ABSTRACT

There is a popular narrative that the rise of automation threatens to displace a large segment of the American workforce. Robots in particular are the object of
public concerns about employment. But in most American manufacturing plants—particularly small and medium firms—robots are scarce. Fewer than 10 percent
of American manufacturers have any industrial robots. This case study argues that the technology challenge facing American industry is not too many robots, but
too few. Multiple factors contribute to low robot adoption, including high integration costs, flexibility and design limitations, and workforce challenges. When

firms do adopt robots—whether to fulfill a new contract or attract a new customer—there may be benefits for the workforce as well as the economy as a whole.
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Learning Objectives

® Understand how predictions and perceptions of industrial automation compare to technology on

the factory floor.

» Understand the difference between “bottom up” and “extrapolation” studies on the impact of new technologies.
» Identify what motivates some manufacturing firms to adopt robots, while others do not.

» Consider policy directions for encouraging the benefits of robot automation while also improving workplace conditions and wages for (human) workers.

Automation has been a longstanding source of concern for the public and the government in the United States. In 1955 and again in 1960, the US Congress held
hearings on the progress of automation and its consequences. The hearings were supposed to keep Congress “currently informed lest the increasing productivity to
be obtained through automation and which is sought and welcomed by all segments of American life carry with it excessive personal hardships or set up adverse
forces which will hamper future economic stability and growth.”! Walter Reuther, the head of one of America’s largest labor unions—the Congress of Industrial
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Organizations (CI0)—was invited to speak. He said of automation, “we are faced with mighty forces whose impact on our economy can be vastly beneficial or
vastly harmful, depending on whether we succeed or fail in achieving economic and social progress that will keep pace with changing technology.”? Reuther and
fellow labor leader George Meaney described technological change as a force for increasing the country’s economic well-being, while also urging government to play

a more active role in insuring that gains from automation were fairly distributed.

Public hopes and anxieties about the impact of automation and technological change have coexisted since at least the start of the Industrial Revolution. Economists
and journalists writing about robots and jobs nowadays often reach back to the introduction of new machines in factories in the 19th century and to the
“Luddities” —farm and factory workers who protested by smashing machines at the workplace. Even before large-scale mechanization of work, governments
worried about whether new technologies might lead to unemployment and to political unrest. References to the Luddites have become ways of warning about the
political dangers of hostility to machines.? Today, as in the past, public sentiments continue to be mixed. In polls from 1970 and 2017, respondents generally
approved of new technologies and their benefits for the economy and society.* A Pew Research Center survey in 2017 found that more people reported that
technology made their work more interesting and increased their opportunities for career advancement. When it came to specific automation technologies like
scheduling software and even industrial robots, workers were more likely to say that new technologies have had a positive impact on their jobs. However, in the
same poll, 72 percent of US adults reported that they were worried about a “future where robots and computers can do many human jobs.” And 85 perent of

respondents said they would favor a policy that limited machines to doing dangerous or unhealthy jobs.®

In 2017, these anxieties about a robotic future coincided with waves of headlines about robots eating jobs and self-driving cars and trucks becoming ubiquitous on
the road within one to five years. Research contributed to this panic with widely cited academic articles predicting massive job losses. ® Two Oxford researchers,
Carl Benedikt Frey and Michael A. Osborne, published work suggesting that 47 percent of US jobs were at risk within “a decade or two.”” But the Frey-Osborne
predictions were basically extrapolations, as were others made at the time. Frey and Osborne used 702 occupation classifications from a database maintained by the
US Department of Labor (known as the “Occupational Information Network,” or O*NET) and identified tasks within the occupations. They then asked technology
experts to judge whether they thought machines could do those tasks now, or would soon be able to do them. Other studies followed in the same methodological
vein, including studies by the Organisation for Economic Co-Operation and Development (OECD), which, however, focused on tasks rather than occupations and
estimated that far fewer jobs were in jeopardy. McKinsey Research Institute used similar methodologies and estimated about four hundred million jobs worldwide
would be lost. These were all basically exercises that extrapolated from an expert’s view of which tasks could now or “soon” be automated to calculations about job

loss.

What followed were empirical studies of job losses in factories that already had robotic automation in France, Germany, Netherlands, Canada, and the United States.
And here the picture became a lot more complicated. Some large firms with international markets in France employed more workers after robots were introduced
while their domestic competitors seemed to lose workers.8 In Canada, the introduction of robots led to the reduction in the numbers of middle-level managers and
an increase in production workers.? Large-scale studies in Germany and the Netherlands of changes in the workforce after the introduction of robots also showed
increases in some categories of workers, with decreases in other categories. Among firms in the United States, those adopting robots seemed to offer higher wages
to production workers, but the addition of robots was associated with fewer jobs overall.}© Context seems to matter when it comes to the effects of robot adoption

—but how it matters we do not yet understand.

Too Many Robots or Too Few?

Amid growing concerns about automation, Americans also worried about declining manufacturing competitiveness and the stagnation of wages in manufacturing
jobs. As researchers, we have been concerned by the puzzle of slow productivity growth in the US economy and that has led us to be especially interested in

technology and skills in small and mid-sized manufacturing enterprises (SMEs). (See Figure1.)!!
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Figure 1
Manufacturing productivity in advanced industrial economies.

The gap between the productive performance of these SMEs and that of large manufacturing firms has widened at the same time that economists have shown a
concentration of economic activity in the most productive “superstar firms” in a sector.!? The widening gap between the most productive performers and the rest

raise questions about why diffusion of best practices from the most productive firms has been slow, and what public policies might do to accelerate it.

