwartz, and 

Wagner 1981) apparently made firms willing to allow process disclosures, so the articles make 

television receiver process innovation observable.  From 219 trade articles, I document 303 process 

innovations.3   I measure for each innovation its contribution to mechanization, technological 

trajectory, locus in the manufacturing plant, year, size of equipment, scope of applicability, 

supplier dependence, innovating firm, and cost impact.  I match U.S. firms’ innovations to patents, 

 
potentially though employee training programs resulting from managerial adaptation (Das et al. 2013).  Learning has 

also been studied across products (Egelman et al. 2017) and across repeated inter-firm interactions (Kellogg 2011). 
2  Innovation research commonly uses industry studies.  Examples include Hanlon’s (2015) analysis of directed 

technical change in 1855-1876 British cotton goods, Atkin et al.’s (2017) experimental analysis of organizational 

barriers to technology adoption in 2011-2014 Pakistani soccer ball manufacture, Igami’s (2017) analysis of innovation 

under old product cannibalization in 1981-1998 hard disk drive manufacture, and Braguinsky et al.’s (2021) analysis 

of firm product diversification in 1893-1914 Japanese cotton spinning. 
3 Another study, Abernathy, Clark, and Kantrow (1983), lists 119 process innovations in automobile manufacture.  

Also, Sinclair, Klepper, and Cohen (2000) differentiate several types of innovation and R&D projects that contributed 

to cost reduction.  The explicit documentation of innovations contrasts with most other studies.  Even for products, 

the underlying innovations behind typical steady improvements such as Moore’s law have almost always gone 

unmeasured (Sahal 1981, Dosi and Nelson 2010, 67-69).   
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to determine whether patenting played a major role in the process innovations.  I analyze 

manufacturing layouts, organizational structures, and innovation management. 

Also, I match the innovations data to a dataset that I compiled documenting U.S. television 

manufacturers.  I add new information on firm output of television receivers.  I extend the firm 

data backward to a prior industry, radio manufacture, and document the entry date and output of 

each firm or acquired subsidiary in radio manufacture.  I document World War II U.S. government 

contracts of television manufacturers and total their values of radio-related contracts. 

If firms make marginal innovation decisions optimally according to the costs and benefits 

of individual innovative opportunities, the decisions aggregate consistently with decreasing 

marginal returns to R&D.  For unit cost-reducing innovations, firms that expect to produce output 

Q carry out innovations up to the point where the unit cost reduction per R&D dollar equals 1/Q 

(Cohen and Klepper 1996b).  Thus high-output firms innovate intensively, carrying out even 

expensive innovations.  Going beyond prior theory, the correlation between expensive innovations 

and other innovation characteristics therefore has implications for the direction of innovation. 

Having predicted that costly marginal innovation directs the types of innovation and 

manufacturing change that occurs, what sorts of innovations should be especially costly?  

Mechanization—the primary focus of this study—as well as improvements in high-cost parts of 

the manufacturing process, new technological trajectories that require developing new 

technological approaches, and radical improvements seems likely to be especially costly.  

Therefore, I examine whether as firms move down the cost reduction curve, innovations that drive 

unit cost take the larger-output, faster-learning firms in the direction of expensive innovation types, 

particularly increased mechanization. 

Output-driven explanations of cost reduction curves all involve a scale economy.  If 

innovations are the source of cost reduction curves, then the scale economy results from a sunk 

expense dominated not by equipment purchases but by invention and implementation.  The effect 

of the scale economy is not (directly) to encourage larger machines, but to push innovation to more 

expensive developments including mechanization, higher-cost loci in the manufacturing process, 

new technological trajectories, and radical improvements. 

I analyze the relationship between firm output and mechanization innovations.  I find that 

mechanization innovations occurred most frequently in firms with the greatest output.  Three types 

of mechanization, automation, multiple operation, and complexity of operation, all were more 



 

 4 

frequent among higher-output firms’ process innovations.  Reassuringly, the relationship to firm 

output did not hold for primitive, low-expense, readily-available mechanization in the form of tool 

use.  I confirm identification using as instruments prior radio industry entry time or output. 

I test the mechanism by which output drove mechanization in innovations.  Process 

innovation was dominated by large-output firms, which therefore must have included expensive 

marginal innovations, not just the feasible inexpensive innovations.  The average innovation of 

large-output firms was expensive in additional ways than mechanization, occurring often in 

manufacturing steps with expensive large equipment, and in an expensive new trajectory of 

innovations using printed circuit boards.  Large-output firms’ innovations on average achieved 

distinctly large cost reduction, whereas smaller firms would surely have pursued such cost-

reducing innovations were they not disproportionately expensive.  Reassuringly, large-output 

firms had little or no tendency to have a higher or lower probability of innovations with wide scope 

of applicability, a characteristic not obviously related to decisions on marginal innovations. 

I probe whether alternative mechanisms, if they can be consistent with the above direct 

evidence on the theorized mechanism, might have driven the firms’ mechanization innovations.  

In contrast to views that patent rights drive innovation decisions, I show that only 2.6% of the 

innovations were wholly patented, and 2.2% were partly patented, and I describe why the 

innovations generally lacked strong patent rights.  In contrast to views that risky stochastic games 

such as patent races drive innovation decisions, I show that process innovation was typically 

incremental, duplicative, and routinely manageable.  In contrast to views that economies of scale 

acted through equipment purchase to drive innovation decisions, so that supplied machinery 

adoption drove the innovation outcomes, the findings control for—and are robust to excluding—

innovations that depended on suppliers for equipment or other major inputs.  Thus some common 

alternative views are inconsistent with the evidence on innovative cost reduction. 

This study goes beyond prior cost curve studies by explicitly documenting how innovation 

drove the cost reduction curve.  Surviving archives of television manufacturers lack manufacturing 

cost records so numerical cost curve data are aggregate, but nonetheless I provide a direct if 

qualitative measure of innovations’ impact on cost.  I further extend the organizational cost 

reduction curve to reveal the third axis of mechanization.  This three-dimensional cost reduction 

curve should occur in other industries with expensive opportunities for mechanization innovation. 
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II. INCREMENTAL PROCESS INNOVATION, COST REDUCTION, AND MECHANIZATION 

Mechanization pertains with a production function 𝐹(𝐾, 𝐿; 𝑡)  if labor is sufficiently 

expensive, but only when relevant production technologies exist.  In television manufacture as of 

1947, almost no capital-intensive shift was possible pending development of processes and process 

equipment. 4   Throughout 1947-1971, process innovation continually changed the production 

function.  In the language of production functions, technological innovation had the opportunity 

to reshape the isoquants of the production function to allow less labor and more capital.  The focus 

here will be not on the factor prices of 𝐾 and 𝐿, for which television manufacturing data are scant, 

but on what Acemoglu (2007) calls the menu of technological possibilities. 

The innovations that reshaped production being the focus, I begin with Schmookler’s (1966, 

112-115) assumptions that current output predicts future sales and that invention occurs when 

future sales imply expected profit greater than the expense of invention.  Cohen and Klepper 

(1996b) present evidence that such output-driven innovation incentives predominate.  They label 

the resulting innovation financing as “R&D cost-spreading,” hereafter called R&D expense-

spreading, in that the expense of R&D is spread out across the units sold. 

With R&D expense-spreading, firm output motivates intensive innovation.  Large-output 

firms carry out, in addition to easy innovations, the costly innovations needed for high efficiency 

(Cohen and Klepper 1996b).  Current firm output incentivizes process innovations but not new-

market-creating product innovations (Cohen and Klepper 1996a).  I extend the theory.  Correlates 

of high innovation expense coincide with firm size, I argue, because larger firms pursue a greater 

proportion of high-expense innovations.  Therefore R&D incentives drive not just the rate but also 

the direction of the cost reduction curve. 

II.A. Firm Innovation Decisions 

 Average production cost can be lowered through process innovation.  Each innovative 

opportunity 𝑖 requires R&D or engineering outlays 𝑟! for personnel and material, and reduces unit 

production cost by expected benefit 𝑏!.  Hence the innovation expense measured per dollar of unit 

cost reduction, a normalized measure of R&D expense, is 𝑥! = 𝑟!/𝑏!.  The process innovations 

 
4 Moreover, among firms making the same product, the factor costs they face are nearly identical, so differences 

between firms result from other causes such as firms’ expected output. 
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cannot be sold, given limitations of patent rights and differences across firms’ manufacturing 

methods.  Saleable innovations available through suppliers are reflected in a base unit cost 𝑐.̅ 

 Innovation reduces per-unit production cost to 𝑐 = 𝑐̅ − ∑ 𝑑!𝑏!! .  Here, decision 𝑑! is 1 if 

the firm implements innovation 𝑖 or 0 otherwise.  The firm pays 𝑟 = ∑ 𝑑!𝑟!!  for its innovative 

effort.5  The firm sells 𝑄 units at price 𝑝, and pays 𝑔(𝑄; 𝑆) to grow to its output 𝑄 given prior size 

𝑆.  Because the television industry was new, 𝑆 cannot be measured by prior television output.  

Rather, 𝑆  measures relevant resources of radio-electronic managerial knowledge, distribution 

channels, and production capacity.  The growth cost is strictly convex in 𝑄, with a minimum at 

𝑄"(𝑆) ≥ 0 and partial derivatives 𝑔# > 0 for 𝑄 > 𝑄"(𝑆), 𝑔## > 0, and 𝑔#$ < 0.6 

Profit, equal to revenue less production, growth, and innovations costs, is 

Π = [(𝑝 − 𝑐̅)𝑄 − 𝑔(𝑄; 𝑆)] +@𝑑!𝑟!𝑄(𝑏! 𝑟!⁄ − 1 𝑄⁄ )
!

. 

The extra profit from implementing innovation 𝑖 is 𝑟!𝑄(𝑏! 𝑟!⁄ − 1 𝑄⁄ ), so the firm profits from 

innovation 𝑖 if and only if 𝑥! < 𝑄. 

 Rank the innovations in order from lowest to highest 𝑥!.  If the top-ranked 𝑛 innovations 

are implemented, then spending on innovation is 𝑟 = ∑ 𝑟!!∈&'( * , and the resulting unit cost 

reduction is 𝑢(𝑟) = ∑ 𝑏!!∈&'( * .  At these values of 𝑟 and 𝑢(𝑟), 𝑢(𝑟) increases monotonically, with 

successive R&D dollars bringing a non-increasing per-dollar unit cost reduction.  Approximating 

the function as twice differentiable yields 𝑢+(𝑟) > 0 and 𝑢++(𝑟) ≤ 0, and further assuming a finite 

density of 𝑥! yields 𝑢++(𝑟) < 0,  the standard assumptions for marginal returns to R&D spending. 

 As a result, larger firms spend more on, and accomplish more, R&D than smaller firms: 

 

Proposition 1: Larger (in 𝑆 or 𝑄) firms have more process innovation, satisfying 𝑢+(𝑟) = 1 ∕ 𝑄. 

Proof: For optimality the first-order equations are 𝑢+(𝑟) = 1 ∕ 𝑄 and 𝜕𝑔 𝜕𝑄⁄ = 𝑝 − 𝑐̅ +

𝑢(𝑟).  Both equations are necessary to maximize Π = (𝑝 − 𝑐̅ + 𝑢(𝑟))𝑄 − 𝑟 − 𝑔(𝑄; 𝑆). 

The first first-order equation implies 𝑑𝑟 𝑑𝑄⁄ > 0.  By the implicit function theorem,  

 
5 This analysis abstracts from dependencies in which one innovation depends on or displaces another. 
6 This convex expansion cost arises if training workers and installing equipment takes scarce time from existing 

employees, who increasingly for higher 𝑄 − 𝑄! carry out fewer duties.  It also arises if, in establishing 𝑛 out of 𝑛 + 1 

sales and distribution channels, a firm chooses the cheapest 𝑛 of the 𝑛 + 1 channels. 
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𝑑𝑟 𝑑𝑆⁄ = −𝑢+(𝑟)𝑔#$ |𝐻|⁄ > 0 and 𝑑𝑄 𝑑𝑆⁄ = 𝑢++(𝑟)𝑄𝑔#$ |𝐻|⁄ > 0, 

with |𝐻| = −𝑢++(𝑟)𝑔##𝑄 − [𝑢+(𝑟)], > 0 from the second order condition.  ∎ 

 

An optimal decision requires 𝑢+(𝑟) = 1 ∕ 𝑄, so the cost ($1) and benefit (𝑢+(𝑟)𝑄) balance 

for the marginal dollar of innovation.  𝑆 increases 𝑟 and 𝑄, such that the firm innovates until the 

marginal normalized expense 𝑥! of cost reduction falls to 1/𝑄.  In fact, 𝑄, and hence prior firm 

size, also affect other innovation characteristics.  If innovations’ characteristics rise on average 

with normalized expense 𝑥!, then 𝑆 and 𝑄 drive average characteristics of the innovations firms 

implement.   

II.B. Innovation Characteristics Compared Between Firms 

 What types of innovations, 𝑦-! , coincide on average with high 𝑥!?  Mechanization 𝑦.! 

development imposes a high innovation expense.  Changing from hand work to machine work 

requires engineering time and material expenses for design, development, and construction of 

equipment and electronic controls.  Likewise, manufacturing loci 𝑦,!  that involve costly 

equipment and technologies tend to involve a high innovation expense.  A change to hand assembly 

or simple equipment can be implemented readily, but a change to large machines requires 

specialized equipment, tool design, machining, engineering labor, and material.  New 

technological trajectories 𝑦/! impose a high innovation expense because of their novelty.  Novel 

approaches require engineers to work out ideas and principles in their infancy and to develop those 

ideas into process components.  So mechanization, high-cost loci, and new technological 

trajectories are associated with disproportionately high 𝑥!; these innovation characteristics tend to 

be pursued for internal use by large-output firms only. 

Radical innovations have high average cost savings 𝑦0! = 𝑏!  relative to prior 

manufacturing practice.  Were 𝑏!  and 𝑟!  independently distributed, the low 𝑟! ∕ 𝑏!  of these 

innovations would make most of them worthwhile investments even for small firms.  However, 

radical innovations require attentive engineering effort, often large investments in and adaptation 

of materials and equipment, and unusual pioneering of ways to think and ways to produce.  Hence 

𝑟! ∕ 𝑏! may rise with 𝑏!, in which case radical innovations may be pursued mainly by large firms. 
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Then each characteristic 𝑗 is such that 𝑦1! increases on average with 𝑥!.  A weak monotonic 

increase, 𝐸[𝑦-!|𝑥! ≤ �̅�] < 𝐸[𝑦-!|𝑥! = �̅�]  for all �̅� > 0 , suffices.  The cumulative probability 

distribution 𝐹(𝑥!) is assumed to satisfy 𝐹+(𝑥!) > 0.  As a result, 

 

Proposition 2: Larger firms (in 𝑆 or 𝑄) disproportionately (a) mechanize, (b) improve parts of the 

manufacturing process that involve costly equipment and technologies, and (c) pursue new 

technological trajectories.  Also, (d) if innovations’ average R&D outlays rise more (less) than 

proportionally with cost-reducing benefit, then larger (smaller) firms disproportionately pioneer 

radical, i.e., strongly cost-reducing, innovations. 

Proof: �̅� is one over 𝑢+(𝑟), the marginal benefit per R&D dollar, at the optimal choice of 

𝑟.  From Proposition 1, �̅� = 𝑄 and 𝑑𝑄 𝑑𝑆⁄ > 0.  Therefore 2
2#
𝐸[𝑦-!|𝑥! ≤ �̅�] = 2

23̅
𝐸[𝑦-!|𝑥! ≤ �̅�] 

and 2
2$
𝐸[𝑦-!|𝑥! ≤ �̅�] = 2

23̅
𝐸[𝑦-!|𝑥! ≤ �̅�] 5#

5$
.   Thus 𝐸[𝑦-!|𝑄]  and 𝐸[𝑦-!|𝑆]  increase (decrease) 

everywhere with 𝑄 and 𝑆 if 2
23̅
𝐸[𝑦-!|𝑥! ≤ �̅�] > 0 (< 0) for all �̅� > 0. 

The conditional expectation 𝐸[𝑦-!|𝑥! ≤ �̅�] over the sample space of 𝑟, 𝑏, and 𝑦, converted 

to coordinates 𝑥 = 𝑟 ∕ 𝑏 and 𝜌 = √𝑏, + 𝑟,, is 

𝐸[𝑦-!|𝑥! ≤ �̅�] = Q Q
𝜌

1 + 𝑥,@𝑦𝑓- S
𝜌

√1 + 𝑥,
,

𝜌𝑥
√1 + 𝑥,

, 𝑦T
.

678

1
𝐹(�̅�) 𝑑𝑥

3̅

378
𝑑𝜌

9

:78
. 

Computing 2
23̅
𝐸[𝑦-!|𝑥! ≤ �̅�]  and multiplying by 𝐹(�̅�) 𝐹′(�̅�)⁄ , where 𝐹(∙)  is the cumulative 

distribution of 𝑥!, 
2
23̅
𝐸[𝑦-!|𝑥! ≤ �̅�] > 0 (< 0) exactly when 𝐸[𝑦-!|𝑥! ≤ �̅�] < (>) 𝐸[𝑦-!|𝑥! = �̅�].  

