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This is the introductory chapter to a book manuscript entitled The Political Economy of the 
Fourth Industrial Revolution—a novel, multidisciplinary account of the origins of the new AI-
driven economy. Using the New Institutional Economics framework—which explores economic 
progress through the prism of changing property rights regimes, contracting patterns, and supply 
chain dynamics—I situate the Fourth Industrial Revolution within the lineage of its predecessors. 
The book argues that all industrial revolutions exhibit long, uncertain commercialization phases, 
unique combinations of intangible and tangible capital, and major supply chain reconfigurations. 
It illuminates how the AI revolution emerged out of a profound transformation of the American 
political economy. Between the late 1970s and 2000s, a populist-statist consensus that had 
prevailed since the Progressive Era was supplanted by the “Creative Destruction Paradigm” 
(CDP). Earning strong bipartisan support, the CDP prioritized evidence-based policymaking and 
fostered innovation by establishing property rights and liability rules over new asset classes, 
reducing transaction costs, and solving market failures. These changes transformed contracting 
relationships, industrial organizations, and firm strategies. Interrelated reforms to intellectual 
property rights, antitrust regulation, telecommunications, and international trade fostered 
vertically disintegrated supply chains dominated by American firms specializing in R&D, IP, and 
design. Evolving in this context, cell phones became platforms that bring together users, 
manufacturers, developers, and telecommunications providers. Smartphones with complex 
global supply chains spawned a new economy governed by digital platforms engineered to 
produce gushers of mobility-enhanced, diverse, and dynamic data exploited by AI researchers.  

 

 

This chapter and the book benefited greatly from my association with the Hoover Institution’s 
IP2 Initiative. It included my involvement in a summer teaching program for international 
policymakers held at Stanford University between 2014 and 2018, where I was fortunate to serve 
as a co- instructor, as well as my participation in numerous multidisciplinary conferences on 
topics ranging from intellectual property rights and semiconductors to smartphones, digital 
platforms, AI, and the Internet of Things. It also included the opportunity to contribute to “The 
Battle Over Patents,” a 2021 volume co-edited by Stephen Haber and Naomi Lamoureux. My 
deepest thanks go to Stephen Haber, the late Alexander Galetovic, Naomi Lamoureux, Jonathan 
Barnett, Scott Kief, Wes Hartman, Richard Epstein, and Joshua Wright—scholars from whom I 
learned so very much about the topics explored in this book manuscript. 
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INTRODUCTION 
 
During the early 21st Century, Artificial Intelligence (AI) developed at a fast clip. In the early 
2020s, Large Language Models (LLMs) underwent explosive growth. Researchers trained these 
models on ballooning datasets that boasted exponentially increasing parameter counts. As 
organizations such as Open AI and Anthropic engaged in an AI arms race marked by rapid 
release frequencies, LLMs exhibited dramatic leaps in natural language understanding—the 
ability to grasp subtle grammatical rules, semantic relationships, contextual dependencies, and 
stylistic variations—and improved their multimodal capabilities, such as converting text into 
images. Similarly, algorithms that employed computer vision, reasoned probabilistically, 
performed search and optimization, represented knowledge, and made plans and took decisions, 
also improved by leaps and bounds between 2020 and 2025.  
 
Natural language processing (NLP) enables AI to understand, interpret, and generate human 
language in a way that is both meaningful and contextually appropriate. It models the 
complexities of human language, including grammar, syntax, and semantics (Jurafsky and 
Martin 2021). Language modeling predicts the probability of word sequences by calculating the 
likelihood of a word occurring based on its context within a sentence (Manning et al. 2008).  
NLP comes in several flavors. In sentiment analysis, systems classify text as positive, negative, 
or neutral by analyzing linguistic cues (Liu 2012). Machine translation converts text between 
languages using probabilistic or neural network-based techniques (Bahdanau, Cho, and Bengio 
2015). Text summarization condenses content while retaining its key meaning (Nallapati et al. 
2016). Speech recognition refers to AI’s ability to comprehend and process verbal input. A 
speech recognition system (SRS) can consider both the clarity of the spoken words and the 
likelihood of those words occurring in that order.1 This allows it to handle variations in 
pronunciation, accents, and background noise, improving the accuracy of transcribing spoken 
language into text (see Russell and Norvig 2009). 
 
All these NLP varieties are built upon neural networks inspired by the structure and function of 
the human brain. They consist of layers of interconnected nodes that process input data by 
assigning varying levels of importance to different aspects of the data. Specifically, the 
parameters weight different words in context, representing the strength of connections between 
“neurons” and allowing the model to focus on relevant information (“attention”). While not the 
only factor, a larger number of parameters generally increases an AI model’s capacity to learn 
from vast text datasets, enabling more accurate predictions and nuanced understanding (Vaswani 
et al. 2017).2 As data passes through a neural network’s layers, it learns to recognize complex 
patterns within the data and extracts features that are critical for making predictions and 

 
1 The SRS combines the Acoustic Model (AM), which connects sounds to speech units, and the 
Language Model (LM), which knows how words typically go together. When the sound is 
unclear, the LM steps in, helping the system choose the word sequence that makes the most 
grammatical and contextual sense. Ultimately, the system uses Bayes’ Rule—a theorem that 
describes how we update our beliefs when considering new evidence (Jurafsky and Martin 
2021)—to combine these models and identify the most likely word sequence from the audio. 
2 However, very large models can be prone to overfitting, require massive computational 
resources, and can be less efficient (see Nakkiran et al. 2021). 
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generating outputs. This approach is powerful and flexible and its applications go well beyond 
LLMs, which helped set the stage for AI applications that involve high degrees of automation 
and sophisticated reasoning.  
 
Computer vision enables AI to interpret the visual world by extracting and interpreting 
information from visual inputs such as images and videos (Forsyth and Ponce 2011). It relies on 
edge detection, which identifies the boundaries and contours within an image by analyzing 
changes in brightness or color (Szeliski 2010). These edges form the foundation for higher-level 
tasks like object recognition, where convolutional neural networks (CNNs) detect and classify 
objects by processing an image through multiple layers that extract features of increasing 
complexity—from edges to textures, shapes, and entire objects (LeCun et al. 2015). Another 
technique, image enhancement, improves visual quality by reducing noise, sharpening details, or 
restoring corrupted portions of an image using deep learning algorithms (Goodfellow et al. 
2016).  
 
Knowledge processing involves representing facts about the world and deriving new knowledge 
from existing databases, enabling AI to reason systematically and draw conclusions. Central to 
this approach are knowledge bases, which store structured representations of information, and 
inference engines, which apply logical rules to these representations to deduce new facts (Russell 
and Norvig 2021). For instance, an AI system might use propositional or predicate logic to model 
relationships such as “All mammals are warm-blooded” and infer new information like 
“Dolphins are warm-blooded because they are mammals” (Ghallab, Nau, and Traverso 2004).3 
Planning systems focus on identifying and executing sequences of actions to achieve specified 
goals. By reasoning about actions and their consequences, planning systems empower AI to 
solve complex, dynamic problems. These systems therefore require an understanding of how 
actions affect the world and the ability to reason about future states and rely on algorithms that 
evaluate the possible outcomes of various actions, optimizing paths to maximize rewards, and 
minimize costs (ibid).  
 
By 2025, AI models were able to harness these overlapping capabilities to learn, reason, 
perceive, communicate, and make decisions at or above human levels across several domains.4 
While so-called General Artificial Intelligence (AGI) was still out of reach, multiple AI 

 
3 Bayesian networks use Bayes’ Rule to update beliefs based on new evidence. For example, if a 
knowledge base contains facts about symptoms and diseases, an inference engine can combine 
these with probabilistic reasoning to diagnose illnesses or predict outcomes (Russell and Norvig 
2021). Unlike in speech recognition, where Bayes’ Rule links acoustic signals to word 
sequences, Bayesian networks in knowledge processing integrate multiple layers of 
dependencies to handle more complex, structured reasoning (Pearl 1988). 
4 Consider several accomplishments clocked by AI in 2024, per Maslej et al. (2024). the Stanford 
Institute for Human-Centered AI (2024). Google’s Gemini Ultra became the first large language 
model to reach human-level performance on the Massive Multitask Language Understanding 
(MMLU) benchmark, scoring 90.0%, slightly above the human baseline of 89.8% In coding 
tasks, OpenAI’s GPT-4 achieved a 96.3% accuracy rate on the HumanEval benchmark, a 
significant improvement since 2021. In mathematical reasoning, GPT-4-based models solved 
84.3% of the problems in the MATH dataset, a substantial increase from earlier performance. 
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applications were highly sought after by consumers and spawned new industries and business 
models, reshaping industrial organizations and transforming firms.5 AI-driven precision medicine 
improved patient care by tailoring treatments based on individual genetic profiles. AI monitored 
machines, production lines, and supply chains to yield more efficient and flexible manufacturing. 
Smart devices continuously gathered sensor data, usage statistics, and environmental data to 
reduce homes’ energy usage. Advanced algorithmic trading techniques optimized trading 
strategies and improved market liquidity. 
 
Nearly 25% of US tech jobs listed in early 2025 were seeking employees with AI skills 
(Radauskas 2025).6 While the information technology (IT) sector led the pack, with 36% of IT 
jobs being AI-related (Mayer et al. 2025), finance, insurance, professional services, retail, 
utilities, healthcare, and manufacturing sectors also exhibited a significant demand for AI talent 
(Wells 2025; Sharma 2025). Across sectors, firms were looking for professionals who could 
integrate AI into existing roles (e.g., cybersecurity engineers using AI for threat evaluation), 
rather than creating entirely new AI-specific positions (Mayer et al. 2025). Moreover, AI skills 
were associated with higher pay and potentially greater job security, as companies were keen to 
retain employees with these cutting-edge skills (Wells 2025). 
 
During the early 2020s, commercial AI applications yielded tangible economic benefits. The 
widespread adoption of Generative AI chatbots by businesses and end users to create content, 
generate code, and provide customer service fueled efficiency improvements across many 
sectors. Indeed, industries that adopted AI technologies, such as healthcare services, enjoyed 
significant productivity gains (e.g., Southwick 2025). And these advancements had begun to spill 
over beyond early AI adopters, impacting the larger economy.  
 
Consequently, some economic forecasters predicted that AI was on its way to contribute over 
$20 trillion to the global economy by 2030, or 3.5% of GDP (Fioretti et al. 2024). Every dollar 
invested in business-related AI solutions was slated to create an additional $4.60 in economic 
activity (Massey et al. 2024). Moreover, in 2025 AI was projected to have a profound impact on 

 
5 As embodied by computer vision, planning systems, natural language processing, speech 
recognition, and knowledge processing, AI still primarily exhibited inductive intelligence by 
deploying brute force predictive algorithms to identify patterns through massive computational 
analysis of specific examples (Russell and Norvig 2021). Conversely, AGI remained a still-
elusive goal of endowing machines with human-like logical deduction, implying they will have a 
coherent understanding of the world and think like us: subsuming particulars into general 
categories to make sense of reality. What that means in practice and will ultimately look like 
remained an open question in 2025 (see Goertzel 2007). Steve Wozniak, Apple’s co-founder, 
envisioned it as a machine capable of navigating everyday scenarios—specifically, entering an 
average home and making a cup of coffee (Scoble 2010). In contrast, Mustafa Suleyman of 
DeepMind and Microsoft proposed what he calls “artificial capable intelligence,” defining AGI 
as a system that can independently devise and execute strategies to grow initial investments into 
small fortunes without human guidance (Suleyman 2023). 
6 AI-related tech job postings constituted a small percentage (1.3% in January 2025) of all job 
postings overall, however. Tech jobs in general accounted for only 5.4% of all openings. For 
these and the rest of the facts about AI jobs contained in this paragraph see Rattner (2025). 
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the global labor market; by 2030, it was projected to generate a net gain of 10 million jobs, 
especially among “Big Data specialists,” “FinTech engineers,” and “AI and machine learning 
specialists.” Additionally, by that year, about 70% of the skills currently utilized across most job 
roles were forecast to change significantly to accommodate rapid AI diffusion.7 
 
Consider driverless cars, such as those developed by Waymo, which process terabytes of 
dynamic sensor data, GPS information, and traffic data in real time to make split-second driving 
decisions. According to industry reports, if even 50% of the global vehicle fleet becomes 
autonomous by 2050, this shift could dramatically transform urban landscapes and transportation 
systems.8 Reduced demand for parking spaces could free up valuable real estate for other uses, 
while interconnected autonomous vehicles may alleviate traffic congestion and enhance road 
safety and increase fuel economy. One possibility is that driverless cars on demand could 
become a multibillion-dollar service that mixes transportation and entertainment. These vehicles 
could offer individuals more time for work and leisure during commutes, thereby enhancing the 
overall quality of life. Furthermore, the efficiency gains from driverless cars and reduced 
transportation costs could lead to significant economic knock-on effects, estimated in trillions of 
dollars (Brynjolfsson et al. 2019).  
 
A Fourth Industrial Revolution 
 
By 2025, therefore, the early stages of an industrial revolution were upon us: AI had begun to 
reshape the economy, society, culture, and politics.9 This transformation harkened back to the 
First Industrial Revolution, where, beginning during the late 18th Century, the mechanization of 
textiles and other consumer goods transformed poor agricultural societies into prosperous 
industrial economies. To be sure, at least before the 20th Century, a wide range of mass-produced 
goods, from garments to revolvers and tools, continued to be assembled by relatively unskilled 
workers in relatively small-scale factories located near their power sources, whether rivers, 
forests, or mines. Nonetheless, following the standardization, commercialization, and diffusion 
of portable steam engines, the exponential growth in living standards was eventually unleashed. 
Societies soon escaped the Malthusian Trap—a condition where rapid, exponential population 
growth outpaced linear increases in agricultural production, resulting in recurring famines and 
disease (McCloskey 2017). And global communication and transportation networks organized 
around telegraphs, railroads, and steam ships underwrote mass transnational migration flows and 
an explosion in international trade (Calomiris and Haber 2014: 39-41).  
 
Skeptical readers may protest that, in 2025, it’s premature to declare AI as revolutionary as the 
steam engine, electricity, or microprocessors. Readers who encounter this book in, say, 2035, 
2045, or 2100 might consider it presumptuous to declare the early 2020s as the setting for a new 
industrial revolution, especially if heady forecasts about AI’s impacts don’t pan out. Critics from 
that era who lambasted AI chatbots as offering merely incremental improvements over traditional 

 
7 On the projections in the latter part of this paragraph see World Economic Forum (2025). 
8 See, for example, Deichmann et al. (2023). 
9 See Brynjolfsson and McAfee (2014) and Schwab (2016); politicians such as Andrew Yang, Xi 
Jinping, Angela Merkel, and Narendra Modi, and firms such as Siemens, IBM, Deloitte, and 
Accenture, also declared the AI age as a new industrial revolution.  
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search engines such as Google—or, worse, saw them as glorified autocorrect features that make 
a lot of mistakes—may yet be vindicated. 
 
There are two important rejoinders to this skepticism. First, early criticisms of previous 
technologies were also made at the early stages of their respective industrial revolutions—and 
those turned out to be wrong. They did not account for the institutional, regulatory, economic, 
and cultural changes that allowed nascent technologies to commercialize, spread, and reach their 
full potential. Second, there are also good reasons to believe that, given the recursive, flywheel 
nature of AI, it may be the most consequential industrial revolution yet: for the first time in 
history, we have learned how to automate automation.   
 
Consider that “experts” once dismissed electricity as inferior to established technologies like 
steam power, questioning its reliability and cost-effectiveness and lamenting its seemingly 
intractable deficiencies (Hughes 1983). Critics saw it as a luxury good limited to affluent 
households and niche industries, not a power source that could materially affect everyday life.  
Semiconductors were also met with significant derision. After the invention of the transistor in 
1947 by John Bardeen, Walter Brattain, and William Shockley at Bell Labs, its potential 
applications were not immediately clear. The electronics industry, which included radios, 
televisions, and early computers, was dominated by clunky vacuum tubes; many “experts” 
doubted that transistors could match their power, reliability, and relatively low cost. 
These criticisms were not without merit. Early transistors faced serious technical challenges. 
They were difficult to manufacture reliably, their performance was inconsistent, and they were 
more expensive than vacuum tubes. And because the demand for miniaturized electronic 
components was practically non-existent, their widespread adoption remained limited. 
 
Industrial Revolutions are Not Just About Technological Change 
 
Transformative inventions often require decades to realize their full potential. An uncertain and 
circuitous commercialization process only gradually and fitfully transforms novel technologies 
into practical, timesaving, and productivity-enhancing processes, as well as into valuable final 
goods and services.  
 
Consider electricity’s journey from unreliably powering quirky novelty items such as flickering 
electric lamps and vibrating gadgets to an indispensable utility that transformed the world. To 
effectively supplant centralized energy systems such as waterpower or steam engines, a 
comprehensive overhaul of the stock of physical infrastructure was needed. This meant 
retrofitting existing structures, installing intricate wiring systems throughout buildings, factories, 
and residences, and developing stringent safety standards to mitigate electrical hazards.  
 
In turn, these changes depended on the introduction of an overlapping set of laws, regulations, 
and standards. The development of alternating current (AC) systems by Nikola Tesla and George 
Westinghouse, coupled with the standardization of AC power frequency—with the United States 
settling on 60 Hertz by the early 20th century—reduced electricity market fragmentation, 
encouraging manufacturers to mass-produce electrical appliances that would work reliably across 
entire regions or nations. The National Electrical Code (NEC) established standardized rules for 
electrical wiring and equipment installation to minimize fire and electrocution risks. Local and 
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state jurisdictions gradually integrated the NEC into building codes, making safe electrical 
wiring a legal requirement in homes, factories, and public buildings. In parallel, Underwriters 
Laboratories (UL) began testing and certifying electrical devices for safety, ensuring that 
everything from light bulbs to industrial motors met minimum standards, with UL labels 
becoming de facto requirements in many U.S. jurisdictions through building and fire codes. The 
Federal Power Act expanded the authority of the Federal Power Commission to oversee the 
interstate transmission of electricity, set fair rate structures, and enforce reliability standards. 
 
Moreover, governments orchestrated expansions of electrical grids, which reduced electricity 
generation and distribution costs, making it increasingly affordable for a broader population. The 
Public Utility Holding Company Act regulated the business practices of large utility holding 
companies, ensuring that electricity services operated more transparently and efficiently. The 
Rural Electrification Act provided federal loans to cooperatives and public entities to build 
electrical infrastructure in rural areas, extending the benefits of electrification beyond cities.  
 
Finally, a consistent flow of follow-on innovations, made possible by standardization, the 
expansion of electricity, and the large and small adjustments made by firms that increasingly 
adopted and exploited electric power, allowed electricity to reach its full potential. Technical 
advancements in electrical wiring and components and lighting and electric motors sped up. And 
automation increased exponentially across the economy and rapid industrial growth followed as 
workers plugged in standardized, portable machinery and tools into increasingly ubiquitous 
electric sockets mounted across the factory floor. Plants were reorganized root and branch to 
optimize space usage, workflow, and logistics, as laborers no longer had to huddle together under 
a centralized power source that hung overhead in the form of a huge leather or rubber belt that 
they then precariously attached their machines and tools to with pulleys (David 1990).  
 
Similarly, as Gordon (2018) recounts, the invention of the electric elevator transformed the urban 
landscape and its functionality: the ability to extend space vertically could support higher 
population densities and allowed for the reorganization of offices and some factories. Plus, 
affordable appliances such as refrigerators, washing machines, and vacuums became ubiquitous, 
freeing folks from tedious, if not backbreaking, housework and similar chores.10 
 
Taken together, these process and product innovations related to electricity fueled substantial 
gains in labor productivity and total factor productivity (TFP); gains that were especially 
pronounced between 1920 and 1970, during which the U.S. experienced annual compound 
growth rates in labor productivity of around 3 percent (see Gordon 2018: 17). Consequently, real 
wages exploded and rapid economic growth bankrolled generous welfare states and ushered in 
the so-called Golden Age of prosperity across the Western world.  
 
AI is Not Only Revolutionary, It’s Uniquely Revolutionary 
 
Amazingly, the Fourth Industrial Revolution may turn out to be even more revolutionary than its 
quite revolutionary predecessors, including electricity. AI is not just another variant of task 

 
10 The proliferation of “networked” homes and other facilities plugged into the electric grid 
accompanied the advent of widespread telephone access and accessible gas and sewage service. 
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automation—rather, it is about the automation of how to automate new tasks. As algorithms 
began to design new algorithms during the early 2020s, machines quickly found ways to make 
themselves smarter and faster on their own.  
 
By 2025, automatons effectively learned how to make new automatons that could keep 
improving themselves. AI algorithms generated source code that created more sophisticated AI 
models, automating the very process of AI development itself. “AI engineers” analyzed robot 
performance and autonomously optimized their movements and workflows for greater efficiency, 
automating robot programming and enhancement. “AI analysts” mined vast datasets to 
dynamically redesign entire supply chain networks—logistics, warehousing, routing—optimized 
for cost, speed, and resilience. “AI scientists” scoured existing scientific data, formulated novel 
hypotheses, and designed entirely new experimental setups to test those hypotheses, accelerating 
the pace of discovery. 
 
WHAT THIS BOOK AIMS TO ACCOMPLISH AND WHY 
 
This book aims to understand the ideological, institutional, legal, and regulatory origins of the 
latest industrial revolution, as well as its potential consequences. This task is vital for several 
reasons. Like its three predecessors, the Fourth Industrial Revolution didn’t emerge 
spontaneously, nor did it evolve in a linear fashion. Groundbreaking technological changes are 
never exogenous or predetermined, and revolutionary inventions take decades to commercialize 
and reach their full potential. While this revolution shares several elements with its predecessors, 
it is unique in how it depended on digital platforms with significant network effects to coax users 
to continuously generate massive amounts of diverse, geo-coded, and dynamic data that 
researchers then exploited to train AI models. Understanding how we got the Fourth Industrial 
Revolution is essential for academics, students, policymakers, business leaders, and citizens 
grappling with its implications for economic organization, social relations, and political 
institutions. 
 
The Book’s Argument 
 
In this book, I argue that, like previous industrial revolutions, the Fourth Industrial Revolution 
arose when new markets and business models formed around groundbreaking technological 
innovations, ushering in novel supply chains. By extension, innovative patterns of industrial 
organization required equally significant changes to property rights and liability rules, 
appreciable reductions in transaction costs, and creative solutions to market failures. The federal 
government provided the legal and regulatory ballasts that underpinned global, vertically 
disintegrated supply chains, new telecommunications networks, and the commercialization of the 
internet: digital contracting, e-commerce exchanges, and digital payments. The federal 
government also supported new standards that promoted interoperability—led by standard 
setting organizations (SSOs) that solved coordination problems in mobile telecommunications—
and tolerated the rise of platforms with closed ecosystems that were not liable for third party 
content. This culminated in mobile devices and digital platforms that took big risks by 
experimenting with business models centered on monetizing user-generated content at an ever-
growing scale. In turn, it ushered in the huge gushers of user data that powered algorithms for 
search and recommendations and was used to train AI models. 
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Between the late 1970s and early 2000s, a bipartisan shift from a populist-statist consensus to the 
Creative Destruction Paradigm (CDP) transformed the American political economy. Unlike 
conventional accounts that attribute today’s digital economy to neoliberalism or the Washington 
Consensus, I demonstrate how a bipartisan, evidence-based policy agenda fostered innovation.  
 