Over the past fifty years, this performance gap between large manufacturing firms and small and mid-sized manufacturing plants has widened. In the early 1970s,
the output per worker of large manufacturing establishments—plants with over five hundred workers—was only about 25 percent higher than in plants with
fewer than five hundred workers. By 2012, output per employee at plants with more than five hundred workers was 93 percent higher than that at smaller plants.
(See Figure 2.)13 A growing wage gap between large and small plants has mirrored the growing gap in output per worker. (See Figure 3.)14
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Figure 3
Wage gap by plant size

Trying to explain slow productivity growth in SMEs and what appears to be their worsening relative performance seems a critical step in understanding the future
prospects of US manufacturing. Whereas automation anxieties emphasize the risks of too much technology, slow productivity growth suggests that there may not
be enough technology for small and medium firms to become more competitive. When, why, and how manufacturing firms acquire new technology, and how they

find or train workers with new skills—these issues are central to figuring out why productivity lags in smaller companies.

Looking for Robots

In seeking to understand the impact of the introduction of robots and other new forms of automation on the number and quality of manufacturing jobs, as well as
the performance of manufacturing firms, we turned to a different research approach from one that seeks to match up tasks with the capabilities of machines.!® It
is an approach that starts from the “bottom up”— from the people and the machines already in the plant and from the factory manager’s conception of possible
options. In order to carry out these “bottom up” studies over the past thirty years, MIT researchers have walked through factories with managers in the United
States, Germany, France, Japan, Hong Kong, and China.l® They have listened to managers explain how they organize production, when and how they decide to buy
new equipment, how they hire and train workers, and what they see as promising strategies for their business in the future. In the most recent of these studies, the
2018-2020 MIT Taskforce on Work of the Future, a group of faculty and graduate students again focused on analyzing changes in production from the factory
floor up.!” The methodology aimed at identifying the mechanisms that link the key variables: hiring and training, technology adoption, and productivity.

Our interviews and observations examined the adoption of new production technologies in general and industrial robots in particular. The definition of an
industrial robot we used was that of the International Federation of Robotics: an “automatically controlled reprogrammable multipurpose manipulator
programmable in 3 or more axes.” If a 5-axis CNC (computer numerical control) machine were to be counted as a robot, we would have counted more robots in the
plants, since several companies had recently acquired advanced CNC machines. There are good reasons to distinguish CNC machines from robots, our colleagues
from an MIT robotics laboratory suggested. Even though a CNC machine can do the same milling as a robot does, a robot can also be repurposed for functions like
pick-and-place by changing out the end effector.!® Roboticists think of robots as taking inputs from sensors and making decisions based on those inputs, as well as
being flexible enough to perform a variety of tasks that the CNC machine does not do. So in this study we decided to distinguish between purchases of robots and
purchases of advanced CNC machines. We also ruled out including automated guided vehicles (AGVs), which are small mobile robots that are used to move parts

from station to station across factory floors.!®

Based on the experts’ predictions of the past few years we expected to find many robots on the factory floors. But the majority of the firms that our group visited
had none. Many still had manual machines that their grandparents had purchased in the 1940s and 1950s. We observed that the plants with old technology also had
low-skill and low-wage workers and high turnover of the workforce. But is it the low skills of the workers that keep the firm from adopting robots, or is it the old
technology in the plants and low productivity that make it likely that managers will continue to hire low-skilled workers at low wages? How could we tell? We

started to consider what forces were keeping American manufacturers in this low-tech—low-skill—low-wage equilibrium, and how they might break out of it.

We interviewed owners and senior managers in forty-four manufacturing companies in Ohio, Massachusetts, and Arizona, and leaders in twenty-one industrial
ecosystem institutions, such as trade associations, community colleges, unions, and Manufacturing Extension Partnership offices. In Germany, we visited eleven
companies identified as having world-class advanced manufacturing systems. The US companies ranged from a metal stamping firm whose owner frankly described
it as on “the cutting edge of low tech” to a photonics company on the far frontier of new technology. Of the forty-four U.S. companies we visited between 2018 and
the outbreak of COVID-19 in 2020, ten are US divisions of large multinational corporations, and thirty-four are small and mid-sized enterprises (SMEs) that employ
fewer than five hundred workers. Manufacturers in the latter size category represent 98.4 percent of all manufacturing establishments in the United States, and

they employ 43 percent of all manufacturing workers.

The firms we interviewed in 2018-2020 were mainly ones that MIT researchers had interviewed once before, in 2009-2012, in the MIT Production in the Innovation
Economy study.20 The original sample of firms had been drawn from a list of all US manufacturers that had doubled their revenues and increased employment
between 2004 and 2008, that is, firms that were reasonably “healthy” on the eve of the 2008-2010 economic and financial crisis.?! By returning to firms we had
visited previously, we hoped to be able to track changes in their technology and workforce profiles. To firms we had visited in 2009-2012, we then added eighteen
other companies in the same codes from the North American Industry Classification System (NAICS), namely, metalworking, automotive, and electronics.22 These

new added firms were chosen in close geographic proximity to the original sample.