For (d), a more (less) than proportionate rise of R&D outlays with benefits is equivalent to the 

condition 𝐸[𝑦0!|𝑥! ≤ �̅�] < (>) 𝐸[𝑦0!|𝑥! = �̅�].  (To aid verification, a line-by-line analysis of the 

conditional expectation is in Online Appendix A.)  ∎ 

II.C. Multi-Period Extension 

 If R&D personnel are limited, a firm has binding constraints on R&D in successive periods 

𝑡, so that research expense 𝑟& in each period is less than all remaining desired R&D.  In this case, 

lower expense R&D projects, being optimal, are carried out first.  Thus, innovation characteristics 

associated with expense become more frequent over time.  If larger firms (in 𝑆 and 𝑄) have more 

R&D personnel, then 𝑑𝑟& 𝑑𝑆⁄ > 0 and 𝑑𝑟& 𝑑𝑄⁄ > 0, as one would expect, and proposition 2 holds 
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within each period.  If as well new technological opportunities arise—as occurred in television 

manufacturing—the patterns could depart from monotonicity within each period, but the strong 

tendency remains for bigger (higher 𝑆 and 𝑄) producers to carry out higher-expense R&D and its 

associated characteristics within each period.  This is because the sets of prior-period innovative 

opportunities have been mined in larger producers of all but the more expensive innovations, 

disproportionately leaving high-expense innovations for large firms to carry out. 

II.D. Cost Reduction and Output 

 The innovations by firms lower per-unit manufacturing cost, driving a learning curve.  The 

standard learning curve model depicts average cost as 𝑐(𝑡) = 𝑐(0) 𝑍(𝑡);< , where 𝑍(𝑡) =

∑ 𝑄(𝜏)&;.
=7.  is firm, or industry as a proxy, cumulative output.  However, the standard model cannot 

usually be distinguished statistically from a time-driven model 𝑐(𝑡) = 𝑐(0)𝑡;<, given problems 

in estimation (Thompson 2012, Nordhaus 2014).  Also the learning rate 𝛽 associated with further 

output or time often changes abruptly.  While the standard model suggests cost reduction based on 

productive activity, much literature indicates that this story misrepresents typical multi-year cost 

reduction. 

The recent industry and firm studies suggest that cost reduction goals spur innovation.  

Decisions to reduce unit cost through R&D resulted from expected future output, and current 

output well predicted future output, in the learning curve study that explicitly documents process 

R&D motivation (Sinclair, Klepper, and Cohen 2000).  Current output, the increment behind the 

standard learning curve, predicts expected future output and cost-reducing innovation. 

Since innovation drives mechanization, mechanization becomes an additional axis of the 

learning curve.  The logic of how innovation drives mechanization and cost-reduction beseeches 

investigation of process innovation in actual cases.  Consider, then, the case of the television 

receiver. 

III. DATA AND METHOD: TELEVISION MANUFACTURE AND ITS PREHISTORY 

U.S. television broadcasting began commercially in July 1941.  Two stations were in 

commercial operation and roughly 6,000 receivers installed by early 1942 (Kersta 1942), when a 

wartime ban halted manufacture on April 22 (Federal Register 7 (42), March 10, 1942, pp. 1793-

1794).  Television manufacture took off after World War II.  Radio Manufacturers Association 

members produced 6,476 television receivers in 1946 and 178,571 in 1947 (Televisor Monthly, 
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March 1948).  U.S. output grew through 1955 before dipping and leveling off, rising again only 

with the growth of color television sales in the 1960s (Television Factbook 1991, pp. C-329 and 

C-332-333). 

Television output data are available periodically for select firms.  However, the periodic 

output data depend on noisy estimates and cannot support studies of time variation.  Instead, I use 

cross-sectional unit output data from 1950, for which I could obtain the most detailed information 

on large and small firms.  Market shares of innovating firms remained fairly stable.  Although 

aggregate output changed somewhat across years, and rescaling 1950 output by an annual index 

of industry-wide output generally strengthens fit and increases statistical significance in univariate 

regressions, I present results with the simple 1950 output measure to avoid conflation with time-

related trends in data availability.  The statistical analysis thus depends on cross-sectional 

identification.  I confirm my results using instrumental variables estimation.  Learning curve 

researchers to date rarely use plausible exogenous identification strategies, with one exception 

being Benkard (2000), who uses instruments that vary over time instead of this study’s cross-

sectional identification. 

The annual Industrial Arts Index listed 219 trade and technical articles about television 

manufacture, and I scrutinized each article.  I documented 303 new manufacturing techniques, 

when first used for televisions.  The innovations were 96% from U.S. firms and 4% from English 

firms.  The articles and innovations span 1947-1971, with no articles immediately preceding or 

following.  Picture tube innovations are excluded, because picture tubes were made by select 

manufacturers only.  The innovations pertain mostly to black-and-white television, while color 

televisions reached just 0.7% of U.S. homes by 1960 (Boedecker 1974, 44). 

Innovations occurred across the manufacturing process.  In the main television assembly 

line, Panel A of Figure I, operators inserted electronic components and wires in metal boxes called 

chassis and soldered wires together to allow electrical current.7  Innovations included 

arrangements of parts bins, holders to orient work, conveyors or ways to move chassis down the 

production line, test setups to detect errors, and alignment methods for signal frequencies.  

Soldering by hand made one connection at a time, Panel B, but later entire chassis, Panel C, or 

boards, had all connections soldered simultaneously by dipping in baths of molten solder.  Dip  

 
7 The plural of chassis is chassis. 
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A. Main assembly lines, DuMont 1949 B. Soldering, Emerson 1948 C. Dip soldering, GE 1953 

    
D. Robotic insertion, Admiral 1955 E. Riveting, Emerson 1948 F. Rotary riveter, GE 1953 

       
G. Automatic circuit test, Philco 1959 H. Etching printed circuits, Philco 1957 I. Cabinet molding, Motorola 1953 

FIGURE I 

Television Manufacture 
Sources: A. Tele-Tech, Oct. 1949, p. 25; B. and E. Tele-Tech, Oct. 1948, p. 33; C. Factory Management and 

Maintenance, July 1953, p. 109; D. Machinery, Dec. 1955, p. 156; F. Electronics, June 1953, p. 130; G. American 

Machinist, 19 October 1959, p. 163; H. Electronics, April 1957, p. 139; I. Materials and Methods, October 1953, p. 

226.  All image copyrights expired. 

 

 

soldering required a trajectory of innovations to arrange components appropriately and ensure 

correct connections without stray icicles of solder.  Later, automated machines inserted parts into 

printed circuit boards, as in Admiral’s Robot I in Panel D, and the parts that could be inserted, 

methods of parts supply, and board production had trajectories of innovations. 
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Incoming parts that supplied the line had innovations in quality control and inspection, and 

incoming subassemblies like coils and tuners had their own manufacturing innovations.  As an 

example, chassis had to be built and sockets riveted to them, requiring innovations that improved 

the one-at-a-time method of Panel E through arrangement and spacing of riveting machines, rivet 

head movements and foot pedal actuators, riveting heads that attached multiple rivets, tools that 

checked for breakage, and eventually integrated machines like GE’s arrangement in Panel F where 

operators placed sockets and plates in a circular assembly line and a 40-ton press fastened 93 rivets. 

Testing occurred in the assembly line and afterward to ensure all connections functioned 

properly, signal alignment was correct, and televisions functioned properly.  Operators initially 

inserted probes manually to test current flow along one path at a time, but computer-driven test 

machines automated tests, as Philco’s test of a printed circuit board and components in Panel G 

checked up to 99 circuits and components and printed the results.  Printed circuit boards required 

innovations throughout a process that involved screen printing, acid etching in Panel H, degreasing, 

deoxidizing, washing, drying, heating, punching, fluxing, and stacking for automatic insertion. 

Innovations occurred in other steps, including wood, steel, and plastic cabinet building and 

finishing, insertion of picture tubes into television chassis and of chassis into cabinets, burn-in to 

ensure sets continued to operate, and packing and crating.  Early cabinet innovations sped volume 

production of wooden cabinets, but lower-cost cabinets used new ways to glue wood and steel, 

simulated wood-grain printed finishing, and risky development of large one-piece plastic molds in 

Panel I.  Insertion, burn-in, and packing innovations increased efficiency and maintained quality 

through newly developed manufacturing tools.  

I codified mechanization for each innovation, as well as locus in manufacturing, equipment 

size, cost impact, pursuit of a new technological trajectory, and other metrics.  Coding quality was 

ensured by having an industrial engineering student double-code the main measures, then meeting 

to agree correct treatments.8  Unit cost reduction from each innovation was assessed categorically, 

with a 1-7 ranking defined below when used.  Three types of mechanization were defined, 

automation, multiple operation, and complex operation, each requiring a precise definition. 

Online Appendix B provides extensive data details including precise variable definitions. 

 
8 The mechanization metrics, equipment size, printed circuit relation, unit cost reduction, general purpose, and non-

specialized were double-coded.  For unit cost reduction, only differences of 3 or more were compared and corrected. 
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III.A. Estimation 

Did mechanization result because firm output drove increasingly marginal cost-reducing 

innovation?  Within the sample of innovations, I regress mechanization on 1950 television output.  

To confirm the findings, I instrument using the major determinants of television manufacturers’ 

output: their year of entry into radio manufacture or radio output in 1940.  I use probit or 

instrumental variables probit (IVP) maximum likelihood estimation for binary outcomes, ordered 

probit or instrumental variables ordered probit (IVOP) maximum likelihood estimation for ordered 

outcomes, or ordinary least squares or the generalized method of moments (GMM) for continuous 

outcomes. 

Multivariate estimates control for innovation characteristics other than the innovator’s 

output, thus accounting for possible additional determinants of mechanization.  However, some 

caution is needed to beware of bad controls.  A measure of a new technological trajectory that 

provides a means to mechanize, integrated circuits, may be a bad control in that it may remove the 

very effect to be observed, canonically causing attenuation bias toward zero.  The cost-reduction 

impact of each innovation is almost certainly a bad control in that it is caused by mechanization 

and by firm output and therefore controlling for it would introduce bias (Pearl 2009, Imbens 2020). 

Television output (and radio output below) coincide with other aspects of firm size.  

Organizational and innovative practices driven by output, such as departmental innovation roles 

and culture of innovation, help optimize decisions in response to output.  These facets of firm 

output are not separated in determining the effects of firm output on innovation. 

III.B. Instrumental Variables Strategy 

While there is no obvious reason why television manufacturers’ output would be 

endogenous, a common concern in empirical research is that reasons for endogeneity may be 

nonobvious.  Therefore I develop an instrumental variables strategy to check for or ensure 

appropriate identification.  Estimation begins with this strategy, until it is confirmed that the 

estimates do not appear to suffer from endogeneity. 

The instrumentation strategy goes back historically to the radio industry.  I instrument 

using the year when firms first manufactured radios, or alternatively, firms’ radio output in 1940.  

The pioneer in radio commercialization, Guglielmo Marconi, established the British Marconi 

company in 1897 and an American subsidiary in 1899, and soon began transatlantic 

radiotelegraphy.  British Marconi became the dominant radio manufacturer, and American 
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Marconi became the Radio Corporation of America (RCA) at the end of World War I.  However, 

a competing approach of continuous wave radio allowed voice and sound transmission.  Despite 

complex patent competition and licensing, hundreds of companies began producing diverse two-

way radios and radio receivers (MacLaurin 1949). 

Specific radio models made by these companies are documented with photographs, notes, 

and diagrams on an enthusiast website, radiomuseum.org.  From the website, I recorded, for all 

companies that would enter U.S. television manufacture, the first year each company made radios.  

RCA’s radios date to 1913 through its predecessor American Marconi.  General Electric, 

Westinghouse, Zenith, and other firms followed from the late 1910s.  Many manufacturers were 

drawn by the advent of radio broadcasting around 1920.  Firms’ dates of entry were dictated largely 

by when they could enter, that is, by the accident of their birth dates. 

While the first year of radio manufacture is one metric of success in radios, a concern is 

that RCA and its established corporate partners General Electric and Westinghouse used patents 

in a way that may have inhibited entry in the industry’s earliest years.  Radio output in 1940 

(MacLaurin 1949) provides an alternative metric, reflecting which firms developed strong radio 

manufacturing before World War II.  Upstart firm Philco and its subsidiary Simplex Radio Corp. 

together had more radio output than RCA by 1940, General Electric had only a 3% share, and 

Westinghouse did not make the list.  Otherwise the radio industry was populated almost entirely 

by newcomers.  The first radio production year and the 1940 radio manufacturing share thus 

provide alternative metrics of radio success that are largely orthogonal in their representation of 

major established firms’ role. 

1. Exclusion Restriction.  The exclusion restriction that allows instrumented identification 

is that radio entry time or output affects television mechanization only through television output.  

Early entrants frequently became large radio manufacturers, which after World War II used their 

production engineering workforces to develop television production.  Thus, manufacturing (and 

product engineering) capability carried over from radio to television.  Large radio manufacturers 

had high television output, growth, and survival (Klepper and Simons 2000). 

Might an excluded correlate of radio entry time or output, other than television output, 

impact mechanization?  Conceivably early radio firms had a common trait such as mechanical 

savvy.  Any era-specific founding traits, though, seem unlikely to influence mechanization in a 

later era, after many founders were replaced as chief executives and less capable firms and 
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founders were selected away by survival of the fittest.  Conceivably radio output affected a firm 

outcome that increased television mechanization but not television output.  During 1941-1949 this 

likely could have happened only through wartime government contracts.  Wartime contracts to 

radio manufacturers, though, seem to have been given to firms roughly in proportion to their 

commercial output (Peck and Scherer 1962, 602-612), contracts seem to have been for bulk 

production mainly when radio firms already were highly mechanized (Civilian Production 

Administration 1946), and (log) radio-related wartime contracts are statistically insignificant in 

analyses of mechanization impacted by output in Online Appendix Table A9. 

The most plausible excluded correlate may be simply age.  Age might—the idea has been 

disputed—make businesses less flexible, hindering innovation.  If so, the hindrance may not persist 

among firms that exhibit the flexibility to move from one industry to another and are driven by 

competitive necessity to innovate.  Moreover, even among typical U.S. manufacturers, no age 

effect on mechanization is apparent.  Advanced manufacturing technology use among U.S. Census 

of Manufactures plants in 1988 increased strongly with plant size but not plant age (Dunne 1994).  

Advanced technologies studied included robots and automated test and inspection of inputs and 

final goods, all mechanization types used for televisions. 

2. Radio Entry Time or 1940 Production Predict 1950 Television Production.  First-stage 

regressions of the logarithm of 1950 television output on the instruments are reported in Table I.  

The instruments use no information beyond 1940.  Instead, firms that did not enter by 1940 or that 

lacked 1940 radio output data are identified by indicators.  These firms’ entry year and log radio 

output are replaced by pre-1941 means, and the coefficients of the indicators include impacts of 

differences from the means. 

In column (1), for each year earlier entry into radio manufacture, 1950 television output is 

estimated to have been higher by (exp(0.102)–1=) 10.7%.  Thus 20 years earlier entry 

corresponded to 7.7 times more output.  Firms that did not produce radios by 1940 are estimated 

to have had 12% of the output of firms that began producing radios at the mean time of 1928.4.  

Using the alternative instruments in column (2), a 1% increase in 1940 radio output yielded an 

estimated 1.12% increase in 1950 television output.  Radio manufacturers lacking radio output 

data in 1940 had 92% lower, than the mean firm with radio output data, estimated television output 

in 1950.  Firms not producing radios by 1940 had 98% lower estimated television output. 
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TABLE I 

TELEVISION MANUFACTURING LOG OUTPUT SHARE IN 1950: OLS REGRESSIONS 

 Observations on Firms Observations on Innovations 
 (1)     (2)    (3)   (4)  (5)  
Radio Entry Time -0.102  -0.0553  -0.0309 
 (0.0454)  (0.00562)  (0.00491) 

No Radio Entry -2.159 -1.460 -0.939 -0.623 -0.678 
by 1940 (0.294) (0.319) (0.116) (0.126) (0.128) 

Log Radio Output  1.124  0.682 0.668 
Share in 1940  (0.269)  (0.0669) (0.0596) 

No Data on Output  -2.569  -0.437 -0.107 
Share in 1940  (0.402)  (0.116) (0.116) 

Constant 0.355 -0.923 2.251 0.563 0.784 
 (0.731) (0.570) (0.0667) (0.172) (0.159) 
R2 0.374 0.492 0.330 0.480 0.521 
F 30.87 133.6 121.5 165.2 150.8 

Notes.  Columns (1)-(2) use 160 observations, each a firm.  Robust standard errors in parentheses.  Columns (3)-

(5) use 285 innovation-firm pairs representing 271 innovations.  Cluster-robust standard errors in parentheses, 

clustered by innovation.  Radio Entry Time is years since 1913. 

 

 

Analyses use the sample of innovations as in columns (3) and (4).  In this sample, each 

year of earlier entry increased expected 1950 television output by 5.7%, and firms that did not 

produce radios by 1940 had 61% lower television output.  Alternatively, a 1% increase in 1940 

radio output yielded a 0.68% increase in 1950 television output, and the 1950 output was 35% 

lower for firms lacking 1940 radio output data, or 65% lower for firms that did not produce radios 

by 1940.  Column (5) reports a regression with all the metrics of success in radio manufacture.  

The estimates retain the same sign, and all radio metrics except the no-data indicator for radio 

output remain highly statistically significant. 