The CDP represented a fundamental break from the populist-statist consensus that had prevailed 
since the Progressive Era. Through carefully crafted reforms to intellectual property rights 
(IPRs), telecommunications policy, antitrust regulation, and international trade rules, the CDP 
enabled the emergence of vertically disintegrated global supply chains dominated by American 
firms specializing in R&D, IP, and design. This transformation was particularly evident in the 
semiconductor industry, where the separation of chip design from manufacturing catalyzed 
innovation and precipitated steep reductions in quality adjusted prices for microchips. 
 
U.S. firms grew to specialize in intangible capital—R&D, IP, design, software and algorithms; 
countries such as China, Taiwan, and Mexico took up the assembly of physical devices, 
including semiconductors and digital devices. While computing was once dominated by large 
institutional mainframes (e.g., IBM’s 360 series), new markets and business models gradually 
arose—Apple popularized user-friendly personal computers and Microsoft licensed its operating 
system to a diverse range of PC manufacturers. Over time, new supply-chain relationships 
sprouted, linking chip designers in Silicon Valley, semiconductor equipment makers in Europe 
and Japan, contract manufacturers in South Korea and Taiwan, and software firms worldwide. 
By the time smartphones became mainstream, fabless semiconductor companies like Qualcomm 
or NVIDIA focused on R&D and design, foundries like TSMC handled large-scale chip 
fabrication, and countless original design manufacturers (ODMs) assembled finished devices.  
 
The shift towards vertically disintegrated global supply chains required entirely new forms of 
contracting, alliances, and standardization; these networks supercharged innovation and 
technology transfer both within supply chains and between rivals and gave birth to a new digital 
economy. 
 
Central to this story is how mobile phones evolved from limited, bulky devices into sophisticated 
platforms connecting users, manufacturers, developers, and service providers. The resulting app 
economy, governed by digital platforms, generated unprecedented volumes of mobility-
enhanced, diverse, and dynamic data that proved essential for training AI models. These 
platforms achieved dominance through network effects and ecosystem building; their users 
generate real-time, diverse, geo-coded data that powers AI. 
 
Ubiquitous, interconnected mobile devices became data-gathering engines to train AI models by 
deploying geolocational-enhanced search and platforms of various kinds around social media, 
the gig economy, and e-commerce. Developers capitalized upon electronic contracts and 
signatures and terms of use liability waver templates to sell software on app stores and deploy 
personalized feeds and ads. Protected from lawsuits by Section 230 of the 1996 Communications 
Decency Act, platforms like Google, Facebook (Meta), Amazon, and X established appealing, 
multi-sided markets that attracted a global audience and countless advertisers, developers, and 
device manufacturers—all benefiting from network effects. The first type of network effect is 
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direct—existing users’ utility increases as more users join the platform. The second is indirect—
the value for advertisers, developers, and device makers grows with the expanding user base. 
 
The ability of LLMs to generate text that closely mimics human writing stemmed from their 
exposure to vast, diverse and dynamic language data, enabling them to capture nuances in 
meaning, grammar, and style across different contexts. Ever-expanding user bases were 
immersed in digital platforms and completely engaged, creating valuable and traceable digital 
contrails. Indeed, these digital platforms experimented with earlier generations of AI models as 
they solicited massive volumes of raw data to personalize user experiences, optimize content 
delivery, and power targeted advertising. For instance, Facebook collects extensive data on user 
activities to tailor news feeds and ads to individual preferences. In turn, this same data was then 
used by researchers to train Generative AI models, enabling them to understand and produce 
coherent, contextually relevant, human-like text.11 And Big Tech firms became so profitable they 
could afford to invest in the type of R&D and capital spending—e.g., General Processing Units 
(GPUs) and cloud computing data centers—that enabled the commercialization of Generative AI 
and similar applications.  
 
This book also argues that for AI to reach its full commercial and economic potential, it is going 
to take a massive sorting of liability rules and safety regulations and new traffic laws and privacy 
and cybersecurity protocols—not to mention all kinds of new contracting and industrial 
organization innovations we can’t yet imagine. To get promising technologies such as driverless 
cars on every curbside, it’s going to take a whole lot of time and effort. 
 
Finally, the book takes a comparative perspective, both cross-nationally and historically. It 
contrasts American AI development to Europe and China’s approaches, examining how different 
institutions, regulatory paradigms and priorities create distinct trade-offs—the EU emphasizes 
consumer protections and China pursues a state-directed model. It also draws historical parallels 
to previous industrial revolutions, showing AI’s similarity to the development of steam power, 
electricity and computers. By exploring the consequences of AI on business practices, 
productivity, employment and inequality, the book documents how AI conforms to the historical 
paradox of exponential performance improvements, S-curve adoption, and delayed effects. It 
argues that, like previous industrial revolutions, the Fourth Industrial Revolution’s ultimate 
impact on creating opportunities versus exacerbating disparity will depend on how societies 
manage AI deployment and make investments in education, infrastructure and social insurance. 
 
The New Institutional Economics Approach 
 
To explore these topics and thus uncover the foundational changes that drove the Fourth 
Industrial Revolution, I employ a New Institutional Economics (NIE) approach. By leveraging 
the tools of rational choice theory, NIE examines how institutions mediate the relationship 

 
11 While social media, e-commerce platforms, and digital forums are major sources of data for 
training generative AI models, researchers have also utilized other data sources, including large-
scale web crawls that gather text data from various websites, digital libraries containing books 
and academic papers, publicly available datasets like Common Crawl, government databases, 
news archives, and user contributions to collaborative projects like Wikipedia. 
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between individuals’ preferences and their actions.12 NIE explores how institutions, norms, laws, 
and regulations shape the formation of markets and organizations and thus influence both 
individual behaviors and collective actions. It can therefore be used to understand how 
institutional differences and changes influence economic, political, and social outcomes, making 
it relevant to economists, political scientists, and sociologists alike (see Levi and Menaldo 2015). 
 
The NIE paradigm is premised on the idea that as individuals and organizations pursue their 
interests and attempt to benefit from gains from trade, they encounter various challenges and 
frictions. Transaction costs may impede their ability to secure property rights over tangible and 
intangible assets or their labor (see Alston et al. 2018). Transaction costs are the expenses 
associated with finding counterparties to transact with, assessing and measuring relevant features 
of the transaction, negotiating agreements, and enforcing their terms. Information asymmetries 
(such as adverse selection) and principal-agent problems (such as moral hazards) may derail, or 
at least seriously distort, market exchanges and complicate relationships within organizations.13 
Collective action issues, including coordination difficulties (Olson 1967), and attempts to 
safeguard against opportunistic behavior (Williamson 1985), further impact how institutions 
function and affect the ability of individuals and groups to achieve their objectives. 
 
NIE is helpful for understanding how the assignment and enforcement of new property rights and 
the contracts that activate these rights contribute to the creation of new networks of exchange, 
competition, and collaboration between individuals, firms, and other organizations. It is also 
helpful for deciphering the logic behind the industrial organization of new supply chains, 
including how firms within the same supply chain relate to each other or how potential rivals 
compete and cooperate. Finally, NIE helps gain purchase on why and how governments may or 
may not reduce transaction costs and address market failures in the quest to satisfy their political 
and economic objectives.14  

 
12 Rational choice theory posits that individuals make decisions by systematically evaluating 
available options to maximize their utility. It assumes that preferences are linear and transitive, 
and that individuals engage in cost-benefit comparisons and expected value calculations to 
choose the most favorable outcome: the one closest to their ideal point. This may include 
engaging in strategic behavior: when pursuing their preferences, individuals condition their 
behavior on what they believe others will do—it acts as a constraint on their actions. 
13 Adverse selection refers to a situation where one party possesses more or better information 
than the other before a transaction occurs, leading to the selection of suboptimal or higher-risk 
participants. This hidden information problem can result in markets being dominated by those 
with less desirable characteristics, driving up costs and inefficiencies, like in insurance markets 
where individuals with higher risk are more likely to seek coverage. Moral hazard occurs after a 
transaction has taken place, where one party may take hidden actions that affect the outcome of 
the agreement, often to the detriment of the other party. For example, an insured individual may 
take greater risks than they otherwise would because they do not bear the full consequences of 
their actions. On these points see Alston et al. (2018). 
14 Market failures occur when markets “go missing”—not because there is a lack of potential 
gains from trade, but because property rights are not well-defined or transaction costs are 
prohibitively high, despite buyers’ willingness to pay and producers’ willingness to sell (see 
Coase 1960). 
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More specifically, this book draws on NIE to help make sense of how shifts in ideological, 
institutional, and regulatory landscapes can establish property rights regimes, lubricate 
contracting relationships, and promote new industrial organizations. It exploits the lessons of 
NIE to theorize about how previously prohibitive transaction costs may appreciably decline, 
allowing new markets for manufactured products and intangible assets and information and 
services to materialize and previously unrealizable gains from trade to be realized. 
 
THE BOOK’S OTHER CONTRIBUTIONS 
 
Understanding the etiology of the smartphone as both a hardware device and a software-run 
platform that nests digital platforms within it requires a deeper exploration of the U.S. 
economy’s evolution. Leveraging strengths in invention and the commercialization of 
innovation, American industries shifted toward intangible capital, focusing not on traditional 
manufacturing but on R&D, IP, design, marketing, and distribution. Legal and technological 
changes fostered highly decentralized supply chains governed by arm’s-length exchanges and 
extreme specialization along the lines of comparative advantage. As the economy became more 
globalized this meant more outsourcing of labor-intensive manufacturing to countries that paid 
relatively lower wages (see Autor, Dorn, and Hanson 2016). 
 
From 1972 to 1992, R&D-intensive, intangible-capital-rich industries grew at an average rate 
twice that of real GDP, led by computers, semiconductors, and software. With export shares 
significantly higher than the national average, these sectors became not only economic drivers 
domestically but also formidable players in global trade (see FTC 1996). The rapid ascent of 
these industries from their nascent stages after World War II to positions of global prominence 
by the early 1990s is a testament to the transformative power of U.S.-led technological and 
regulatory shifts. 
 
This robust growth pattern persisted post-1992. Between 1992 and 2020, these sectors frequently 
outpaced real GDP growth, doubling or even tripling it. While the U.S. real GDP grew at an 
average annual rate of about 2.5% during this period (Bureau of Economic Analysis 2021), 
sectors like information technology (IT) averaged growth rates between 5% and 7% annually 
(National Science Board 2020). For example, the global semiconductor industry saw sales grow 
from approximately $60 billion in 1992 to over $440 billion in 2020, reflecting an annual 
compound growth rate of 8% (Semiconductor Industry Association 2021). The software market 
similarly expanded during this period, rising from around $60 billion to over $530 billion (Mehta 
et al. 2021). These sectors also saw a global reach, with exports of U.S. semiconductor 
production consistently above 80% (Semiconductor Industry Association 2020). 
 
Fast forward only a few years. In 2023, the United States exported over $300 billion in 
information and communications technology (ICT) and business services, resulting in a net 
surplus of $120 billion (U.S. Bureau of Economic Analysis 2024). Additionally, U.S. royalty and 
license fees, primarily from technology, achieved a net surplus of $90 billion (World Bank 
2023). Financial services also contributed significantly, generating a surplus of $63 billion (The 
White House 2024).  
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The trajectory of the American economy along these lines contextualizes the rise of the Fourth 
Industrial Revolution. The smartphone, representing the pinnacle of digital innovation, is a 
culmination of decades of the transfer of technology across and within the type of supply chains 
that are emblematic of these changes. This process catalyzed a shift from vertically integrated 
manufacturing toward a decentralized model, facilitating rapid innovation and specialization 
across the economy. Technology transfer began with devices like personal computers and was 
characterized by continuous knowledge exchanges between rival firms and along the supply 
chain. It then continued with subsequent technological advancements like the smartphone. 
 
Another key contribution of this book is examining how, over decades, the vibrant transfer of 
technology across supply chains’ vertical and horizontal dimensions reshaped the high-
technology sector and the U.S. economy at large. I first focus on semiconductor industry 
dynamics during the Third Industrial Revolution, between the 1970s and early 2000s. While 
dominant companies like Intel and Texas Instruments historically designed and manufactured 
their own CPUs and memory chips, they now coexist within a highly specialized, disintegrated 
supply chain for semiconductors. Industry leaders readily shared technology and know-how 
during this period with both their rivals and suppliers, firms that provided them with key inputs, 
machinery, and complementary services such as software and consulting services. By selling and 
licensing patents and setting industry standards they fostered a collaborative ecosystem that 
fractionalized supply chains and accelerated innovation in the semiconductor industry. 
 
To make sense of this pattern, I theorize that strong industry innovation leaders serve as focal 
points that help set technological standards and commercialize innovation. They engage in the 
lion’s share of their sector’s R&D and patenting to dictate the pace of technological change and 
uptake, bearing the dynamics of a Pareto Distribution. As this book argues and shows, R&D and 
patenting are not evenly spread across firms; rather roughly 20% of firms generate 80% of 
innovations. Therefore, unlike a Normal Distribution (bell curve), where most observations 
cluster around the mean, technological progress obeys a “power law”, whereby a small number 
of participants account for a disproportionate share of outcomes. In other words, there is a heavy 
concentration of innovative activity in a few dominant “leader” firms with a long tail of less‐
innovative “follower” firms. 
 
These technological leaders also create and support institutions that codify their industry’s best 
practices and distribute valuable information, shaping the competitive landscape in ways that 
reinforce their bleeding edge positions. However, while industry innovation leaders clearly 
outwork their rivals on this dimension, they also help build them up, as they are not stingy when 
it comes to sharing ideas, knowledge, and know-how with them. Nor do they withhold their 
supply chain partners from gaining access to these assets. On the contrary, technological leaders 
actively share their innovations to expand market demand and disseminate process innovations. 
This book empirically examines these phenomena in creative ways. Unlike much of the existing 
literature, my analysis employs multiple units of analysis, including individual patents, 
horizontal networks of competing semiconductor firms, vertical supply chain networks for 
electronic digital devices, cross-sectional firm-level data across the U.S. economy, and cross-
sectional industry-level data. This multi-level approach allows for a more comprehensive 
understanding of technology diffusion and its impact on various levels of the economy.  
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Furthermore, I employ several previously neglected statistical tests to identify the existence that 
patent distributions are governed by a Power Law—to operationalize the concept of 
technological inequality between firms—and develop novel strategies to demonstrate how 
leading firms, while maintaining their technological lead, actively share innovations to expand 
market demand and disseminate process innovations. Moreover, this book is the first to create 
network datasets that allow for not only the exploration of ties between network nodes in a 
horizontal relationship—firms that compete with one another—but the examination of 
bidirectional vertical network relationships in the technology supply chain between 
semiconductor firms, hardware manufacturers specializing in personal computers and personal 
assistants, wireless telecommunications companies, and software publishers. Finally, I use cross-
licensing data to adduce further evidence of knowledge sharing. 
 
This combination of multiple units of analysis, novel statistical methods, and the specific focus 
on demonstrating knowledge sharing between market participants distinguishes this book’s 
empirical approach from existing research, which typically focuses on simpler analyses of patent 
citations.15 It allows me to reach several novel conclusions. 
 
First, high-tech firms are important hubs inside dense networks of patent licensing arrangements 
and general technology sharing patterns. Notably, leading firms in sectors such as 
semiconductors, telecommunications, computer manufacturing, software, data 
hosting/processing, and computer design hold influential patents with numerous forward 
citations, reinforcing their status as technological leaders. Moreover, dominant firms are more 
frequently cited for their technological contributions, while follower firms predominantly cite 
these leaders in the process of adopting standardized innovations. This asymmetric structure of 
knowledge flows fosters both vertical and horizontal technology transfer, enabling the broad 
dissemination of standardized innovations across a given sector. 
 
I also find that technology transfer impacts productivity differently across firms. While patent 
forward citation leaders sit at the productivity frontier, follower firms (that cite leaders’ patents) 
experience significant TFP gains as they absorb leaders’ innovations. This leads to greater 
convergence within sectors over time as productivity differences across firms are compressed. In 
other words, greater inequality in tech capabilities (leader-follower gap) correlates with greater 
equality in productivity across firms due to diffusion.  
 

 
15 Several researchers claim that forward citations bespeak the spillover of ideas and technology 
from one firm to another (Jaffe et al. 1993; Caballero and Jaffe 1993; Jaffe et al. 2000). On the 
one hand, researchers have used patent data to create and exploit measures of both firms’ total 
patent and patent citation counts (Jaffe and Trajtenberg 2002). On the other hand, researchers 
have created and exploited network datasets based on the dyadic nature of the original NBER 
dataset to explore the network topologies of firms that cite each other’s patents (e.g., Brantle and 
Fallah 2007). A major finding is that firms that score highly in terms of the generality of their 
forward citations are most likely innovating Generalized Purpose Technologies (GPTs) and firms 
that cite these patents (with high levels of generality of their backward citations) are probably 
assimilating these innovations (Hall et al. 2001: 23). 
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This phenomenon in turn narrows industry price markups. As best practices are diffused and 
firms’ cost differentials are attenuated, this engenders a more compressed distribution of 
Ricardian Rents. However, patent forward citation leaders in high-tech sectors nonetheless 
maintain some competitive advantages in the face of the equalizing effects of strong technology 
diffusion due to their ability to sustain the spearhead position in terms of process and product 
innovation. This is, after all, one of the main attractions of obtaining and defending their 
leadership position through prolific patenting and harvesting citations.  
 
These findings challenge several traditional views about technology and innovation. They 
eschew the idea that patents are solely “competitive moats.” They also envisage technology 
leaders as hubs of technological transfer in vibrant systems of knowledge exchange as they 
actively share their knowledge both horizontally and vertically. Finally, they suggest that the 
dissemination of innovations by technology leaders to followers is a key determinant of sectoral 
economic performance. 
 
In short, the book contributes to our knowledge of innovation in general by exploring key aspects 
of technological development and diffusion. First is decentralized innovation, a focus on how 
innovation occurs in a distributed manner across networks. Second is network dynamics, an 
emphasis on the interplay within industry networks and supply chains. Third is the creation of a 
positive-sum environment, the paradoxical outcome where technological inequality can benefit 
both leaders and followers through market expansion. Fourth is the surprising interplay of 
competition and cooperation. 
 
SUMMARIZING THE BOOK AS A SERIES OF QUESTIONS 
 
Proceeding from the premise that the AI phenomenon of the early 2020s represents an early 
phase of a full-fledged industrial revolution, and perhaps the most revolutionary one yet, this 
book is dedicated to addressing a series of pressing questions. They can be divided into four 
sets—and further divided into separate categories within these sets.  
 
The first set of questions is about the causes of the Fourth Industrial Revolution. They can be 
grouped into the following five categories: 1) “Evolution of Intangible Capital and Technological 
Leadership”, 2) “Political, Legal, and Regulatory Enablers”, 3) “Transformation of Mobile 
Phones”, 4) “Network Effects and Global User Bases”, and 5) “Personalization, User-Generated 
Content, and Engagement.”  
 
The second is about the mechanics of the Fourth Industrial Revolution. They can be grouped into 
the following four categories: 1) “AI’s Technical Foundations”, 2) “Large Language Models vs. 
Artificial General Intelligence”, 3) “IoT and Data Ecosystems”, and 4) “The AI Supply Chain.”  
 
The third set of questions is about the consequences of the Fourth Industrial Revolution. They 
can be divided into five categories. They are: 1) “Socioeconomic and Industry Transformations”, 
2) “Lowering AI Costs and Complexity”, 3) “Early 2020s Developments and Post 2025 Trends”, 
4) “Fulfilling the Promise of AI, Macroeconomic Consequences”, and 5) “Inequality and Societal 
Management” 
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The fourth set is about the regulation of AI. These can be grouped into the following four 
categories: 1) “Divergent AI Regulation Approaches”, 2) “Broader Deglobalization Context”, 3) 
“Regulatory Challenges (Liability, Standards, Privacy, Transparency)”, and 4) “Geopolitical 
Competition and Future Governance”. 
 
Below I outline each of the questions explored in this book, proceeding category by category. 
 

I. The Causes of the Fourth Industrial Revolution 
 

1) Evolution of Intangible Capital and Technological Leadership 
 

• How did the U.S. arrive at the point where its leading firms’ most valuable capital is 
intangible, allowing them to remain at the bleeding edge of technological innovation? 

• How did these firms revolutionize the innovation process, become more productive and 
profitable, and fundamentally transform the American economy in the process? 
 

2) Political, Legal, and Regulatory Enablers 
 

• What political, legal, and regulatory frameworks fostered the technological advancements 
that transformed mobile devices into the data-gathering engines that powered the Fourth 
Industrial Revolution? 

• How do those frameworks compare to the underlying reasons behind previous industrial 
revolutions and the role of the state in driving those revolutions? 
 

3) Transformation of Mobile Phones 
 

• How were mobile phones transformed from bulky devices with limited functionality—
primarily handling voice calls and plagued by short battery lives—into powerful 
computing devices with high-resolution touchscreens, cameras, internet connectivity, 
GPS, audio-video capabilities, and AI assistants? 

• How did smartphones evolve into platforms connecting users, handset manufacturers, 
developers, software providers, and payment processors, thereby spawning an app 
economy dominated by geo-coded digital platforms with personalized recommendations 
and interactive features? 
 

4) Network Effects and Global User Bases 
 

• How did these GPS-enhanced digital platforms achieve and maintain dominance through 
both direct and indirect network effects, locking in massive global user bases numbering 
in billions? 

• What measures allowed digital platforms to build ecosystems that seamlessly integrate 
hardware, software, and user profiles while providing bundled services from search 
engines to cloud storage? 
 

5) Personalization, User-Generated Content, and Engagement 
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• How did digital platforms cultivate user-generated content and personalize experiences 
through engagement-increasing algorithms, sophisticated recommendation systems, 
targeted advertising, and bespoke services? 

• How did the hundreds of millions of terabytes of data generated by users and refined by 
digital platforms become the “new oil” that fuels the postindustrial age? 
 

II. The Mechanics of the Fourth Industrial Revolution 
 

1) AI’s Technical Foundations 
 

• How did AI evolve from its early origins to breakthroughs in machine learning and neural 
networks that culminated in LLMs such as Chat-GPT and other advanced applications 
such as computer vision? 

• What are the key technical steps that nourished the capabilities that define modern AI? 
 

2) Large Language Models vs. Artificial General Intelligence 
 

• How do LLMs process vast datasets to generate human-like insights and responses? 
• What distinguishes current AI capabilities (especially LLMs) from artificial general 

intelligence? 
 

3) IoT and Data Ecosystems 
 

• What role does the Internet of Things (IoT) play in generating and exchanging the 
massive data pools on which AI depends? 

• How do interconnected devices shape real-time data flows, and why are these flows 
critical for AI systems? 
 

4) The AI Supply Chain 
 

• What are the major layers in the AI supply chain, from raw data to hardware to software 
to cloud infrastructure to end-user applications? 

• How does each segment of the supply chain contribute to final AI services for both 
individuals and enterprises? 
 

III. The Consequences of the Fourth Industrial Revolution 
  

1) Socioeconomic and Industry Transformations 
 

• How does AI follow the classic pattern of general-purpose technologies (like steam and 
electricity) in spurring new industries and reshaping society? 

• Which transformative effects are already visible in industries such as healthcare, 
manufacturing, finance, and education? 

• How might AI technologies continue to foster new business models and fundamentally 
alter the industrial organization of firms and different sectors? 
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2) Lowering AI Costs & Complexity 
 

• In what ways do standardization architectures, such as modular interfaces, commodity 
hardware, standardized APIs, and reference architectures, reduce AI’s cost and 
complexity? 

• How might AI platforms and model hubs (e.g., Hugging Face) promote enterprise-level 
standardization of AI, like what previously happened with enterprise software? 
 