The key questions we asked in all of our 2018-2020 factory visits were simple ones that we posed in the formal interviews and pursued as we walked with the
managers across the plant floor. “Which technologies did you buy over the past five years? Why did you buy them? What new skills did you need to work the new
equipment? Where did you find people with those skills? What happened to the people who used to work with the old machine?” We had read the 2017-2018 articles
predicting a massive wave of robots replacing workers over a five- to ten-year horizon, so we were surprised to find very few robots anywhere. Surely, if the process

of robots replacing workers were to take place over the short period that Frey and Osborne or the publications of the World Economic Forum (“Davos”) predicted in
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2017, by 2018-2020 we should already have been seeing robots moving into the factories. But they were few and far between.

In the Ohio small and medium-sized manufacturing firms we studied, one mid-sized auto supplier that we had first visited in 2010 had subsequently been purchased
by Japanese suppliers, incorporated into Japanese auto supply networks, and then experienced a major growth spurt. That company in 2018 had 105 robots in plants
it now managed—and its Ohio workforce had grown from 120 to 260. But in all the other Ohio SMEs we visited, there had been only one robot purchase over the
previous five years: a 6-axis welding robot to work on large tubular sections for a naval defense contract. In the Arizona SMEs, there had been three robot

acquisitions; in Massachusetts, one.

Indeed, even in the large firms (with over five hundred workers) we visited, robots were scarce.3 In one large division of a multinational company in Pennsylvania,
we learned that there had been robots in the plant in the past. But when demand for the parts they were making with the robots fell off sharply, the job along with
the robots was transferred to another division of the company. At the time of our visit, the plant had no robots. They were experimenting with a robot that they
hoped to use for vision and quality control. The onslaught of rapidly advancing robots that we had expected to find in the heartland of American manufacturing

was nowhere in sight.

Preliminary results of the 2018 first-ever US survey “on the presence of robots” in US manufacturing establishments confirms that the absence of robots in the
SMEs we visited is no sampling error, but in fact representative of the overall situation. The Census of Manufacturing survey of robots shows that only 9.5 percent

of US manufacturing establishments have at least one robot. Even among plants with more than five hundred employees, fewer than half have robots.24

What did we learn about when firms do decide to buy robots or other advanced manufacturing technologies? We had often read that companies buy robots and
other new equipment to reduce their workforce. But on the ground we did not find such cases. In fact, in the firms we were visiting for a second time after eight
years, all of them (with the exception of one going out of business and a second in fragile shape) were hiring more workers. We interviewed a company that
manufactures welding robots and asked what changes they saw in their customers’ businesses after the purchase of the robot. They told us that customers buy
robots thinking to become more productive, but then discover that the biggest change is greater quality and reliability in their operations. In our own interviews,
the most frequent factor driving a purchase was the prospect of a new contract that would require new equipment. A third-generation family firm that started its
business making industrial boilers today does about two-thirds of its business on defense contracts. When the navy urged them to use robotic welding, the
company bought a 6-axis welding robot. Another firm we visited purchased a new bed mill when they realized the laser mill they had could not produce the volume
they needed for a customer with a big project coming up. An Arizona firm that makes analogue load cells that measure force acquired robots for their high-volume
products and for automated visual inspection. But the small-volume cells are still made by hand. There’s a lot of tacit knowledge involved in making load cells, and as

we walked the factory floor, we saw people assembling tiny parts under magnification.

In a few factories, robots were introduced to reduce stressful and boring human labor. Artaic, a small Boston firm that makes customized mosaics, mainly for hotels
and restaurants, realized that its competitive advantage was sending out samples rapidly.2> Owner Ted Acworth had already figured out how to program robots to
do the otherwise tedious task of picking and placing individual tiles. But to make samples, workers needed to place tiles in sample squares manually. To make the
task easier, Acworth invented a device he calls Whack-a-Tile, basically a monitor with light signals to assist workers in putting the sample together quickly. Each
Whack-a-Tile is set up to take best advantage of the individual work styles and hand positions of each employee. Ackworth’s company is a modern design firm. But
we saw similar reasoning in a very traditional Arizona metalworking job shop. The owner told us that before buying the shop twenty years ago, he had worked ona
Boeing assembly line, which he experienced as “boring, brain-dead work that no human being should do.”2® He’s planning to retire soon and leave the business to
his sons. In the past few years, he has replaced old manual machines with new lathes that can be programmed so that one person can deal with three to five
machines. He now plans to buy a robot to feed the machines. With the new machines and a few trained workers, the sons’ principal tasks would be to program the

machines.

The Puzzle of the Missing Robots

Why are there so few robots in the small and mid-sized companies that constitute the majority of American manufacturers? Virtually all of the businesses we
visited were suppliers, companies that make a diversity of parts for customers who make the final products. The suppliers are high-mix, low-volume
manufacturers. Robots today are still relatively inflexible. They are invaluable in auto assembly plants, in which the robots operate consistently on large product
runs. These are industrial robots: too powerful and hence too dangerous to work alongside humans. They are located in fenced-in areas that workers do not enter.
Collaborative robots (cobots), which are robots that are safe to work alongside humans, still have limited use on factory floors. They are still very difficult to
reprogram, so for a business that makes a very diverse product mix involving quite different production phases, it’s not economically rational to buy a robot that

can do only one operation.