The radio entry year metrics explain 37% and 33% of the variance in 1950 market share in 

the firm and innovation samples.  The radio output metrics explain 49% and 48% of the variance 

in the two samples.  The model F statistics of 30.9 to 165.2 consistently indicate a strong 

relationship for instrumental variable regressions of innovation and mechanization. 
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TABLE II 

EFFECTS OF LN(OUTPUT SHARE IN 1950): UNIVARIATE IVP, IVOP, AND GMM ANALYSES 

Dependent Instrument Set  Dependent Instrument Set 
Variable Entry Output  Variable Entry Output 
Automation 0.336 0.332  Loci with Large 0.336 0.290 
 (0.150) (0.131)    Equipment (0.139) (0.122) 
Multiple 0.292 0.294  Printed Circuit 1.063 0.737 
  Operation (0.150) (0.129)    Related (0.126) (0.158) 
Complex 0.576 0.761  Cost Reduction 0.524 0.490 
 (0.259) (0.208)    Rank (0.113) (0.103) 
Tool Use -0.202 -0.148  General 0.229 0.089 
 (0.196) (0.154)    Purpose (0.197) (0.182) 
Innovations 0.209 0.192  Non- -0.208 -0.206 
  per Year (0.047) (0.045)    Specialized (0.146) (0.124) 
Cost Reduction 1.202 1.112     
  Rank2 per Year (0.275) (0.255)     

Notes.  IVP, or IVOP for Cost Reduction Rank, maximum likelihood estimates with 285 observations on 

innovation-firm pairs representing 271 innovations; or GMM for Innovations per Year and Cost Reduction Rank2 per 

Year with 160 observations on firms.  Ln(Output Share in 1950) is treated as endogenous, with one of two sets of 

instruments: Entry (year in radios) instruments are those in columns (1) and (3) of Table I, and Output (in 1940 radios) 

instruments are those in columns (2) and (4).  GMM uses asymptotic efficient (under heteroskedasticity) weight 

matrices.  Standard errors in parentheses are cluster-robust, clustered by innovation, for IVP and IVOP, or robust for 

GMM. 

 

 

III.C. Univariate Estimates 

Univariate estimates are reported in Table II.  Estimates are shown for both instrument sets.  

The estimates are generally similar with the two instrument sets.  Results with the first instrument 

set, entry time in radio manufacture by 1940, are a bit closer to zero for most of the results about 

mechanization and many of the other outcome variables.  Graphs of the results use the first 

instrument set, to be conservative.  Consider the effect of television manufacturing output on 

mechanization. 
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IV. TELEVISION PRODUCTION AND MECHANIZATION 

 Mechanization is defined here in three ways.  Automation innovations were embodied in 

an object that operated independently for at least multiple seconds after activation (33% of 

innovations).  Robots and independent continuously operating machines are automated.  Multiple 

operation innovations combined multiple of the same or different manufacturing steps (29% of 

innovations).  Complex innovations, a subcase of multiple operation, combined manufacturing 

activities from different manufacturing steps (8% of innovations).  Pin-making machines so 

combined previously divided steps of manufacture (Pratten 1980). 

Mechanization rose with 1950 output, substantially and statistically significantly as Table 

II shows, for all the definitions of mechanization (marginally for multiple operation instrumented 

by entry year).  Figure II plots, using solid lines and symbols, the implied probability of each 

definition of mechanization versus television output.  The probabilities are average causal effects 

for observations in the data, while randomly selected new observations have almost identical 

predicted effects in Online Appendix Table A11.  The output values beneath the figure range from 

the lowest to the highest output of innovating firms.  The probability that an innovation aided 

mechanization rises from near zero in the smallest firms to 45% for automation, 40% for multiple 

operation, and 16% for complex. 

A sanity check uses readily available, low-cost mechanical methods.  Tool use indicates 

whether the innovation involved an object used in physical contact with or directly operating on a 

television receiver being made, a component, another tool, or a shipping container (90% of 

innovations).  No statistically significant effect of tool use is apparent in Table II, and no increase 

in the probability of tool use with firm output is apparent in Figure II.  As expected with no barrier 

to implementation, tool use is not tied to output. 

The analyses have used radio manufacturing entry time or 1940 radio output as instruments 

to ensure identification of a causal effect of firm output on mechanization and other innovation 

characteristics.  However, it was a priori unclear whether in simple probit regressions any bias in 

estimation might be expected.  In fact the evidence suggests little if any bias.  Wald tests of 

exogeneity for the mechanization-related regressions of Table II, in Online Appendix Table A2, 

all fail to reject the null hypothesis of exogeneity (p = 0.2 to 1.0).  The lack of strong endogenity 

suggests controlling for, despite the inability to instrument, other aspects of innovation. 
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FIGURE II 

Probability that an Innovation Involved Mechanization, by Television Output 
Solid symbols and lines denote the fitted equations from Table II, showing average causal (structural) effects of 

television output for observations in the data.  Hollow symbols and dotted lines denote average causal effects holding 

constant controls in Table III columns (7), (9), and (11). 

 
 

Multivariate estimates therefore control, without instrumentation, for characteristics of the 

innovative context that might influence mechanization.  Innovations were embodied in a machine 

of size less than 1.5, 1.5 to less than 7.5, or 7.5 or more cubic feet, or not embodied in a machine 

or in a specific machine.  Printed circuit related innovations helped to make or use printed circuit 

boards, which simplified wiring and were used to mechanize manufacture.  General-purpose 

innovations were potentially useful for other electronics mass-manufacture.  Non-specialized 

innovations could be applied without tailoring the innovation to a specific television product.  

Some innovations were developed in multiple versions independently and near-simultaneously by 

competing firms, or developed jointly by a manufacturer and a supplier.  Some innovations, 

regardless of who developed them, depended on a supplier in that they involved adoption, 

modification, or contextualized use of purchased major equipment; developed techniques that 

worked with purchased major equipment; or relied on purchased specialist materials or 
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consultancy.  Other innovations possibly depended on a supplier, although no supplier was 

documented and the equipment or inputs might have been made in-house.  Year groups account 

for change in innovative opportunities. 

These controls are added to the models in Table III, without instruments, for the three 

mechanization outcomes.  Since printed circuit boards were a route to mechanization, the control 

for printed circuit board related innovations is removed in columns (7), (9), and (11) to avoid 

controlling for the intention to mechanize.  The predicted probabilities of mechanization by firm 

size are plotted from columns (7), (9), and (11) in Figure II, using dotted lines and hollow symbols.  

Predictions from columns (6), (8), and (10) are similar in Online Appendix Figure A3.  The 

controls bring slightly more pronounced estimated effects of firm output on mechanization. 

Mechanization was consistently more likely for firms with greater 1950 television output.  

The estimated role of 1950 output is attenuated, as anticipated, by the printed circuit control.  I 

report other numerical (average structural) effects on mechanization for columns (6), (8), and (10), 

when statistically significant at conventional (p<.10) levels.  Different size machines embodying 

an innovation gave a predicted mean (holding other variables at their actual values) automation 

probability of 15%, 46%, or 59% for small, medium, or large machines, or 4% if no machine size 

pertained; multiple operation probability of 22%, 25%, or 41% for small, medium, or large 

machines, or 31% with no size; and complex mechanization probability of 5%, 6%, or 11% for 

small, medium, or large machines, or 9% with no size.  Printed circuit related innovations had a 

predicted 39% chance of automation, 57% of multiple operation, and 13% of complex 

mechanization, versus 28%, 21%, and 5% for other innovations.  Innovations that did not require 

specialization to the product had a 33% chance of automation but 5% of complex mechanization, 

versus 24% and 11% for other innovations.  When competitors simultaneously developed an 

innovation, its chance of involving automation was 9% compared to 32% otherwise.  When a 

major supplier purchase possibly made feasible an innovation, its chance of involving automation 

was 41% compared to 27% with no supplier purchase, but for definite supplier purchase the chance 

was only 34% and was statistically indistinguishable at conventional levels from innovations with 

no major supplier purchase.  In successive time periods the automation (multiple operation) 

probability was 0.23 (0.16) in 1947-1950, 0.37 (0.39) in 1951-1954, 0.28 (0.23) in 1955-1958, 

and 0.44 (0.48) in 1959-1971.  Accounting for these characteristics of the innovative context, firm 

output increased all the measures of mechanization.  Excluding the supplier-dependent innovations,  
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TABLE III 

DETERMINANTS OF MECHANIZATION: PROBIT MODELS 

Dependent variable Automation Multiple Operation Complex 
 (6) (7) (8) (9) (10) (11) 
Ln(Output Share 1950) 0.503 0.568 0.319 0.458 0.656 0.755 
   (0.121) (0.114) (0.112) (0.104) (0.199) (0.186) 
In Machine 1.5-7.5  1.134 1.148 0.125 0.171 0.157 0.224 
  Cubic Feet (0.256) (0.254) (0.274) (0.257) (0.419) (0.409) 
In Machine 7.5+ 1.531 1.515 0.661 0.622 0.577 0.689 
  Cubic Feet (0.247) (0.251) (0.230) (0.230) (0.371) (0.393) 
Not in Machine -0.823 -0.819 0.354 0.350 0.433 0.422 
  or Not in 1 Machine (0.658) (0.660) (0.370) (0.343) (0.452) (0.426) 
Printed Circuit Related 0.477  1.102  0.689  
   (0.282)  (0.269)  (0.394)  
General Purpose 0.0819 0.136 0.161 0.309 -0.518 -0.372 
 (0.524) (0.532) (0.374) (0.376) (0.514) (0.506) 
Non-Specialized 0.446 0.384 -0.146 -0.281 -0.610 -0.686 
 (0.223) (0.215) (0.219) (0.202) (0.299) (0.270) 
2+ Competitors  -1.376 -1.302 0.357 0.313 0.251 0.229 
  Developed (0.599) (0.535) (0.375) (0.362) (0.505) (0.468) 
Developed with  0.234 0.157 0.229 0.0858 0.621 0.455 
  Supplier (0.466) (0.458) (0.493) (0.483) (0.622) (0.665) 
Innovation Depended 0.593 0.590 0.115 0.135 0.197 0.137 
  on Supplier Possibly (0.298) (0.293) (0.293) (0.277) (0.374) (0.389) 
Innovation Depended 0.311 0.313 0.288 0.253 -0.0149 -0.124 
  on Supplier Definitely (0.246) (0.254) (0.230) (0.232) (0.338) (0.358) 
Years 1951-1954 0.650 0.722 0.919 1.054 -0.347 -0.0917 
   (0.314) (0.309) (0.291) (0.294) (0.451) (0.443) 
Years 1955-1958 0.229 0.460 0.295 0.836 -0.232 0.185 
   (0.299) (0.278) (0.318) (0.277) (0.481) (0.370) 
Years 1959-1971 0.933 1.030 1.187 1.340 0.745 0.855 
   (0.465) (0.432) (0.516) (0.509) (0.551) (0.525) 
Constant -2.939 -3.074 -2.305 -2.592 -2.457 -2.752 
 (0.672) (0.684) (0.482) (0.514) (0.558) (0.589) 
Pseudo  0.357 0.350 0.202 0.152 0.309 0.286 

Notes.  Probit maximum likelihood estimates with 285 observations on innovation-firm pairs representing 271 

innovations.  The dependent variable is whether the innovation contributed to the specified type of mechanization.  

Standard errors in parentheses are cluster-robust, clustered by innovation. 
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the estimated effects of firm output on mechanization remain similar and statistically significant, 

in Online Appendix Table A4.  Likewise heteroskedastic probit estimates in Online Appendix 

Tables A5-A8 indicate that firm output increased mechanization. 

V. MECHANISM OF THE DIRECTION OF INNOVATION 

Innovation therefore was directed toward mechanization most in larger firms, but was this 

change caused by an R&D expense-spreading mechanism?  If large firms pursue innovations with 

even high innovation expense 𝑥! = 𝑟!/𝑏!, as well as with low innovation expense as in small firms, 

then the large firms must innovate more.  Innovations per year are analyzed unweighted or 

weighted by a measure of cost-reducing impact, a squared seven-point ranking discussed below.  

Television output brought dramatic and statistically significant increases in innovation, as shown 

in Table II and plotted in Panel A of Figure III.  The smallest television manufacturers with 

innovations developed 0.15 innovations per year with a summed squared rank of 0.81, while the 

largest developed 1.3 innovations per year with a summed squared rank of 7.5.  By one way of 

thinking this is unsurprising since the rise in process innovation per year was proportionate to firm 

size, but recall that every unit manufactured in the smallest firm remained much more costly than 

in the largest firm because of the paucity of innovations, and that the largest firm must have worked 

hard to carry out even innovations that were very expensive relative to their benefits—for which 

𝑥! was very high—to create a highly efficient manufacturing process. 

Did larger firm innovations include innovations with high R&D expense per dollar of unit 

cost reduction?  The innovation expense must generally have been much higher in loci of the 

manufacturing process that included large, expensive equipment that would be costly to change.  

These parts of the manufacturing process are identified by having at least 25% of innovations 

embodied in equipment 7.5 cubic feet or more in volume.  A 40% or 50% cutoff yields similar 

results in Online Appendix Table A3.  Analyzing loci with large equipment, rather than 

innovations with large equipment, avoids potential bias from manufacturer scale.  Firm output 

brought a major and significant increase in applications to high-cost loci as shown in Table II and 

plotted in Panel B of Figure III.  The probability of innovations pertaining to high-cost loci rose 

from 5.3% in the smallest firm with innovations to 60% in the largest firm. 

Another high innovation expense was pioneering new technological approaches.  Printed 

circuits, a predecessor to integrated circuits, were emerging in the early 1950s.  Firms developed 

printed circuit board production, machines to insert components into boards, and soldering  
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FIGURE III 

Firm and Innovation Outcomes by Television Manufacturer Output 
Panel A: Number of innovations and sum of squared cost-impact ranks per year.  Panel B: Probability of each 

innovation being in a costly-to-modify locus, measured by at least 25% of equipment being 7.5 cubic feet or larger.  

Panel C: Probability of each innovation involving printed circuit board use.  Panel D: Probability distribution of 

innovations’ effect on unit manufacturing cost.  Curves are probabilities that cost-impact rank is less than or equal to 

1, 2, 3, 4, 5, or 6 out of 7.  All panels: The estimates are average causal (structural) effects of television output for 

observations in the data.  Horizontal axes are television manufacturing output share in 1950 (logarithmic). 

 
 

equipment to solder many components to boards simultaneously.  Improvements were particularly 

challenging for capacitors, inductors, electron tubes, and transistors, and techniques gradually 

expanded the components attached and soldered or even printed on the board.  These techniques 

were new, required creative technical development, and involved automated machines.  Large 

firms dominated significantly the printed circuit related innovations, as shown in Table II and 

Panel C of Figure III.  An innovation’s probability of printed circuit board use was 1.9 × 10;> for 

innovating firms with a 1950 output share of 0.066%, but 0.61 with an output share of 17.8%.  

Below 1.5% output share, the probability was less than 0.01. 

The other way to examine the R&D expense per unit of cost reduction is from the cost 

reduction side.  If unit cost reduction 𝑏! were statistically independent of R&D expense among 
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innovations, then high unit cost reduction innovations would attract all firms and be frequent 

especially in small firms.  If instead R&D expense rose sufficiently more than proportionately with 

unit cost reduction, then high unit cost reduction innovations could be dominated by large firms.  

Firm output was indeed associated with a significantly greater probability that innovations brought 

high unit cost reduction, as shown in Table II and Panel D of Figure III.  Cost reductions were 

ranked on a seven-point scale, with unit cost decreasing perhaps with the square of the ranking.  

Firms with less than 1% television market share developed predominantly innovations of ranks 1, 

2, and occasionally 3, whereas larger firms had an appreciable probability of innovations ranked 

4, 5, and even 6 and 7.9 

General-purpose and non-specialized innovation have no obvious relation to benefit or 

expense.  Correspondingly, neither has a clear relation to firm output.  In Table II, only non-

specialized innovations exhibit a marginally statistically significant relationship, and then only 

using the radio output instruments. 

Thus, larger firms dominated at innovation by pursuing not just easy innovations but also 

the low benefit-to-R&D-expense innovations needed for high efficiency.  Although large firms are 

often accused of resistance to radical innovation, snubbing of large firms is misplaced for even the 

more radical incremental improvements, including new technological trajectories and high unit 

cost reductions.  Large firms likewise dominated in costly manufacturing loci and in 

mechanization.  Mechanization was only one aspect of the learning curve’s third dimension, along 

with improvement in high-cost manufacturing loci, pursuit of a new technological trajectory, and 

radical innovations that dramatically reduced unit cost. 

VI. THE LEARNING CURVE 

Innovation brought large producers rapidly down the cost-reduction learning curve.  The 

traditional learning curve for black-and-white television manufacture is in the bottom plane of 

Figure IV.  The real price axis reflects cost, to the extent competition keeps price near unit cost, 

and price measures cost in analyses of the Boston Consulting Group (1972).  The cost slopes down  

 
9 The ordered probit model constrains firms’ television output to have the same effect for all ranks, as an input to the 

cumulative normal probability function.  Therefore I also independently estimate the probability that the cost reduction 

rank exceeded 1, 2, 3, 4, 5, and 6, and each time find positive and statistically significant (marginally significant for 

the rank exceeding 5) effects of output on individual innovations’ cost reduction, in Online Appendix Table A3. 
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FIGURE IV 

Cost Reduction Curve for Televisions 
Automation rose as black-and-white televisions’ real wholesale price (1958 US $) declined with U.S. cumulative 

industry output (´10,000 units), 1947-1968.  Cumulative output and price from Boston Consulting Group (1972, p. 

93).  Automation is the sum of squared ranks of automation innovations by the start of each year, and ranges from 0 

to 801. 