3) Early 2020s Developments and Post 2025 Trends 
 

• How did partial standardization of AI and organizational adjustments by precocious AI 
adopters—but not by most economic actors—play out in the early 2020s? 

• How will the continued standardization of AI and increasing adaptations by organizations 
that adopt AI compare with the trajectory of previous industrial revolutions? 
 

4) Fulfilling the Promise of AI 
 

• What must happen for the promise of AI—greater functionality, productivity, profits, and 
affordability—to be fully realized? 

• Why do products/services need to be standardized and organizations’ cultures/practices 
restructured for AI to reach its full potential? 

• How will greater standardization and plug-and-play AI technology enable significant 
economic transformations in healthcare, manufacturing, finance, and education such as 
complete factory automation, streamlined enterprise operations, and personalized 
education? 
 

5) Macroeconomic Consequences 
 

• What are the broader macroeconomic consequences of mass AI diffusion—especially in 
terms of spillovers to other sectors and total economic value? 

• When (and how) might AI-driven gains show up in national productivity statistics, given 
the historical lags observed during previous industrial revolutions? 

• How does AI adoption affect employment and wages? 
• If AI can perform some tasks, does this necessarily mean a reduced demand for certain 

workers or their wages? 
• Could broad AI diffusion generate premium wages for specialized roles and create 

entirely new job categories? 
 

6) Inequality and Societal Management 
 

• Will the Fourth Industrial Revolution broaden economic opportunity or exacerbate 
inequality? 

• How will societal choices—like managing AI deployment responsibly and investing in 
human capital—shape whether AI’s benefits are widely shared or concentrated? 
  

IV. The Regulation of AI 
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1) Divergent AI Regulation Approaches 
 

• By 2025, why did the US, China, and the EU pursue markedly different industrialization 
and innovation strategies and AI regulation policies, despite all three polities shifting 
toward mercantilism, protectionism, and state intervention? 

• In what ways did the US combine remnants of its previous regulatory paradigm with 
aggressive industrial policy and permissive AI regulation? 

• How did China’s state-directed, application-focused strategy manifest in its early AI-
specific regulations? 

• What motivated the EU’s emphasis on consumer protection and comprehensive 
regulation, including its AI Act? 
 

2) Broader Deglobalization Context 
 

• How did broader deglobalization trends influence the pivot toward mercantilism and 
protectionism in general and towards AI policy in particular? 

• Why might these trends affect cross-border technology flows, collaboration, and 
competition? 
 

3) Regulatory Challenges (Liability, Standards, Privacy, Transparency) 
 

• What were the key regulatory challenges—such as liability, standards, privacy, and 
transparency—that each polity faced when formulating AI policies in the early 2020s? 

• How did each polity’s institutional heritage and strategic priorities shape its approach to 
addressing these challenges? 

• What role can clearer government policies on liability, Intellectual Property (IP), and 
other regulatory matters have in reducing uncertainty and spurring AI commercialization? 
 

4) Geopolitical Competition and Future Governance 
 

• How might geopolitical competition accelerate AI innovation while simultaneously 
risking resource misallocation? 

• In what ways could future AI governance trajectories evolve in a fragmented policy 
landscape where different polities try to establish global standards or influence AI 
development? 

• What are the potential consequences for global technology leadership, collaboration, and 
economic development if regulatory approaches remain divergent after 2025? 

 
What’s Next 
 
In Chapter 2, I place the Fourth Industrial Revolution in historical context by offering an 
overview of the previous three industrial revolutions and identifying their common threads. The 
chapter argues that all industrial revolutions exhibit long, uncertain commercialization phases, 
unique combinations of intangible and tangible capital, and major supply chain reconfigurations. 
Each revolution eventually produced novel markets, industrial organizations, and business 
models after new laws, regulations, and court decisions appreciably reduced transaction costs. 
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These institutional changes gave birth to General Purpose Technologies (GPTs) that became 
standardized and widely diffused. This chapter documents the pivotal role governments have 
played during previous industrial transformations, highlighting how shifts in ideological, 
institutional, and regulatory landscapes facilitated technological advancements. For instance, I 
explore how strong IPRs during the First Industrial Revolution incentivized the invention and 
commercialization of key technologies like the steam engine. During the Second Industrial 
Revolution, government support for infrastructure development and standardization enabled the 
widespread adoption of electricity, leading to significant productivity gains. In the Third 
Industrial Revolution, government-funded research and supportive policies were crucial in the 
development of the internet and semiconductor technology. By examining these historical 
precedents, Chapter 2 underscores how government actions to reduce transaction costs and 
establish supportive legal frameworks have been essential in fostering technological revolutions, 
setting the stage for understanding the emergence of the Fourth Industrial Revolution. 
 
In Chapter 3, the book explores the CDP. It illuminates how the AI revolution emerged out of a 
profound transformation of the American political economy. Between the late 1970s and 2000s, a 
populist-statist consensus that had prevailed since the Progressive Era was supplanted by the 
CDP. Earning strong bipartisan support, this paradigm prioritized evidence-based policymaking 
and fostered innovation by establishing property rights and liability rules over new asset classes, 
reducing transaction costs, and solving market failures. The chapter examines several of the 
laws, regulations, and court decisions that reduced transaction costs in ways that helped birth 
digital platforms and AI. It outlines the evolution of stronger IPRs coupled with liberalized trade 
and capital flows. I also explore how a reformed telecommunications regime created the 
infrastructure that undergirded the wireless internet and allowed it to become mobile.  
 
In Chapter 4, I examine how the rise of “superstar” firms shaped the competitive landscape 
leading up to the Fourth Industrial Revolution. In this vein, I also outline how the interrelated 
reforms to IPRs, international trade, and telecommunications fostered vertically disintegrated 
global supply chains dominated by American firms specializing in R&D, IP, and design. I 
demonstrate how the smartphone’s development reflects these changes by separating design, 
component manufacturing, software development, assembly, and application. Companies like 
Apple focus on design and marketing while outsourcing assembly to contract manufacturers such 
as Foxconn and Pegatron. Specialized firms handle component production—Corning supplies 
Gorilla Glass, Qualcomm designs processors and modems, Sony manufactures camera sensors, 
and TSMC fabricates custom-designed chips. Fabless chip designers like Qualcomm and 
NVIDIA rely on Electronic Design Automation firms such as Synopsys and Cadence to create 
complex chip designs, which are then manufactured by pure-play foundries like TSMC and 
Samsung. Similarly, mobile device software reflects this vertical disintegration; manufacturers 
like Samsung, Huawei, and Xiaomi use Google’s Android operating system, customizing it 
without developing it from scratch, while third-party developers create most applications for 
both iOS and Android platforms, enriching app ecosystems without direct involvement from the 
device manufacturers. In parallel, I relay how standards created and sustained by private SSOs 
allowed digital devices to become interoperable, with mobile phone standards being the most 
important one. 
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Chapter 5 introduces a theoretical framework designed to make sense of the complex interactions 
and observations detailed in the previous chapter. This framework posits that innovation-leading 
firms serve as the prime engines of technological advancement in their sectors, not only driving 
innovation but also diffusing these innovations across their supply chains and even to their rivals. 
By engaging in extensive R&D and patenting activities, these leading firms dictate the pace of 
technological change and uptake, embodying the dynamics of a Pareto distribution where a small 
number of firms account for a disproportionate share of innovations. The framework explores 
how these firms create and support institutions and organizations that codify best practices and 
distribute valuable information, shaping competitive landscapes in ways that reinforce their 
leading positions while fostering a collaborative ecosystem that accelerates innovation 
throughout the industry. This story differs from the conventional narrative of atomized firms that 
invest in R&D unilaterally and in isolation. I instead argue that when making R&D decisions and 
all other aspects of innovation, including invention, standardization, and the commercialization 
of new technologies, leading firms will cultivate “innovation commons”: ecosystems of 
experimentation, design, production, and knowhow that link governments, firms and other actors 
together within nascent supply chains for new goods and services. 
 
In Chapter 6, I outline the empirical implications of this theoretical framework and describe my 
strategy for testing them. This includes an introduction to original datasets I use in the 
subsequent two chapters, including a network dataset that observes patents and patent citations 
and a firm level dataset that observes patents, productivity, and profits. The chapter outlines 
theorized relationships linking firms in patent networks, licensing agreements, and technological 
knowledge flows. It describes how I empirically assess how leading firms influence innovation 
patterns within their industries and across supply chains. 
 
Chapter 7 presents the results obtained from testing the first round of hypotheses introduced in 
the previous chapter. Using network data analysis, it explores how licensing agreements and 
patent networks have influenced technological advancement and industry structure in the 
semiconductor sector and other high-tech sectors. The analysis reveals that high-tech firms act as 
important hubs within dense networks of patent licensing arrangements and technology-sharing 
patterns. Leading firms hold influential patents with numerous forward citations, reinforcing 
their status as technological leaders. The asymmetric structure of knowledge flows fosters both 
vertical and horizontal technology transfer, enabling the broad dissemination of standardized 
innovations across high-tech sectors. 
 
Chapter 8 exploits firm-level data for the entire U.S. economy during the latter part of the Third 
Industrial Revolution and the advent of the Fourth to test the remaining empirical implications 
introduced in Chapter 6. It examines the relationship between patenting activity, technological 
leadership, and productivity, revealing several distinctive patterns that define the U.S. high-tech 
economy. The analysis finds that while patent forward citation leaders sit at the productivity 
frontier, follower firms experience significant TFP gains as they absorb leaders’ innovations, 
leading to greater convergence within sectors over time. This phenomenon narrows industry 
price markups and engenders a more compressed distribution of Ricardian rents. However, 
patent leaders maintain competitive advantages through sustained innovation efforts, reinforcing 
their spearhead positions in terms of process and product innovation. 
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In Chapter 9, I examine how changes to U.S. antitrust law catalyzed the rise of digital platforms 
and the Artificial Intelligence (AI) Revolution. The chapter traces the evolution from early 20th 
Century populist approaches, which sought to curb corporate dominance through per se 
prohibitions of various business strategies, to the adoption of the consumer welfare standard via 
the Rule of Reason approach. Contrary to the conventional narrative attributing this shift to the 
Chicago School, the chapter argues that it was primarily driven by courts and policymakers 
responding pragmatically to the complexities of real-world cases, decades before intellectuals 
such as Bork, Stigler, and Posner warned against capricious government intervention. Antitrust 
decision-makers, faced with concrete challenges, increasingly drew on insights from price 
theory, industrial organization, game theory, and Schumpeterian economics, leading to a more 
nuanced understanding of market power, efficiency, and innovation. As antitrust decision-makers 
worked to refine market definitions and analytical tools to address the distinct dynamics of 
network effects and data-driven business models, these insights were then applied to multisided 
platforms like Google, Facebook, and Amazon. Chapter 9 also explores the resurgence of 
populist antitrust thought, which advocates stricter regulation of tech giants. 
 
Chapter 10 focuses on digital platforms, the engines driving the generation and refinement of the 
large pools of diverse and real time data powering the AI economy. First, cell phones became 
platforms that bring together users, manufacturers, developers, and telecommunications 
providers. Enmeshed within them, digital platforms run by Google, Facebook, Amazon, and 
Twitter established global, multi-sided markets that connect consumers, advertisers, developers, 
and manufacturers. And they were engineered to produce gushers of mobility-enhanced, diverse, 
and dynamic data exploited by AI researchers. By offering free services and leveraging users’ 
digital footprints—with consent—they provide personalized content and targeted ads, creating 
self-reinforcing cycles of growth. These platforms became integral to daily life and increased 
social welfare through essential services. Moreover, they indirectly contributed to the AI 
revolution by enabling applications that generate geographic data for location-based services, 
spawning a geo-locational economy. This led to the rise of gig economy platforms like Airbnb, 
Uber, and Lyft, as well as geo-coded social networks and location-aware marketplaces. 
Consequently, advertising became more targeted and effective, as businesses leverage data 
analytics and AI to tailor ads to individual preferences, reducing marketing costs and increasing 
conversion rates. 
 
In Chapter 11, I demystify the core technologies at the heart of the Fourth Industrial Revolution: 
Artificial Intelligence (AI) and the Internet of Things (IoT). I examine what AI truly entails, how 
the IoT functions, and critically, how these technologies intertwine to reinforce and amplify each 
other’s impact across various sectors. I outline how advancements in data processing, storage, 
and computational power have converged to make AI an accessible and transformative 
technology across various sectors. By exploring AI as a GPT, I highlight its transformative 
effects in industries like healthcare, manufacturing, finance, and education, and delve into how 
AI technologies, particularly large language models, process vast amounts of data to generate 
insights and human-like responses. I also discuss the proliferation of the IoT, where 
interconnected devices gather and exchange data, generating the vast data pools that AI depends 
upon. Analyzing their symbiotic relationship, how the IoT provides data for AI while AI 
enhances IoT devices’ functionality. Chapter 11 also discusses the dramatic decline in data 
storage prices and monumental improvements in computing power facilitated by Generalized 
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Processing Units (GPUs) and similar customized chips. Moreover, the chapter discusses how the 
advent of cloud computing has democratized access to these technologies for smaller firms, 
enabling even the smallest organizations to leverage AI without substantial investment in 
physical infrastructure.  
 
In Chapter 12, I assess the stakes involved in the Fourth Industrial Revolution by quantifying the 
substantial investments made by key players during the early 2020s. I explore the wide array of 
applications emerging from AI technologies at the forefront of this revolution and analyze their 
consequences on economic value addition, productivity enhancements, job markets, and their 
distributional effects across different societal strata. The chapter examines how firms like 
Alphabet, Meta, Amazon, and others have invested billions of dollars in research and 
development to drive innovation, reflecting the immense scale of resources dedicated to 
advancing AI technologies. By delving into sectors like healthcare, manufacturing, finance, and 
education, I illustrate how AI-driven innovations are transforming industries, leading to 
efficiency gains, new business models, and changes in labor demand. I analyze the impact on job 
markets, considering both the creation of new opportunities and the displacement of certain roles 
due to automation. Furthermore, I also discuss the distributional effects across society, 
addressing concerns about inequality and who enjoys the benefits of these technologies.  
 
Chapter 13 analyzes the divergent AI regulation and innovation policies of the US, China, and 
the EU in the early 2020s in the wake of the decline of the CDP. While all three polities shifted 
toward mercantilism, protectionism, and state intervention, their approaches differed. The US 
blended elements of the CDP with increasingly aggressive industrial policy and permissive AI 
regulation. China pursued a state-directed, application-focused strategy with early AI-specific 
regulations. The EU prioritized consumer protection and comprehensive regulations, including 
the groundbreaking AI Act. I contextualize these developments within broader deglobalization 
trends. Examining key regulatory challenges (liability, standards, privacy, transparency), the 
chapter reveals how each polity’s approach reflected its institutional heritage and strategic 
priorities. The chapter also explores how geopolitical competition may accelerate innovation 
while risking resource misallocation and predict how future AI governance trajectories may 
evolve in a fragmented policy landscape. 
 
Finally, in Chapter 14 I conclude the book by synthesizing the argument and findings and 
reflecting on their implications for how the Fourth Industrial Revolution will continue to unfold, 
forecasting the potential paths its commercialization process will take. I discuss the broader 
societal and political impacts, offering insights into how we might navigate the challenges and 
opportunities that lie ahead. I highlight the need for policies and strategies to maximize benefits 
while mitigating adverse effects. 
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In this chapter, I place the Fourth Industrial Revolution in historical context by offering an 
overview of the previous three industrial revolutions and identifying their common threads. The 
chapter argues that all industrial revolutions exhibit long, uncertain commercialization phases, 
unique combinations of intangible and tangible capital, and major supply chain reconfigurations. 
Each revolution eventually produced novel markets, industrial organizations, and business 
models after new laws, regulations, and court decisions appreciably reduced transaction costs. 
These institutional changes gave birth to General Purpose Technologies (GPTs) that became 
standardized and widely diffused. This chapter documents the pivotal role governments have 
played during previous industrial transformations, highlighting how shifts in ideological, 
institutional, and regulatory landscapes facilitated technological advancements. For instance, I 
explore how strong IPRs during the First Industrial Revolution incentivized the invention and 
commercialization of key technologies like the steam engine. During the Second Industrial 
Revolution, government support for infrastructure development and standardization enabled the 
widespread adoption of electricity, leading to significant productivity gains. In the Third 
Industrial Revolution, government-funded research and supportive policies were crucial in the 
development of the internet and semiconductor technology. By examining these historical 
precedents, this chapter underscores how government actions to reduce transaction costs and 
establish supportive legal frameworks have been essential in fostering technological revolutions, 
setting the stage for understanding the emergence of the Fourth Industrial Revolution. 
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INTRODUCTION 
 
In this chapter, I place the Fourth Industrial Revolution in historical context by offering an 
overview of the three previous industrial revolutions and identifying their common threads.  
The First Industrial Revolution revolved around steam power and textile automation. The second 
was about electricity, the internal combustion engine, and chemicals. The Third Industrial 
Revolution was centered on computers, semiconductors, and the internet. The boundary between 
the third and fourth revolutions is straddled by the mobile phone and the pre-generative AI 
digital, geolocational tailored economy that evolved around digital platforms; this is a 
transitional period I will cover in several of the ensuing chapters, especially Chapter 4.  
 
The first three industrial revolutions transformed the world. The first one cemented the British 
Empire and consolidated the scientific and liberal revolutions; it also saw increased globalization 
in terms of greater trade volumes and migration (Mantoux 1961). The second industrial 
revolution helped spread industrialization and mass consumption (Landes 2008). The third one 
was coeval with another, epic wave of globalization that saw democracy and markets spread 
around the globe, especially after the end of the Cold War. 
 
This chapter’s overarching message is that industrial revolutions are not inevitable. As prima 
facie evidence, consider that existing technologies don’t simply stagnate in the face of a 
potentially disruptive innovation. Users of older technologies may find it more cost-effective to 
invest in marginal improvements rather than undertaking a full-scale transition to a new 
technology. And younger workers may choose to make specific human capital investments in 
older technologies—such as training to operate dated machinery—if a critical mass of older 
workers have also made those investments; in turn, this may slow down a new technology’s 
diffusion or may even strangle it in the crib (Chari and Hopenhayn 1991): Even if an innovation 
seems to perform well, several factors may incentivize organizations to invest in older 
technologies that offer a more appealing short-term return on investment (ROI). 
 
As Nuvolari (2009) ably documents, history provides numerous examples of this phenomenon. 
Windmills continued to be improved and utilized for centuries after the development of more 
powerful technologies like steam engines. Wooden wind sail vessels saw significant 
advancements in design and construction, allowing them to remain competitive in certain 
applications, even after the advent of steamships. Similarly, waterpower continued to be a 
significant energy source long after the invention of the steam engine, particularly in locations 
with abundant water resources. The use of charcoal for smelting pig iron, despite the 
development of coke-based smelting, persisted in some places due to its availability and other 
economic factors. Factory production methods using shafts and rubber belts powered by a central 
steam engine (the “group drive system”) continued to be utilized in some factors for a 
considerable time after the development of electrification and the onset of more efficient electric 
motors that could power portable machines. 
 
Another reason for the fact that older technologies endure, even when significant innovations 
occur, is that they may be bedeviled by a chaotic array of incompatible designs. For example, the 
early days of railroads were marked by a lack of standardization in track gauges, leading to 
significant inefficiencies in transportation (Puffert 2002). Investors and speculators laid tracks 
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with arbitrary gauges according to their individual preferences, necessitating the construction of 
railway carriages specifically designed for each unique track configuration (ibid). These 
carriages could only operate on their designated tracks and connect with their own carriage type, 
creating isolated segments of improved transportation (ibid). While these railways offered speeds 
and convenience far superior to horse-drawn transport within their limited domains, this 
advantage evaporated when passengers needed to transfer between different rail lines (ibid). The 
fragmentation was so severe that, after accounting for connection delays between incompatible 
systems, journeys from New York to Washington remained nearly as time-consuming as before 
(ibid).  
 
Industrial revolutions only happen when General Purpose Technologies (GPTs) such as steam 
engines and railroads become standardized and widely diffused. It is only then that these 
technologies will exhibit broad applicability, live up to their potential to undergo continuous 
improvements, and register transformative impacts (Bresnahan and Trajtenberg 1995). In turn, 
product improvements become governed by exponential growth patterns as continued 
investments in technical progress make disruptive innovations even better, more useful, 
affordable, and widely available. In this context, follow-on innovations blossom and commercial 
applications explode. 
 
Because they are centered on GPTs, industrial revolutions are about the commercialization and 
maturation of a diverse group of technologies that contribute to the transformation of key 
industries and eventually the entire economy, leading to explosive productivity growth. They 
therefore require the creation and integration of new intermediate goods. In turn, new supply 
chains must be erected to bring these components into profitable industrial relationships with 
each other. Consider that for steam powered railroads to blossom, an elaborate symphony of 
high-pressure steam engines, precision machine parts, and improved metallurgy for rail casting 
had to evolve simultaneously (Szostak 2014).  

Moreover, while groundbreaking inventions like the steam engine, electricity, and 
semiconductors represent obvious quantum leaps in technical achievement, the adoption of GPTs 
is rarely linear: it’s often characterized by slow initial uptake during a protracted gestation 
period. First, only the best‐resourced organizations harness the new technology’s potential. 
Second, it is only once new technologies become standardized that plug and play genericness, 
scale economies, and affordability help them spread across the economy—but only if firms, both 
big and small, also find ways to accommodate these technologies into their organizational DNA. 
This requires adjustments, both big and small, and even cultural changes. For example, for steel 
to become the bones and sinews of industrialized economies, mills had to first remake 
themselves around new metallurgical processes that required a cadre of trained chemists and 
mechanics to adapt new techniques to local conditions. 
 
As this chapter will demonstrate, the combination of standardization and firm level adaptation is 
what allows GPTs to usher in transformative economic changes. Standardized steel components 
enabled advancements in railway and bridge engineering. Electric power advanced from short 
experimental demonstrations to powering entire factories and cities. Microprocessors went from 
handling simple logic circuits to running personal computers, data centers, and global networks. 
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In this chapter, besides outlining the processes behind the disruptive innovation associated with 
industrial revolutions, I also document the pivotal role governments played during these 
transformations. For previous industrial revolutions to materialize, governments created or 
strengthened property rights systems and contracting, and reduced transaction costs. New laws, 
regulations, and court decisions incentivized greater arms-length exchanges. In turn, this fostered 
more liquid innovation markets that fed technological commercialization. For example, I explore 
how patents incentivized the invention and commercialization of key computer hardware 
technologies during the Third Industrial Revolution. Additionally, I will show how during each 
of the previous industrial revolutions, governments also bankrolled and coordinated basic 
research, promoted technological standardization, helped diffuse new GPTs, and furnished a host 
of public goods that built out supporting infrastructures and human capital.  
 
OVERVIEW OF THREE PRECEDING INDUSTRIAL REVOLUTIONS 
  
The First Industrial Revolution was about solving a series of seemingly mundane problems 
regarding mining, transportation and the marshalling of energy to power factories. Steam engines 
proved to be the versatile X factor that helped solve all three. These machines performed 
mechanical work by utilizing steam as its working fluid while the engine remained external to 
combustion products. They used the force produced by steam generated in a boiler, which was 
then directed through a valve that admitted the pressurized steam into a cylinder. Once inside, the 
steam expanded and pushed the piston downward, creating motion through the pressure 
difference established by a vacuum on the opposite side of the piston. This linear steam power 
was ingeniously converted into rotatory motion by a connecting rod and flywheel mechanism.  
 