What makes the robot expensive is not just its initial cost, but all the costs of integrating the robot into the factory. Equipment needs to be installed to move the
part up to the robot and away from the robot. It’s estimated that the purchase price of the robot is only 25 percent of the total cost of integrating it into the
production line. Sometimes firms use integrators to help them get the robot working. But many companies worry that the integrators pick up too much of the
firm’s proprietary knowledge along the way. An Arizona firm told us of the years it spent trying to install a robot by itself. “How long was it until you were able to
get real value out it?” we asked. “Seven years.” We asked what the problem was. The answer was short: “It took seven years because there was a lot of hubris on our

part. We tried to do way too much.”27 Much progress is being made in research labs and robot manufacturers in designing more user-friendly interfaces, and
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success in that line should eventually make robots more accessible to smaller manufacturers. But even in factories that do have robots and advanced CNC machines
and other new technology, we observed that the new machines are simply working alongside old ones. It’s common to find equipment purchased in the 1940s by the

owner’s grandfather still in service. This layering of the new on top of the old makes it difficult to reap the full productivity benefits out of advanced equipment.

The barriers to the introduction of advanced manufacturing equipment are not just technological. A high-mix/low-volume supplier is dependent on customers
whose orders vary unpredictably, so heavy investment in equipment for making any particular product is unwise. The owner of Gent Machine Co. in Cleveland,
Ohio, repeated to a journalist what he had explained to MIT researchers previously: that even on a large contract he hesitated to buy automation equipment because
the contract could disappear overnight. That’s exactly what happened to an eight-year-long Tesla contract with Gent for making fasteners that attach battery parts.
About Tesla’s decision to terminate the contract, Gent’s owner said: “That’s just how it works.”8 It is how it works in US manufacturing, at least. In Germany and
Japan, MIT researchers have observed more collaborative relationships between large firms and their suppliers. Large firms make longer-term commitments to

suppliers and share their plans and technical know-how in order to help the smaller firms adjust and advance.

Finally, we needed to consider a frequently heard explanation of the slowness of adoption of advanced manufacturing technologies: that the problem lies in the lack
of skills of the manufacturing workforce. In this view, manufacturers are reluctant to invest in new equipment because they cannot find workers with the right
skills to work on it. International comparisons highlight the weaknesses of US workforce education relative to the institutions in countries like Germany and
Denmark that provide apprenticeships and extensive advanced training and retraining to workers. People blame culture change for the unwillingness of young
people to seek out manufacturing jobs. But low entry-level wages and job insecurity can explain much of that reluctance. When parents have watched more than
five million manufacturing jobs disappear in their lifetimes, it can be difficult to convince them of a good future in manufacturing for their children. And low-tech

jobs are not challenging and attractive to new generations of workers.

Breaking Out of the Low-Tech—Low-Wage Trap

The scarcity of robots and other automation equipment in most US manufacturing plants shows that robots are not taking over the jobs of most humans. But this is
hardly good news for the US economy or for American workers. Without higher rates of investment in advanced manufacturing technology, the country’s sluggish
productivity growth is not likely to accelerate. Without new technology in manufacturing plants, the wages of workers are not likely to rise. Wages are determined
by multiple factors, including labor supply, unionization, and public policies. We observed that firms that invested little in advanced equipment were also unwilling
to invest in their employees’ skill development. They asked little of their workers beyond coming to work on time. They offered low entry wages and little training
beyond shadowing a worker already doing the job for which the new entrant was hired. These firms typically have high turnover rates, since workers have little

incentive to stick with such a company.

There are companies that have followed a different track. We encountered them in our research and discovered that they had typically made substantial investments
in new equipment—either to improve the quality, speed, and safety of their production process, or to satisfy a big customer, such as the US Department of Defense.
When they make investments in technology, manufacturers also frequently invest in training. After all, now they need their workforce to know how to make the
best use of new tools. The acquisition of new technology and new skills often goes hand in hand. These observations suggest that in order to break out of a stalemate
in which outdated equipment and low-level skills are mutually reinforcing, we need public policies to support both higher levels of capital investment and

investment in worker education.2? There is a road out of our current dilemma. We need to move onto it.

Discussion Questions

1. What factors might influence manufacturing firms to adopt new technologies like robots? Could government play any role here?

2. How could engineers design new technologies and take into consideration factors that would make for good jobs: more interesting ones, ones with less physical

and mental stress, ones that encourage workers to contribute to process improvement?
3. How should a company decide who should be trained to use new technology? Workers? Technicians? Engineers?
4. There have been proposals to tax robots or in some other way limit their use. What do you see as the pros and cons of such restrictions?

5. The authors of the article sugggest at the end that government should play an active role in supporting the introduction of robots and other advanced

manufacturing technologies into the workplace. Do you agree? On what grounds could one critique the authors’ position?
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1 Introduction

Despite sustained economic growth in the United States over the past decades, the
median real wage stagnated and the real wages of low-skilled workers even declined
since the 1970s (De Santis, 2002; Acemoglu and Autor, 2012; Autor, 2014). Over the
same time period, the wages of high-skilled workers with a bachelor’s degree or higher
have grown. Clearly, the overall development of the United States economy has
therefore been characterized by a rise in the skill premium, which is the percentage
by which workers with a college degree earn more than workers without a college
degree (cf. Mallick and Sousa, 2017; Neves et al., 2018). Figure 1 shows the evolution
of the real wages of workers with less than a bachelor’s degree (solid line, left axis)
and the skill premium (dotted line, right axis) from 1970 to 2015. While the real
wages of low-skilled workers declined by more than 20 percent over this period, the

skill premium almost doubled from slightly above 60 percent to 120 percent.
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Figure 1: Real wages of workers with less than a bachelor’s degree (solid line, left
axis) and the skill premium (dotted line, right axis) from 1970 to 2015 in the United
States. Source: United States Census Bureau (2017), own calculations.