 

 

from $376 in 1947 to $193 in 1953, implying an 8.6% reduction in unit cost for each doubling of 

cumulative output.  Then the cost slopes down rapidly to $89 in 1968, implying a 30.7% reduction 

in unit cost for each doubling of cumulative output.  The rapid decrease in unit cost beginning in  
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TABLE IV 

PROCESS INNOVATIONS’ COST IMPACT RANKS 

Rank Definition N 

1 affected one operator with little or no apparent difference, or multiple operators 
with no difference, in manufacturing cost 

58 

2 made a substantial difference at one production operator’s station, or helped a 
little at multiple stations 

147 

3 helped a lot at one station, or fairly significantly at multiple stations 68 
4 helped especially at one station, or quite significantly at multiple stations 16 
5 helped a lot at multiple stations, or requisite to get something done at one station 

given how the production line was newly set up 
9 

6 yielded substantial cost savings in many parts of the plant and may have opened 
avenues for yet more improvement 

2 

7 yielded major cost savings in many parts of the plant and may have opened 
avenues for yet more improvement 

3 

Notes.  Definitions refer to operators and stations.  An operator is a person working in a production plant.  A 

station is a location where one operator worked, or rarely two operators simultaneously on the same physical object.  

More than 105 (in an early RCA plant) stations, excluding cabinet manufacture, existed (Zeluff 1947).  Column N 

indicates number of innovations with each rank. 

 

 

1953 coincides with the application of printed circuit board methods and the roboticization this 

made possible in component insertion, soldering, and testing. 

The unit cost reduction variable shows major efficiency improvements from innovation.  

Definitions of the cost reduction ranks appear in Table IV.  An example innovation with rank 2 

was a foot switch that controlled air flow to an anvil riveter, pneumatically allowing an operator 

to locate riveting to a chassis.  An example innovation with rank 6 replaced hand soldering of 

components, by moving television chassis or circuit boards with electronic components already 

inserted, lifting them above a wave of liquid solder, and creating permanent electrical connections 

for many components at once.  A similar ranking for automobile manufacture is used by Abernathy, 

Clark, and Kantrow (1983). 

Automation is the third dimension of the learning curve in Figure IV.  The cumulative 

squared cost impact ranks of automation innovations rise monotonically from 0 at the start of 1947 

to 801 at the start of 1966.  A similar rise occurs in the other two measures of mechanization, and 
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in all the innovation characteristics associated with a high ratio of innovation expense to unit-cost-

benefit. 

VI.A. Organizational Knowledge Gain, Not Worker Learning 

 The television manufacturing learning curve was organizational, not embodied in 

production line operators.  Television hand-wiring operators trained to full speed in 1-4 weeks if 

inexperienced, or under 5 days if experienced (Miller and Rogers 1964, 437).  Rapid saturation of 

production worker learning is typical and cannot explain most manufacturing cost reduction curves 

(Thompson 2012).  Articles that documented the innovations sometimes explicitly credited them 

to engineers responsible for production line setup and improvement, but never to operators 

working in the production line.  Expertise was partly embodied in equipment, documents, patents 

(rarely), and engineers carrying out R&D. 

VI.B. Conditions for Innovation and Learning 

 Three conditions made television manufacturing ripe for routine internal process 

innovation.   

1. Predictable Returns to Innovation.  Innovative risk was hedged across many innovations, 

mostly small.  As Table IV indicates, among the 303 innovations, only 1.7% were ranked 6-7 with 

widespread benefits, and 8.3% were ranked 4-5 with major benefits local to one part of the 

manufacturing process.  In contrast, 22.4% had rank 3, a large benefit at one production operator’s 

station or a more modest benefit across multiple operators’ stations, 48.5% had rank 2, a substantial 

benefit at one operator’s station or a little at multiple stations, and 19.1% had rank 1 with its more 

minor benefit. 

 Using squared ranks to gauge the total impact of innovations, as in Abernathy, Clark, and 

Kantrow (1983), highlights the role of minor innovations.  The sum of the squared rankings is 

greatest for innovations of rank 3, totaling 612, versus 256, 225, 72, and 147 respectively for the 

next four higher ranks, and versus 588 and 58 for innovations of ranks 2 and 1.  Since small 

innovations are likely underreported, the net effect of minor innovations seems predominant. 

 Independent innovations in many loci helped spread any risk.  In Table V, the All Years 

column reports the percentage of innovations in each locus.  The four most frequent loci were 

assembly of chassis, testing and alignment, conveyors and movers, and work positioning methods, 

each with 10-13% of innovations.  Seven loci had 4-9% of innovations, and three had 1-3%. 
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TABLE V 

INNOVATIONS BY LOCUS (%), BY PERIOD 

Locus All 
Years 

1947-
50 

1951-
54 

1955-
58 

1959-
71 

N p-
value 

Chassis frame building 5.3 15.8 5.7 0.0 0.0 16 0.000 
Preparation of parts 8.3 5.3 13.1 5.5 0.0 25 0.116 
Manufacture of coils and yokes 7.3 1.8 12.3 3.7 13.3 22 0.013 
Printed circuit boards 5.6 0.0 2.5 10.1 20.0 17 0.001 
Design changes for assembly 3.0 3.5 2.5 3.7 0.0 9 0.891 
Assembly of chassis 10.9 10.5 4.1 19.3 6.7 33 0.003 
Soldering 6.6 1.8 7.4 8.3 6.7 20 0.352 
Testing and alignment 12.5 19.3 14.8 7.3 6.7 38 0.103 
Cabinet making 8.9 19.3 7.4 4.6 13.3 27 0.014 
Putting chassis into cabinet 4.3 0.0 6.6 4.6 0.0 13 0.205 
Crating and packing 2.3 1.8 1.6 1.8 13.3 7 0.109 
Conveyors and movers 12.9 12.3 9.8 16.5 13.3 39 0.503 
Positioning methods 10.6 7.0 9.8 14.7 0.0 32 0.273 
Other 1.7 1.8 2.5 0.0 6.7 5 0.112 
Total 100.0 100.0 100.0 100.0 100.0 303   
N by Time Period 303 57 122 109 15   

Notes.  p-value for each locus uses Fisher’s exact test that an innovation’s probability of being in a locus, versus 

other loci combined, remained constant across all periods. 

 

 

 Large firms constructed organizational structures to routinize innovation.  Departments of 

Philco involved in television development and production included Design Engineering, Factory 

Engineering, Field Engineering, Cabinet Design, Industrial Engineering, Production, and 

Purchasing (Tele-Tech 1948).  Field Engineering worked with Design Engineering to ensure 

customer satisfaction.  Factory Engineering and Design Engineering coordinated on design 

improvements.  Factory Engineering then redesigned and re-tested sets to facilitate the mass 

production overseen by Industrial Engineering. 

 2. Replenishment of Innovative Opportunities.  Both prior innovations and new general 

technologies (like printed circuits, transistors, and integrated circuits) created new needs and 

approaches for innovation.  As a result, innovation remained spread across the manufacturing 

process.  The twelve years 1947 through 1958 are divided in Table V into three four-year periods, 
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each with at least 57 innovations.  After 1958, data are available only for 15 innovations, as trade 

journals reported much less on television manufacturing.  Differences over time in the percentage 

of innovations in a locus were modest, statistically significant using Fisher’s exact test for only 5 

of the 14 loci.  Chassis frame building and cabinet making innovations mainly occurred early, 

chassis assembly innovations slowed in 1951-1954, manufacture of wire coils and yokes 

innovations increased in 1951-1954, and innovations in making printed circuit boards awaited 

development of practical printed circuit board technology in the mid-1950s. 

 3. Limited Sale of Innovations and Limited Patentability.  Of the 299 process innovations 

from identified firms, only 25 involved suppliers.  Only 14 came solely from suppliers, including 

6 that solely affected supplier production lines (for coils and tuners). 

Components and equipment were widely available.  Cathode ray picture tube 

manufacturers in the U.S. in successive editions of Television Factbook increased from 30 in 1949 

to 68 in 1956, then fell to 14 in 1971.  Pre-assembled television tuner (to tune in broadcast signals) 

manufacturers in the U.S. in annual editions of Electronics Buyers Guide increased from 7 in 1949 

to 28 in 1950, then fell to 8 in 1967 and rose to 13 in 1971.  Picture tubes and tuners were often 

made by the television firms.  Standardized “Project Tinkertoy” component building blocks and 

sets seem to have been doomed by inflexibility to product improvement. 

Relevant machinery became widely available in the 1950s.  Board processing equipment 

to make printed circuit boards, component insertion machines, and other tools came from firms 

including United Shoe Machinery Corporation.  Some firms worked with machinery suppliers to 

lead in equipment development and adoption, and innovated to change or build on supplier 

equipment and to adapt to supplied components. 

Limited patentability reduced incentives to sell process innovations to the industry.  I 

carried out an extensive patent analysis.  Only 2.6% of U.S. television manufacturers’ innovations 

were wholly patented, and 2.2% were partly patented.  Another 1.9% were described but not 

claimed in patents.  Many innovations were probably obvious enough that they could not be 

claimed.  A few involved business processes not subject to patenting.  Innovations often built on 

innovating firms’ production methods, and would only sometimes apply in other firms without a 

change to their manufacturing methods. 
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VI.C. Duplicative Innovation 

 Identical manufacturing needs brought duplicate innovation, especially for high benefit-to-

expense innovations.  The trade literature revealed that many firms solved the same problem, with 

diverse solutions.  Conveyors and movers for chassis being assembled on a production line were 

remarkably diverse.  In some firms, workers slid the chassis along worktops, while in others 

wheeled dollies were placed beneath the chassis, or a continual line of rollers facilitated pushing, 

or conveyor belts moved the chassis continually or at timed intervals. 

Likewise, diverse solutions were apparent for the placement of machinery to punch holes 

in sheet steel to build an empty chassis, the number and layout of holes punched simultaneously 

in successive punching operations, the method of twisting wires together by operators including 

by hand and with air guns, methods of soldering wires, test procedures and layout and function of 

test equipment for television circuitry, methods to hold wooden parts in place when building 

cabinets, manufacturing methods for steel and plastic cabinets, burn-in arrangements to verify 

receivers’ continued operation, and methods to put television receivers into packing boxes and 

close the boxes. 

VI.D. Product Innovation and Reliability 

 Product innovation also occurred steadily.  Product innovations necessitated change to 

precise manufacturing activity at specific locations in a plant, but almost never required a change 

in manufacturing technique.  Inserting components and wires for revised electronic circuits 

required revised bins of parts and revised directions for insertion and soldering by a few assembly 

operators or machines.  Also, an operator’s test procedure might change.  A larger television screen 

might require a change to the width and spacing of the assembly line, although some lines 

accommodated multiple picture tube sizes, in different chassis or in a single chassis design that 

accommodated either of two sizes. 

Product reengineering steadily improved manufacturing efficiency, but product 

reengineering is almost never captured in the innovations data.  The switch to printed circuits 

necessitated product reengineering.  The switch from wood to plastic and steel cabinets and to 

printed veneers, which reduced material and production cost, required process innovations in 

cabinet manufacture. 

 Reliability of television receivers benefited from manufacturing improvements.  

Innovations in integrated circuits, component insertion, and dip soldering enhanced reliability 
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(Arnold 1985, 113-114) and often had high cost reduction ranks.  Firms likely succeeded in 

reliability improvement when they succeeded at cost reduction. 

VII. CONCLUSION 

 Process innovation for U.S. television receivers drove major cost reductions and pioneered 

methods of mechanization.  Easy innovations pursued by all firms coincided with high-expense 

innovations by large firms.  As a result, large firms propelled the shift to mechanized production.  

Large firms mechanized through automation, multiple operation, and complex combination of 

manufacturing steps.  These findings confirm a model of firms’ incentive to pursue innovation 

opportunities, in which leading firms expect to produce the most and therefore innovate the most 

intensively.  The model extends theory on R&D expense-spreading, to show that the direction of 

innovative progress must be affected by firm size.  Larger television manufacturers 

disproportionately pursued innovation in expensive parts of plants.  They made bigger jumps more 

often, in projects that must have been disproportionately expensive.  Their printed circuit board 

and mechanization innovations must have been particularly expensive. 

If indeed innovation in large-equipment parts of production, in radical technological jumps, 

in printed circuit boards, and in mechanized production involved a high R&D expense to benefit 

ratio, then the evidence shows that by pursuing such expensive innovations, larger firms moved 

rapidly down the learning curve of unit cost reduction, as measured categorically here in terms of 

innovations’ cost-reduction impacts.  Difficult as well as easy innovation projects meant that large 

manufacturers refined their manufacturing processes and achieved efficient production.  Cost 

reduction drove down prices, kept strong innovators profitable, and helped innovators survive 

despite the fall in prices.  The industry increasingly was dominated by a few highly innovative 

firms, with the number of firms falling from 92 in 1951 to 15 by 1974 (Klepper and Simons 2000).  

Innovation continued long beyond the sample studied here.  Labor productivity for U.S. radio and 

television receivers, in Online Appendix Figure A4, improved 75% in 1958-1970, 72% in 1970-

1980, and 109% in 1980-1985 (U.S. Bureau of Labor Statistics 1988, p. 130). 

 Manufacturers developed hundreds of innovations across the manufacturing process.  

Minor innovations greatly outnumbered major innovations, and likely swamped major innovations 

in total importance, as Abernathy, Clark, and Kantrow (1983) observed for automobiles.  Some 

innovations were necessary to allow new product characteristics, with select incremental product 
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improvements such as set reliability and new cabinet types effectuated by process change, just as 

Pisano (1997) points to new product introductions effectuated by process development.   

International competition intensified for television manufacture in the 1970s and 1980s.  

Eventually, all the original U.S. manufacturers exited or were acquired by their international 

competitors.  While U.S. firms had been leaders in applying the new technology of printed circuits, 

Japanese firms were faster to use and pursued more intensively a new technological trajectory of 

integrated circuits (Wooster 1986).10  U.S. businesses thereby lost control of the entire consumer 

electronics sector, an economically important and profitable sector with close ties to other 

electronics industries deemed important to national security.  Attention to the principles of 

continual process innovation might have prevented this loss, and still can help nations which once 

were industrial leaders to become, if not industrial leaders again, at least substantial producers of 

important industrial goods. 

The innovation data developed here complement survey and patent research on innovation.  

Rammer (2022) describes firm survey findings that process innovation is comparable in frequency 

to product innovation, much more frequent if organizational and marketing methods are considered 

processes, and he analyzes some possible determinants and impacts of process innovation.  Survey 

analyses have not however probed the research questions studied here.  Process patents remain 

difficult to discern, reflect a minority of incremental process innovations, and include non-

commercialized inventions.  Methods to classify process innovations in patent data include 

proposals by Bena, Ortiz-Molina, and Simintzi (2022), Banholzer et al. (2019), and Ganglmair, 

Robinson, and Seeligson (2022).11  The 4.8% (whole or partial) patenting rate observed here for 

incremental process innovations gives pause though, as does the unknown rate at which patented 

inventions are implemented.  Detailed industry-specific innovation research thus can reveal novel 

insights that may be researched in later surveys and potentially through patents. 

 
10 The potential for integrated circuits was not obvious to U.S. manufacturers.  RCA pioneered alternative thick-film 

ceramic circuit modules, and in 1971 opened a ceramic circuit plant costing over $5 million, but quickly closed the 

plant as advances in integrated circuits made its ceramic circuits obsolete (Wooster 1986, pp. 74-75). 
11 Bena, Ortiz-Molina, and Simintzi (2022) identify process patents by terms “A method of/for” or “A process of/for” 

in patents’ claims.  However, many patents on internal manufacturing processes do not fit this description, because 

they are devices used in manufacture, features of manufacturing devices, new components designed to allow new 

methods of manufacture, or, if it is considered process innovation, redesign of the product to facilitate manufacture. 
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Hopenhayn and Squintani (2021) and Hill and Stein (2020) point out that the most 

important research problems receive excessive attention that degrades social returns and quality of 

innovation.  The most important television receiver process innovations similarly seem to have 

been duplicated across all firms, if “most important” is defined as highest unit cost reduction per 

R&D dollar.  However, high innovation cost limited innovation to the very large producers for 

radical new technology and for major unit cost reduction innovations.  Thus, the degree of excess 

attention to incremental innovations for an established product depends on the output of the 

innovating firms.  Moreover, the experience in television manufacture points out that other firms 

still carry out an innovation after one firm innovates, a feature not in Hopenhayn and Squintani’s 

model, as in cases of trade secrecy given limited patent protection.12 

Theoretical models of innovation outcomes, such as Bryan and Lemus (2017) and 

Hopenhayn and Squintani (2021), contrast equilibrium innovator behaviors with social optima.  

Although I do not analyze social optima, duplication of R&D across firms is usually regarded as 

socially nonoptimal, expanding Bryan and Lemus’s point that the number of firms increases 

specific distortions in R&D incentives, and echoing Dasgupta and Stiglitz (1980).  My model like 

Hopenhayn and Squintani’s includes a distribution of returns across potential innovations, 

however, the distortion they describe in R&D allocation does not arise directly here because firms 

that develop an innovation use it as a trade secret instead of precluding other firms from developing 

the same innovation.  Like both analyses, my model implies a direction of innovation, toward high-

return innovations as Hopenhayn and Squintani show, but also toward mechanization. 

Other empirical analyses of innovation have demonstrated the role of specific causes 

affecting innovation direction.  For example, Furman and Teodoridis (2020) demonstrate a 

 
12 Trade secrecy laws encourage non-disclosure of innovations rather than patenting, a pattern judged by Ganglmair 

and Reimers (2021) to cause social welfare loss.  However, it is curious that the television manufacturers were willing 

to disclose without patenting at least an overview and sometimes details of their process innovations.  This finding is 

consistent with evidence that firms have other means than patents and trade secrecy to profit from their innovations, 

such as lead time, costs of achieving scale, and the learning curve (Levin et al. 1987, Cohen, Nelson, and Walsh 2000).  