In many ways, the demand for deeper and more efficient mining was downstream from another 
innovation that took commercial flight during the industrial revolution, blast furnaces. Powered 
by a form of purified, processed coal called coke, they served as the technological backbone that 
enabled the mass production of iron. These towering structures represented a quantum leap in 
metallurgical capability, allowing for unprecedented scale and speed in iron production that 
dramatically reduced costs while increasing output, making iron affordable and abundant enough 
to support rapid industrialization, as it was an essential material for machinery, railroads, 
bridges, and buildings.  
 
However, producing iron called on first extracting both iron ore and coal through either open cast 
or underground mining methods. Once extracted, the ore underwent preprocessing—it was 
crushed, washed, and transported to blast furnaces for smelting. In the furnaces, the ore was 
combined with limestone and coke and subjected to powerful blasts of hot air that melted the ore. 
Their own exhaust gases were recirculated into the bottom of the furnace, heating the coke, 
limestone, and iron materials. When the iron reached its molten state, it was tapped from the 
furnace’s bottom and poured into molds called “pigs,” where it solidified into pig iron.  
 
Early coal and iron mines faced a persistent challenge, however: they flooded constantly. As 
miners dug deeper shafts in search of richer veins of coal and ore, water seeped in, often 
rendering mines unusable. The invention of the steam engine was a direct response to this 
problem. Thomas Newcomen’s atmospheric engine, introduced in the early 18th century, became 
the first practical machine for pumping water out of mines. Although it burned considerable fuel 
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and operated relatively slowly, it offered an unprecedented solution: it freed mines from the 
constraints of shallow drilling and expanded coal extraction. Over time, James Watt refined 
Newcomen’s design, dramatically improving the engine’s efficiency.16  
 
The introduction of coal-powered steam engines enabled miners to bore significantly deeper 
shafts than previously possible. In turn, this unlocked access to vastly larger stocks of, not only 
coal, but also essential minerals like bauxite, copper, zinc, nickel, and iron—metals that served 
as key components in industrial plants, machinery, and finished products. As extraction 
capabilities improved, yields of coal and minerals increased exponentially across Europe, 
causing prices to plummet and further accelerating the pace of industrialization. Beyond its direct 
resource benefits, this mining revolution generated a deep stock of specialized knowledge around 
coal extraction and smelting processes. These skills, particularly those centered on precision 
boring and calibration techniques, produced valuable technological spillovers that advanced 
machine design and numerous industrial applications, creating a virtuous cycle of innovation that 
propelled industrial development across multiple sectors (Jacob 2014). 
 
Watt didn’t simply make deeper mining feasible; he also laid the groundwork for widespread 
applications of steam power to industrial processes. As the textile industry boomed, mill owners 
increasingly turned to steam engines to replace waterpower. While waterwheels helped 
mechanize the textile industry and contributed significantly to the First Industrial Revolution by 
enabling mass production of stronger cotton yarn that could withstand the tension required for 
warp threads—a critical advancement that previous spinning technologies had failed to 
achieve—they required fast-flowing rivers or streams.17 Steam engines, on the other hand, could 
be installed in urban centers or areas without large waterways, granting manufacturers more 
freedom in choosing mill locations. Watt’s improved engine enabled a stable, centrally powered 
factory system that ran spinning mules, power looms, and other mechanized equipment. 
Consequently, the textile sector flourished, driving down the cost of cloth and fueling a surge in 
consumer demand—as well as stimulating further demand for coal, iron, and mechanical parts 
that fed back into the emerging industrial economy. 
 

 
16 Watt significantly improved engine efficiency by ensuring the cylinder remained consistently 
hot while implementing a separate condenser. After performing its work, the spent steam was 
condensed back into water, allowing it to be recycled through the system. This critical innovation 
eliminated the need to repeatedly heat and cool the cylinder with each stroke. As a result, his 
engines were remarkably smaller and consumed substantially less coal than their predecessors, 
making steam power more economical and practical for widespread industrial application. 
17 Richard Arkwright’s water frame represented a significant advancement in textile 
manufacturing; it mechanically spun thread using waterpower to produce cotton yarn suitable for 
warp (lengthwise threads). His 1769 patent improved upon James Hargreaves’s spinning jenny, 
which could only create weaker thread appropriate for weft (filling yarn). The sophisticated 
spinning machine could process 96 strands of yarn simultaneously, dramatically increasing 
production capacity. This innovation was one of many similar machines installed throughout 
mills in Derbyshire and Lancashire, all powered by waterwheels—hence their collective name 
“Water Frames.”  



34 
 

The next pressing challenge was finding a way to transfer large quantities of coal from remote 
mines to coastal piers for transport by ship or barge. Enter the railroad: initially a set of wooden 
or iron tracks over which animals or simple engines pulled carts of coal, it soon evolved into 
locomotive-powered lines. Steam engines revolutionized freight transportation, drastically 
reducing the time and cost of hauling heavy resources. Just as with the steam’s other 
applications, railroads quickly found uses well beyond coal transportation: goods of all kinds 
could be shipped from city to city; letters and parcels moved more rapidly than ever before; and, 
crucially, people traveled in large numbers far beyond their hometowns. These rail links spurred 
the growth of new industrial centers, reshaped city life, and broadened personal horizons—entire 
families relocated for work opportunities that hadn’t existed a few decades earlier. 
 
Beyond mines, mills, and railroads, steam technology began to solve other significant challenges. 
Steam-powered ships, for instance, overcame the limitations of wind and current, dramatically 
shrinking travel time across oceans and along rivers. Likewise, early steam-driven machines 
appeared in agriculture, such as portable traction engines used to power threshing machines. 
Although these developments were gradual and scattered at first, they steadily laid the 
foundation for more profound economic and social transformations. 
 
The industrial revolution eventually spread beyond England, into the European Continent; early 
industrialization of the US was centered on textiles, arms manufacturing, machine tools, and 
railroads. Several technologies were brought over from England or were developed in the United 
States in parallel to English and sometimes French innovations (Haber, Elis, and Horrillo 2022: 
37). During the early 1800s, US inventors innovated several technologies that included “[t]he 
invention of jigs and milling machines for cutting metal to precise tolerances, such that parts 
made from them would fit into any assembly of the same type” (ibid: 38).  
 
Textile manufacturing was an early form of high-tech industry centered on self-acting mules 
(mechanized cotton spinning) and power looms (weaving) that occurred primarily in New 
England and the Mid-Atlantic states. US inventors such as Francis Cabot Lowell contributed 
numerous improvements to power looms and pioneered the integrated factory system.18 During 
the early 1800s, Lowell, in Middlesex County, Massachusetts, which was named after him 
because of these famous innovations, became a world-renowned hub for textile manufacturing. 

 
18 Textile manufacturing also benefited from the invention of the cotton gin, which along with 
other innovations such as the steel plough, barbed wire, grain harvesters, refrigeration systems, 
and improved fertilizers, helped fuel an agricultural revolution during the 19th Century. As 
railroads enabled dramatic improvements in transportation, they opened vast new territories 
across the United States for cultivation: farmers exploited these technologies to introduce new 
grains, fruits, vegetables, and livestock breeds better suited to different regions and market needs. 
The resulting mechanization significantly reduced labor requirements, allowing fewer farmers to 
manage larger operations more efficiently. These combined advancements generated massive 
increases in productivity per acre, fundamentally altering the agricultural landscape and creating 
food surpluses that supported growing urban populations while releasing labor for industrial 
production. The rise of Chicago, Illinois as a major commodity trading hub was enabled by these 
developments. 
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By the mid to late 19th Century, it had transitioned to hosting cutting edge firms that made 
machines and machine tools.  
 
And, like England, the United States witnessed the widespread application of new technologies 
beyond textiles, including coke smelting, iron puddling and rolling, and steam engines applied to 
mining, manufacturing, and transportation. As transportation and communication improved with 
the proliferation of railroads, the telegraph, and telephone lines, costs declined and a unified 
national market emerged. 
 
Eventually, markets became more globally integrated too. Around the middle of the 19th Century, 
liberalized trade rules, such as the repeal of Britain’s Corn Laws in 1846, turbocharged the 
centrifugal market forces unleashed by the telegraph, steamships, and railways. Price 
convergence between Europe and the Americas in both commodities, including wheat, cotton, 
and iron, as well as manufactured goods, ensued. Financial markets became more interconnected 
as well, reducing price differences in securities, and facilitating international investment flows. 
Finally, mass migration from European countries, China, and Japan to the Americas induced 
convergence in real wages.19 
 
The Second Industrial Revolution 
 
The Second Industrial Revolution—running from approximately 1870 to the 1930s—harnessed 
electric power and the internal combustion engine’s motor force to further transform the 
economy, society, and politics. Transportation evolved from rail to automobiles, fabrics changed 
from cotton to synthetic materials like rayon and nylon, and relatively cheap consumer goods 
were mass produced for the first time. Its major process innovations were new manufacturing 
techniques that harnessed rubber, glass, petrochemicals, standardized machinery for molding and 
shaping, electric motors and equipment, turbines, aluminum, and prestressed concrete. Notable 
product inventions included automobiles, airplanes, radios, telephones, household appliances, 
canned food, pharmaceuticals, photographic film, motion pictures, and clothing made from 
synthetic fabrics. These advances ushered in unprecedented industrial growth, an explosion in 
living standards, and a reorganization of global politics centered on America’s industrial 
prowess.  

 
19 However, the interconnectedness fostered by liberalized trade, global migration, and 
international finance faced a sharp reversal in the early 20th Century, culminating in a period of 
pronounced economic nationalism and escalating great-power conflict. This shift became 
pronounced during the interwar period (1919-1939), as the economic disruptions of World War I 
and the subsequent Great Depression fueled protectionist sentiments globally. America’s Smoot-
Hawley Tariff Act (1930) sharply raised tariffs on thousands of imported goods in a bid to protect 
domestic industries. This triggered retaliatory tariffs from other nations, contributing to a steep 
decline in international trade. Concurrently, the classic gold standard, which had facilitated stable 
exchange rates and international financial flows during the 19th Century, fractured and ultimately 
collapsed in the 1930s, hampering international commerce and investment. Deglobalization 
exacerbated the global economic downturn that contributed to the rise of fascism and other 
destabilizing events behind World War II. 



36 
 

The spread of relatively affordable energy underwrote the full electrification of factories with 
moving assembly lines and individuated (unit-driven) workspaces outfitted with machines 
plugged into electric sockets (David 1990). Between 1909 and 1929, the United States 
experienced a sixfold increase in electricity use for manufacturing and residential power, along 
with a similar increase in horsepower per worker. Cheap and reliable power enabled factories to 
abandon centralized line shafts with cumbersome pulleys and belts powered by centralized steam 
power. They transformed their layouts and workflows, making manufacturing more flexible and 
efficient while reducing capital outlays. 
 
Factories implemented sophisticated time, space, and motion innovations that fundamentally 
restructured work environments, including the standardization of work hours through clocking in 
and out, the spatial reorganization of workspaces that maximized efficiency while minimizing 
machineries’ physical footprints, and the development of assembly lines that broke complex 
manufacturing into simple, repeatable tasks. These changes were complemented by significant 
improvements in layout and workflow design, with factory spaces becoming increasingly 
specialized to accommodate each distinct step in the production process.  
 
This comprehensive restructuring of industrial space created unprecedented efficiencies in 
manufacturing operations, dramatically increasing productivity while standardizing output 
quality. This “Fordist” mass production of affordable manufactured goods fabricated with 
interchangeable parts on moving assembly lines leveraged cheap and reliable electricity to power 
individual machines and conveyor belts, enabling a continuous and highly efficient production 
process that surpassed the limitations of earlier line shaft-powered systems. Hyper specialized 
workers were able to better coordinate, allowing them to churn out large volumes of diverse 
consumer goods like appliances, electronics, furniture, and processed foods, as well as industrial 
equipment and even construction materials. 
 
But for this to happen, the Second Industrial Revolution also had to witness changes to the 
industrial organization of industrial firms. As Chandler (1990) famously explained, increased 
vertical integration under multi-divisional corporate structures allowed companies to better 
control various stages of innovation and production, from R&D and design to manufacturing. 
This helped them achieve not only economies of scale but also of scope.  
 
For example, conglomerates like General Electric (GE) created an integrated ecosystem of more 
affordable products around electrical power.20 It manufactured everything from the dynamos that 
generated electricity to the transmission wires that distributed it to the lightbulbs that consumed 
it. GE also developed comprehensive transportation networks, connecting neighborhoods via 
streetcars and linking cities with locomotives. Finally, it fabricated ovens and toasters for 
kitchens, radios and televisions for living rooms, curling irons and toothbrushes for bathrooms, 
and washers and dryers for laundry rooms. Meanwhile, a corporate-wide R&D program emerged 
within GE to help it develop these innovations.  
 
Large companies, including not only GE, but also Eastman Kodak, B.F. Goodrich, GE, Dow, 
DuPont, Westinghouse, RCA, US Steel, Unocal, and Goodyear, were able to embark on longer 

 
20 This paragraph closely draws on Gryta and Mann (2018). 
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production runs by establishing a storage and distribution infrastructure that allowed them to 
hoard large inventories of raw materials and intermediate components. To sustain production 
speed, they developed systems to monitor the flow of these inputs and pioneered batch and 
continuous-process manufacturing. This allowed these companies to exploit standardized 
production techniques across disparate categories that included airplane engines, plastics, 
cannons, medical equipment, and oil-field drill bits (see Gryta and Mann 2018). 
 
Vertically integrated multidivisional firms like GE also took direct control of suppliers and 
distribution channels, allowing them to reach national, if not global, markets (Lamoreaux and 
Sokoloff 2007). They exploited railroads, telegraphs, steamships, and improved postal services to 
coordinate the flow of goods over larger territories, connecting numerous producers to reach a 
bigger pool of consumers.  
 
These firms also included mass retailers like A&P and Sears, which leveraged railroads and 
telegraphs to match wholesalers’ purchasing power. By establishing internal purchasing 
organizations, investing in bulk storage and distribution networks, and buying directly from 
manufacturers, they eliminated the “middleman” and generated higher sales volumes—at lower 
margins—with increased stock turnover. In turn, this strengthened their ability to negotiate lower 
prices with manufacturers, further reducing per-unit costs. They also exploited their distribution 
networks to resell to independent retailers across the US, particularly outside the Eastern 
seaboard. And mass retailers’ demands for standard products in bulk influenced how 
manufacturers designed assembly lines, reinforcing mass production.  
 
During the Second Industrial Revolution, laborers with relatively higher skills were rewarded. 
Most manufacturing jobs began to require a high school education and college-educated workers 
earned significant wage premiums, many employed as managers, engineers, and chemists in 
factories engaged in mass-scale Fordist production (Goldin and Katz 2009). The number of 
scientists and research engineers working in industrial labs housed in large, vertically integrated 
and multidivisional firms expanded dramatically. 
 
The economic consequences of all these transformations were profound. TFP grew at an 
unprecedented 1.29% annually between 1899 and 1941, giving American producers an edge over 
foreign competition. Gordon (2016) argues that extraordinary productivity growth during this 
period and beyond resulted from the widespread diffusion of GPTs such as electricity.21 By 1929, 
the American share of global motor vehicle exports exceeded 70% (Nelson and Wright 1992: 
1945). Consumers benefited twice over, enjoying new products and plummeting prices. 
“Increasing output and overcapacity intensified competition and drove down prices” (Chandler 
1990: 71). 
 
It’s little wonder then that the Second Industrial Revolution witnessed the ascendance of 
American economic supremacy. Indeed, as early as the 1890s, the U.S. had become the world’s 

 
21 Although see Bakker, Crafts, and Woltjer (2017), who identify more of a “mushroom pattern” 
and attribute growth to several innovations across economic sectors. 
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largest economy and one of its most prosperous nations.22 It had surpassed the United Kingdom 
in technological prowess, industrial intensity, and overall prosperity (Nelson and Wright 1992).  
 
The Third Industrial Revolution 
 
The Third Industrial Revolution key GPT was the centralized processing computer. While its 
development rested on key technological breakthroughs including the transistor, integrated 
circuits, microprocessors, personal computers, and user-friendly software, it engendered knock-
on innovations such as the internet, digital networks, and portable wireless devices. While 
integrated circuits allowed for the rapid storage and processing of vast amounts of information, 
as well as the significant miniaturization of increasingly affordable devices, this revolution really 
began around 1971, when Intel invented the microprocessor—essentially a programmable 
computer within a chip.  
 
This invention transformed analog processes into digital ones across the economy, fundamentally 
reshaping communication, work, media, and politics. Rapid improvements in processing power 
that proceeded exponentially according to “Moore’s Law”—the doubling of the number of 
transistors on a dense integrated circuit approximately every two years—allowed personal 
computers to become smaller, cheaper, more powerful, and more versatile. The World Wide 
Web allowed these devices and others like them to become networked. Smartphones, and 
eventually the digital platform economy, emerged when this phenomenon became fully wireless, 
mobile, and geolocational. This is a development we will explore further in Chapter 4.  
 
To understand the Third Industrial Revolution, however, it behooves us to first consider that a 
computer is fundamentally “a machine that [can] perform any logical task on any set of symbols” 
(Isaacson 2014: 108). This involves several key features: the ability to translate symbolic 
mathematical language into computer code; read-write memory for both storing program 
instructions and changing them in real time; and the capacity to use data and switch between 
instructions through variable-address program language.  
 
Large, vertically integrated firms created and produced the first commercial machines that could 
perform these functions. Eckert-Mauchly Computer Corporation, Ferranti, Honeywell, IBM, and 
Remington Rand conducted R&D, manufactured almost all the necessary hardware, and 
developed the software that ran the computers.23 This first generation of computers were 
extremely large and expensive and consumed substantial amounts of power—the ENIAC 
consumed an enormous 150 kilowatts of power (equivalent to what a refrigerator uses monthly). 
Consequently, they were only purchased by large corporations, research universities, and the US 
military. 
 

 
22 On the heels of the mass production of affordable foodstuffs, the availability of cheaper 
healthcare and medicine, and the spread of air travel, radio, and the telegraph (see Gordon 2018). 
23 The first computer, The ENIAC (Electronic Numerical Integrator and Computer), was 
designed and built by John Eckert and John Mauchly at the University of Pennsylvania’s Moore 
School of Electrical Engineering between 1943 and 1945 under a contract with the United States 
Army Ordinance Corps.  
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These machines were very unreliable. While their vacuum tubes needed warming up to prevent 
failures and suffered from rapid degradation through cathode poisoning, these tubes frequently 
burned out or exploded, paralyzing operations until the failed component was identified and 
replaced. The ENIAC incorporated almost 20,000 tubes, and experienced tube failures on 
average every two days, with each failure requiring approximately 15 minutes to locate.  
  
Besides the vacuum tubes’ volatility, early computers faced additional limitations. Diode 
vacuum tubes acted as poor electronic switches, permitting current flow in only a single 
direction, from cathode to anode, to enable basic logical operations. Furthermore, triode vacuum 
tubes configured as amplifiers to generate and manipulate electrical pulses, forming the basis of 
flip-flop circuits that possessed two stable states—defined by the presence or absence of an 
electrical pulse during a specific time interval—represented a very inefficient design. Moreover, 
they weren’t truly general-purpose machines, being designed primarily to solve systems of linear 
equations. Additionally, early computers were hampered by very limited memory capacity, 
further restricting their practical applications. 
 
To overcome these shortcomings, the next generation of computers utilized transistors, chips of 
semiconducting material, often silicon, that regulate, switch, and amplify electric currents. 
Transistors operate as solid-state diodes employing crystals to conduct current. Representing a 
significant advancement in computing technology grounded in surface physics—an emerging 
branch of quantum mechanics—these semiconductor devices feature at least three terminals, 
with a critical third terminal controlling current flow between the other two by precisely injecting 
electrons. This design dramatically enhances efficiency compared to vacuum tubes by reducing 
the number of electrons needed for operation. Transistors’ versatility stems from their dual 
capability as amplifiers or switches, making them foundational to modern electronics and 
computing. When biased in a linear region, transistors amplify input signals, such as in radio 
receivers. Conversely, driving them between cutoff and saturation enables their function as rapid 
on/off switches in digital circuits (Isaacson 2014: 131; 141). 
 
Broadly, transistors fall into two main categories: bipolar junction transistors (BJTs) and field-
effect transistors (FETs), including metal-oxide-semiconductor FETs (MOSFETs). MOSFETs 
utilize a strong electrical field to draw electrons to the surface of a semiconducting material, 
allowing a low-powered input to control a higher-powered output current (ibid: 131; 141). In 
contrast, BJTs, such as the n-p-n junction transistor with a p-type base between two n-type layers 
(emitter and collector), regulate current by slightly charging the base to draw electrons from 
emitter to collector. This enables amplification or switching—toggling between conducting 
(saturation) and nonconducting (cutoff) states based on base current thresholds (ibid: 147). By 
rapidly switching current flows on and off, transistors enable the 1s and 0s that electronically 
represent and process information.  
 
While transistors were first developed by John Bardeen, Walter Brattain, and William Shockley 
at Bell Labs, Texas Instruments mass-produced the first transistors. In 1952, the company hired 
physicist Gordon Teal from Bell Labs to lead development. While AT&T’s original transistors 
used Germanium, in 1954 Texas Instruments’ engineers produced the first commercial silicon 
transistor. This innovation was significant because silicon transistors could operate at higher 
temperatures than germanium ones, making them suitable for military applications. However, to 
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demonstrate the value of its new product, Texas Instruments produced the first portable transistor 
radio in 1954 through a partnership with Regency (Isaacson 2014: 149-151). It subsequently 
became a primary vendor to the rapidly growing IBM.  
 
Nonetheless, the US military and NASA were the primary buyers of early transistors, purchasing 
them in bulk—and often at high markups. Respectively, these organizations used them to guide 
nuclear warheads on missiles and for applications in the space program, such as the Apollo 
Guidance Computer used during the lunar missions. This early and sizable demand from the 
federal government was crucial in fostering the growth and advancement of the nascent transistor 
industry, driving down costs and improving reliability for future applications (O’Mara 2019). 
 
However, complex systems such as ballistic missiles required numerous transistors, each 
equipped with connectors that needed manual attachment to other electrical components like 
diodes, resistors, and capacitors. Workers, often women, assembled these tiny pieces using 
tweezers and hand-wired them together. A single malfunctioning connection among hundreds of 
soldered joints could render a transistor useless.  
 
The time was therefore ripe for an innovation that could enable multiple transistors and other 
components to be manufactured on a single semiconductor substrate, drastically reducing size 
and cost while increasing reliability. The US military, particularly interested in making 
components smaller, lighter, and more reliable, led a miniaturization and simplification drive. 
The integrated circuit demonstrated the immense potential of semiconductor technology for 
creating complex and compact electronic systems, well beyond transistors that were hitherto 
soldered together with cumbersome wires.  
 
The concept of a solid block without connecting wires—which would be achieved by 
manufacturing everything from a single semiconductor crystal block with properties between 
metal and glass—was first proposed in 1952 by Geoffrey Dummer of Britain’s Royal Radar 
Establishment. Integrated circuits were anticlimactically invented at both Fairchild 
Semiconductor and Texas Instruments a few years later, when researchers were able to 
successfully place multiple transistors on the same silicon chip without external wiring.24 In 
1958, working independently at Texas Instruments, Jack Kilby noted that resistors, capacitors, 
transistors, and diodes could all be assembled into a circuit on a single silicon wafer. He 
envisioned making all components on one side of a silicon piece using batch processing that 
incorporated interconnections into the manufacturing process. After successfully testing the 
principle using Germanium, Kilby demonstrated that integrated circuits could be constructed 
from a single semiconductor piece. The result was crude but functional: an integrated circuit that 
contained resistors and capacitors. Meanwhile, at Fairchild Semiconductor in California, Robert 

 
24 In January 1959, rumors that RCA planned to patent its own integrated circuit prompted Texas 
Instruments to submit a patent application titled “Miniaturized Electronic Circuits.” One month 
later, the company unveiled its “solid circuit” at the annual Institute of Radio Engineers show. 
On July 30, 1959, Fairchild filed a patent application titled “Semiconductor Device-and-Lead 
Structure.” After a lawsuit that dragged on for ten years, Texas Instruments and Fairchild both 
recognized their respective claims that they were the first to invent the integrated circuit and 
cross-licensed the use and manufacturing of these devices to each other.  
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Noyce experimented with a method for creating multiple devices on a single silicon piece to 
reduce size, weight, and cost. In Fairchild’s version, printed copper wires on the oxide surface 
electrically connected them into a circuit. 
 