The rise in wage-related inequality is one of the driving forces behind the rise of

overall income inequality since the 1980s (Piketty and Saez, 2003; Atkinson et al.,



2011; Piketty, 2014; Milanovic, 2016). A widely accepted and convincing explanation
for the rise in the skill premium is skill-biased technological change that dispropor-
tionately raised the productivity of high-skilled workers over the past decades (cf.
Acemoglu, 1998, 2002; Goldin and Katz, 2008; Autor and Dorn, 2013; Sochirca et al.,
2013; Jung et al., 2017; Mallick and Sousa, 2017). According to this explanation, the
rise in the number of college-educated workers in the second half of the 20th century
has led to a rise in the demand for technologies that suited their skills. The increase
in the stock of these technologies — such as computers, programming languages, and
software for spreadsheet calculations — has in turn raised the productivity of high-
skilled workers. Depending on how difficult it is to substitute high-skilled workers
by low-skilled workers in the production process, the increase in the productivity of
high-skilled workers has the potential to raise their wages by more than the wages
of low-skilled workers. If this is the case, skill-biased technological change widens
the wage gap. Moreover, the skill premium does not only apply in case of individual
workers but also at the firm level: Matemilola et al. (2013), Nemlioglu and Mallick
(2017), and Prettner and Strulik (2018) show empirically that firms with more in-
vestments in managerial practices — or with higher managerial skills to start with —
perform better.

Other developments — notably international trade and outsourcing — have com-
plemented (and sometimes substituted for) skill-biased technological change in its
effect on the wage differential (Autor et al., 2016). The intuition behind the effects
of international trade and outsourcing on the dispersion of wages is straightforward.
The production of goods that primarily require low-skilled labour input (simple
toys, clothes, etc.) can be easily shifted to countries in which labour is abundant
and wages are low. Due to decreasing transport costs and globally decreasing tariffs
in the 20th century, these goods can ever more cheaply be exported back to the
home market. As a result, firms with high demand for low-skilled labour tend to
concentrate in low-wage countries. By contrast, the production of goods that require
predominantly skilled labour input (sophisticated machinery, airplane engines, etc.),
is more difficult to shift abroad. The reason is that high-skilled labour is scarce in
low-wage countries. Thus, firms producing high-skill intensive goods concentrate in
countries where workers are well-educated and wages are high. This implies, from
the perspective of high-wage countries, that globalization leads to a fall in the de-
mand for low-skilled labour and a rise in the demand for high-skilled labour. As a
result, the wages of high-skilled workers increase further and the wages of low-skilled
workers decrease.

Further explanations for the rise in inequality include the reduction in wealth



taxes and top marginal income tax rates since the 1980s, the reduction in the bar-
gaining power of labour unions, and demographic changes such as declining birth
rates that lead to a higher concentration of inheritances, or assortative mating, i.e.,
that nowadays spouses and life partners tend to have a similar level of education,
which was not always the case (Piketty and Saez, 2003; Atkinson et al., 2011; Piketty,
2014; Piketty et al., 2014; Milanovic, 2016). In addition, the compensation structure
in markets for superstars — where someone with either the skills or the luck to be
slightly ahead of others in a certain domain is able to earn a disproportionate share
of overall earnings — also contributes to a concentration of high incomes (Rosen,
1981).

In our contribution, we show that there is another aspect that has not yet been
credited sufficiently. Over the past decades, automation has made it possible to re-
place the production factor of low-skilled labour entirely — at least as far as different
routine tasks in the production process are concerned. Tasks previously performed
by assembly-line workers are now undertaken by industrial robots. By the same to-
ken, 3D printing has allowed to reduce the amount of labour input in the production
of customized products — such as hearing aids and prostheses. 3D printing is now
even used for the construction of entire buildings, which could reduce the need for
construction workers substantially (Abeliansky et al., 2015; The Economist, 2017).
Currently, self-driving cars and lorries are being developed and tested successfully.
This technology has the potential to replace millions of taxi drivers and truckers in
the not too distant future.

The crucial difference between automation and the standard formulation of skill-
biased technological change is that automation does not raise the marginal produc-
tivity of labour but that it renders the production factor labour entirely obsolete for
given tasks. For example, a standard computer still has to be operated by a suitably
skilled person, whereas the skill of driving taxis becomes technically obsolete once
autonomous cars are available. While overall production per worker usually rises
with automation!, the marginal product of labour might not, such that these two

different measures of productivity would start to diverge with automation.? Further-

!This holds for the standard Ramsey- and Solow-type of growth models with automation but
might not necessarily be true in an overlapping generations setting (Sachs and Kotlikoff, 2012;
Sachs et al., 2015; Benzell et al., 2015; Gasteiger and Prettner, 2017) or in a setting in which
structural unemployment arises due to a mismatch between the skill requirements of jobs and the
current supply of skills by workers (Restrepo, 2018).

2In the context of the US banking industry, Mallick and Ho (2008) show how IT investments can
reduce operational costs but, at the same time, reduce profitability. Ceteris paribus and without
network externalities, IT expenditures reduce payroll expenses and raise the market share such
that profits rise. However, if all banks invest in IT, network effects are created to the extent that
market shares might not change, while more intense competition drives down profitability.



more, as compared to standard physical capital in the form of machines, assembly
lines, and production halls, a rise in the stock of automation capital does not imply
a higher demand for workers. If a firm invests in new machines and assembly lines, it
needs workers to operate them. By contrast, if a firm invests in a fleet of self-driving
cars or in a production facility that operates with 3D printers instead of workers,
this does not raise the demand for labour. Consequently, capital deepening, which
is seen as a driver of rising wages in standard macroeconomic models, could lead to
a replacement of labour and to lower wages in the age of automation.