The means to capture returns from innovation are not dichotomous to patents and trade secrecy.  Firms that had to use 

information from trade articles to get process innovation ideas were behind enough in the innovative race that they 

were bleeding out their little remaining market share and posed no real competitive threat.  Moreover, even with a 

detailed trade article, replicating an innovation would still require near as much expense as the original innovation 

(Mansfield, Schwartz, and Wagner 1981). 
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reorientation of innovation caused by a new input technology, and Hanlon (2015) demonstrates a 

reorientation of innovation caused by a shift in material input availability.  Like Hanlon’s study, 

this study develops justifiable means of identification, and like Hopenhayn and Squintani’s study, 

this study details a cause of innovation direction apparently new to the research literature.  The 

resulting innovation direction depends on no external shift, and affects mechanization. 

Studies of automation have mainly focused on employment impacts.  The Census data for 

radio and televisions suggest that automation in television manufacture reduced jobs as Acemoglu 

and Restrepo (2018) describe.  However, output expansion, a factor assessed by Autor and 

Salomons (2018), apparently maintained jobs in many years despite the rapid growth in labor 

productivity.  Television manufacturing outcomes were similar to typical recent employment 

outcomes analyzed by Benmelech and Zator (2022).  Further research should go beyond 

employment impacts to better understand the determinants of automation, as this study has done. 

It remains to be confirmed whether the process innovation patterns for televisions apply 

widely in other manufacturing industries and over the industry life cycle.  Historical and trade 

studies suggest that manufacturing process innovation typically fits the conditions observed here.13  

In DuPont’s manufacture of rayon, for example, minor technical changes exceeded major changes 

in their aggregate cost reduction, improvements occurred rather steadily across the manufacturing 

process, and improvements were sustained (Hollander 1965).  How widely the marginal cost of 

innovations drives mechanization and the direction of cost reduction, however, deserves analysis 

across industries. 

This paper has addressed a central part of the issues of mechanization and cost reduction 

considered urgent today.  Mechanization is a third dimension of manufacturers’ cost reduction 

learning curve, driven by the logic of innovation decisions.  By understanding how innovation 

expense and benefit incentives drive production cost reduction, researchers may better understand 

why and how automation and other forms of process innovation occur and impact firms and their 

workers.  These issues are at the core of the efficiency benefits and workforce and industrial shifts 

that result from firm innovation. 

 
13 My finding that firms with more radical process innovations also have more incremental process innovations is 

confirmed for UK manufacturers in general by Reichstein and Salter (2006). 
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A Line-by-Line Proof of Proposition 2, to Aid Verification 

 The sample space contains innovative opportunities 𝑖 that vary in R&D expense 𝑟!, benefit 

to average production cost 𝑏!, and a characteristic 𝑦-! such as mechanization.  See Figure A1.  All 

innovations from the vertical axis to the boundary ray where 𝑟/𝑏 = 𝑄 are implemented by a firm 

with output 𝑄.  A smaller firm implements all innovations in the darker shaded region, and a larger 

firm implements all innovations in both the darker and lighter shaded regions.  Each ratio 𝑥 = 𝑟/𝑏 

corresponds to innovations on a particular ray from the origin.   

 Let 𝑓-(𝑏, 𝑟, 𝑦)  denote the joint probability density.  I address the case where the 

characteristic is a 0-1 variable; for a continuous characteristic, the proof is analogous.  Let 𝐹(�̅�) 

denote the cumulative probability that 𝑟 𝑏⁄ ≤ �̅�, i.e., the probability that an innovation is to the top 

left of the ray corresponding to �̅�, or on the ray, but not to the bottom right of the ray. 

The expectation of 𝑦-! among the firm’s innovations is 

𝐸[𝑦-!|𝑥! ≤ �̅�] = Q Q @𝑦𝑓-(𝑏, 𝑟, 𝑦) ∕ 𝐹(�̅�)
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where 𝜌 is the distance from the origin along a ray. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1.  The sample space for 𝑟 and 𝑏, with rays where 𝑏 𝑟⁄ = 1/𝑄 for some 𝑄. 
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 The partial derivative with respect to �̅� is 

𝜕
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This is strictly positive for all �̅� > 0 if and only if: 
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for all �̅� > 0.  The right hand side of this expression is 𝐸[𝑦-!|𝑥! ≤ �̅�]. 

The left hand side is next shown to be 𝐸[𝑦-!|𝑥! = �̅�].  To see this, first compute 𝐹+(�̅�): 
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Then note that the expectation 𝐸[𝑦-!|𝑥! = �̅�] is  

Q
𝜌

1 + �̅�,@ 𝑦𝑓- S
𝜌

√1 + �̅�,
,

𝜌�̅�
√1 + �̅�,

, 𝑦T
.

678

9

:78

1
𝑀𝑑𝜌 

where 

𝑀 = Q
𝜌

1 + �̅�,@ 𝑓- S
𝜌

√1 + �̅�,
,

𝜌�̅�
√1 + �̅�,

, 𝑦T
.

678

9

:78
𝑑𝜌 = 𝐹+(�̅�) 

so that 

𝐸[𝑦-!|𝑥! = �̅�] = Q
𝜌

1 + �̅�,@𝑦𝑓- S
𝜌

√1 + �̅�,
,

𝜌�̅�
√1 + �̅�,

, 𝑦T
.

678

9

:78

1
𝐹+(�̅�) 𝑑𝜌 

which is the aforementioned left hand side. 

 



Online Appendix 

 3 

B Data 

B.1 Innovations Data 

 Articles relevant to television manufacturing processes come from the Industrial Arts Index 

categories “Television Receiving Apparatus: Manufacture” and “Television Receivers: 

Manufacture,” plus manufacturing-related articles from television testing and other television 

categories.  Articles were found from 1947 to 1971, in the journals Electronics (145 articles), Tele-

Tech (12), Iron Age (6), Journal of the British Institute of Radio Engineers (6), Factory 

Management and Maintenance (5), Industrial Finishing (5), Steel (5), and twenty-one other 

journals (3 or fewer articles each).  Articles in Electronics were often short manufacturing tips.  

Other articles, especially in Tele-Tech, were special features with many multi-page subsections.   

 Only the first use of a technique is considered an innovation.  If multiple firms developed 

a technique near-simultaneously and articles do not distinguish who was first, I treat all those firms 

as innovators.  Later uses of the same technique by another firm rarely appeared in the articles, 

and I exclude the later uses from the list of innovations.  In studying duplicate innovation, close 

duplicates could not be measured systematically, given the lack of published information on 

additional manufacturers’ implementation of a previously described manufacturing method. 

 I developed an earlier version of the data, with cost-impact ranks but absent other measures 

of the direction and nature of innovations (Klepper and Simons 1997, 2000, 2005).  Beyond the 

264 U.S. process innovations in the earlier version, I added 14 non-U.S. innovations and 25 U.S. 

innovations.  The U.S. additions include a few innovations missed in earlier readings of the trade 

articles, and they disaggregate groups of innovations by a consistent rule, instead of counting an 

entire group as one in some cases where separate improvements were related in purpose or locus.  

One of the most closely-related groups, for example, involved (a) rubber pads designed to press 

against and thereby clinch tight the wire leads that protruded below a printed circuit board, (b) an 

aluminum molding technique to develop master molds to make in quantity the rubber clinching 

pads in place of a prior hand-carving method to make the pads, and (c) development of a foot pedal 

trigger for an operator to activate hydraulic cylinders that sequentially patted down the protruding 

wire leads and then cut and clinched them. 

 



Online Appendix 

 4 

B.1.1 Definitions of Variables Describing Innovations 

All innovation variables have precise definitions.  Once definitions were mutually agreed, 

the double-coding of variables by a research assistant, and joint agreement of appropriate treatment, 

rarely caused disagreement as to correct values.  Rather, the discussion of variable coding caused 

discussion of definitions that would capture named concepts appropriately and consistently. 

Region.  U.S. (289 innovations) or England (14 innovations).  Regression analyses are 

restricted to the 289 U.S. innovations, and innovation-firm pairs of U.S. television manufacturers. 

Unit Cost Impact.  A ranking from 1 to 7 of impact on unit manufacturing cost.  Table IV 

states the criteria that guided evaluation of cost impacts. 

Locus.  A part of the manufacturing process where the innovation was embodied.  Table V, 

and section B.1.2 below, document the loci. 

Automation.  Whether the object described in the innovation operated actively in the 

manufacturing process without direct human control and without direct human involvement for a 

period of at least seconds, 1 if true, 0 otherwise.  I thus count as non-automated (0) tools that were 

passive, like holders or braces, tools that kept going but had to be interacted with by a person, like 

a constantly turning sander against which a person pushed a cabinet or like lights which a person 

used in the work process, and tools that were triggered by a person and then acted quickly, like a 

nail gun or punch press.  I thus count as automated (1) machines that were started by a human but 

then did steps on their own, such as a conveyor belt or integrated circuit board printer. 

Multiple Operation.  Whether the innovation combined or facilitated multiple steps or 

performed multiple of the same step, in one operation or in a sequence without intervention, thus 

carrying out a multiplicity of manufacturing activities that previously were independent, all in the 

one innovation, 1 if true, 0 otherwise.  Conveying is not counted as multiple, except when 

extending carrying capacities in one location within a device that moved the objects being worked 

on.  Central test signal generators are not counted as multiple. 

A step is defined in constant terms, in the manner television manufacturing was carried out 

circa 1947.  A step is often defined as a person inserting one or a few components such as resistors 

or capacitors into a chassis or board, but steps were not defined separately for an operator’s picking 

up of components from bins, her movement of components to the chassis, the downward thrust of 

the component into the chassis, and the upward motion of her arm to follow.  The aggregated 

definition of a step matters when considering machines for which their descriptions indicate that a 
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machine took a component, moved it to the right location, inserted it, and then prepared to take a 

next component.  A machine for which such activities are detailed in an article is nonetheless 

considered as carrying out just one manufacturing step, with the steps defined to maintain 

consistency in coding. 

The issue of multiple operation becomes more complicated to assess for machinery that 

dealt with printed circuit boards.  A machine dealing with printed circuit boards might carry out 

one part of a step previously performed by a human, but do that part of a step many times.  In such 

cases it was necessary to estimate whether the machine approach yielded a net volume increase, 

by multiplying the fraction of the human step by the number of duplicate activities carried out in 

a similar time, for example doing one-third of what was necessary to prepare the wire that would 

go between two components, but doing that for a printed circuit board that effectively replaced 80 

wires, and perhaps even doing that for multiple boards in a short time.  Although this approach 

sometimes requires more estimation, it is necessary to ensure consistent treatment, and in practice 

the judgements are usually straightforward. 

Complex.  Whether the innovation combined or facilitated multiple different steps, thus 

carrying out a multiplicity of manufacturing activities that previously were different separate steps, 

all in the one innovation, 1 if true, 0 otherwise.  See the comments on the definition of a step in 

the definition of the Multiple Operation variable.  Pure mover-storage combinations, that move an 

object while storing it (such as a burn-in line for completed television receivers to detect problems 

before packing), are not counted as complex. 

Tool Use.  Whether the innovation involved an object in contact with or directly operating 

on anything, 1 if true, 0 otherwise.  For example, the contact or operation may have involved a 

receiver being made, one or more components of a receiver, manufacturing or lab equipment, 

blueprints, or even exhaust air.  Innovations that only affected employees, for example by 

providing instructions or using a green color for test equipment, are not counted as tool-related.  

Thus even parts bins and holders and desks and tables are considered tools.  While this definition 

of tool use is broad, it is systematic, and it avoids problems with alternative definitions—defining 

tools to be only objects in contact with or directly operating on a television receiver or its parts, 

including the cabinet or the boxed television, would exclude some innovations that use standard 

tools in subsidiary roles—hence the need for this broad definition. 
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Size of Equipment Embodying Innovation.  Four categories indicate whether the innovation 

was embodied in a machine and the size of the machine.  The categories are: In Machine Less 

Than 1.5 Cubic Feet, In Machine 1.5 to Less Than 7.5 Cubic Feet, In Machine 7.5+ Cubic Feet, 

and Not In Machine or Not In 1 Machine.  Thus if an innovation was embodied in multiple 

machines, it is assigned to the last category together with innovations not embodied in any machine.  

Equipment sizes are volumes usually estimated from photographs.  Air space is included if the 

object when not in use would preclude use of the air space.  To provide consistent concrete 

reminders of these size thresholds during coding, size exemplars kept in mind are the size of a 

specific modest microwave oven, 1.5 cubic feet, and the size of a rectangular prism of space that 

could accommodate an adult human, 7.5 cubic feet. 

Printed Circuit Related.  Whether the innovation related to, made possible, or built on the 

use of printed circuit boards, 1 if true, 0 otherwise.  Thus innovations that automatically inserted 

components into printed circuit boards are printed circuit related (1), as well as innovations in how 

the boards were produced. 

General Purpose.  A measure of innovation scope: whether the innovation was widely 

applicable to other electronics products, not just televisions, 1 if true, 0 otherwise. 

Non-Specialized.  A measure of innovation scope: whether the innovation needed no 

specialization to its application, 1 if true, 0 otherwise.  For example, a paper cover designed to 

slide over a printed circuit board before dip-soldering did have to be specialized; it had to be pre-

cut with holes for the regions where the solder was to go on a specific circuit board, so it must be 

coded as 0.  Specialization occurred if the innovation’s instantiation would have required a change 

outside television manufacture.  If the same innovation or device made for television manufacture 

could be applied to other electronics products without modification, the innovation was non-

specialized (1), but if modification would have been necessary to allow other electronics product 

applications, the innovation was specialized (0).  Thus if physical size was tailored for the 

innovation’s use, but the same size could be applied for many other electronics devices, then 

physical size alone does not indicate specialization.  This variable is defined negatively instead of 

positively, non-specialized instead of specialized, so that both it and General Purpose are positive 

measures of innovation scope.  An innovation coded as specialized is also coded as general-

purpose if the content of the innovation included a technique widely applicable with only some 

tailoring (specialization) required for the other applications. 
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Firms Developing Innovation.  Three categories distinguish the number and types of firms 

developing an innovation: Singly Developed innovations were by one firm, 2+ Competitors 

Developed indicates that competing television manufacturers developed similar versions of the 

innovation near-simultaneously, and Developed with Supplier indicates that a television 

manufacturer developed the innovation cooperatively with a supplier. 

Innovation Depended on Supplier.  Whether and with what degree of certainty the 

innovation depended on one or more suppliers, excluding basic tools and materials.  Three 

categories are defined: Innovation Did Not Depend on Supplier, Innovation Depended on Supplier 

Possibly, and Innovation Depended on Supplier Definitely.  I include eight forms of supplier 

dependence, each initially coded separately: (1) the innovation consisted of adoption of supplied 

equipment, (2) the innovation involved specialization of how the supplied equipment was used, 

(3) the innovation involved the modification of supplied equipment, (4) the innovation was 

designed to work with supplied equipment, (5) supplied conveyor equipment was a major 

component of the innovation, (6) the innovation involved supplied specialist materials, (7) the 

innovation involved a consultancy supplying advice, and (8) the innovation otherwise related to 

supplied equipment because it (a) specified the location of the equipment, (b) depended in part on 

supplied equipment, or (c) for a general technology put to use (printed circuit boards or integrated 

circuits) apparently depended on supplied equipment, design, or components.  In a few cases an 

innovation depended on one or more suppliers in two of these ways.  For innovation-firm pairs in 

which the innovating firm was a supplier, this variable encodes whether there was involvement of 

an upstream firm supplying to the innovator, but such cases are not regressions as they are limited 

to U.S. television manufacturers.  Definite supplier dependence indicates that a source article 

indicates a specific supplier, or Possible supplier dependence indicates that the source articles do 

not name a specific supplier but supplier involvement seems likely.  In contrast, firms often built 

their own manufacturing equipment rather than relying on a supplier. 

Although every innovation used some supplied materials, I do not code an innovation as 

supplier dependent merely because of materials or equipment used if the materials or equipment 

were commonly available, inexpensive, and routine.  For example, masking tape, signs suspended 

on wires, screwdrivers, and air guns are not considered causes of supplier dependence.  Routine 

but fairly expensive equipment, such as riveting machines, is considered a source of supplier 

dependence. 
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Year.  The year of an innovation is the year in which information about the innovation was 

published, except if an article indicates that the innovation occurred substantially earlier.  Five 

innovations are dated earlier than the publication year by 4 years (3 innovations), 5 years (1 

innovation), or 20 years (1 innovation).  These cases use the actual year the innovation was 

implemented. 

Patent Claims, Partly Claims, or Describes Innovation.  In what sense U.S. television 

manufacturers’ process innovations match U.S. patents by the innovating firms.  I used extensive 

keyword searches of patent full text to identify patents that might possibly describe an innovation, 

with sets of keywords chosen to ensure identification of relevant patents.  I read potentially related 

patents to determine their relevance to an innovation.  For the 12 innovating firms that applied for 

under 3,000 patents during 1935-1975, I checked all of each firm’s patents from that period to 

ensure that I did not miss relevant patents in keyword searches.  The studies of all patents of each 

of the 12 firms confirmed that the keyword searches correctly identified the relevant patents. 