Monolithic integrated circuits revolutionized computing by simultaneously building and 
connecting transistors directly on silicon substrates.25 The reliable mass production of these 
devices was enabled by the groundbreaking planar manufacturing process, which was invented at 
Fairchild by Jean Hoerni and then refined by Jay Last. This process employs photomasks—
essentially film negatives that selectively allow light to shine through—to chemically print 
intricate circuit patterns on silicon wafers. It involves repeatedly layering thin semiconductor 
materials onto these wafers using chemicals, gases, and light. Through a series of precise 
exposures, both electron conductors (formed by introducing dopants) and insulators (often 
silicon oxide) are created on the substrate, forming complete functional units. Layers are 
selectively etched away or have material added according to the patterns defined by the 
photomasks.  
 
The planar process consolidated the trend towards miniaturization. The resulting pattern parts 
emblazoned on thin wafers are extraordinarily small, measuring down to just a few tens of 
nanometers (nm). Combined with metallization techniques for interconnections and principles 
like p-n junction isolation and surface passivation for proper electrical function, this method 
allows manufacturers to fabricate complete and reliable integrated circuits on individual silicon 
wafers cut from a single monocrystalline silicon boule.  
 
With mass produced integrated circuits at hand, Texas Instruments secured major defense 
contracts. These included “the first IC-based computer for the U.S. Air Force in 1961 (molecular 
electronic computer) and for ICs for the Minuteman Missile” (Texas Instruments 2021). These 
military contracts provided crucial funding for further semiconductor R&D, that the company 
then used to commercialize digital devices such as pocket calculators.26  
 
Meanwhile, Fairchild’s strategy involved pricing integrated circuits below marginal cost 
temporarily to expand market demand, anticipating widespread adoption by device makers and 
increased sales of digital devices. This helped them achieve economies of scale and establish a 
leading position in the emerging integrated circuit industry (Isaacson 2014: 184). These 
affordable prices made integrated circuits a more viable option for a wider range of applications 
beyond specialized military or aerospace projects, stimulating the growth of the consumer 
market for digital devices that were increasingly more powerful, compact, and cheaper.27 

 
25 In 1960, M. “John” Atalla led a team at Bell Labs that created the first metal-oxide-silicon 
(MOS) transistor, which forms the basis for most integrated circuits and microchips. 
26 MOS Technology, formed in 1969 by three former General Instrument executives, initially 
focused on producing chips for electronic calculators designed by Texas Instruments (MOS 
Technology 2024). However, Texas Instruments ultimately decided to release a line of 
calculators that used their own chips at a lower price (MOS Technology 2024). 
27 The first computer to use these was Scientific Datasystems (SDS) 92, which shipped in 1964. 
To be sure, the very popular IBM Mainframe 360, the first truly compatible line of computers 
that offered a complete range of commercial applications, was also introduced that year and, 
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Finally, at the Intel Corporation, a team led by Federico Faggin that included Marcian (Ted) 
Hoff, Stanley Mazor, and Masatoshi Shima invented the first commercially available single-chip 
microprocessor, the Intel 4004.28 This groundbreaking innovation, developed in 1971 and 
subsequently overseen during its first production runs by the legendary trio of Noyce, Moore, 
and Grove, represented a programmable computer within a computer. Unlike previous integrated 
circuits designed for specific tasks, the microprocessor allowed engineers to program all logic 
operations on a single, generic, and reprogrammable chip that could perform a wide array of 
tasks.29  
 
Functioning as a central processing unit, it integrated instruction processing, memory access, and 
control logic onto one chip. This eliminated the need to create custom hardware logic for each 
application, paving the way for bulk manufacturing of a standardized component and drastically 
reducing the cost and complexity of computing power. This therefore truly opened the floodgates 
to the development of flexible and adaptable digital systems, effectively democratizing access to 
sophisticated computational power across countless applications.  
 
Early on, established firms undertook much of the commercialization of computers and similar 
Space age goods; like the Second Industrial Revolution, they were large, vertically integrated 
companies, including, as mentioned above, AT&T, Texas Instruments, and IBM, but also Xerox 
and Hewlett Packard. Each of these goliaths ran corporate research facilities that were 
generously financed with retained earnings and staffed with theoreticians, material scientists, 
metallurgists, engineers, and technicians. These labs focused on both practical engineering and 
basic science/theoretical research and helped introduce several new technologies, including the 
personal computer and peripherals. AT&T’s Bell Labs introduced transistors, lasers, the Unix 
operating system, and the C programming language. Xerox Park pioneered the computer mouse, 
laser printers and computer-generated graphics.  
 
Meanwhile, the rise of venture capital (VC) and the growing importance of the stock market for 
providing capital to companies that launched initial public offerings (IPOs) allowed technology 
startups to capitalize on the increasing appetite for digital technologies among households and 
businesses. Consider Fairchild Semiconductor, which attracted top-tier talent, cultivated deep 
technical expertise, and honed valuable business acumen. Key personnel who gained significant 
experience at Fairchild subsequently departed to establish or join numerous new chipmaking 
firms, including not only Intel but Advanced Micro Devices (AMD), Intersil, and Signetics. 
These spin-offs, occurring in multiple waves or “generations” during the 1960s and 70s, 

 
rather than integrated circuits, it used transistors encapsulated in plastic with soldered pins 
mounted on a ceramic base that were manually assembled into functional units, instead of 
integrated circuits. The devices’ other notable limitations included the fact that it required users 
to feed decks of punch cards into readers or type commands into clunky Teletype machines for 
input, and the mainframes themselves were physically enormous and consumed substantial 
amounts of energy, necessitating specialized facilities for their operation and maintenance.  
28 Following Robert Noyce’s departure from Fairchild Semiconductor, he and Gordon Moore co-
founded Intel in 1968; Andy Grove joined shortly thereafter. 
29 Memory chips are used for data storage; discrete chips can function as single-component 
devices. 
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effectively seeded the nascent computer-chip ecosystem of what would become known as Silicon 
Valley. While each new enterprise often specialized in a particular segment of the semiconductor 
market, they remained interconnected through a shared pool of talent, professional networks, and 
a common entrepreneurial spirit originating from Fairchild.  
 
Venture firms started by leading technologists became the main engine of financing and support 
for these high-risk, high-reward tech startups during the Third Industrial Revolution.30 Venture 
capitalists had the necessary expertise and experience to identify and evaluate promising, yet 
fledgling, companies that had few tangible assets—chiefly human capital and IP—and were 
staffed by scientists and engineers doing highly technical work. After injecting capital, these 
firms took on active oversight roles, offering advice on everything from strategy to hiring while 
imposing managerial discipline through continual performance monitoring that helped keep 
small teams focused on critical survival milestones. Venture investors also exploited their 
networks to introduce fledgling firms to key supply chain contacts, connecting startups with 
specialized vendors, component suppliers, and retail channels. 
 
It was in the Silicon Valley ecosystem populated by leading semiconductor firms, including 
Fairchild and Intel, as well as Hewlett Packard and Stanford University—which was a trailblazer 
in computer science, material sciences, and electrical engineering—that Apple Computer rose on 
the scene (O’Mara 2019). Partially financed by venture capital, it was the first company to bring 
a fully assembled personal computer to the marketplace—eliminating the technical barrier that 
previous kit computers presented.31 The Apple II, released in 1977, was built around the MOS 
6502 chip and could store 8 bits (256 values of 0 or 1). The machine offered color display 
capabilities, sound output, graphics functionality, and 48K of RAM along with a cassette 
interface for loading programs and storing data. Its Integer BASIC programming language was 
built directly into the computer’s Random Operating Memory (ROM), making it immediately 
usable without additional software installation. Moreover, the Apple II supported various 
applications, including word processing, spreadsheets, and video games. Priced at $1,298 dollars 
(equivalent to $5,543 in 2020), it democratized computing, introducing this technology to small 
businesses, households, and schools.  
 
Eventually, the advent of the personal computer stack, the so-called Wintel system, saw the 
separation of microprocessors, provided by either Intel or AMD, from both the rest of the 
machine’s hardware and from software. Microsoft, challenging IBM, pioneered user-friendly 
software that reached supply side economies of scale. This was an R&D heavy platform with 
nearly zero marginal costs that drew in different PC manufacturers, developers, and users.32 As I 

 
30 American Research & Development, founded in 1946, was established by Georges F. Doriot, 
Karl Compton, and Ralph Flanders to help commercialize wartime technology. A generation 
later, Sequoia Capital and Kleiner Perkins Caufield & Byers were formed by “Fairchildren” who 
emerged from Fairchild Semiconductor.  
31 The VC firms that injected Apple Computer with capital were Sequoia Capital and Venrock, 
which complemented personal investments from individual “angel” backers such as Mike 
Markkula and Arthur Rock. 
32 However, during its early phase of dominance, before the advent of cloud computing and 
generative AI, Microsoft did not yet monetize user data by attracting advertisers nor create a 
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will explain in Chapter 4, this phenomenon marked the beginning of a transition towards global 
vertically disintegrated supply chains—where production processes were spread across different 
companies and countries.  
 
By the early 1990s, the diffusion of personal computers was in full swing, along with the 
infrastructure build out that culminated in the World Wide Web. While Windows compatible 
personal computers became commoditized with the entry of IBM clones such as Compaq, Acer, 
and Gateway, the Internet became a vibrant information network encoded with individual 
uniform resource locators (URLs) that could be viewed by users as separate webpages. The 
advent of web browsers, starting with Netscape Navigator, allowed them to navigate the World 
Wide Web by accessing URLs and accessing web pages’ content. Innovative tools such as 
browser bookmarks, viewer histories, auto-complete, and customizable add-ons rerouted users to 
site-specific or subject-specific material. As the volume of internet traffic mushroomed, search 
engines allowed them to locate the content they desired quickly and accurately. 
 
These technological advancements helped position the US as the digital age’s undisputed leader 
and allowed the American economy to experience another major wave of economic productivity 
improvement on the heels of the internet’s commercialization, albeit one that was more muted 
than previous ones (see Gordon 2018). 
 
INDUSTRIAL REVOLUTIONS ARE ABOUT GPTs 
 
What ties previous industrial revolutions together—and, as we shall explore later, what they 
share with the fourth one—is that they revolve around GPTs. These technologies are 
characterized by exponential technical progress and rapid product improvement cycles, as well 
as dizzying market expansion. They eventually pervade the entire economy, spawn a myriad of 
complementary innovations and, eventually, after a pronounced delay, ratchet up productivity 
(see Bresnahan and Trajtenberg 1995). Outside of their economic effects, they also have 
profound impacts on society and culture.  
 
Realizing the commercial potential of GPTs requires significant upfront investments with long 
gestation periods.33 GPTs provide significant cost reductions and efficiency gains only over a 
considerable length of time, and after a relatively long period of protracted, non-linear diffusion. 
As Comin et al (2006) have documented, adoption patterns for these technologies reveal 
characteristic S-curves that become gentler inclines, with countries experiencing sharp usage 
increases after crossing critical infrastructure thresholds.  
 
Full market penetration—which can be measured in per capita adoption curves and typically 
corresponds to the point where the usage rate (or installed base) is rising slowly and approaches 
an upper plateau—is a situation where essentially all possible users (or all practical applications) 

 
cloud infrastructure and software that could optimize enterprise applications—a contrast to later 
tech giants. Later, Microsoft entered the advertising market with acquisitions like aQuantive in 
2007 and developed a robust cloud computing infrastructure with Azure, incorporating AI 
algorithms to optimize applications and services. 
33 This paragraph draws several lessons from Perez (2002) and Aghion et al (2014). 
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are being served. On logarithmic scales, the transition from moderate to high usage creates an 
upward curve that eventually flattens, reflecting decelerating growth that roughly indicates 
market saturation. In practice, “full” diffusion typically means 70 to 90% or more of households 
have some form of access or ownership.34 It is unsurprising that GPTs such as electricity, 
automobiles, and computers reached full penetration in their point of origin, the United States, 
first.35 However, other developed countries that were also advanced adopters (e.g., Germany) 
show near-parallel growth lines once they pass key inflection points, gradually narrowing the gap 
over time. Even countries that started far behind eventually exhibit substantial growth rates, 
reflecting international technology transfer and rising living standards.  
 
Moreover, different technologies spread at different rates. Newer innovations like the internet 
and smart phones diffused more rapidly in countries that were late adopters than older 
technologies once key infrastructure was established. This implies leapfrogging effects where 
countries that adopted a GPT later sometimes used the newest generation of hardware or 
organizational methods to accelerate adoption.  
 
GPTs aren’t readily usable for several reasons. First, the first generation must undergo quality 
improvements, which requires generous levels of R&D. Second, infrastructure must be built out 
and capital investments in machinery and tools must occur, as well as in knowledge and the 
training of workers to use the technology. Third, the technology must become standardized so it 
can be both produced and deployed at larger scales. Fourth, the development of complementary 
intermediate goods and components must occur, as organizations tend to switch from incumbent 
systems only after a critical level of supporting technologies makes the investment economically 
worthwhile. Fifth, to fully leverage a GPTs’ potential, organizations must adapt their structures 
and processes—including hiring and training, and even their corporate culture. 
 
INDUSTRIAL REVOLUTIONS GO THROUGH A STANDARDIZATION PHASE 
 
A lack of process or product standardization can introduce a range of difficulties that may slow 
the diffusion of GPTs. The absence of standards potentially delays the development of 

 
34 In a purely literal sense, “full market penetration” would suggest every person or household 
has a basic level of access to a technology. Metrics like “passenger kilometers per capita” 
represent aggregate usage divided by population, however; this is not tantamount to equal 
individual utilization, since GPTs could be concentrated among certain users or regions. 
Moreover, the meaning of market saturation varies by technology: for cars, approximately 0.7-
0.8 per person indicates a mature market approaching one car per adult; for phones, ratios near or 
exceeding 1.0 suggest widespread ownership, sometimes with multiple devices per person; for 
electricity, leveling off typically indicates well-served household and industrial demand, though 
consumption may still fluctuate with economic conditions or efficiency improvements. Finally, 
there’s a distinction between access and active use: high per capita data might suggest near-
universal availability without revealing that usage patterns remain uneven, as with electricity 
lines technically reaching most households while some residents remain minimal users, or with 
aviation becoming a standard travel option across the population despite varying individual 
usage levels. 
35 These technological diffusion patterns are reported and discussed in Comin et al (2006). 
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complementary and compatible products. Alternatively, it may make it difficult to transfer 
knowledge and know-how about how to deploy and make best use of the new technology.  
Eventually, as new technologies become standardized and interoperability between versions 
increases, generic interfaces and best practices evolve, enabling far broader adoption that help 
transform the economy.36 
 
Take notable examples of technological standardization. The self-acting mule transformed textile 
production when its standardized designs allowed smaller mills to adopt automated spinning 
without employing specialized mechanics for custom machinery (Allen 2009). Similarly, the 
Linotype machine revolutionized printing once its standardized keyboard layout and casting 
mechanisms allowed newspapers and print shops to adopt mechanized typesetting without 
extensive technical expertise (Huss 2005). Bottlemaking underwent a similar transformation—
Owens’ semiautomatic machines evolved from complex, custom installations requiring specialist 
operators into standardized units that smaller glass manufacturers could readily implement 
(Miller and McNichol 2012).  
 
As Clark (1985) argues, standardization marks a transition from a more “fluid” stage of 
technological development to a more predictable one. While the fluid phase is about introducing 
sweeping, foundational changes, innovation in the standardized stage becomes more incremental 
and focused on refining small aspects of the established design, not reimagining core concepts. 
This allows some approaches to design and functionality to achieve dominance over others and 
for performance criteria to become more clearly specified.  
 
For example, by the mid-20th Century, international steel standards for composition and tensile 
strength streamlined advanced techniques like basic oxygen steelmaking; plants clinging to older 
furnaces or partial improvements risked being outpaced in productivity and cost per ton 
(Nuvolari 2019). A broader set of agreed-upon specifications that enabled interoperability and 
facilitated downstream innovation eventually emerged. Standardized tensile strengths and 
chemical compositions for different grades of steel further ensured consistent quality and 
performance across various applications, from railway construction to shipbuilding, machine 
manufacturing, and bridge building (Gilbert 2012). In construction, uniform profiles for 
structural components like I-beams and H-beams provided engineers with predictable material 
properties, simplifying both the design of buildings and bridges and their fabrication. Over time, 
these developments underwrote a massive expansion in infrastructure investment (see Ollivier et 
al. 2014). 
 
A similar process governed the innovations associated with the energy sources that powered the 
first and second industrial revolutions. Once boiler and engine designs became standardized and 
reliable, shipping lines could retrofit existing vessels to use steam without maintaining 
specialized engineering teams at each port (Ville 2004). As they crossed previously 
unimaginable horsepower thresholds, this precipitated a rapid decline in transportation costs. 

 
36 In terms of explaining differences in the timing of technological adoption, some organizations 
may be more precocious than others if their industry is more competitive, the capital costs of 
adoption are relatively low, and their corporate culture embraces risk taking (see Mansfield 
1961). 
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More efficient steam engines allowed shippers to more cheaply move massive cargos across 
continents and oceans, which incentivized the development of refrigerated shipping. Together, 
these technologies gave rise to trade in perishable goods at a global scale and international food 
brokerage. Moreover, they also facilitated international passenger travel and tourism. Similar 
standardization efforts created a truly integrated railway network (Gross 2016). The advent of 
universal gauges for railway rails ensured that trains could operate across different lines 
regardless of the manufacturer, this streamlined production and track laying (Wikipedia 2025). 
 
Similarly, as I outlined in Chapter 1, electrification only achieved widespread adoption in 
manufacturing after standardized motors, uniform current specifications, and plug-and-play 
power transmission systems eliminated the need for each factory to essentially operate as its own 
power plant with unique mechanical configurations (Devine 1983). This itself depended on the 
standardization of electrical power delivery when the AC standard usurped the DC standard 
(David and Bunn 1988). 
 
Perhaps the most instructive example of standardization processes that underpinned an industrial 
revolution is the evolution of computing and networking during the Third Industrial Revolution. 
As outlined above, early computers were expensive, room-sized machines operated by highly 
trained specialists within large organizations. The emergence of the personal computer (PC) in 
the late 1970s and early 1980s marked a significant shift. Standardized hardware architectures, 
such as the IBM PC standard, and the development of user-friendly operating systems like MS-
DOS and later Windows, transformed computers from arcane tools into accessible devices for 
individuals and small businesses. Standardization fueled a surge in software development and 
broadened PC’s user base, creating a virtuous cycle of innovation and adoption. 
 
As I document in Chapter 7 of this book, dominant semiconductor firms like Intel and Texas 
Instruments created widely used standards and best practices by dictating the pace of 
technological change, conducting a disproportionate share of sector R&D, and holding 
influential patents with numerous forward citations. And as I will document later in this chapter, 
these leaders actively disseminated technical knowledge and know-how throughout the industry 
by widely licensing their patents and sharing key technologies. By establishing industry 
standards (like the x86 architecture for microprocessors), they fostered a collaborative ecosystem 
that benefited both supply chain partners (suppliers of silicon wafers, specialized chemicals, and 
in later years, lithography equipment from companies) and competitors.  
 
The PC revolution enabled by these developments laid the groundwork for the next major 
technology that defined the Third Industrial Revolution: the internet. Its transformation from an 
inscrutable network used primarily by academics and researchers that required significant 
technical expertise to navigate to the widespread use of a user-friendly product depended on a 
standardized foundation for data transmission across disparate networks. Specifically, TCP/IP 
enabled computer communication, HTML created a common data language, HTTP provided a 
platform to share this language, URLs established addressing conventions, and the World Wide 
Web offered a browsing portal.  
 
Once these overlapping standards were in place, the technology’s widespread adoption ensued. 
The interoperability and ease of use created by these common protocols and languages lowered 
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barriers for developers and users alike, allowing a diverse range of applications and services to 
flourish and attract a massive user base. The introduction of user-friendly web browsers with 
similar features like Mosaic and Netscape Navigator further democratized access, spurring the 
growth of e-commerce and online services. 
 
The rise of the internet also created a rapidly increasing demand by organizations for a powerful 
and reliable server infrastructure to host websites, email services, databases, and other online 
applications. In turn, this catalyzed the development of on-site servers typically housed in 
dedicated server rooms or data centers within organizations that ran on operating systems like 
Unix, Linux, or Windows Server (West and Dedrick 2003).37 Greater compatibility and 
interoperability between different hardware vendors was made possible by standardized server 
architectures. This, in turn, facilitated the development of standardized server management tools, 
software, and networking technologies essential for connecting servers to the internet and to each 
other, including faster Ethernet standards, improved routing protocols, and sophisticated network 
devices like switches and routers (Mohindroo 2023). 
 
The next stage of this evolution, and the twilight of the Third Industrial Revolution, saw the rise 
of cloud computing. Providers like Amazon Web Services (AWS), Microsoft Azure, and Google 
Cloud Platform (GCP) began to offer Infrastructure as a Service (IaaS), Platforms as a Service 
(PaaS), and Software as a Service (SaaS).38 Once again, standardization was critical: Cloud 
computing relies heavily on virtualization technologies (like hypervisors) and established 
internet protocols (TCP/IP, HTTP, etc.) to deliver these services over the internet (Ledin 2020).39 
And, similar to the other stages of the Third Industrial Revolution outlined above, this shift 
further democratized access to powerful computing resources, allowing businesses and 
individuals to leverage scalable infrastructure—including virtual machines, storage, databases, 

 
37 This development was itself contingent upon advancements in key hardware components: 
more powerful CPUs, increased RAM (Random Access Memory) capacity, larger and faster hard 
drives (later transitioning to solid-state drives or SSDs), and improved cooling systems to 
manage the increased heat generated by these high-performance components. 
38 IaaS gives users access to fundamental computing resources like virtual machines, storage, and 
networking, allowing them to manage the operating systems, middleware, and applications 
themselves (see Microsoft 2024). Examples of IaaS offerings include AWS EC2, Azure Virtual 
Machines, and Google Compute Engine. PaaS provides a platform for developing, deploying, 
and managing applications without the need to manage the underlying infrastructure, allowing 
users to focus primarily on coding and application development. AWS Elastic Beanstalk, Azure 
App Service, and Google App Engine are examples of PaaS. Finally, SaaS provides ready-to-use 
applications accessible over the internet through a web browser or other client application, 
completely abstracting away the need for users to manage any infrastructure or software. 
Examples of SaaS include Salesforce, Google Workspace, and Microsoft 365. 
39 Virtualization, enabled by hypervisors like Xen, KVM, and VMware vSphere, allows multiple 
virtual machines (VMs)—software emulations of physical computers—to run concurrently on a 
single physical server, maximizing hardware utilization and resource flexibility. The key internet 
protocols that make cloud computing possible are TCP/IP for reliable data transmission, 
HTTP/HTTPS for web-based services and APIs, and DNS for translating domain names into IP 
addresses, enabling clients to locate cloud servers. 
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and networking—without the need for large upfront investments in physical hardware, data 
center space, and ongoing maintenance (Gillen 2009). 
 