To analyse the distributive effects of robots, we incorporate automation capital
as a new production factor into an otherwise standard and simple model of capital
accumulation with low-skilled and high-skilled workers. Consistent with the stylized
facts to date, we assume that low-skilled labour is easier to automate than high-
skilled labour.®> An increase in the stock of automation capital has two effects.
First, it allows to substitute for workers and thereby to overcome the diminishing
marginal product of labour that constrains growth in the standard Solow (1956)
model. Second, the accumulation of automation capital drives a wedge between
the wages of high-skilled workers and low-skilled workers and, thus, raises wage
inequality. The resulting framework is capable of generating automation-driven
long-run growth even in the absence of technological progress and it explains the
rise in the skill premium. In addition and in contrast to the model of skill-biased
technological change, our framework can explain the reduction in the real wages
of low-skilled workers that we have observed over the past decades in the United
States.*

The central policy implication of our model is to invest in higher education in
the face of automation. Doing so would yield a larger share of high-skilled workers
in the economy who are not as susceptible to automation as low-skilled workers.
Such a strategy could have a dampening effect on the rise in wage inequality if it is
driven by automation.

The paper is structured as follows. Section 2 discusses the related literature.

3This holds up to now. However, progress in the development of machine learning algorithms has
been very fast such that even non-routine, skill-intensive tasks become more and more automatable.
Examples are diagnosing diseases and writing novels (Barrie, 2014; Ford, 2015).

4 Automation capital can be interpreted as a special case of equipment capital in the literature
on capital-skill complementarity (Krusell et al., 2000). While Krusell et al. (2000) consider capital
equipment and capital structures and assume that high-skilled workers are more difficult to substi-
tute by capital equipment than low-skilled workers, we decompose the production factor of capital
equipment into i) the machines and assembly lines the operation of which requires labour and ii)
industrial robots and 3D printers that do not need any labour input at all. We show that the
naturally arising capital-skill complementarity in this setting explains the contemporaneous pres-
ence of long-run economic growth with shrinking wages of low-skilled workers, and, consequently,
a rising skill premium.



In Section 3, we present the central elements of our model. In Section 4, we solve
for the long-run balanced growth rate and present our main results. We show that
the model generates falling wages of low-skilled workers, a rising skill premium, and
positive per capita GDP growth with a rising automation level. In Section 5, we

conclude and sketch out some scope for further research.

2 Related literature

As far as the related literature is concerned, the analysis of automation has received
considerable attention most recently. To our knowledge, Steigum (2011) was the
first to address the implications of the use of robots in a neoclassical type of growth
model along the lines of Ramsey (1928), Cass (1965), and Koopmans (1965). He
shows that automation implies the possibility for sustained long-run growth and
leads to a declining labour share, which is consistent with the empirical evidence
for the United States (Elsby et al., 2013; Karabarbounis and Neiman, 2014; Barkai,
2018).5 Prettner (2018) analyses the effects of automation in a simpler framework
based on Solow (1956). He shows that the results of Steigum (2011) carry over to this
setting and quantifies the extent to which automation contributed to the reduction
in the labour share of the United States between 1970 and 2010. However, neither
of the two contributions by Steigum (2011) and Prettner (2018) allows for the skill-
specific heterogeneity of workers and, thus, they cannot analyse the evolution of
wage inequality. In addition, Prettner (2018) only considers an exogenous split
of overall investment into automation capital and into traditional physical capital,
whereas we solve for the endogenous choice that rational investors would make.
Gasteiger and Prettner (2017) show that the implications of automation for long-
run economic growth are very different in the canonical overlapping generations
framework of Diamond (1965). In the overlapping generations model with automa-
tion, the economy always converges to stagnation, even if there is full replacement
of labour by automation capital such that aggregate production resembles the prop-
erties of an AK growth model. The reason is that households save exclusively out of
their first-period wage income in this setting. However, wage income is diminished
by automation because workers and robots are perfect substitutes. This reduces
the amount of overall investment, which, in turn, reduces economic growth. The
corresponding vicious circle implies long-run stagnation of the economy and thereby
explains the numerical findings of Sachs and Kotlikoff (2012), Sachs et al. (2015), and

"Barkai (2018) shows that the labour income share has been declining and argues that an
increase in the market power of firms plays a crucial role in the explanation of this phenomenon.



Benzell et al. (2015), according to which automation can reduce economic growth.
While the numerical results of Sachs and Kotlikoff (2012) and Benzell et al. (2015)
show that the wages of high-skilled workers and low-skilled workers may diverge
with automation, the other articles mentioned so far do not analyse wage-related
inequality in the context of automation.