 Full documentation of the patent search exceeds 300 pages.  The documentation contains 

tables of search terms and results by innovation.  It examines cases with potential matches 

including photographs and text from innovation source articles, images from patents, and 

comparisons of patents and innovations.  It also provides detail on the patents, and their relation 

to innovations, for searches of all patents in firms with under 3,000 patents during 1935-1975. 

 

B.1.2 Loci of Innovation 

Loci of innovation appear in Figure A2, with blocks that indicate parts of the manufacturing 

process.  The chassis or interior frame of a television was first built up and riveted together (1), in 

preparation for the placement of numerous electronic components inside the chassis.14  Component 

parts, usually purchased from third-party suppliers, were collected, tested where needed for quality 

assurance, sometimes worked on further, and sorted into bins (2).  Some components, including 

coils and yokes (3) and eventually printed circuit boards (4) were prepared inside the factory.  

Design changes in the television itself (5) had implications for the manufacturing process, and 

careful design could facilitate assembly as well as decrease assembly-related faults. 

 
14  As an example, a 1948 Philco model 49-1001 television receiver included 692 mechanical components, 280 
electrical components, the cathode ray picture tube, 26 other electronic tubes, and 10,392 feet of wire (Tele-Tech 
1948, 86). 
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Figure A2. Loci of television receiver process innovations. 

 

Components were assembled into the chassis, initially by a long line of employees who 

plucked parts from bins and placed them into the correct locations in the chassis or circuit boards 

(6).  Wire leads of the components needed to be attached to each other or to circuit boards, and 

this was done by soldering (7), that is, using a melted metal alloy to attach the component wires.  

Soldering of sub-assemblies or parts just assembled, before the advent of dip soldering, was done 

before further assembly, so assembly and soldering were intermixed operations, and together 

accounted for the biggest part of the production process.  During and after assembly, the electronics 
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of a television receiver were tested and aligned (8), in part by attaching a picture tube and having 

the assembled television receive a test signal within the manufacturing plant, then adjusting the 

circuitry for signal reception. 

Picture tubes (9) were occasionally made by the manufacturer of the television receiver, in 

a separate plant, but more often were bought from third-party manufacturers and tested after arrival.  

Hence picture tube manufacturing innovations are not analyzed.  Cabinets were commonly made 

within the same television manufacturing plant (occasionally) or firm (10).  The assembled chassis 

and picture tube were together slid into a cabinet (11), then packed into a box and crated for 

shipping (12). 

 Conveyors and movers (13), including rollers, mechanized conveyer belts, overhead 

movers, and industrial trucks or truck trains, facilitated transport from one worker’s station or 

section of a plant to another.  Positioning devices (14) included fixtures and jigs custom-designed 

to hold pieces of work and help guide assembly and soldering, plus chassis trunnions which 

allowed the chassis to be pivoted during work operations.  Movers and positioning devices also 

appeared less frequently in other parts of the process, such as cabinet making, even outside the 

dashed lines. 

An “Other” category (15) covers parts of the manufacturing process not classified 

elsewhere.  This includes plant layout, output count, quality control scoreboards to motivate 

employees, use of test results to guide operational improvements, and pollution controls.  Five of 

the 303 innovations were classified as “Other.” 

 

B.2 Manufacturer Output and Entry and Exit Years 

B.2.1 Television Entry and Exit Years 

Television manufacturing years stem from successive editions of Television Factbook, a 

trade publication published initially quarterly and later annually (Klepper and Simons 2000). 

B.2.2 Television Manufacturing Output 

Televisor Monthly’s March 1948 data indicating that Radio Manufacturers Association 

members produced 6,476 television receivers in 1946 and 178,571 in 1947 can be viewed at 

http://earlytelevision.org/us_tv_sets.html.  The site is archived at the Internet Archive. 

 Datta (1971, 14, 215-216, and 295) reports television receiver market shares, among 7.4 

million units sold, that total 69.6%.  Sears’ 0.8% share from Datta I attribute one-third each to Air 
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King and the two other firms that produced for Sears around this period (Carbonara 1989) (see 

also Television Digest and FM Reports issues from 1948).  For remaining firms, I use the available 

projected 1950 outputs from the Television Shares Management Co. (TSMC) (Barron's 1950), 

multiplied by a constant of proportionality such that firms in both sources have the same total share.  

This leaves 5.83% of sales unaccounted for.  I attribute half the remainder evenly to 11 second-

echelon firms listed by TSMC without output projections and not listed by Datta.  I attribute the 

other half evenly to the 69 additional firms. 

 For firm-level analyses, firms not manufacturing in 1950 have zero output, but when 

computing log 1950 output share I assign them one standard deviation lower log output share than 

the lowest value for 1950 manufacturers, to acknowledge their smaller size and avoid undue 

influence on the results while retaining the firms in the analysis.  The estimates retain the same 

sign and remain statistically significant, in Online Appendix Table A10, if firms not manufacturing 

in 1950 are assigned two or zero standard deviations lower log output share than the lowest value 

for 1950 manufacturers, or if the firms are dropped.  The firms did not have innovations, so these 

treatments do not affect the innovation sample, and affect only the firm-level analyses of 

unweighted or weighted innovations per year summarized in Figure III Panel A. 

B.2.3 Radio Manufacturing Entry Year 

Manufacturer entry years come, with one exception, from the website radiomuseum.org.  I 

examined current and past names of each U.S. firm, as well as names of acquired radio 

manufacturers, to determine the earliest date when a firm manufactured a radio.  I exclude early 

radios known as crystal radios.  For merged firms, I use the earliest year of radio manufacturing 

entry among all the combined firms.  radiomuseum.org sometimes indicates with question marks 

uncertainty in the dates of radio models.  I use dates even if they involve uncertainty, however, 

Online Appendix Table A3 shows that results are similar when I ignore models whose dates are 

uncertain.  Name changes, acquisitions, and mergers were identified using historical and enthusiast 

books and websites, intensive searches of New York Times articles, and other newspapers and 

magazines.  Information was collected during February 7 to October 16, 2018, and then updated 

on February 28, 2022 to take account of the small amount of new information for all firms with 

television manufacturing innovations. 

 Corrected Treatment for DuMont Laboratories.  One firm, DuMont Laboratories, Inc., had 

information on radiomuseum.org in 2022 that is inconsistent with available facts about the 
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company.  DuMont Laboratories did not manufacture radios in 1932, when radios of a separate 

firm Dumont Electric Co. were misattributed to DuMont Laboratories, nor in 1934, a date indicated 

as very uncertain in radiomuseum.org for a U.S. Army Signal Corps radio model that seems to 

have been produced by DuMont Laboratories during World War II.  Models listed in 

radiomuseum.org for 1939 represent DuMont Laboratories’ earliest entry into radio manufacture.15 

 
15 DuMont Laboratories was founded by Allen B. DuMont, who developed cathode ray picture tubes, which were all-

electronic in contrast to prior experimental picture tubes which used moving parts (H. W. Wilson Company 1947, 

Weinstein 2004, 9-12, Smithsonian Institution 2022).  Mr. DuMont applied cathode ray tubes to televisions, 

developing a television manufacturing business and a television broadcast network.  After receiving an Electrical 

Engineering degree from Rensselaer Polytechnic Institute in 1924, he worked for Westinghouse Lamp Company in 

Bloomfield, NJ and then in 1928 moved to the De Forest Radio Company, where he decided that a cathode ray tube 

was needed for successful television.  In both firms he developed and supervised the manufacture of radio receiving 

tubes.  He lost his job in 1931, when the De Forest Radio Company failed.  He then set up a cathode ray tube 

manufacturing business at his home in Upper Montclair, NJ.  Although short on funds, he used $500 of his own plus 

$500 from a neighbor to hire a few glassblowers.  Work started from his basement and expanded into his garage, until 

in 1933-1934 the business moved into some empty stores and in 1937 it also occupied a former pickle plant in Passaic, 

NJ.  The business went by the name Allen B. DuMont Laboratories at least by 1932 (advertisement, Electronics Nov. 

1932, p. 16).  Funds were scarce, with gross sales the first year of $70, and until 1934 he borrowed money “on his life 

insurance and from his relatives” (H. W. Wilson Company 1947, 163).  In 1934 a friend, Mortimer W. Loewi, provided 

funds resulting in incorporation of the business.  DuMont’s cathode ray tube lasted a thousand hours and were 

inexpensive to manufacture, but in the 1930s there were few sales of the tube.  Instead, DuMont prospered by selling 

oscilloscopes, which displayed oscillations in electrical current. 

radiomuseum.org as of February 28, 2022 lists DuMont radio models dated 1932 based on two early 

collector’s guides (Langley 1981, 208, Grinder 1995, 174).  However, the guides attribute 1932 radios not to DuMont 

Laboratories, but to a similarly named firm, Dumont Electric Co. Inc. of New York, NY.  radiomuseum.org previously 

(as of February 9, 2018) listed the models under that separate firm, but the entries for Dumont Electric Co. were later 

folded in with the entries for DuMont Laboratories.  Dumont Electric Co., at 40 West 17th Street, New York, NY, 

made in 1930 capacitors and static eliminators for radios (Talking Machine and Radio Weekly, Feb. 19, 1930, p. 33).  

Dumont Electric Co. was also briefly known as Dubilier Clock Corp., “[s]uccessor to Dumont Elec. Co.” (Talking 

Machine and Radio Weekly, March 5, 1930, advertisement p. 26; see also Talking Machine and Radio Weekly, March 

5, 1930, article p. 36; March 19, 1930, advertisement p. 39; April 2, 1930, advertisement p. 32; April 16, 1930, article 

p. 12; April 30, 1930, advertisement p. 37; May 7, 1930, article p. 9; May 21, 1930, advertisement p. 38).  In 1931, 

the firm made six models of radios under the name Dubilier, and in 1932 it made eight models again under the name 

Dubilier but using the company name Dumont Electric Co., according to Langley (1981, 208).  Dumont Electric Co. 

continued to advertise its capacitors at least into 1938, at a new address in New York, NY (Electronics, Nov. 1938, 
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B.2.4 Radio Manufacturing Output 

MacLaurin (1949, 139 and 146) lists 1940 production for 18 radio manufacturers totaling 

87% of the U.S. output of about 11.8 million radio receivers.  Market shares of predecessors are 

combined for merged firms. 

B.2.5 World War II Radio Manufacturing Output through Government Contracts 

U.S. radio manufacture was banned during World War II except through military contracts 

beginning the same date as for television manufacture, April 22, 1942.  The value of output from 

World War II U.S. government contracts valued at $50,000 or larger comes from a four-volume 

report of the Civilian Production Administration (1946), which disclosed contracts by firm.  

Among the reported radio contracts awarded to the firms that went on to manufacture televisions, 

0.08% of value (4.1% of contracts) was for contracts under $60,000, 0.21% of value (9.5% of 

contracts) was for contracts under $75,000, and 0.39% of value (15.5% of contracts) was for 

contracts under $100,000, suggesting little error from censoring of small contracts. 

When totaling the value of radio-related contracts, I include radios, radio kits, major radio 

subassemblies, unspecified communication equipment, unspecified sound signal apparatus, and 

radio equipment for aircraft.  I exclude components such as tubes and crystals, antennas, and 

classified products.  Classified products are effectively missing data, but represent only 1.8% of 

 
advertisement p. 80).  The sources I have consulted indicate no connection of Allen B. DuMont with Dumont Electric 

Co., and it is notable that at a time of scarce entrepreneurial resources for Mr. DuMont, he made no use of any 

established business connection to carry out the work, and that the Dumont Electric Co. used a lowercase m in its 

name whereas DuMont and his mother spelled their names with an uppercase M.  In any case, even were there some 

connection, Dumont Electric Co. was an entirely separate business from DuMont Laboratories. 

 radiomuseum.org also lists a date of “1934??” for a U.S. Army Signal Corps radio receiver model BC-186.  

That model of radio was also produced by at least one other company, J. H. Bunnell & Company of New York, NY 

(W1TP Museum of Telegraph and Scientific Instruments 2008), and was described in War Department (1943), 

suggesting that it was produced during World War II.  Indeed, both firms manufactured radios and communication 

equipment for the Signal Corps during World War II, with potentially relevant Signal Corps contracts of $50,000 or 

larger completed by Bunnell in 1941, 1942, and 1943 and by DuMont Laboratories in 1942 and 1944 (Civilian 

Production Administration 1946). 

 To be safe, I also searched the full text and advertisements of issues of the magazines Electronics, Radio-

Craft, and Radio News during 1931-1938 and found no reference to DuMont Laboratories radios, despite many 

references to DuMont Laboratories picture tubes and oscilloscopes.  Therefore I use the later date of 1939 for DuMont 

Laboratories’ entry into radio manufacture. 
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the total value of wartime contracts filled by the television manufacturers with process innovations 

in the data.  Television manufacturers are not combined with their parent firms, to avoid possible 

different interpretations of the “unspecified” categories.  I read all product names and specifically 

distinguished product names that pertained to radios.  I noted as unrelated to radio the product 

names of non-radio communication equipment.  After distinguishing radio-related and -unrelated 

product names, I repeatedly reread the list of product names and distinguished additional product 

names until remaining names were obviously unrelated to radio (e.g., fire control systems, 

turbosuperchargers, ordnance material, internal combustion engines, machine guns, or radar sets). 

The product names classified as radio contracts are those containing the substrings, or 

exactly equal to the strings if the note [e] appears below, for the following strings: “radio equip”, 

“radio parts”, “radio receiver”, “radio set”, “radio frequency unit”, “radio receiving”, “radio recvr”, 

“receiver equip”, “radio hardware kit”, “radio kit”, “radio freqy kit”, “radio rebuilding kit”, “radio 

change kit”, “radio conversion kit”, “radios”, “receiver radio”, “receivers radio”, “radio adapter”, 

“radio apparatus”, “crystal set”, “radio modification”, “radio transmtrs recvrs”, “radio chassis 

assys”, “radio pack sets”, “radio trans”, “transmitters radio” [e], “transmitter radio” [e], “transmtrs 

receivers” [e], “transmitters receivers” [e], “transmtr receivers” [e], “transmitting”, “transmtg 

systems”, “radio handset”, “radio indicator”, “radio keying equip”, “radio materials” [e], “radio 

mountings” [e], “radio transformer”, “radio accessor”, “radio power unit”, “radio technical serv”, 

“radio test”, “radio tune equip”, “radio tuning unit”, “radiosonde”, “radio altimeter”, “radio control 

station”, “communication equip”, “communication sys”, “communicating unit”, “communication 

unit”, “sound signal app”, “sound signal equip”, “sound sig app”, “sound equipment” [e], “remote 

control equip”, “signal apparatus”, “mobile radio station”, “transmtr powr units” [e], “test set”. 

Product names related to other communication equipment types but not classified as radio 

contracts include those matching the following substrings: “communication mat”, 

“communications mat”, “telephone equip”, “interphone equip”, “telephone headset”, “telephones”, 

“telephone test sets”, “telephone amplifiers”, “telephone parts”, “tel repair kits”, “headsets 

telephone”, “tel switchboards”, “radio recap”, “radio tube”, “vacuum tube”, “tube vacuum”, “tubes 

vacuum”, “tubes radio” [e], “electronic tube” [e], “tubes” [e], “tube making mach”, “radio graphic”, 

“radiographic”, “radio antenna”, “radio conductor cable”, “radio delay lines”, “radio distribn 

systems”, “radio frequency cable” [e], “radio frequency tables” [e], “radio crystals”, “crystal 

rectifier”, “crystal unit”, “crystal unit set”, “crystal holder”, “oscillograph”, “oscilloscope”, “pre 
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amplifier”, “headsets” [e], “public adress sets” [e], “television equip”, “transponder beacons”.  

Also not counted as radio contracts are products matching the string “transformer” without 

matching “radio”.  Crystal units are not included because, like crystal holders, they are components 

with crystals embedded in them, not radios. 

 

B.3 Innovating Firms 

 

Table A1. Innovation Metrics, for U.S. Manufacturers with Reported Innovations in 1948-1958 

 Total in 1948-1958 Per Year 
Firm Innov. Rank2 Years Innov. Rank2 

Philco 38 252 11 3.5 22.9 
RCA 31 231 11 2.8 21.0 
DuMont	(Allen	B.)	Laboratories 36 173 11 3.3 15.7 
General	Electric 26 171 11 2.4 15.5 
Admiral 9 117 11 0.8 10.6 
Westinghouse 28 117 11 2.5 10.6 
CBS-Columbia	(initially	Air	King	Products) 16 83 9 1.8 9.2 
Emerson	Radio	and	Phonograph 22 100 11 2.0 9.1 
Sylvania	Television	(Colonial	Radio	Corp.) 7 82 10 0.7 8.2 
Crosley	(Avco	Manufacturing) 14 68 9 1.6 7.6 
Zenith	Radio 6 46 11 0.5 4.2 
Olympic	Radio	and	Television 16 40 11 1.5 3.6 
Packard-Bell 6 28 11 0.5 2.5 
Motorola 4 26 11 0.4 2.4 
Jackson	Industries 1 4 6 0.2 0.7 
Belmont	Radio	(subsidiary	of	Raytheon) 2 5 9 0.2 0.6 
Tele-Tone	Radio 1 1 6 0.2 0.2 

Notes. Innov. is number of innovations, Rank2 is sum of squared cost-impact ranks of innovations, and Years is 

years manufacturing televisions, all during 1948-1958.  Per Year divides by manufacturing years during this period.  