Standardization: Necessary, but Not Sufficient—Organizational Adaptation is Also Needed 
 
Besides standardization, new GPTs also require complementary investments to reach their full 
potential—everything from updated management structures to upgraded supply chains (David 
1990; Mokyr 1990). While competitive pressures drive firms to continuously refine and expand 
technology applications (Cohen et al. 2019), to integrate standardized technologies into their 
workflows and cultures effectively they must also rewire their infrastructure and train their 
human capital. These investments can take years to implement effectively.  
 
Consider that the memory chips and silicon microprocessors that power personal computers were 
introduced in 1971. Yet, 20 years later, less than 10% of the world’s businesses used computers. 
Different sectors adopted computers at different times and for different reasons. When firms did 
pull the trigger, however, they shared one thing in common: they had invested in complementary 
changes to make the best use of these machines.  
 
Take retail as an example. In the 1990s, Walmart embedded a new software system—Retail 
Link—into its logistical operations, granting suppliers real-time access to sales and inventory 
data. This fundamentally transformed the superstore chain’s supply chain from a more reactive, 
order-based system to a proactive, data-driven network where information flowed freely between 
the retailer and its suppliers, leading to significant improvements in efficiency, cost reduction, 
and responsiveness to customer demand. This obliged Walmart to make complementary 
investments in its hiring and training protocols, business processes, physical infrastructure, and 
software.  
 
Other large retailers then followed suit, onboarding similar data-sharing platforms to more 
closely collaborate with their suppliers and manage their inventory more efficiently and 
flexibly—but only after undergoing complementary changes of the sort Walmart undertook. This 
meant hiring specialists in demand forecasting and supply chain analytics who could leverage the 
data to predict consumer trends and optimize inventory levels, alongside network engineers and 
database administrators to maintain the system’s technical backbone. Training programs were 
rolled out to store managers on how to use sales data to adjust local inventory, to buyers on how 
to collaborate with suppliers on production planning through the platform, and to logistics teams 
on how to optimize distribution routes based on real-time information. This also required 
investing in robust data warehouses to store and process the vast amounts of sales and inventory 
data generated by these systems, as well as secure and reliable network infrastructure to ensure 
all stores and suppliers had consistent access. Retailers implemented automated reordering 
systems triggered by real-time sales data, established collaborative planning processes with key 
suppliers directly through their digital platforms, and shifted to a just-in-time inventory 
management approach in many areas to reduce warehousing costs. 
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The evolution of the modern steel industry provides another compelling example of the synergy 
between standardization and organizational adaptation.40 The Second Industrial Revolution saw a 
surge in demand for steel, an iron alloy containing less carbon than cast iron and offering 
superior malleability and strength, making it ideal for a wide range of applications. Steelmakers 
large-scale production of the metal in vertically integrated industrial structures utilized heavy 
machinery, new technologies, and assembly-line techniques to transform iron ore into finished 
products like laminated steel, bars, and ingots. The steel industry was revolutionized by the 
standardization of new processes, machinery, and steel products. This called upon mills to train 
skilled smelters, codify workflows, and invest in infrastructures. 
 
While early steelmaking involved smelting iron ore into pig iron in blast furnaces, followed by 
byzantine and time-consuming purification and shaping processes, the Bessemer process—
developed in the 1850s and perfected in the 1860s—allowed steelmakers to manufacture steel at 
much larger scales and relatively quickly, dramatically reducing production time and cost.41 A 
steelmaker poured molten pig iron into a converter and blew cold, compressed air through the 
liquid metal. This air stream interacted with the carbon and silicon contained in the iron, causing 
the metal to boil and burn as these impurities were stripped away. Because the Bessemer method 
used the iron ore’s own impurities as fuel for the purification process, it eliminated the need for 
external fuel sources. It took about 30 minutes for smelters to purify a batch of steel and get it 
ready for rolling and shaping.  
 
While groundbreaking, this process initially faced challenges. Early adopters struggled with 
inconsistent steel quality due to difficulties controlling oxygen content and impurities. Mastering 
the Bessemer process required significant expertise in temperature control, timing, and precise 
mechanical operations. Many traditional producers therefore initially opted for incremental 
improvements to older methods like puddling or crucible techniques.  
 
Standardization made a big difference. Steelmakers eventually refined their diagnostic and 
calibration techniques through systematic trial and error in ways that standardized the approach. 
They honed techniques that furnished them with precise control over temperatures, movements, 
and timing sequences throughout the process—whether in pouring the molten pig iron, 
manipulating the converter’s tilt, controlling the air flow, or shaping and cooling the steel.  The 
Bessemer converters gradually matured as standardized furnace designs, consistent chemical 
practices, and improved refractory linings emerged.  
 
The diffusion of Bessemer technology across England and then internationally involved far more 
than adopting standardized steelmaking techniques, however. Foundries eventually shifted from 
a two-stage melting process—whereby they would cool the pig iron after its initial blast furnace 
melting, then re-melt it in cupola furnaces before introducing it to the converters—to direct 
pouring into preheated converters. Implementation success often required years of 
experimentation, however, as steel mills adapted Bessemer converters and their trappings to local 

 
40 This case study draws heavily on Menaldo (2021). 
41 Henry Bessemer’s basic steelmaking patent was granted in 1856 to his firm Henry Bessemer 
and Company. Over the years, he also patented numerous improvements upon his original 
process. In the United States, William Kelley obtained a patent for a similar technique in 1857. 
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conditions. Steelmakers had to learn how to achieve the right consistency during the initial 
melting stage, allowing them to pour the molten iron directly into preheated converters.  
 
This learning by doing was often assisted by technicians—whether from Yorkshire under Henry 
Bessemer’s employ or consultants who had mastered the process in England, France, or 
Belgium—deployed to each steel mill. Beyond teaching their clients the core processes of 
heating, tilting, mixing, and cooling molten metal, they helped install sophisticated hydraulic 
systems, calibrated auxiliary machinery, and modified supporting processes like coke-making 
ovens and blast furnace operations. Plants invested not only in physical infrastructure and revised 
layouts, but also in extensive employee training and cultural shifts to accommodate these new 
methods.  
 
The subsequent emergence of the Siemens-Martin (open-hearth) steelmaking process, which 
allowed producers to exert greater control over steel quality and incorporated scrap metal into the 
process, was another important step in the road to modern steelmaking that shared many 
similarities with the Bessemer system.42 Using a regenerative gas furnace powered by coal or 
natural gas, steelmakers would gradually melt iron ore or scrap metal in an open bath, controlling 
oxidation to reduce the molten pig iron’s carbon content. This translated into a relatively efficient 
energy cycle that captured and reused waste heat, coupled with the ability to use recycled scrap 
metal, whilst enabling steelmakers to do continuous quality testing during a relatively slower 
processing time. Together, these innovations yielded bigger batches of higher quality steel at 
lower costs. 
 
Like the Bessemer system before it, the Siemens-Martin approach initially required specialized 
knowledge and precise control. The system’s complexity initially limited its adoption to 
pioneering firms with specialized expertise in achieving the critical temperatures needed for the 
chemical reactions and managing the precise flow of gases for efficient heating and impurity 
removal. Success demanded precise calibration of multiple variables—from furnace charging 
and material distribution to the specific dimensions of the furnace floor (hearth dimensions) and 
the angle of the inward sloping part of the furnace (bosh angles), which affected heat distribution 
and material flow. 
 
As with its predecessor, the Siemens-Martin process also gradually became more accessible as 
the standardization of engineering specifications, material standards, and operating manuals 
intersected with steel mills’ willingness to retool their foundries, retrain their workers, and 
establish new supply chains for higher-quality iron ore. This adjustment process was helped 
along by the fact that the Siemens brothers strove to provide follow-on innovations and context-
specific improvements to gas generators, boiler furnaces, and heat transfer systems across mills 
located in England, Continental Europe, and the US. 
  
GPTS EXPERIENCE EXPONENTIAL IMPROVEMENTS 
 

 
42 This technique was patented by William and Friedrich Siemens in 1864 after Pierre-Émile 
Martin found a way to add scrap metal and wrought iron to the brother’s regenerative furnace to 
complement pig iron, thus reducing costs to an appreciable degree. 
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Once standardization occurred, the GPTs associated with previous industrial revolutions 
experienced exponential—or at least quite rapid—gains across key performance metrics. These 
improvements were coupled with precipitous declines in quality adjusted prices. This further 
democratized access to these technologies, stimulating novel applications and birthing entire new 
industries.  
 
Famously, the Third Industrial Revolution was powered by Moore’s Law, the exponential 
improvement in microchip performance occurring roughly every two years per dollar spent. It 
can be measured and tracked in several ways, each highlighting a different facet of computing 
performance and cost. These include (1) transistors per microprocessor, (2) cost per transistor, 
(3) processor performance—often expressed in MIPS or FLOPS, (4) power consumption per 
transistor, (5) die size (nm) and process node, (6) memory capacity, (7) clock speed (GHz), and 
(8) economic output per transistor.  
 
Rapid and continuous improvements across each of these categories capture the remarkable gains 
in miniaturization, efficiency, and affordability that characterized the semiconductor technology 
since its inception. In 1971, Intel released the 4004, the first commercially available 
microprocessor, with just 2,300 transistors on a single chip. Although initially designed for 
calculators, the concept of a “computer on a chip” soon expanded to word processing, basic 
communications, and other general-purpose functions. By 1978, Intel’s 8086 processor had 
climbed to 29,000 transistors, laying the foundation for the IBM PC era. Exponential 
improvements continued during each of the subsequent decades. Table 2.1 summarizes the major 
commercial accomplishments that occurred between 1971 and 2020. 
 
Table 2.1 Key Milestones in Processor Advancement and Speed. 
 
Year Processor MIPS Significance 

1971 Intel 4004 0.06 
The world’s first commercially available 
microprocessor 

1974 Intel 8080 0.64 
An 8-bit microprocessor that became the basis for 
many early computers 

1978 Intel 8086 0.75 
The first 16-bit microprocessor, forming the basis 
for the x86 architecture 

1982 Intel 80286 2.66 
Introduced protected mode and was used in IBM 
PC/AT computers 

1985 Intel 80386 5 
The first 32-bit microprocessor, enabling more 
complex computing tasks 

1989 Intel 80486 20 
Integrated FPU (Floating Point Unit) and improved 
performance 

1993 Intel Pentium 188 
Introduced superscalar architecture, significantly 
boosting performance 

1997 Intel Pentium II 333 
Improved multimedia performance and introduced 
MMX technology 

1999 Intel Pentium III 1000 
Introduced SSE instructions for enhanced 
multimedia performance 
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2000 Intel Pentium 4 1500 
Introduced the NetBurst microarchitecture, aiming 
for higher clock speeds 

2002 
Intel Pentium 4 
(Northwood) 6300 

Improved performance and efficiency with the 130 
nm process technology 

2006 Intel Core 2 Duo 27300 
Marked a shift to multi-core processing, improving 
parallel computing 

2008 Intel Core i7 70800 
Introduced Nehalem microarchitecture, integrating 
memory controller and PCIe 

2010 
Intel Core i7 
(Nehalem) 147600 

Further improvements in performance and 
efficiency 

2018 Intel Core i9-9900K 306600 
High performance for gaming and professional 
applications with 8 cores and 16 threads 

2020 
Intel Core i9-
10900K 1360000 

Continued improvements in multi-core performance, 
with 10 cores and 20 threads 

 
Notes: MIPS (Million Instructions Per Second) is a measure of the execution speed of a 
computer processor. It indicates how many millions of instructions a processor can execute in 
one second.   
Sources: Intel Product Specifications and Historical Data, CPU World (Processor Specifications 
and Pricing), Tom’s Hardware (Historical Processor Performance Benchmarks), Our World in 
Data (Processor Performance Trends) 
 
Meanwhile, Figure 2.1 charts processor performance per inflation‐adjusted dollar, revealing the 
epic trajectory of Moore’s Law. On the vertical axis, performance (in MIPS) is plotted on a 
logarithmic scale, while the horizontal axis spans 50 years of semiconductor progress. The data 
reveals a steep upward trajectory from the early 1970s to 2020. This means that every inflation‐
adjusted dollar spent on a microprocessor at any of the points in time depicted in this graph 
bought orders of magnitude more computing power than a few decades earlier. 
 
Steady gains in transistor density, manufacturing methods, and design drove the relentless 
decline in cost‐per‐compute. As Galetovic (2021) observes, Moore’s Law arose from relentless 
R&D investments and experimentation by semiconductor firms, determined to keep shrinking 
die sizes and pushing the limits of circuit design to increase transistor density. Therefore, 
sustaining the steep upward trajectory that governed transistor counts required deliberate and 
sustained research efforts, alongside significant capital expenditures—these shrinking geometries 
not only bolstered processing speeds, but also induced constant price reductions for integrated 
circuits. 
 
Specifically, maintaining the pace of Moore’s Law demanded ongoing solutions to the 
formidable technical challenges posed by heat dissipation and electron leakage at ever-smaller 
scales, ensuring the viability of continuous transistor miniaturization. Firms poured resources 
into R&D to invent or refine new process technologies—examples include strained silicon, 
where it is physically stretched at the atomic level to let electrons move more freely; high-κ 
dielectrics, which reduce power loss and permit thinner insulating layers; and FinFET transistor 
architectures, three-dimensional designs featuring thin “fins” for better control over electron 
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flow. Working together, these breakthroughs steadily improved efficiency and speed while 
preventing catastrophic performance degradations. 
 
Consumers and businesses benefited from this phenomenon as once‐specialized applications 
(e.g., large data processing, graphics rendering) became more affordable. By the second half of 
the 1990s, advances in transistor density and processor technology translated directly into a 
dramatic fall in the quality-adjusted price of both computer hardware and software. Practically 
speaking, while early personal computers, such as the IBM PC introduced in the early 1980s, 
cost anywhere from $1,500 to $3,000 (equivalent to $4,000 to $8,000 in today’s dollars), and 
offered relatively modest processing power and memory by modern standards, they quickly 
became better and cheaper. From 1995 to 2000, prices for information-processing equipment and 
software dropped by nearly a third, making computers cheaper, more powerful, and more 
accessible than ever. During the early 21st Century, continuous gains in transistor density and 
clock speed enabled the development of lightweight, portable machines that retailed for $300 to 
$500 (2024 dollars) while packing billions of transistors in processors like the Intel Core i9. This 
phenomenon accelerated the diffusion of personal computers into businesses and households, 
setting the stage for near-universal market penetration in the United States. 
 
Figure 2.1 Charting Moore’s Law Over Time 

 

Notes: MIPS (Million Instructions Per Second) is a measure of the execution speed of a 
computer processor. It indicates how many millions of instructions a processor can execute in 
one second. The data is for key processor models released between 1971 and 2020. The models 
were selected based on their significance and availability of performance data. In cases where 
data for specific years was not available, values were interpolated based on trends and known 
data points. Processor cost data was sourced from historical pricing information available on 
CPU World and historical articles on processor pricing. The costs were adjusted for inflation 
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using the Consumer Price Index (CPI) values. The MIPS per inflation-adjusted dollar was 
calculated by dividing the processor performance (MIPS) by the adjusted cost in 2020 USD. The 
values were then transformed into their natural logarithms.   
Sources: Intel Product Specifications and Historical Data, CPU World (Processor Specifications 
and Pricing), U.S. Bureau of Labor Statistics (Consumer Price Index), Tom’s Hardware 
(Historical Processor Performance Benchmarks), Our World in Data (Processor Performance 
Trends). 
 
INDUSTRIAL REVOLUTIONS’ MACROEFFECTS 
 
Many economists have noted that the GPTs associated with industrial revolutions suffer from a 
“productivity paradox”: upon introduction, productivity growth lags the outsized expectations 
about their transformative impact; it may even fall pronouncedly (e.g. Brynjolfsson 1993; Solow 
1988). I outlined some of the reasons for this phenomenon above. In the early stages, firms must 
undergo substantial reorganization before realizing the full benefits of innovation; as they learn, 
train, and retool to adopt new GPTs, firms divert resources and time away from their everyday 
activities. While resources are redeployed to get the technology up and running and widely 
disseminated, learning by doing means inefficiencies pile up during the short term. As a result, 
measured labor productivity across an economy can stagnate or even dip while companies figure 
out how best to integrate new technologies. However, once the necessary adjustments and 
complementary innovations take hold and new technologies are widely deployed, productivity 
begins to climb—often sharply. During the transition process, productivity growth moves from 
the new technologies themselves to their use in society. 
 
For example, during the 1950s, productivity growth moved from being dominated by 
manufacturing to being dominated by distribution (Field 2003). While the spread of new 
infrastructure, such as the interstate highway system, accounted for part of this, the biggest factor 
was containerization, which allowed the older infrastructure (ships and railways) to utilize the 
newer technologies and infrastructure (trucks and highways) in a way that made them both far 
more productive (Brooks et al. 2021).  
 
The same was true during the Third Industrial Revolution. Central processing units 
(programmable microprocessors) were widely adopted throughout the US economy in novel 
ways. Companies like Walmart pioneered innovations in supply chain management and 
warehousing—including the widespread implementation of barcodes, computer networks, and 
data storage—which subsequently spread to competitors like Target. These technological 
advances enabled retailers to forecast sales accurately, reduce inventories, minimize waste, cut 
costs, adopt standardized product labeling, and create interoperable production and sales 
information systems that could automatically share standardized data throughout global supply 
chains and between retail locations (see Bonacich and Hardie 2006: 108). The economy wide 
knock-on effect was faster productivity growth (Gordon 2017). 
 
This dynamic partly explains why US labor productivity averaged only 1.7% from 1975 to 1994, 
despite the emergence of computers and early internet services. During this period, firms were 
investing in IT hardware and software, but the organizational changes needed to leverage these 
technologies across the economy took another decade or more to unfold. Once these 
organizational changes and complementary investments began to take effect, and businesses 
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learned how to effectively leverage these technologies, US labor productivity experienced a 
significant upswing. From the mid-1990s until around 2005, average annual labor productivity 
growth accelerated between approximately 2.5% and 3%, or even higher in some years, 
demonstrating the delayed, powerful impact of the IT revolution.  
 
Other Outcomes Besides Productivity Growth 
 
In terms of employment, GPT waves have caused short-term disruptions requiring worker 
reskilling, but have ultimately created more jobs than they destroyed. When automation reduces 
production costs, the resulting scale economies and quality improvements can boost final-
product demand, expanding both industry size and labor demand—though with transformed job 
requirements and wage structures. Thus, automation has typically led to higher employment, 
albeit with significant changes in required skills and productivity levels. 
 
Consider the textile industry’s transformation during the Industrial Revolution. Before 
automation, textile production was highly labor-intensive, with spinners and weavers working 
from homes or small workshops using hand-operated equipment. When innovations like the 
Spinning Jenny (1760s), Water Frame (1770s), and Power Loom (1780s-1790s) arrived, they 
dramatically increased production efficiency. While weavers initially revolted, fearing job losses, 
the reality proved more complex. As cloth production costs plummeted, demand for textiles—
especially cotton fabrics—soared. British textile mills expanded capacity and ended up hiring 
more workers overall, though for different tasks: preparing machines, handling raw materials, 
finishing and packing cloth, and maintaining equipment.  
 
Indeed, while fewer workers performed basic weaving, more took on supervisory or technical 
roles managing multiple looms or conducting repairs that called on higher levels of human 
capital. As Bessen (2014) argues in the case of New England’s “Rhode Island System,” the 
process of developing expertise in textile production involved several distinct types of 
knowledge acquisition and skill development. Workers acquired specific procedural knowledge, 
such as learning the precise techniques for tying knots essential to the weaving process. They 
simultaneously developed physical proficiency through practicing manual operations to discover 
the most efficient movements, such as quickly replacing an empty shuttle without disrupting the 
weaving rhythm. Perhaps most importantly, workers gained technical knowledge through 
continuous experimentation, learning critical adjustments like how to properly regulate tension 
on the warp threads to minimize breakage and mastering the complex coordination required to 
operate multiple looms simultaneously. This multilayered learning process combined explicit 
instruction, physical practice, and experiential problem-solving to create the comprehensive 
expertise needed for efficient textile production. Those who could operate and maintain 
machinery in this manner earned higher wages than simple laborers. 
 
The automotive industry offers another compelling example across two waves of automation. 
First, Ford’s introduction of the assembly line in 1913 standardized production tasks and slashed 
costs, making cars affordable to a mass market. As demand exploded, automakers hired more 
workers to run assembly lines, operate stamping presses, and staff paint shops. The automaker’s 
famous $5 daily wage—more than double the prevailing rate—helped attract and retain reliable 
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workers. While traditional mechanics were replaced by specialized line workers, new roles 
emerged for technicians, foremen, and industrial engineers who organized production, 
maintained equipment, and improved processes. 
 
Later, when robotic arms arrived in auto plants in the 1970s and 1980s for welding, painting, and 
lifting, predictions of massive job losses again proved premature. As output and quality standards 
rose, manufacturers needed more design engineers, robotics technicians, quality managers, and 
supply-chain coordinators. While robots took over repetitive tasks, humans shifted to roles 
requiring dexterity, judgment, or problem-solving. Workers programming robots or maintaining 
automated systems often earned above-average manufacturing wages. 
 
The banking sector’s experience with ATMs provides a final instructive example. When ATMs 
emerged in the 1970s, many predicted the end of bank teller jobs. Instead, by reducing routine 
cash-handling costs, ATMs made it economical for banks to operate more branches and expand 
services like business advising and mortgage consulting. While each branch needed fewer 
traditional tellers, the growing branch network and broader service offerings created new roles in 
relationship banking, financial product sales, IT, security, and compliance. Many of these 
positions commanded higher wages given their enhanced skill requirements. 
 
These cases demonstrate how automation can trigger virtuous cycles: lower production costs 
expand markets, creating demand for new types of skilled labor that complement the technology. 
Job content evolves—often toward more technical and service-oriented roles—and overall 
employment can grow as industries scale up. While certain tasks may be automated away, 
expanding markets and evolving job roles can maintain or increase labor demand, particularly for 
workers who develop the knowledge and flexibility to work alongside new technologies. 
 
MARKET FAILURES MUST BE SOLVED FOR GPTs TO REACH THEIR POTENTIAL 
 
While industrial revolutions motored by the emergence and diffusion of GPTs represent 
transformative periods in economic history that dramatically reshape production processes, 
business models, and social structures, they do not materialize automatically through market 
forces alone. Significant market failures at various stages of innovation mean that GPTs are 
underprovided or fail to diffuse. This necessitates strategic government intervention to help 
ignite and sustain industrial revolutions.  
 
To help understand why, consider Romer’s (1986) endogenous growth model, which is 
predicated on the notion that non-rival ideas generate increasing returns at the aggregate level. 
Unlike standard economic thinking, where diminishing returns typically curb long-term growth 
(e.g., Solow 1956), knowledge spillovers enable the productivity benefits of R&D to multiply 
across the entire economy. Empirical studies lend support to this perspective. Researchers have 
found that the social return to R&D often exceeds the private return (Griliches 1992; Hall 1996). 
In other words, when a firm invests in creating new ideas or technologies, much of the benefit 
accrues not just to that firm, but to other firms and individuals as well. Indeed, Nordhaus (2024) 
estimates that innovators can capture only about 2.2% of the total surplus from innovation, with 
the remaining benefits accruing to society at large.  
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Figure 2.2 The Underprovision of Ideas as a Market Failure and the Government’s Role 

 

 

Figure 2.2 explicates the logic of how this divergence between private and social returns can lead 
to underinvestment in innovation and the general role played by the government in solving this 
market failure. The solid downward-sloping line represents society’s demand for ideas, which 
equals both private and social marginal benefits. This indicates that consumers and society value 
each additional idea, but at a decreasing rate: as more ideas are produced, they yield diminishing 
marginal benefits. The graph shows two different supply curves. The dashed line represents 
Private Marginal Cost, the cost to private firms of producing ideas. The dash-dot line represents 
Social Marginal Cost, the true cost to society of producing these ideas, which is lower than the 
private cost. This gap exists because knowledge often has positive externalities (spillover 
benefits) that private firms cannot capture. Without government support, the market equilibrium 
occurs at Q1, where the demand curve intersects the private marginal cost curve. At this point, 
firms produce fewer ideas (Q1) at a higher price (P1).  
 