Acemoglu and Restrepo (2016), Hémous and Olsen (2016), and Prettner and
Strulik (2017) have proposed frameworks for the analysis of the implications of
automation within the R&D-based endogenous growth literature. In Acemoglu and
Restrepo (2016) and Hémous and Olsen (2016), R&D investments generate new
varieties of tasks (in the former paper) and intermediate products (in the latter
paper) that are initially non-automated. Firms can subsequently invest with the
purpose to automate the corresponding production. Thus, the wages of low-skilled
workers rise with R&D-based innovations and fall with in-house automation. To the
extent that R&D-based innovation is encouraged by automation, it could even be
the case that the wages of low-skilled workers rise with automation in such a setting.
By contrast, the results of Prettner and Strulik (2017) are less benign because new
innovations come in the form of the very machines by which the production of goods
is automated. As such, automation only raises the wages of high-skilled workers such
that wage dispersion and inequality rise with innovation-driven automation.

Our contribution to the literature is that i) we set forth a simple framework
of capital-skill complementarity in the age of automation with a straightforward
interpretation of automation capital that, in contrast to Sachs and Kotlikoff (2012)
and Benzell et al. (2015), allows for the analytical analysis of wage inequality; and ii)
our framework can explain the contemporaneous presence of rising per capita GDP,
shrinking wages of low-skilled workers, and rising wage inequality as experienced by
many economies over the past decades (see Graetz and Michaels, 2015; Acemoglu and
Restrepo, 2017; Dauth et al., 2017, for empirical evidence on the role of automation

in this context).

3 A simple model of automation and wage in-
equality

Consider an economy that is populated by households who invest a fraction s of their
income in either traditional physical capital (machines, assembly lines, production
halls, etc.) or in automation capital (industrial robots, 3D printers, autonomous

mining equipment, etc.). We abstract from endogenous saving decisions that would



mainly complicate the exposition.® Time t evolves continuously and the population
grows at rate n. There are four production factors: low-skilled workers denoted by
L,, high-skilled workers denoted by L, traditional physical capital denoted by K,
and automation capital denoted by P. For simplicity, we do not make a distinction
between the population size and the amount of labour such that workforce growth
and population growth coincide. Automation capital is a perfect substitute for low-
skilled workers (e.g., assembly line workers can easily be substituted by industrial
robots) but it is still an imperfect substitute for high-skilled workers (e.g., engineers
and managers are still difficult to automate). This implies a natural capital-skill
complementarity along the lines of Krusell et al. (2000).

Suppressing time arguments whenever this does not impair the clarity of expo-
sition, the representative firm produces output Y according to the CES production

function
Y =[(1—B)LY+B(P+ L) 5 K, (1)

where 8 € (0,1) is the production weight of low-skilled workers, « is the elasticity of
output with respect to traditional physical capital, and v € (—o0, 1] determines the
substitutability between both types of workers, where workers with different skills
are perfect substitutes for v = 1 and perfect complements for v — —oco. In the
following analysis, we focus on the empirically relevant range v € (0,1) for which
low-skilled and high-skilled workers are gross substitutes as stressed, for example,
by Autor (2002) and Acemoglu (2009).

Traditional physical capital and automation capital are the only saving and in-
vestment vehicles in the economy. Denoting the saving rate by s, the fraction of
investment diverted to the accumulation of traditional capital by sk, and the rate

of depreciation by J, the laws of motion for both types of capital are given by

K = sgsY — 0K, (2)

P=(1-sg)sY —0P. (3)

Assuming different rates of depreciation for both types of capital would not change
the main qualitative results. Apart from allowing for different types of skills in the
economy, we also depart in another crucial way from Prettner (2018) by endogenising
Sk, i.e., the decision of rational investors of how much to invest in the two different

stocks of capital.

6See Steigum (2011) for the analysis of the growth effects of automation in a model with
endogenous investment but with only one type of labour.



For simplicity, we abstract from endogenous education decisions that would al-
low individuals to switch from being low-skilled to being high-skilled and we also
abstract from exogenous technological progress. For an R&D-based growth model
with endogenous technological change, automation, and endogenous skill-upgrading,
but with a simpler production structure and only one type of capital, see Prettner
and Strulik (2017). Considering general labour-augmenting technological progress
in our production function would merely add an additional driver of long-run growth
and not change anything in terms of our central results. Considering education deci-
sions would primarily affect the transitional dynamics but not the long-run solution
as shown by Prettner and Strulik (2017).

Denoting the size of the workforce by L = L, + L, defining the shares of high-
skilled and low-skilled workers by I, = L/(Ls+ L,) and I, = L, /(Ls+ L,), respec-
tively, and referring to per worker counterparts of aggregate variables with lowercase
letters such that y is output per worker, £ is traditional capital per worker, and p is

automation capital per worker, we obtain per worker output as

y=[1=B +B(p+1L)] " k. (4)

This expression shows that the accumulation of traditional physical capital increases
the productivity of both types of labour, whereas automation competes with low-
skilled workers directly and with high-skilled workers indirectly depending on the
extent to which high-skilled workers can be substituted by low-skilled workers. In
essence, automation changes the property of labour in the fundamental sense that
labour becomes an accumulable production factor.