For 1947, I have been unable to locate complete data specifying which firms manufactured televisions, so 1947 is 

excluded in computing these innovation metrics. 
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C Further Analyses 

C.1 Apparent Exogeneity of Log 1950 Television Output 

 

Table A2. P-Values from Wald Tests of Endogeneity of Log 1950 Television Output, for Main 

Regressions in Table II 

 Instrument Set 
Dependent Variable Entry Year Share 
Automation 0.508 0.346 
Multiple Operation 0.355 0.209 
Complex 0.194 0.986 
Tool Use 0.332 0.352 

Notes. p-values from Wald tests with 𝜒"(1) distributed test statistics.  The null hypothesis corresponds to log 

1950 television market share being exogenous. 

 
C.2 Effects of Television Output on Mechanization with Printed Circuits Control 

 

 
Figure A3.  Variant of Figure II, with average causal effects of television output after controls 

computed using the models of Table III columns (6), (8), and (10). 
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C.3 Alternative Univariate Estimates  
 

Table A3. Extension of Table II to Include Non-Instrumented and Alternate Analyses 

 - - - - - - - -  Instrument Set  - - - - - - - - 
Dependent Variable Entry Entry Alt. Output None 
Automation 0.336 0.337 0.332 0.415 
 (0.150) (0.150) (0.131) (0.094) 
Multiple Operation 0.292 0.290 0.294 0.398 
 (0.150) (0.149) (0.129) (0.094) 
Complex 0.576 0.579 0.761 0.760 
 (0.259) (0.258) (0.208) (0.204) 
Tool Use -0.202 -0.207 -0.148 -0.045 
 (0.196) (0.194) (0.154) (0.105) 
Innovations per Year 0.209 0.227 0.192 0.209 
 (0.047) (0.050) (0.045) (0.044) 
Cost Reduction Rank2 per 1.202 1.319 1.112 1.267 
  Year (0.275) (0.291) (0.255) (0.281) 
Loci with ≥ 25% of Innov. 0.336 0.335 0.290 0.206 
  Embodied in Large Equip. (0.139) (0.138) (0.122) (0.086) 
Loci with ≥ 40% of Innov. 0.348 0.349 0.302 0.159 
  Embodied in Large Equip. (0.137) (0.136) (0.119) (0.088) 
Loci with ≥ 50% of Innov. 0.270 0.269 0.235 0.106 
  Embodied in Large Equip. (0.142) (0.141) (0.121) (0.091) 
Printed Circuit 1.063 1.063 0.737 0.746 
  Related (0.126) (0.125) (0.158) (0.129) 
Cost Reduction Rank 0.524 0.523 0.490 0.351 
 (0.113) (0.112) (0.103) (0.078) 
Cost Reduction Rank≥2 0.471 0.470 0.366 0.315 
 (0.156) (0.155) (0.152) (0.097) 
Cost Reduction Rank≥3 0.529 0.529 0.567 0.358 
 (0.139) (0.138) (0.109) (0.098) 
Cost Reduction Rank≥4 0.666 0.661 0.553 0.419 
 (0.180) (0.180) (0.152) (0.139) 
Cost Reduction Rank≥5 0.516 0.505 0.455 0.459 
 (0.238) (0.240) (0.221) (0.212) 
Cost Reduction Rank≥6 0.515 0.517 0.316 0.324 
 (0.282) (0.280) (0.277) (0.265) 
Cost Reduction Rank=7 0.493 0.497 0.882 0.927 
 (0.181) (0.179) (0.381) (0.332) 
General Purpose 0.229 0.233 0.089 0.165 
 (0.197) (0.196) (0.182) (0.119) 
Non-Specialized -0.208 -0.207 -0.206 -0.123 
 (0.146) (0.145) (0.124) (0.087) 

Notes.  See Table II notes for columns instrumented by Entry and Output.  Entry Alt. excludes questionable dates 

from radiomuseum.org, increasing some radio entry dates.  Non-instrumented column uses probit or ordered probit 

maximum likelihood estimates with 285 observations on innovation-firm pairs representing 271 innovations, or for 

Innovations per Year and Rank2 per Year, OLS with 160 observations on firms.  Standard errors in parentheses are 

robust clustered by innovation for probit and ordered probit, or robust for OLS.  
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C.4 Excluding Observations with Supplier-Dependent Innovations 

  

Table A4. Determinants of Mechanization Without Supplier-Dependent Innovations: Probit 

Dependent variable Automation Multiple Operation Complex 
 (6) (7) (8) (9) (10) (11) 
Ln(Output Share 1950) 0.572 0.653 0.285 0.429 1.557 1.439 
   (0.176) (0.164) (0.149) (0.131) (0.398) (0.327) 
In Machine 1.5-7.5  1.295 1.275 0.270 0.262 0.434 0.457 
  Cubic Feet (0.309) (0.302) (0.316) (0.297) (0.582) (0.522) 
In Machine 7.5+ 1.576 1.601 0.598 0.699 1.661 1.872 
  Cubic Feet (0.353) (0.349) (0.302) (0.298) (0.602) (0.633) 
Not in Machine -0.134 -0.138 0.452 0.413 –¥ –¥ 
  or Not in 1 Machine (0.594) (0.581) (0.434) (0.411)   
Printed Circuit Related 0.588  0.988  1.036  
   (0.324)  (0.356)  (0.668)  
General Purpose -0.321 -0.247 -0.0667 -0.00177 -1.112 -0.892 
 (0.661) (0.670) (0.407) (0.429) (0.733) (0.664) 
Non-Specialized 0.804 0.696 0.169 0.0270 -0.533 -0.655 
 (0.304) (0.281) (0.291) (0.257) (0.540) (0.467) 
2+ Competitors  –¥ –¥ -0.111 -0.117 –¥ –¥ 
  Developed   (0.561) (0.552)   
Developed with  0.871 0.662 -0.164 -0.754 –¥ –¥ 
  Supplier (0.759) (0.730) (0.997) (1.035)   
Years 1951-1954 0.953 0.992 0.969 1.057 -0.0555 0.106 
   (0.497) (0.490) (0.418) (0.421) (0.584) (0.637) 
Years 1955-1958 0.212 0.455 0.354 0.808 -0.738 -0.0529 
   (0.466) (0.435) (0.447) (0.408) (0.882) (0.625) 
Years 1959-1971 0.660 0.962 1.455 1.879 1.206 1.698 
   (0.726) (0.682) (0.776) (0.729) (1.287) (1.023) 
Constant -3.179 -3.289 -2.266 -2.460 -4.249 -4.029 
 (0.934) (0.940) (0.595) (0.631) (0.761) (0.838) 
Pseudo  0.304 0.293 0.161 0.121 0.504 0.458 

Notes.  Probit maximum likelihood estimates with 195 observations on innovation-firm pairs representing 188 

innovations.  Excludes innovation-firm pairs for which the innovation was supplier-dependent (possibly or definitely) 

from the perspective of the firm.  –¥ indicates that all observations with the independent variable equal to one had the 

dependent variable equal to zero, causing the observations to be dropped from analysis with an effective coefficient 

estimate of –¥, leaving 179 observations for automation and 164 for complex mechanization.  Standard errors in 

parentheses are cluster-robust, clustered by innovation. 

R2
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C.5 Heteroskedastic Probit Models 

 Standard probit models assume homoskedasticity.  This assumption is commonly relaxed 

using heteroskedastic probit models of the form Pr[𝑦! = 1|𝑥! , 𝑧!] = Φ(𝛽+𝑥! ∕ exp	(𝛾+𝑧!)), where 

𝑦! is a dependent variable and 𝑥! and 𝑧! are vectors of independent variables for observation 𝑖, 𝛽 

and 𝛾 are vectors of parameters, and Φ(∙) is the standard normal cumulative distribution function.  

The heteroskedasticity term 𝛾+𝑧! may not include a constant term 𝛾8 because it would be jointly 

indeterminate with 𝛽 ; dividing 𝛽  by exp(𝛾8)  removes 𝛾8  from the model and scales 𝛽 , so 

choosing 𝛾8 = 0 defines a scaling for 𝛽. 

 Heteroskedastic probit models can be unstable and have convergence problems especially 

when regressors included in 𝑧!  are also included in 𝑥! .  For reliable estimation the number of 

coefficients must remain modest relative to the number of observations.  Complex mechanization 

occurred for only 21 of 285 innovations, making estimation especially difficult for that outcome.  

For these reasons the estimates below maintain reasonably sparse models with a modest number 

of variables in 𝑧!.  Distinguishing four time periods often creates convergence problems, so a single 

continuous time variable often is used in 𝑧! and, for complex mechanization, in 𝑥! as well. 

 Tables A5, A6, and A7 present heteroskedastic probit maximum likelihood estimates for 

the three mechanization measures.  Average causal (structural) estimated probabilities of 

mechanization among observations in the data, with television output changed but other regressors 

held constant, appear in Table A8. 
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Table A5. Automation Determinants: Heteroskedastic Probit Models 
 (A1) (A2) (A3) (A4) (A5) (A6) 
Terms in 𝛽+𝑥!       
Ln(Output 0.541 0.387 0.540 0.552 0.596 0.296 
  Share 1950) (0.145) (0.163) (0.103) (0.115) (0.137) (0.104) 
In Machine 1.5-7.5 1.164 1.181 1.065 1.208 1.248 0.646 
  Cubic Feet (0.334) (0.165) (0.245) (0.253) (0.263) (0.215) 
In Machine 7.5+ 1.644 1.543 1.590 1.716 1.813 0.932 
  Cubic Feet (0.455) (0.304) (0.249) (0.245) (0.276) (0.300) 
Not in Machine or -0.622 -1.060 -0.643 -0.678 -0.680 -0.258 
  Not in 1 Machine (0.579) (2.663) (0.472) (0.583) (0.616) (0.289) 
Non-Specialized 0.334 0.222 0.320 0.351 0.403 0.191 
 (0.236) (0.185) (0.184) (0.215) (0.246) (0.122) 
2+ Competitors  -1.144 -0.875 -1.231 -1.022 -1.375 -0.753 
  Developed (0.633) (0.529) (0.440) (0.578) (0.663) (0.315) 
Years 1951-1954 0.593 0.389 0.551 0.575 0.706 0.453 
 (0.337) (0.252) (0.284) (0.352) (0.367) (0.190) 
Years 1955-1958 0.405 0.283 0.513 0.388 0.438 0.388 
 (0.268) (0.174) (0.248) (0.293) (0.295) (0.171) 
Years 1959-1971 0.988 0.868 0.863 1.013 1.088 0.683 
 (0.535) (0.502) (0.444) (0.438) (0.496) (0.267) 
Constant -2.674 -2.213 -2.615 -2.734 -2.965 -1.617 
 (0.720) (0.532) (0.428) (0.498) (0.593) (0.441) 
Terms in 𝛾+𝑧!       
Ln(Output -0.0338      
  Share 1950) (0.147)      
In Machine 1.5-7.5  -1.172     
  Cubic Feet  (0.488)     
In Machine 7.5+  -0.271     
  Cubic Feet  (0.574)     
Not in Machine or  0.230     
  Not in 1 Machine  (1.080)     
Printed Circuit   -0.530    
  Related   (0.289)    
2+ Competitors     -0.313   
  Developed    (0.455)   
Innovation Depended     0.150  
  on Supplier Poss. or Def.    (0.290)  
Year Minus 1947      -0.102 
      (0.0429) 
Log Likelihood -115.6 -112.1 -114.3 -115.5 -115.5 -112.5 
Wald 𝛾 = 0, p-val. 0.818 0.0472 0.0668 0.491 0.606 0.0169 

Notes. Heteroskedastic probit maximum likelihood estimates with 285 observations on innovation-firm pairs 

representing 271 innovations.  Standard errors in parentheses are cluster-robust, clustered by innovation.  
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Table A6. Multiple Operation Determinants: Heteroskedastic Probit Models 

 (B1) (B2) (B3) (B4) (B5) (B6) 
Terms in 𝛽+𝑥!       
Ln(Output 0.473 0.255 0.427 0.481 0.501 0.568 
  Share 1950) (0.134) (0.123) (0.142) (0.106) (0.111) (0.317) 
In Machine 1.5-7.5 0.249 0.717 0.347 0.243 0.228 0.233 
  Cubic Feet (0.231) (0.145) (0.292) (0.247) (0.258) (0.324) 
In Machine 7.5+ 0.729 0.801 0.679 0.760 0.755 0.925 
  Cubic Feet (0.252) (0.142) (0.325) (0.217) (0.232) (0.727) 
Not in Machine or 0.466 0.593 0.742 0.519 0.487 0.612 
  Not in 1 Machine (0.517) (0.416) (0.416) (0.371) (0.365) (0.585) 
Years 1951-1954 0.959 0.461 0.936 1.016 1.103 1.101 
   (0.555) (0.260) (0.336) (0.282) (0.345) (0.413) 
Years 1955-1958 0.706 0.241 0.392 0.744 0.814 0.733 
   (0.405) (0.183) (0.334) (0.260) (0.313) (0.332) 
Years 1959-1971 1.187 0.478 1.044 1.253 1.404 1.665 
   (0.716) (0.308) (0.571) (0.505) (0.620) (2.157) 
Constant -2.357 -1.588 -2.386 -2.438 -2.570 -2.787 
 (0.807) (0.393) (0.468) (0.370) (0.446) (1.270) 
Terms in 𝛾+𝑧!       
Ln(Output -0.0314      
  Share 1950) (0.243)      
In Machine 1.5-7.5  -2.412     
  Cubic Feet  (0.613)     
In Machine 7.5+  -0.995     
  Cubic Feet  (0.638)     
Not in Machine or  -0.348     
  Not in 1 Machine  (1.261)     
Printed Circuit   2.695    
  Related   (5.191)    
2+ Competitors     -0.0838   
  Developed    (0.503)   
Innovation Depended    0.187  
  on Supplier Poss. or Def.    (0.273)  
Year Minus 1947      0.0290 
        (0.106) 
Log Likelihood -145.0 -136.7 -141.5 -145.0 -144.8 -145.0 
Wald 𝛾 = 0, p-val. 0.897 0.000120 0.604 0.868 0.495 0.785 

Notes. Heteroskedastic probit maximum likelihood estimates with 285 observations on innovation-firm pairs 

representing 271 innovations.  Standard errors in parentheses are cluster-robust, clustered by innovation. 
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Table A7. Complex Mechanization Determinants: Heteroskedastic Probit Models 

 (C1) (C2) (C3) (C4) (C5) (C6) (C7) 
Terms in 𝛽!𝑥"       
Ln(Output 0.0723 5.108 0.814 0.725 0.898 0.780 0.567 
  Share 1950) (1.488) (4.664) (0.202) (0.205) (0.191) (0.188) (0.167) 
In Machine 1.5-7.5 6.124 -4.436 0.480 0.303 0.399 0.345 0.345 
  Cubic Feet (10.85) (8.071) (0.511) (0.356) (0.422) (0.396) (0.279) 
In Machine 7.5+ 8.407 -0.953 0.822 0.680 0.785 0.761 0.508 
  Cubic Feet (11.42) (3.062) (0.401) (0.328) (0.330) (0.321) (0.314) 
Not in Machine or 8.813 -176.1 0.927 0.461 0.335 0.593 0.427 
  Not in 1 Machine (13.47) (3238.1) (0.622) (0.579) (0.462) (0.515) (0.400) 
Non-Specialized -6.556 -0.997 -0.925 -0.425 -0.700 -0.746 -0.546 
 (7.598) (0.552) (0.370) (0.714) (0.287) (0.274) (0.265) 
Year Minus 1947 0.165 -0.00363 0.0166 0.0215 0.0343 0.0274 0.0442 
 (0.238) (0.0999) (0.0332) (0.0293) (0.0299) (0.0276) (0.0156) 
Constant -12.95 -14.95 -3.350 -2.969 -3.579 -3.185 -2.517 
 (13.91) (12.91) (0.538) (0.627) (0.505) (0.499) (0.508) 
Terms in 𝛾!𝑧"        
Ln(Output 0.922       
  Share 1950) (0.469)       
In Machine 1.5-7.5  1.907      
  Cubic Feet  (1.133)      
In Machine 7.5+  1.648      
  Cubic Feet  (1.031)      
Not in Machine or  5.087      
  Not 1 Machine  (17.90)      
Printed Circuit   0.481     
  Related   (0.290)     
Non-Specialized    -0.248    
    (0.493)    
2+ Competitors      0.419   
  Developed     (0.379)   
Innovation Depended     -0.00444  
  on Supplier Poss. or Def.     (0.197)  
Year Minus 1947       -0.0451 
       (0.0322) 
Log Likelihood -53.55 -53.74 -54.07 -55.44 -54.97 -55.54 -54.96 
Wald 𝛾 = 0, p-val. 0.0493 0.309 0.0967 0.614 0.270 0.982 0.162 

Notes. Heteroskedastic probit maximum likelihood estimates with 285 observations on innovation-firm pairs 

representing 271 innovations.  Standard errors in parentheses are cluster-robust, clustered by innovation. 
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Table A8. Average Estimated Probabilities of Mechanization from Heteroskedastic Probit 

Models, Conditional on Television Output Shares Having Alternative Values  

Mechanization Model Television Output Share in 1950 
Type Table Column 0.07% 0.27% 1.08% 4.39% 17.80% 

Automation A5 A1 0.0144 0.0475 0.127 0.274 0.482 
 A5 A2 0.0134 0.0466 0.124 0.280 0.465 
 A5 A3 0.00828 0.0372 0.120 0.277 0.491 
 A5 A4 0.00961 0.0422 0.126 0.275 0.480 
 A5 A5 0.0103 0.0428 0.125 0.273 0.483 
 A5 A6 0.0100 0.0398 0.129 0.280 0.477 
Multiple A6 B1 0.0104 0.0348 0.101 0.245 0.476 
  Operation A6 B2 0.0160 0.0391 0.0964 0.230 0.472 
 A6 B3 0.0817 0.101 0.150 0.250 0.405 
 A6 B4 0.00570 0.0280 0.0977 0.248 0.474 
 A6 B5 0.00792 0.0319 0.101 0.248 0.468 
 A6 B6 0.00993 0.0351 0.105 0.250 0.468 
Complex A7 C1 3.18e-24 4.00e-05 0.00197 0.0305 0.204 
 A7 C2 0.00826 0.00892 0.0101 0.0254 0.224 
 A7 C3 1.34e-04 0.00108 0.00672 0.0380 0.169 
 A7 C4 2.16e-06 1.17e-04 0.00269 0.0309 0.193 
 A7 C5 1.29e-05 2.15e-04 0.00260 0.0290 0.196 
 A7 C6 8.13e-07 7.24e-05 0.00241 0.0321 0.187 
 A7 C7 5.76e-06 1.53e-04 0.00282 0.0328 0.185 

Notes. Estimated causal effects computed by the delta method, at specified television output shares holding 

other variables at actual values. 
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C.6 World War II Government Contracts for Radio-Related Production 

 I compiled the value of World War II radio-related government contracts fulfilled by firms 

with innovations in the data, and checked for additional predictive value after using as a regressor 

the logarithm of television output.  Wartime radio contracts had an estimated elasticity of 1.1 with 

1940 radio output share, were closely related to radio entry year, and were substantially predictive 

of 1950 television output—although 1940 radio output if included is most statistically significant.  