With government intervention, the details of which I will explain below, the market can move 
toward the socially optimal equilibrium at Q2, where the demand curve intersects the social 
marginal cost curve. This results in more ideas being produced (Q2) at a lower price (P2). The 
hatched triangle represents deadweight welfare loss, the economic inefficiency that occurs when 
the market produces fewer ideas than socially optimal. It represents the fact that, at a higher price 
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(P1), some consumers are unwilling to pay for the good and, symmetrically, as they face higher 
costs (embodied by the Private Marginal Cost curve) some producers are unwilling to sell it. 
When the government helps increase idea production from Q1 to Q2, thereby reducing costs and 
prices, it eliminates the deadweight loss. 
 
There are four critical areas where government action can overcome the market failures that 
embody this logic and would otherwise impede technological progress and economic 
transformation if left unaddressed. These are 1) undertaking or subsidizing basic science research 
that can inspire new inventions and commercial applications; 2) providing IPRs to incentivize 
the development of new ideas and inventions; 3) similar support to promote the 
commercialization of new inventions; and 4) efforts such as facilitating standardization and 
providing education, training and infrastructure to stimulate the mass adoption of GPTs.  
 
Subsidizing Basic Science Research 
 
As Nelson (1959) argues, “basic research” is essentially the production of information, and since 
information has public good characteristics—it is non-rival, in that one person’s use doesn’t 
diminish another’s ability to use them, and not excludable. As Arrow (1962) famously 
demonstrated, and consistent with the general discussion above, private entities systematically 
underinvest in basic science research because they cannot fully appropriate its benefits. 
Therefore, the marginal social benefit of this type of research exceeds the marginal private 
benefit to the firm undertaking it (see also Stiglitz 1999).  
 
To understand why this is the case, Figure 2.2 compares the different types of goods, including 
the key distinctions between private and public ones. This 2x2 matrix categorizes economic 
goods based on two fundamental characteristics: excludability and rivalry. In the top-left cell, 
where both excludability and rivalry exist, we find private goods such as food, clothing, cars, and 
personal electronics. These function well in markets with private property rights since owners 
can prevent others from using them and one person’s consumption prevents simultaneous use by 
others. The top-right cell contains common-pool resources like fishing grounds, irrigation water, 
and forest resources, which are rivalrous, but difficult to exclude people from using. This makes 
them susceptible to overuse and suffer the “tragedy of the commons”—collective resource 
degradation. The bottom-left cell represents club goods such as private parks, swimming pools, 
and toll roads, which can be controlled through access restrictions while remaining non-rivalrous 
up to a point of congestion. This allows for their efficient provision through membership fees or 
other access mechanisms.  
 
The bottom-right cell encompasses public goods, the primary focus of this discussion. Besides 
basic scientific research, this cell also includes national defense, street lighting, and clean air, all 
of which are neither excludable nor rivalrous—once provided, anyone can benefit without 
reducing availability for others. A free-rider problem therefore bedevils public goods such as 
basic scientific research, and thus the marketplace underprovides it.43 Moreover, this type of 

 
43 The free rider problem that besets the provision of public goods mirrors the logic of a 
Prisoner’s Dilemma: a collective action problem in which individually rational decisions lead to 
socially suboptimal outcomes. In both situations, participants face a choice between cooperation 
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research suffers from highly uncertain returns—most of it cannot be commercialized (see 
Fletcher and Bourne 2012)—and requires relatively long investor time horizons, further 
strengthening the case for state intervention. Governments therefore play crucial roles in funding 
public research institutions and subsidizing universities that engage in it. Mokyr (2002) 
demonstrates how government support for institutions of scientific knowledge creation and 
diffusion has been vital to sustaining technological progress across modern history. 
  
Figure 2.2 Different Types of Goods 

 
 
The British government played a foundational role in fostering the Industrial Enlightenment, an 
era that valorized science and technical advances in the run up to the First Industrial Revolution 
(Mokyr 2009). It established and supported organizations that facilitated the free exchange of 
scientific knowledge and ideas (Mokyr 2017). A prime example was the Royal Society, founded 

 
(contributing to the public good) and defection (free riding). The payoff structure creates a 
dominant strategy for each person to defect regardless of others’ choices—if others contribute, 
one benefits most by free riding; if others don’t contribute, there’s no reason to waste one’s own 
contribution. Consequently, this is a credible commitment problem in which rational self-interest 
drives everyone toward defection, resulting in mutual defection (underprovision of the public 
good), even though cooperation (everyone contributing) would yield better outcomes for all. 
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with a royal charter in 1660, which created an institutional framework for scientific inquiry that 
could inform practical problem-solving. Similarly, Count Rumford established the Royal 
Institution in 1799 to produce and disseminate scientific knowledge (Mokyr 2009). 
 
Similarly, the US Federal Government helped fund much of the basic research that underwrote 
the Third Industrial Revolution. Starting in World War II, the US military recognized computers’ 
immense potential to assist in codebreaking efforts and calculate ballistic missile trajectories 
(O’Mara 2019). To achieve these goals, and others, the government directed substantial public 
funding to several leading universities and research labs, including the University of 
Pennsylvania when it was developing the ENIAC.44 
 
During the Cold War, Washington, D.C., financed basic and applied scientific research in a 
multifaceted manner. The Defense Advanced Research Projects Agency (DARPA), housed in the 
Pentagon, primarily funded mission-driven research at universities and corporate research parks. 
The National Science Foundation (NSF) was created in 1950 to directly support more basic 
research at U.S. academic institutions that did not fall directly under the more mission-driven 
R&D conducted by other federal agencies (see Kleinman and Solovey 1995). The NSF issued 
generous grants to scientists working in major research universities. The Atomic Energy 
Commission (AEC), which later became the Department of Energy (DoE), financed and 
coordinated R&D around nuclear power. The Office of Naval Research (ONR), as well as other 
arms of the Department of Defense (DoD), assumed a major role in funding and supporting 
academic research in the physical sciences. The National Institutes of Health (NIH) established 
control over most health-related research, including biomedical research conducted in 
universities (Hurt 2015). 
 
The federal government also mobilized substantial funds to build scientific installations for 
government-funded research. Prominent examples of publicly subsidized organizations that 
engaged in basic and applied scientific research were the Stanford Research Institute, the Lincoln 
Laboratory, a military funded research center affiliated with MIT, and the Rand Corporation in 
Santa Monica, California (see O’Mara 2005). These efforts significantly accelerated the 
development of key technologies that powered the Third Industrial Revolution, including 
semiconductors, the Global Positioning System (GPS), and the internet (see Mazucatto 2013).  
 
Take semiconductors first. The transistor was enabled by significant basic research into how to 
manipulate the electrical conductivity of semiconductors rooted in solid-state physics and 
materials science that was strongly supported by the federal government. This included the 
creation of new knowledge around the band theory of solids, a fundamental concept in quantum 
mechanics that describes the allowed energy levels of electrons in solid materials. Fundamental 
research also seeded advances in integrated circuits and microprocessors; the continuous 
miniaturization of transistors and chip performance improvements hinged on breakthroughs in 
materials science, including the development of high-purity silicon, and the discovery of new 

 
44 While the computational power of the ENIAC would later prove valuable for complex 
calculations related to nuclear weapons development, including the hydrogen bomb pioneered by 
Edward Teller in the post-war era at Los Alamos National Laboratory, its initial design and 
funding were specifically tied to wartime needs like improving artillery accuracy. 
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semiconductor materials. The ONR, and later the NSF, supported extensive investigations into 
the electronic properties of semiconductors like Germanium and silicon and advanced the 
science of growing pure single crystals of these materials with controlled impurities (doping). 
Electrical engineering breakthroughs funded by the NSF and DARPA led to innovations in 
circuit design, allowing for more efficient and powerful processors. Advancements in 
photolithography, the process used to etch intricate patterns onto silicon wafers crucial for 
reducing transistor sizes and increasing chip density, were also funded by these agencies. 
 
To help these myriad advances along, the Semiconductor Research Corporation (SRC), a non-
profit consortia of leading semiconductor companies, government agencies, and academic 
institutions, was established in 1982. It advanced cutting-edge, mid- to long-term research that 
advanced extreme ultraviolet (EUV) lithography, critical for manufacturing today’s most 
advanced microchips with nanoscale features. SRC also catalyzed breakthroughs in novel 
semiconductor materials beyond traditional silicon, such as silicon Germanium and gallium 
nitride, which offered improved performance for specific applications like high-speed transistors 
and power electronics. Furthermore, it contributed to advancements in both interconnect 
technologies that improved the speed and efficiency of data transfer within complex integrated 
circuits and sophisticated modeling and simulation tools used to design and optimize chips. 
 
The US Federal Government also heavily supported the development of GPS, which relies on a 
network of satellites and ground stations to identify both stationary and moving objects’ 
locations. While the underlying basic research includes Einstein’s theory of relativity (both 
special and general), which is essential for the precise timing needed for accurate location data, a 
host of government agencies supported fundamental research in satellite technology, signal 
processing, and mathematics (specifically trigonometry and geometry) that triangulates between 
multiple satellites to detect an object’s position. DARPA funded early research in satellite 
technology and signal processing; NASA contributed to satellite technology research; and the 
NSF supported fundamental research into mathematics underpinning the system’s logistics. 
 
Meanwhile, the US government bankrolled foundational work in computer science and network 
protocols that were crucial for the internet’s development. The internet’s precursor, ARPANET, 
was directly funded by DARPA; it financed groundbreaking research in packet switching 
theory—how to break down data into smaller packets, route them independently, and reassemble 
them at the destination—that facilitated the efficient transmission of data across networks.  
 
IPRs also Play a Critical Role in Fostering Industrial Revolutions 
 
Beyond undertaking or subsidizing pure research pursued for the sake of knowledge, a 
government may assign and enforce IPRs to address the systematic under-provision of practical 
new ideas and inventions (Romer 1990). Figure 2.3, a 2x2 matrix that illustrates different types 
of goods or knowledge based on two key economic properties, excludability and rivalry, clarifies 
the logic. In the top-left cell, where both excludability and rivalry exist, we find private goods 
such as homes, where owners can prevent others from using them and one person’s use prevents 
simultaneous use by others. The top-right cell represents common-pool resources like grazing 
areas, which are rival (one person’s animals consume grass others cannot use) but difficult to 
exclude others from accessing, often leading to resource depletion through overuse. The bottom-
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left cell contains intellectual property protected by mechanisms like patents, which are 
excludable through legal means but non-rival since multiple people can use the knowledge 
simultaneously without diminishing its value. Finally, as I previewed in the discussion about 
basic scientific research leading up to this section, the bottom-right cell represents pure public 
knowledge such as scientific laws, which are neither excludable (difficult to prevent access once 
published) nor rival (one person’s use doesn’t diminish another’s ability to use it).  
 
In some cases, legal monopolies such as patents may create temporary economic monopolies; 
that is, if an invention lacks a clear substitute (Haber 2016). Such a government-imposed barrier 
to entry allows firms to recover their fixed, sunk costs by setting prices above their marginal 
costs for a delimited period, usually between 15 and 20 years (Posner 2005). While patents 
should incentivize innovation by limiting freeriding in this manner, they also compel disclosure, 
requiring inventors to readily publicize their technologies—thus allowing others to invent around 
their inventions.45 Because they eventually expire, patents also ensure public access to new 
ideas. 
 
Figure 2.3. How IPRs Make Ideas into Quasi-Private Goods 
 

 
 
Moreover, well-assigned and enforced IPRs can also underwrite the commercialization of 
innovation, another important area where governments can help GPTs reach their full potential. 

 
45 For persuasive evidence that patent disclosure has a strong, causal impact on subsequent 
invention see Furman et al. (2021).  
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Like any property right, IPRs represent a bundle of privileges that not only spell out how access 
to an asset is restricted, but also outline rights to use, divide, and transform it, as well as the right 
to earn income from the asset and contract with others to license control of it or sell it. In turn, 
these privileges can underpin “a market for ideas” where divisible and tradeable rights can be 
exchanged, leased, or transformed through arms-length contracting (Haber 2016). 
In this vein, Spulber (2016) argues that patents enhance market efficiency through exclusion, 
transferability, disclosure, certification, standardization, and divisibility. These attributes reduce 
transaction costs and promote competition in the invention marketplace. Patents create a “market 
for innovative control,” where IP owners have rights to determine how their inventions are 
developed and used, helping allocate inventions to their highest-value applications. Patents also 
facilitate financial separation between inventions and inventors, enabling inventors to secure 
funding through various channels. They function as intangible real assets that appear on 
corporate balance sheets, affecting firm value both through direct earnings from licensing or 
implementation and through growth opportunities. Inventors can even post patents as collateral 
to raise money to commercialize their ideas.  
 
Patents foster specialization and help new supply chains materialize. Both their ability to exclude 
and their public disclosure incentivizes different parties—investors, entrepreneurs, assemblers, 
distributors, retailers, and marketers—to seek out original inventors to help bring new products 
to market (Kieff 2005). The bottom line is that an inventor can specialize in their comparative 
advantage, coming up with new ideas, and other market players can specialize in what they do 
cheapest—with the fewest opportunity costs to their time and resources—whether that’s 
assembling or marketing or distributing the ideas’ applications. Moreover, patent agents, bankers, 
lawyers, and patent assertion entities help reduce the transaction costs of contracting incurred by 
these parties when they help create the supply chains that commercialize new innovations.  
 
Patents also make it easier for the different parties that embody an innovation’s supply chain to 
gain access to essential knowhow that inventors acquired by “learning by doing” and “trial and 
error.”46 To put the invention into practice, they cannot rely solely on information available in the 
patent itself, nor can they exclusively lean on their knowledge of basic science, exposure to 
technical literature and exhibitions, and previous work experience. However, patent licensing 
contracts outline how the tacit knowledge critical to translating ideas into goods and services will 
be conveyed from licensors to licensees, including how a licensee will gain access to plans, 
drawings, blueprints, machinery, services, and onsite tutorials and training. 
 
These contracts can also help licensees adapt processes and products to accommodate differences 
in raw materials and other inputs; and help them address logistical challenges. The latter includes 
initial implementation efforts, ongoing maintenance issues, and continued technological 
enhancements. Moreover, as licensees themselves develop improvements to the technology upon 
adopting and adjusting it, the knowledge transfer process can become bidirectional: licensees 
may patent these enhancements and they themselves lease these to the original inventors. 
 
Some Evidence for these Ideas 
 

 
46 The following three paragraphs draw strongly on Menaldo (2021). 
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Culminating with the 1852 reforms to the British patent system, relatively strong IPRs 
incentivized the invention and commercialization of key technologies such as Boulton and Watt’s 
separate condenser steam engine.47 Exploiting archival evidence to challenge the view that 
patents were either ineffective or peripheral to the First Industrial Revolution, Bottomley (2014) 
provides an extensive reassessment of how patents critically shaped British industrialization. He 
documents how, by the 1780s, a more “modern” understanding of patents emerged—rather than 
a royal privilege that conferred economic rents, they were a social contract between inventors 
and the public, whereby they could exclude others (securing profits and licensing options) in 
exchange for the full disclosure of their discoveries, thus promoting learning and follow-on 
invention.48  
 
The U.S. Patent Act of 1793 further improved upon the modern British patent system by 
simplifying patent filing and IP enforcement and reducing patenting costs by 95%. This ushered 
in the era of “the great inventor” during America’s early industrialization. As the transaction 
costs of purchasing or leasing patents plummeted, US firms eschewed in-house R&D and instead 
“outsourced innovation” to serial independent inventors. In turn, this created vibrant, albeit 
geographically segmented, technology markets in which patent agents served as crucial 
intermediaries linking firms in search of new ideas to commercialize and original inventors 
(Lamoreaux and Sokoloff 2007; Lamoureux and Sokoloff 1999). Similarly, IPRs were also 
important during the second and third industrial revolutions.  
 
Indeed, they played a pivotal role in fostering the commercialization of the very first computer. 
On June 26, 1947, Eckert and Mauchly applied for what became known as the broad ENIAC 
patent, essentially a patent on the stored-program electronic digital computer (McCartney 1999). 
It was granted by the United States Patent and Trademarks Office (USPTO) on February 4, 1964, 
as U.S. Patent No. 3,120,606.49 The patent encompassed fundamental aspects of electronic 
computing. On October 31, 1947, Eckert and Mauchly applied for a U.S. patent on their mercury 
acoustic delay-line electronic memory system, which was eventually granted in 1953 as patent 
number 2,629,827 (Stern 1981). This patent covered the implementation of a piezo-electric 
transducer that converted digital electronic signals into pulses traveling through mercury-filled 
tubes, with a second transducer receiving and amplifying the signal for transmission back to the 
source. This invention was the “first device to gain widespread acceptance as a reliable computer 
memory system,” a fundamental building block of modern computing (Williams 1997).  
 

 
47 The Patent Law Amendment Act of 1852 reformed the British patent system by simplifying 
the application process, reducing fees, and making it easier for inventors to protect their 
inventions. 
48 To be sure, during this era technological innovations were frequently shared and diffused 
between inventors, entrepreneurs, producers, and distributors through the vibrant exchange of 
knowledge and knowhow and industrial fairs (Allen 1983; Nuvolari 2004). This “culture of 
collaboration” complemented a decentralized production system marked by significant 
outsourcing and reliance on cottage industries. In later chapters I will explore how a culture of 
collaboration emerged during the Third Industrial Revolution on the back of strong IPRs. 
49 However, in 1973, a U.S. District Court declared the patent invalid after it found that prior 
work—particularly that of John Vincent Atanasoff—had anticipated key ENIAC patent claims.  
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Importantly, Eckert and Mauchly left the University of Pennsylvania’s Moore School of 
Electrical Engineering after a dispute over patent rights. The university’s IP policy would have 
required them to assign all their patents to the institution, which conflicted with their commercial 
ambitions (Lukoff 1979). This led them to establish the Eckert-Mauchly Computer Corporation, 
essentially the first startup of the computer era, on December 8, 1947.50 Armed with a portfolio 
of patents they had amassed during their work on the ENIAC, Eckert and Mauchly founded their 
namesake company to build and sell computers (see Hagley Museum and Library 2008; Norberg 
2005). Some of these overlapping patents protected several of the components in their first 
commercial device, the groundbreaking UNIVAC (Universal Automatic Computer) machine 
(Weik 1961). 
 
IPRs continued to play an essential role during the evolution of semiconductors. In 1947, the 
transistor was invented at Bell Laboratories, which was part of AT&T. The patent for the 
transistor, U.S. Patent 2,524,035, was granted on October 3, 1950, to John Bardeen, Walter 
Brattain, and William Shockley, who later shared the Nobel Prize in physics for this 
groundbreaking innovation. This watershed patent broadly covered the solid-state amplifying 
device they had created, outlining the fundamental principles of its operation using 
semiconductor materials to control the flow of electric current. 
 
Rather than maintaining exclusive control over this technology, however, AT&T shared it widely 
through a strategic licensing program launched in 1952. As Jack Morton, a key Bell Labs 
engineer, explained: “We realized that if this thing was as big as we thought, we couldn’t keep it 
to ourselves and we couldn’t make all the technical contributions. It was in our interest to spread 
it around. If you cast your bread on the water, sometimes it comes back angel food cake” (Tilton 
1971: 75-6). Moreover, internal memos revealed that Bell Labs engineers understood that “by 
involving engineers around the world in the evolution of the device—making it better, cheaper, 
more reliable—the hope was that everyone would profit from the advances, especially the Bell 
System” (Schnitzer et al. 2021). 
  
In that spirit, AT&T’s approach to licensing went beyond merely leasing their patent. The 
company actively sought to transfer its technology by putting on educational symposia. The first 
event, held in September 1951, specifically targeted military users and applications and saw 
nearly 300 guests attend the five-day event (Biophysics Lab 2022). The symposium’s 
proceedings were published as “The Transistor” and came to be widely known as “Ma Bell’s 
Cookbook” or “the bible of the dynamic semiconductor industry that emerged in the 1950s” 
(Computer History Museum 2022). In April 1952, Bell Labs organized a more extensive nine-
day Transistor Technology event for over 100 representatives from 40 companies that had paid 
$25,000 to license its transistor patent (ibid). The symposium included not just theoretical 
presentations, but hands-on training and even a visit to Western Electric’s transistor 
manufacturing plant in Allentown, PA. AT&T’s willingness to share their manufacturing know-
how, which complemented their inclusive patent licensing strategy, precipitated the rapid 
diffusion of transistor technology (Schnitzer et al. 2021). 

 
50 The Eckert-Mauchly Computer Corporation sold itself to Remington Rand in 1950. Through a 
series of corporate mergers and acquisitions, the rights to the ENIAC patents eventually passed 
to Sperry Rand (formed by the merger of Sperry Corporation and Remington Rand in 1955). 
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Meanwhile, Texas Instruments exemplifies how licensing enabled new market entrants to 
become industry leaders in the semiconductor space. The company emerged in 1951 from 
Geophysical Service Incorporated, a firm that manufactured equipment used in the seismic 
industry and defense related electronics (Texas Instruments 2021). Merely a year later, Texas 
Instruments was among the first companies to purchase a patent license to produce Germanium 
transistors from Western Electric, the manufacturing arm of AT&T (ibid). Texas Instruments later 
spearheaded the mass production of cheap memory chips and licensed its technology widely, 
including to Japanese companies during the early 1980s, when they were integral components of 
consumer electronic products such as the Sony Walkman. Starting in the late 1980s, Japanese 
and Korean semiconductor manufacturers began to pay Texas Instruments millions of dollars in 
IP royalties for both the original integrated circuit patent.51  
 
Patenting and patent licensing was also critical to Silicon Valley’s most storied semiconductor 
firm, Intel. Even before the microprocessor era, the company had accumulated several patents 
over core memory technologies (e.g., DRAM, EPROM) and integrated circuit designs. During 
the 1970’s, Intel forged cross licensing agreements with AMD, IBM, National, Texas 
Instruments, Mostek, Siemens, NEC, and several other semiconductor firms around memory 
chip designs and their manufacturing processes.  
 
Moreover, cross-licensing became an industry wide pattern. For example, when MOS 
Technology developed the 6501 and 6502 microprocessors to compete with Motorola’s 6800, 
they also agreed to cross-license the patents behind these technologies to competitors for similar 
reasons (see CPUShack Museum 2013; IIE Spectrum 2017). This helped ensure that multiple 
firms could produce compatible parts for large customers.  
 
Patent licensing arrangements that helped standardize and diffuse key microprocessor 
technologies helped the personal computer market mature into an international juggernaut. When 
IBM was developing the original PC, which it released in 1981, it insisted on having at least two 
suppliers for its logic processor to ensure supply chain stability. This effectively required Intel to 
license its technology to AMD as a second-source guarantee: it enabled AMD to legally produce 
and sell chips that were x86 pin-compatible. This had far-reaching consequences, as it helped 
cement the x86 architecture as the dominant industry standard for PCs spanning into the 1990s 
and early 21st Century across several generations of chips—the Intel 8086, 8088, 80286, 80386, 
and 80486.  
 