In Table A9, wartime radio contracts’ added effect on mechanization is never statistically 

significant, p = 0.3 to 0.9. 

 

Table A9. Mechanization Predicted by Television Output and Wartime Radio Contracts 

 Automation Multiple 
Operation 

Complex Complex 

 probit probit probit OLS 
Ln(Output Share 1950) 0.349 0.405 0.813 0.0737 
   (0.118) (0.113) (0.199) (0.0193)    
Ln(WWII Radio Contracts) 0.0667 -0.0129 -0.0470 0.000395    
   (0.0562) (0.0525) (0.0770) (0.00620)    
Zero WWII Radio Contracts 0.292 -0.148 –¥ 0.0299    
   (0.415) (0.451)  (0.0320)    
Constant -1.901 -1.129 -2.514 -0.0513    
 (0.585) (0.559) (1.007) (0.0735)    
Joint Wald test p-value 0.469 0.936  0.343 

Notes. Joint Wald test p-value comes from a test of the null hypothesis that the coefficients of Ln(WWII Radio 

Contracts) and Zero WWII Radio Contracts are jointly zero.  285 observations on innovation-firm pairs representing 

271 innovations.  However, –¥ indicates that all 15 observations with the independent variable equal to one had the 

dependent variable equal to zero, causing the observations to be dropped from analysis with an effective coefficient 

estimate of –¥, leaving 270 observations for complex mechanization.  A linear probability model is also shown for 

complex mechanization (an exact logistic regression is too computationally extensive to estimate).  Standard errors in 

parentheses are cluster-robust, clustered by innovation.  
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C.7 Alternate Log Output Share Assumptions for Firms Not Producing in 1950 

 Alternate log 1950 television output assumptions for firms not producing in 1950 affect 

the estimates for the number and summed squared rank of innovations.  Firms not producing in 

1950 did not have innovations in the sample, so other estimates are unaffected. 

 

Table A10. Univariate Estimates of Effect of Ln(Output in 1950) on Firm-Level Outcomes 

   Log Output Share Treatment for Firms 
Not Producing Televisions in 1950 

Outcome Instrument Set  0 SD Below 2 SD Below Excluded 
Innovations per Year Entry  0.294 0.162 0.304 
     (0.059) (0.040) (0.062) 
 Output  0.267 0.149 0.274 
   (0.057) (0.037) (0.060) 
Cost Reduction Rank2 per Year Entry  1.745 0.922 1.838 
     (0.353) (0.229) (0.374) 
 Output  1.591 0.855 1.673 
     (0.333) (0.211) (0.355) 

Notes. GMM estimates as in Table II.  The log output share treatment indicates whether the 58 firms not producing 

in 1950 were treated as having 0 or 2 standard deviations lower log output than the log output of the smallest producing 

firm or were excluded leaving 102 observations.  Coefficient estimates with robust standard errors in parentheses. 

 

C.8 Population versus Sample Average Causal Effects in IVP and IVOP Models 

The causal effects of firm output on innovation may be computed for the population or for 

the sample.  For the population, estimated causal effects pertain to new observations randomly 

selected from the hypothetical population of innovation-firm pairs that could have been generated 

in the world depending on how the industry stochastically came to be and acted.  For the sample, 

estimated causal effects are average outcomes for each observation in the data.  The causal effects 

in either case describe how an outcome would change if the innovating firm’s 1950 television 

output were changed to a different value. 

Because the computation of average structural effects for the instrumental variables probit 

model has been subject to discussion, 16  I present population estimates of causal effects on 

innovation, as well as the sample estimates shown in the paper.  Explaining the two and 

 
16 See for example:  
https://www.statalist.org/forums/forum/general-stata-discussion/general/1509439-bug-overcorrection-with-post-
stata-14-1-margins-command-after-ivprobit and https://friosavila.github.io/playingwithstata/main_ivprobit.html . 
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demonstrating correct formulas requires a statement of the instrumental variables probit model 

(Rivers and Vuong 1988). 

With a single potentially endogenous variable, and with no control variables as in the 

univariate IV probit models in this study, each instrumental variables probit model takes the form: 

𝑥! = 𝛾+𝑧! + 𝑣! 

𝑦!∗ = 𝛽8 + 𝛽.𝑥! + 𝑢! 

𝑦! = <
0 if	𝑦!∗ ≤ 0
1 if	𝑦!∗ > 0 

where 𝑥! is the potentially endogenous variable (log 1950 television output share) in observation 

𝑖, 𝑧! is a vector of exogenous instrumental variables including 1 for a constant term, 𝑦!∗ is a latent 

variable that determines the outcome, and 𝑦!  is the outcome (such as whether the innovation 

advances automation); 𝛾 is a vector of coefficients in the instrumentation equation and 𝛽8 and 𝛽. 

are coefficients in the main equation; and 𝑣!  and 𝑢!  are error terms.  The error terms have a 

bivariate normal joint distribution with variance matrix Σ = B𝜎
, 𝜌𝜎

𝜌𝜎 1 E, where 𝜎 is the standard 

deviation of 𝑣! and 𝜌 is the correlation of 𝑣! and 𝑢!.  The standard deviation of 𝑢! is set to 1 to 

define a scale for 𝛽8 and 𝛽. and thereby allow model identification.  Endogeneity corresponds to 

𝜌 ≠ 0, because 𝑣! is a component of 𝑥! and because 𝜌 ≠ 0 yields a nonzero expected value of 𝑢! 

conditional on 𝑣!.  Specifically, the conditional expected value of 𝑢! is E[𝑢!|𝑣!] = 𝜌𝑣!/𝜎, and the 

conditional variance of 𝑢! is Var[𝑢!|𝑣!] = 1 − 𝜌,. 

 The exclusion restriction, that 𝑧!  may cause 𝑥!  but 𝑧!  does not cause 𝑢! , identifies how 

changes to 𝑥! affect 𝑦!∗ and hence 𝑦!.  If changes to 𝑥! induce changes in other variables that might 

be called omitted variables, and one defines those variables to affect 𝑦!∗ by being part of 𝑣! or 𝑢!, 

that would-be definition is ignored in that instrumental variables regression does not respect such 

a definition; it measures any effect of 𝑥! on 𝑦!∗ that can be induced by changing 𝑧! as a causal effect 

of 𝑥! even if that effect works through an unmeasured intermediate variable.  If the wearer of a 

thickly-padded (to allow a bit of randomness) glove exerts a force on a door and the door opens, 

the effect is attributed to the wearer, not to an unmeasured intermediate force of the glove.  

 The population causal effects pertain to a randomly selected observation newly drawn from 

the population of potential innovation-firm pairs that could have arisen.  When assessing how 

changing 𝑥! would causally affect 𝑦! for the randomly selected observation, information about 𝑣! 
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is not used, and the marginal distribution of 𝑢! is standard normal.  Therefore the probability that 

𝑦! = 1 can be determined by substituting a value 𝑥 for 𝑥!  in the equation 𝑦!∗ = 𝛽8 + 𝛽.𝑥! + 𝑢! , 

yielding Pr[𝑦! = 1|𝑥! 	is	changed	to	𝑥] = 1 − Φ(−𝛽8 − 𝛽.𝑥) = Φ(𝛽8 + 𝛽.𝑥) .  Using hat 

notation to denote estimates, Pr[𝑦! = 1|𝑥! 	is	changed	to	𝑥] is estimated by ΦT𝛽U8 + 𝛽U.𝑥V. 

 The sample average structural effects pertain to each actual innovation-firm pair in the data.  

For each observation, its value of 𝑣!  is quite well known, because 𝑣! = 𝑥! − 𝛾+𝑧! , which is 

estimated consistently by 𝑣W! = 𝑥! − 𝛾W+𝑧!.  The conditional distribution of 𝑢! is then estimated by 

𝑢W!|D#~𝑁(𝜌W𝑣W! ∕ 𝜎W, 1 − 𝜌W
,), which converges in distribution to 𝑢!|D#.  Therefore the probability that 

𝑦! = 1 can be estimated consistently by substituting a value 𝑥 for 𝑥! in the equation 𝑦W!∗ = 𝛽U8 +

𝛽U.𝑥! + 𝑢W!|D#, yielding a consistent estimate for Pr[𝑦! = 1|𝑥! 	is	changed	to	𝑥] of ΦTZ𝛽U8 + 𝛽U.𝑥 +

𝜌W𝑣W! 𝜎W⁄ \/]1 − 𝜌W,V.  The average estimate of Pr[𝑦! = 1|𝑥! 	is	changed	to	𝑥] across the sample is 

the estimated sample average structural effect resulting causally after the change in 𝑥. 

 The population and sample causal estimates turn out to be nearly identical, as shown in 

Table A11 for univariate models of mechanization using radio entry year for the instrument set.  

The sample causal effect estimates are the same as in the solid lines of Figure II.  Results are also 

nearly identical in Table A11 for univariate models of whether innovations occurred in costly large 

equipment loci or involved printed circuit boards.  The sample causal effect estimates are the same 

as in Figure III Panels B and C.  Standard errors are computed by the bootstrap method, for both 

population and sample causal effect estimates to treat both identically, since I have not proven 

consistency of a sample causal estimates standard error formula. 

The instrumental variables ordered probit model is the same as the instrumental variables 

probit model except that 𝛽8 is replaced with 0 and 𝑦! is determined as 

𝑦! = ^
1 if	𝑦!∗ ≤ 𝜅.
⋮ ⋮
7 if	𝑦!∗ > 𝜅E

 

with six parameters 𝜅., … , 𝜅E  that determine the cutoff probabilities between ranks.  The 

population estimate of Pr[𝑦! ≤ 𝑟|𝑥! 	is	changed	to	𝑥]  is 1 − Φ(𝛽U.𝑥 − �̂�@) , and the sample 

estimate is the sample average of 1 − Φ([𝛽U.𝑥 + 𝜌W𝑣W! 𝜎W⁄ − �̂�@]/]1 − 𝜌W,).  Again population and 

sample causal estimates are nearly identical.  Table A12 shows the results for the univariate model 

of the cost-impact rankings of innovations, for which sample causal effect estimates are the same 

as in Figure III Panel D. 
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Table A11. Population and Sample Estimated Probabilities of Mechanization, Costly (Large 

Equipment) Locus, and Printed Circuit Board Use as Caused by 1950 Television Output 

Dependent Causal Effect Television Output Share in 1950 
Variable Type 0.07% 0.27% 1.08% 4.39% 17.80% 
Automation Population 0.0220 0.0613 0.142 0.273 0.447 
  (0.0629) (0.0652) (0.0570) (0.0289) (0.0789) 
 Sample 0.0220 0.0613 0.142 0.273 0.447 
  (0.0630) (0.0653) (0.0571) (0.0290) (0.0786) 
Multiple Population 0.0293 0.0689 0.141 0.252 0.397 
  Operation  (0.0727) (0.0701) (0.0576) (0.0292) (0.0760) 
 Sample 0.0292 0.0689 0.141 0.252 0.397 
  (0.0730) (0.0703) (0.0578) (0.0293) (0.0758) 
Complex Population 1.16e-05 0.000308 0.00442 0.0350 0.157 
  (0.00961) (0.00981) (0.0125) (0.0177) (0.0660) 
 Sample 1.01e-05 0.000285 0.00427 0.0346 0.157 
  (0.00941) (0.00921) (0.0116) (0.0177) (0.0669) 
Tool Use Population 0.984 0.968 0.942 0.901 0.842 
  (0.0808) (0.0594) (0.0384) (0.0190) (0.0765) 
 Sample 0.983 0.968 0.941 0.901 0.842 
  (0.0808) (0.0592) (0.0380) (0.0189) (0.0749) 
Loci with Population 0.0220 0.0613 0.142 0.273 0.447 
  Large  (0.0629) (0.0652) (0.0570) (0.0289) (0.0789) 
  Equipment Sample 0.0220 0.0613 0.142 0.273 0.447 
  (0.0630) (0.0653) (0.0571) (0.0290) (0.0786) 
Printed Population 0.0293 0.0689 0.141 0.252 0.397 
  Circuit  (0.0727) (0.0701) (0.0576) (0.0292) (0.0760) 
  Related Sample 0.0292 0.0689 0.141 0.252 0.397 
  (0.0730) (0.0703) (0.0578) (0.0293) (0.0758) 

Notes. Population or sample estimated probabilities, as described in the accompanying text, that innovations 

involved mechanization, were in loci with large equipment, or were related to printed circuits.  Results stem from 

univariate instrumental variable probit models with the radio entry year instruments.  Standard errors in parentheses 

are bootstrap standard errors with 20,000 replications, using the same bootstrap samples for all rows in the table.  

Bootstrap samples select 271 innovations at random, with replacement, from the 271 innovations with firms in the 

sample.  Since some innovations involved multiple firms, the number of innovation-firm pair observations varies 

across bootstrap samples. 

 

  



Online Appendix 

 29 

Table A12. Population and Sample Estimated Probabilities of Cost Reduction Rankings as Caused 

by 1950 Television Output 

Dependent Causal Effect Television Output Share in 1950 
Variable Type 0.07% 0.27% 1.08% 4.39% 17.80% 
Rank 1 Population 0.915 0.738 0.461 0.203 0.0588 
  (0.0946) (0.112) (0.0770) (0.0256) (0.0212) 
 Sample 0.915 0.738 0.462 0.203 0.0586 
  (0.0944) (0.112) (0.0776) (0.0257) (0.0214) 
Rank ≤ 2 Population 0.997 0.978 0.899 0.706 0.424 
    (0.0131) (0.0241) (0.0347) (0.0289) (0.0671) 
 Sample 0.997 0.978 0.899 0.707 0.425 
  (0.0130) (0.0240) (0.0346) (0.0287) (0.0667) 
Rank ≤ 3 Population 1.000 0.998 0.983 0.917 0.743 
  (0.00211) (0.00438) (0.00932) (0.0173) (0.0624) 
 Sample 1.000 0.998 0.983 0.917 0.744 
  (0.00210) (0.00435) (0.00923) (0.0173) (0.0618) 
Rank ≤ 4 Population 1.000 0.999 0.995 0.966 0.862 
  (7.56e-04) (0.00157) (0.00397) (0.0109) (0.0470) 
 Sample 1.000 0.999 0.995 0.966 0.862 
  (7.54e-04) (0.00156) (0.00394) (0.0109) (0.0467) 
Rank ≤ 5 Population 1.000 1.000 0.998 0.985 0.925 
  (2.77e-04) (6.05e-04) (0.00186) (0.00758) (0.0376) 
 Sample 1.000 1.000 0.998 0.985 0.925 
  (2.76e-04) (6.05e-04) (0.00188) (0.00771) (0.0375) 
Rank ≤ 6 Population 1.000 1.000 0.999 0.991 0.947 
  (1.88e-04) (3.91e-04) (0.00125) (0.00589) (0.0325) 
 Sample 1.000 1.000 0.999 0.990 0.946 
  (1.87e-04) (3.91e-04) (0.00126) (0.00602) (0.0325) 

Notes. Population or sample estimated probabilities, as described in the accompanying text, of innovations’ cost 

reduction ranks.  Results stem from a univariate instrumental variable ordered probit model with the radio entry year 

instruments.  Standard errors in parentheses are bootstrap standard errors with 20,000 replications, using the same 

bootstrap samples for all rows in the table.  Bootstrap samples select 271 innovations at random, with replacement, 

from the 271 innovations with firms in the sample.  Since some innovations involved multiple firms, the number of 

innovation-firm pair observations varies across bootstrap samples.  
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D Later Productivity Trends 

D.1 Production Hours per Unit, Work, and Output for Radios and Televisions (Indexes) 

 

 
Figure A4.  Production worker hours per radio and television unit fell from 1958 to 1986 as 

production workforce rose and fell and output rose (indexes, 1977=100).  U.S. Census data for 

standard industrial classification 3651.  Data are unavailable before 1958, and 1986 data are 

preliminary.  Source: U.S. Bureau of Labor Statistics (1988, 130). 
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