Governments Must Also Enforce Contracts Impartially and Promote the Rule of Law 
 
IPRs may not be enough, on their own, to help governments stimulate the commercialization of 
new ideas. It might take a panoply of mutually reinforcing institutions and favorable policies (see 
Haber 2016). In that sense, industrial revolutions also depend on laws, regulations, and court 

 
51 USPTO patent number 3,138,743, the so-called Kilby patent, formally titled “Miniaturized 
Electronic Circuits and Method of Making,” was filed in 1959 and issued by the USPTO in 1964. 
While it was officially recognized by the Japanese patent office in 1989, Japanese companies that 
licensed it began paying Texas Instruments royalties before that.  
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decisions that reduce transaction costs, facilitating arms-length contracting dynamics and 
stimulating the emergence of new supply chains. 
Consider what happened during the First Industrial Revolution in Britain.52 Courts rendered 
decisions that improved the common law’s ability to better specify and enforce contracts in ways 
that stimulated economic and technological advancement. Property rights were better assigned 
and enforced in general. Mercantilist ideology and policies were falling out of fashion. And 
barriers to internal and external trade were rescinded. The result was an appreciable reduction in 
the transaction costs associated with forming partnerships and corporations and engaging in 
arms-length exchanges in general, which allowed British innovators to enter into licensing and 
cross-licensing agreements in ways that translated stronger IPRs into the commercialization of 
new technologies (see Mokyr 2017).  
 
Similarly, reforms to corporate limited liability and new investment bank charters in the US 
helped bankroll key technologies around electrical machinery and automobiles during the 
Second Industrial Revolution (Sokoloff and Lamoureux 1999). A more supportive legal 
framework was established through the liberalization of state incorporation laws. States like New 
Jersey and Delaware fostered a competitive environment by adopting increasingly permissive 
incorporation laws, most notably the widespread adoption of limited liability for corporations. 
This “race to the bottom” in corporate regulation ironically made it exceptionally attractive to 
incorporate in the US, as investors were now shielded from personal financial ruin, encouraging 
greater investment in potentially risky but high-growth industrial ventures. Moreover, these laws 
permitted firms to acquire stock in other companies (enabling mergers) and allowed the 
delegation of stockholder decision-making authority to professional managers (Scherer 1980: 
492). These legal changes facilitated the accumulation of capital crucial for industries with high 
fixed costs. 
 
On the financial front, the National Banking Acts of 1863 and 1864 laid the groundwork for a 
standardized currency and stronger national banking infrastructure. The National Banking Acts 
created a standardized currency backed by federal government bonds, replacing the previous 
chaotic system of state-chartered banks issuing their own banknotes of varying value and 
reliability. The Acts also established federal oversight and regulation for nationally chartered 
banks, increasing the perceived safety and soundness of the banking sector. A national banking 
system emerged, facilitating the development of a more integrated interbank network that made 
it easier and cheaper to transfer funds across the country. 
 
A more integrated and stable financial environment also allowed private investment banking 
houses, such as J.P. Morgan & Co., to emerge and thrive. These investment banks were critical 
to financing new ventures, from railroads to electric machinery, because they were staffed by 
specialists who could screen and evaluate investments in emerging technologies. 
 
Standardization and stability fostered faith in the underlying monetary system and significantly 
boosted confidence, making investors more willing to purchase securities listed on stock 
markets. The financial system’s infrastructure also allowed them to readily trade securities. 
Additionally, the requirement for national banks to hold federal government bonds as reserves 

 
52 See Mokyr (2002) on all these points. 
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created a deep and liquid market for US Treasury bonds, increasing overall liquidity in the 
financial system and indirectly benefiting stock markets by providing a benchmark for pricing 
other securities. Furthermore, improved financial stability and unified currency supported the 
growth of national corporations operating across state lines in industries like railroads, steel, and 
oil, which had massive capital needs to fund their expansion. Stock markets became the primary 
platform for these corporations to raise capital by issuing stocks and bonds to a wider pool of 
investors across the country and internationally. 
 
Moreover, evolving listing requirements helped the New York Stock Exchange (NYSE) play a 
pivotal role in financing the Second Industrial Revolution. In 1895, the NYSE’s governing 
committee voted to require listed companies to file annual reports that disclosed a company’s 
profitability history and annual audited financial statement requirements. By 1900, the exchange 
had successfully implemented stringent standards requiring audited balance sheets and profit and 
loss statements as prerequisites for both initial and continued listing (Sobel 1965).53 Moreover, 
the introduction of continuous trading calls and a clearinghouse significantly reduced transaction 
costs, while daily settlement enhanced transparency and reduced investor uncertainty. Taken 
together, these developments created a quality certification system and more liquid market that 
endures today; the NYSE acquired a reputation as the premier “blue chip” market that facilitated 
the pooling and mobilization of capital on an epic scale to finance new technologies such as 
electricity, machinery, automobiles, the radio, and air transport.  
 
Key Supreme Court rulings collectively contributed to a legal and financial framework in the US 
that facilitated the rise of large corporations and the mobilization of capital that fueled the 
technological and economic expansion of the Second Industrial Revolution. Santa Clara County 
v. Southern Pacific Railroad (1886) was widely interpreted as establishing corporate personhood 
under the Fourteenth Amendment, implicitly strengthening the legal protections for corporations, 
including the critical principle of limited liability. This encouraged investment by assuring 
investors their personal assets were shielded from company debts. Furthermore, Gelpeke v. City 
of Dubuque (1863) reinforced the stability of the financial system by upholding the sanctity of 
contracts, particularly in the context of municipal bonds used to finance infrastructure like 
railroads. The Supreme Court’s decision to prioritize contractual obligations even when state law 
changed retroactively instilled greater confidence in financial instruments and encouraged 
investment in long-term, capital-intensive projects. Meanwhile, Swift v. Tyson (1842) promoted 
a more uniform federal common law for interstate commerce, which contributed to a more 
predictable legal environment for businesses operating across state lines.  
 
Nonetheless, as Branscomb and Auerswald (2002) document, even when beneficial background 
conditions are present, private capital markets frequently fail to fund early-stage technologies.  
 
Governments Must Also Solve Other Market Failures 
 
Hall and Lerner (2010) identify why there is often a relatively large wedge between the rate of 
return required by an entrepreneur investing her own funds and the one sought by external 

 
53 Meanwhile, the Curb market provided a venue for securities that couldn't meet the exchange's 
stringent standards. 
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investors. First, a quite extreme level of uncertainty sometimes pervades R&D investments, 
especially ones with relatively long maturities. Another reason is asymmetric information and 
adverse selection: while inventors possess more accurate knowledge about their projects’ 
viability and value than potential investors, those who actively seek outside funding may 
perversely possess the least marketable ideas.54 Investors may therefore demand a higher risk 
premium for R&D investments compared to conventional investments: distinguishing promising 
R&D projects from unpromising ones presents greater challenges than evaluating short-term or 
lower-risk opportunities (ibid: 614). Finally, moral hazard concerns associated with the 
divergence between the interests of shareholders and managers can depress investment in R&D. 
While managers may divert scarce resources toward activities that provide them with personal 
benefits (such as corporate empire-building or workplace amenities), they may also exercise 
excessive caution and avoid investing in risky, yet valuable R&D projects to avoid incurring 
blame if these were to go awry (ibid: 615). 
 
Governments can address the credit market imperfections associated with these dilemmas 
through various mechanisms. They may provide critical early-stage funding for 
commercialization efforts when private markets do not. For example, The Board of Longitude, 
established by the British Parliament in 1714, offered substantial financial incentives—up to 
£20,000 (equivalent to millions today)—for solving the critical navigation problem of 
determining longitude at sea (MacLeod 1988). This approach effectively financed John 
Harrison’s groundbreaking chronometer development when private investors would have 
deemed the project too uncertain and long-term. Similarly, the Society of Arts (later Royal 
Society of Arts) used government-supported prize competitions to stimulate innovations in 
agriculture, manufacturing, and chemistry when traditional financing was unavailable (Mokyr 
2009). In the US, the Small Business Innovation Research (SBIR) program, created in 1982, 
specifically targets the “valley of death” between initial concept and commercial viability—
precisely the gap where private funding is most difficult to secure (see Lerner 1999). 
 
The Government’s Role in Promoting Standardization 
 
Market mechanisms alone often fail to achieve optimal standardization due to coordination 
problems and competing private interests (Farrel and Saloner). David (1985) illustrates this with 
his famous analysis of the QWERTY keyboard, demonstrating how path dependency and 
network effects can lead to suboptimal technology standards without coordinated intervention.  
 
Governments can play critical roles in overcoming these standardization related market failures. 
Consider the government-led standardization of railroad gauges in the 19th Century, electric 
power systems in the early 20th Century, and internet protocols in the late 20th Century (Shapiro 
and Varian, 1999). More recently, government involvement in developing standards for 5G 
telecommunications demonstrates the continuing importance of public coordination in enabling 
technological revolutions (ITU 2019).  

 
54 Moreover, Arrow’s “Information Paradox” means that “[f]irms are reluctant to reveal their 
innovative ideas to the marketplace and the fact that there could be a substantial cost to revealing 
information to their competitors reduces the quality of the signal they can make about a potential 
project” (Hall and Lerner 2010: 615). 
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Government agencies like the US’s National Institute of Standards and Technology (NIST) 
facilitate standardization processes that enable compatibility, interoperability, and widespread 
adoption of new technologies. Consider the internet. By establishing foundational technologies 
and supporting the standardization of protocols such as the Transmission Control 
Protocol/Internet Protocol (TCP/IP) and reinforcing web standards like HTTP and HTML, the 
US federal government underwrote compatibility. Additionally, its role in creating organizations 
like ICANN ensured stable and unified management of critical internet resources. 
 
Even after technological standardization occurs—a concept we will explore further below—
significant barriers that can impede the widespread adoption of GPTs may remain. These include 
adjustment costs, organizational inertia, and skill mismatches. As Brynjolfsson and Hitt (2000) 
demonstrate with the “productivity paradox” of information technology, for an organization to 
realize efficiency gains from new technologies they must make complementary investments in 
organizational capital, business processes, and especially human capital. Consider that 50% or 
more of R&D spending consists of the wages and salaries of highly educated scientists and 
engineers, whose “efforts create an intangible asset, the firm’s knowledge base, from which 
profits in future years will be generated” (Hall and Lerner 2010: 612). However, investors and 
companies tend to earn lower profits during the phase where they undertake the initial 
investments in both physical and human capital to improve and adopt new technologies. 
Similarly, workers may have to accept lower initial wages when they are in the process of 
acquiring necessary skills and experience, before they are fully able to translate these into higher 
productivity.  
 
Governments’ Role in Solving Other Market Failures around Technological Commercialization 
 
Moreover, investments in new technologies often suffer from coordination problems and network 
effects. First, any one firm may lack an incentive to train their workforce if other firms fail to do 
so—after all, once workers gain sufficient experience they can seek employment elsewhere; yet 
the firm that originally hired them will have been the only one to incur their training costs. This 
means that a firm may only train its workers when they anticipate that other firms will do the 
same. Second, individuals may seek to acquire technological skills only when a critical mass of 
others do so simultaneously, since this may reduce their individual training costs. Firms or 
individuals may suffer from collective inaction, however, and wait indefinitely for others to 
make the first move, ushering in a situation where nobody invests in the necessary 
complementary assets or skills and the technology’s potential goes unrealized (see Hoff 1999). 
Similarly, once a critical mass of users adopts an older technology, switching costs may become 
prohibitive, stifling the diffusion of a new technology.  
 
Governments may address these insidious market failures in several ways. First, they may 
actively diffuse technical information by enabling coordination between firms and other relevant 
actors and spearheading demonstration projects and test-bed activities. Second, they may 
introduce workforce development programs or subsidize training (see Acemoglu and Restrepo 
2018). Third, they make public investments in the infrastructure and education that enables the 
development, commercialization, and diffusion of new technologies (see Perez 2002).  



72 
 

During the First Industrial Revolution, the British government fostered increases in literacy, 
numeracy, technical knowledge, and skill acquisition related to mining, engineering, and 
manufacturing (see Allen 2009). The Society of Arts (later the Royal Society of Arts) was 
established in 1754 with government support to help connect skilled engineers, mechanics, and 
craftsmen with leading scientists and philosophers (Mokyr 2005). These efforts supercharged the 
exchange of technical knowledge that fed industrialization (Mokyr 2017).  
 
Similarly, the US federal government has historically undertaken several activities that promoted 
the coordination of innovation efforts and the dissemination of technical knowledge and know-
how associated with new technologies. During early American industrialization, it stimulated the 
diffusion of the telegraph by granting land grants to telegraph companies, which incentivized the 
expansion of telegraph lines across the country. It also used the agricultural extension service to 
promote inventions such as the mechanical reaper by demonstrating the technology to farmers, 
providing educational resources, and facilitating the sharing of best practices.  
 
In this spirit, the Technology Transfer Act was intended to bridge the gap between federally 
funded research and its commercial applications. It encourages federal laboratories to actively 
collaborate with industry through the licensing of government-owned patents to private 
companies, the establishment of Cooperative Research and Development Agreements 
(CRADAs) where federal scientists and industry partners jointly work on projects, and the 
general encouragement of knowledge sharing and personnel exchange. This helped diffuse 
sophisticated innovations such as lasers, as early R&D for this technology occurred in federal 
laboratories, as the Technology Transfer Act and related policies made it easier for private 
companies to license foundational laser patents and expertise, leading to their widespread 
application in diverse fields like medicine (laser surgery), manufacturing (laser cutting and 
welding), and telecommunications (fiber optic communication).  
 
Somewhat similarly, the Manufacturing Extension Partnership (MEP) program, which is co-run 
by the NIST and state-level centers focuses on incentivizing small and medium-sized 
manufacturers to adopt existing, often “off-the-shelf,” technologies. The centers act as on-the-
ground resources for local manufacturers, providing technical assistance, training, and guidance 
on how to implement proven technologies and best practices. The widespread adoption of 
Computer-Aided Design (CAD) and Computer-Aided Manufacturing (CAM) software by 
smaller machine shops and fabrication facilities are two success stories. MEP centers provided 
training and support to help these manufacturers transition from manual drafting and machining 
processes to digital workflows, leading to increased precision, faster turnaround times, and 
improved product quality.  
 
Another example of Washington, D.C.’s ability to spread advanced technology during the Third 
Industrial Revolution is SEMATECH (Semiconductor Manufacturing Technology), a non-profit 
consortium established in 1987 by the federal government and 14 leading U.S. semiconductor 
firms, including companies such as Intel, IBM, Texas Instruments, and Motorola, which pooled 
resources and expertise and jointly invested in more advanced manufacturing processes for both 
logic and memory chips. By facilitating collaboration among firms to standardize and improve 
products and reduce effort duplication, SEMATECH helped diffuse several innovations such as 
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advanced lithography techniques, improvements in chip materials and design, and enhanced 
semiconductor manufacturing processes in ways that led to higher yields and reliability. 
 
Moreover, the US government’s efforts to spur industrialization extended into providing a 
supportive infrastructure and innovation ecosystem. For example, as David and Wright (1997) 
document, the federal government established a comprehensive framework to support the 
extraction and refinement of the industrial metals and fossil fuels that fueled American 
industrialization. The United States Geological Survey (USGS) commissioned detailed maps that 
helped identify potential mineral deposits. Mining laws granted open access on public lands, 
encouraging exploration and development. Prospectors benefited from robust private property 
rights that secured their claims, complemented by strong IPRs that safeguarded innovations in 
extraction and processing technologies. The government further bolstered the mining sector by 
subsidizing the education and training of a skilled workforce of geologists, prospectors, 
engineers, and miners. 
  
Similar public investments also proved critical to underwriting different industrialization waves. 
During the 19th Century, the US federal government allocated 5% of its spending to capital 
investments in harbors, roads, and canals, supporting essential transportation infrastructure. And 
following a wave of state bankruptcies in the 1830s and 1840s, states began issuing bonds 
specifically to finance infrastructure development, funding these initiatives through state 
property taxes. This multi-level investment approach created several transportation networks and 
catalyzed a precipitous decline in costs across all transportation modes, including roads, 
railroads, rivers, canals, Great Lakes travel, and ocean shipping (see Taylor 1962: Appendix A, 
Table 2). In turn, this fueled exponential increases in the movement of goods and people across 
the US, facilitated market integration, and hastened industrialization. Similarly, the federal 
government’s investment in the Interstate Highway System consolidated the Second Industrial 
Revolution by enabling new business models and distribution systems. 
 
Finally, the US government was instrumental in bankrolling the infrastructure that underpins the 
digital economy. Consider the creation of ARPANET (Advanced Research Projects Agency 
Network) in the late 1960s, which aimed to facilitate the sharing of resources and information 
among scientists and military personnel. It was the first operational packet-switching network—a 
method of breaking data into small packets for efficient transmission—and connected a few 
universities and research institutions. Building on ARPANET’s success, the NSF established 
NSFNET (National Science Foundation Network) in the mid-1980s to create a high-speed 
network linking U.S. research institutions with supercomputing centers, thereby accelerating 
scientific collaboration. 
 
To further buttress the private provision of an internet network distributed by broadband, US 
municipal governments often partnered with telecommunications firms to develop city-wide 
fiber-optic networks. In doing so, they combined public funding or assets (like access to rights-
of-way) with private sector expertise and capital. Through initiatives like the High-Performance 
Computing and Communication Act of 1991, the federal government funded significant 
advancements in network speeds and computing power, expanding the internet backbone. The 
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federal government also undertook repeated attempts to narrow the digital divide separating 
urban from rural areas.55 
 
Public investments in education by the US government were comparable in scale and scope to 
those associated with physical infrastructure and had similar effects. Throughout the 19th and 20th 
Centuries, American local governments marshalled local property taxes to invest generously in 
primary and secondary education, which was increasingly expanded and improved.56 The Morrill 
Land-Grant Acts established technical universities that, as explained above, helped train the 
skilled land surveyors, miners, and engineers that unearthed and refined the minerals and energy 
that powered American industrialization (David and Wright 1997). The G.I. Bill expanded higher 
education after World War II in ways that provided the skilled human capital that made the Third 
Industrial Revolution possible.57  
 
This allowed universities to become talent incubators. For example, Stanford University 
established an industrial park (Stanford Research Park) where “employees and executives could 
study or teach part-time at the university, and its professors were given leeway to advise new 
businesses. Stanford’s office park would end up nurturing hundreds of companies, from Varian 
to Facebook” (Isaacson 2014: 156; see also O’Mara 2020). In general, the Third Industrial 

 
55 Under the American Recovery and Reinvestment Act of 2009, the Broadband Technology 
Opportunities Program (BTOP) provided approximately $4.7 billion in grants to expand 
broadband access and adoption in unserved and underserved areas. This program supported the 
deployment of infrastructure, enhancement of public computer centers, and promotion of 
sustainable broadband adoption projects. The Broadband Initiatives Program (BIP), another 
component of the 2009 stimulus package, allocated about $2.5 billion in grants and loans 
specifically for rural broadband infrastructure projects. The Connect America Fund (CAF) 
provides financial support to service providers to expand broadband services to rural and high-
cost areas where the market alone may not make those investments worthwhile. 
56 As Goldin and Katz (2006) argue, America’s educational system evolved in numerous, small, 
and fiscally independent school districts that competed for students. It was built on several key 
principles: public funding that provided free education for all; non-sectarian public schools that 
maintained separation between Church and State in both financing and control; gender neutrality 
in access; and an open and forgiving system designed for mass education. These innovative 
approaches produced remarkable results—by 1850, over 40% of school-age children were 
enrolled in educational institutions, and approximately 90% of white adults had achieved 
literacy. 
57 In 1965, President Lyndon B. Johnson significantly expanded access to higher education by 
signing the Higher Education Act, which established federal aid programs for colleges and 
universities. Following this legislative milestone, states across the country invested in building 
new community college campuses and broadened the educational scope of existing state 
teachers’ colleges by introducing comprehensive programs across all academic disciplines. These 
combined federal and state initiatives produced remarkable results: between 1970 and 2016, 
enrollment in American higher education institutions more than doubled, growing from 8.5 
million to 20.5 million students, fundamentally transforming both educational access and the 
workforce landscape in the United States. 
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Revolution matured across innovation clusters in California, Washington State, New Mexico, 
Texas, New England, Illinois, Virginia, Ohio, upstate New York, and other regions with large 
and well-funded research universities and highly educated workforces (Menaldo and Wittstock 
2025).  
 
CONCLUSION 
 
The first three industrial revolutions share a common through line: groundbreaking GPTs such as 
steam powered engines, electricity, and microprocessors gradually evolved from niche, highly 
criticized inventions into mature technologies with multiple applications. They reshaped 
production, commerce, and daily life. Once they elicited downstream effects across different 
industries, they also ushered in impressive booms in economic productivity that improved living 
standards and unlocked gushers of leisure time.  
 
But, as this chapter illustrates, industrial revolutions do not unfold automatically: even a 
compelling new technology can languish when faced with high switching costs, competing 
standards, entrenched skill sets, or meager private investment in R&D. Industrial revolutions 
hinge on (1) standardization, which ensures interoperability and economies of scale; (2) 
organizational adaptation, through which firms retool operations and retrain workforces; and (3) 
government support that solves multiple market failures across several domains. That includes 
providing strong property‐rights in general, patent protections for ideas, and a legal environment 
that encourages risk‐taking, arms‐length contracting, and financial intermediation. It also 
includes basic research funding, infrastructure buildup, education and training, and help with 
standardization and diffusion efforts. 
 
Each industrial revolution has also encountered a productivity paradox: measured output often 
sputters before a new technology’s benefits can be fully realized. Companies initially pour 
resources into learning, reorganizing, and complementary investments—which can dampen 
productivity metrics—yet eventually, once the reorganizations are complete, technologies diffuse 
broadly, bringing exponential cost reductions and long‐delayed but dramatic gains in 
performance and affordability. Whether steam, electricity, or the microprocessor, once the core 
GPT is standardized and widely adopted, subsequent improvements tend to follow rapid or 
exponential curves, fueling fresh applications, surging demand, and new industries. 
 
Crucially, these transformations involve macroeconomic and social shifts beyond productivity 
growth. History shows that while automation can displace some tasks, growing markets and new 
skill demands often increase overall employment. Thus, workers who adapt to the new 
technology and cultivate relevant skills frequently see improved wages and job opportunities.  
 
These lessons from the past three industrial revolutions set the stage for understanding how the 
Fourth Industrial Revolution must navigate similar challenges. As in previous eras of disruptive 
technological change associated with GPTs, capturing AI’s full potential will demand not only 
scientific progress and entrepreneurial ingenuity but also efforts to standardize, finance, and 
integrate new innovations at scale. This may involve the guiding hand of government across 
several domains. I will explore these themes in Chapter 12, where we explore the wide array of 
applications emerging from AI technologies at the forefront of the latest industrial revolution and 
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analyze their consequences on economic value addition, productivity enhancements, job markets, 
and their distributional effects across different societal strata. First, however, I must explain how 
AI emerged. That is the focus of the rest of the book, beginning with the next chapter. There I 
explore how, between the late 1970s and 2000s, a populist-statist consensus that had prevailed 
since the Progressive Era was supplanted by a new policy making paradigm. Earning strong 
bipartisan support, it prioritized evidence-based regulation and fostered innovation by 
establishing property rights and liability rules over new asset classes, reducing transaction costs, 
and solving a host of new market failures. 
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