Rational investors would only invest in both types of capital if they deliver
the same rate of return such that an interior equilibrium with an endogenous split
of investment between traditional physical capital and automation capital requires
rx = rp. From the production function (1), it follows that the factor rewards for
traditional physical capital and for automation capital are given by, respectively,

11—«
il

rc =aK* (1= B)LY + 5 (Lu+ P)7] 7, (5)
rp = (1= a)BK (L, + P) 7 (1= AL+ 6L+ P)] 5. (6)

Imposing the no-arbitrage condition rx = rp allows to derive the equilibrium stock

of traditional physical capital depending on automation capital and employment of



both types of workers as

a(Ly + P)V B (Ly + P)7 + (1= B)L3]

h= 01— a)p

(7)

Clearly, an increase in the number of both types of workers raises the equilibrium
capital stock. The reason is that, if labour becomes more abundant, the return on
physical capital rises such that investors would choose to raise the stock of traditional
physical capital. Since automation capital is a perfect substitute for low-skilled
workers, its increase has the same effect on the equilibrium capital stock as an
increase in the number of low-skilled workers. Dividing Equation (7) by the number
of workers (L = L, + L) provides the traditional physical capital stock per worker
(k = K/L) depending on automation capital per worker (p = P/L) and the fraction

of skilled and unskilled workers [, and [,,, respectively:

af (lu+p) + ol =)L (l+p) '™

"= 1—a)p

(8)

Since [, and [, are constant because we abstract from endogenous education deci-

sions, the time derivative of capital per worker is given by

_app+al-P)l(—7)lutp) 7P

g 1—)p

(9)

Aggregate investment I = sY is used to raise the stocks of both types of capital
such that the accumulation equation in per worker terms is given by p + k = sy —
(n+0)(p + k), where n is the population growth rate. Plugging Equations (4) and

(9) into this expression, the evolution of automation capital per workers follows as

p:{ (1-a)B ]
B+a(l—pB)I(—7)(,+p)

; Jyize [aBp+a(l = AR —) (L+p) 7$]"

{qu—m@+6@+h>] [ (1—a)B 1
af (L, +p) + a(l = B)IY (L + p) 1‘”} }
(1-a)B '

(n+0) [p + (10)
As is obvious, this expression cannot be solved explicitly for p during the transition
period in which p is still very low. We therefore follow the standard practice in the
economic growth literature and focus on the long-run asymptotic solution to derive

our central analytical results.
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4 Results

If the saving rate s is low, the economy converges to a steady state in which the
per capita stocks of both types of capital are positive but do not grow such that
the economy stagnates as in the standard Solow (1956) model without technological
progress. However, there is the more interesting case of a long-run balanced growth
path along which the economy grows at a constant rate, despite the absence of
technological progress. Along this balanced growth path of the economy, p — oo

such that the following asymptotic approximations hold

oo WBlutp) +a =P (Ltp)' ™ ap :k“%((1>aw, (11)

(1—a)p T1-a l—a

(1=B)]+B(p+1.) =B, (12)
(=B +B(p+1)]7 =5 P, (13)

(= a)8 ~1-a. (14)

B+al =B —y){u+p) ™

In Appendix A we use these approximations and the evolution of automation cap-
ital per worker (10) to derive the following constant asymptotic growth rate g for

automation capital per worker
g:s-ﬁl% ca*(1—a)'™* — (n+9). (15)

Furthermore, using the asymptotic approximations k = /(1 —a)p and k = [o/(1 —
a)|p in the long run, it follows that the balanced growth path involves k /k =p/p.

Finally, Equation (4) implies that per capita output also grows at rate g because

lmw=%U—a%hm1—MQ+5@+@W+a%MM
~ (1= ) In () + - In(F)

Altogether, the economy therefore exhibits a long-run balanced growth rate g that

is positive as long as
5 - 51%& (1 —a)'™ > (n+9).

If this inequality is not fulfilled, the economy converges to the standard steady state

of the Solow (1956) model without technological progress in which the economy

11



stagnates. From this, our first central result follows immediately.

Proposition 1. Consider our variant of the Solow (1956) model with high-skilled
workers, low-skilled workers, and the possibility of full automation of the tasks per-
formed by low-skilled workers and imperfect automation of the tasks performed by
high-skilled workers. In this setting, there exists a balanced growth path with positive
long-run economic growth at the rate g given by Equation (15). This growth rate in-
creases with the saving rate (s) and with the substitutability between low-skilled and
high-skilled workers (vy), whereas it decreases with the rates of population growth (n)
and depreciation (9 ).

Proof. The proposition follows immediately from inspecting Equation (15) and not-

ing that # < 1 such that an increase in + raises the first term in this expression. [

The results in Proposition 1 generalize the results of Prettner (2018) to a model
with 1) two different types of workers that have different levels of skills, where low-
skilled labour is easier to substitute by automation than high-skilled labour and ii)
an endogenous share of investment that is diverted to traditional physical capital.
The intuition for the finding of perpetual growth in the absence of technological
progress is that automation turns labour into an accumulable production factor,
which prevents the marginal product of traditional physical capital from declining.

As far as the dependence of the long-run growth rate on the parameters is con-
cerned, i) a rise in the saving rate raises economic growth because it implies that
both types of capital accumulate at a faster rate if households divert a larger fraction
of their income to saving, ii) a rise in the population growth rate leads to faster di-
lution of both types of capital and thereby reduces economic growth, and iii) faster
depreciation reduces the accumulation of both types of capital and thereby also
reduces economic growth.

In addition, the substitutability between low-skilled and high-skilled workers
plays a crucial role. The easier it is to substitute between the two types of workers,
the easier it is for automation capital to raise the amount of effective labour in the
economy, i.e., the easier it is to turn the whole composite labour input in production
into an accumulable production factor. Consequently, the better low-skilled workers
and high-skilled workers can be substituted, the stronger is the growth effect of
automation.

Next, we focus on the distributive effects of automation and state our second

central result.

Proposition 2. Consider our variant of the Solow (1956) model with high-skilled

workers, low-skilled workers, and the possibility of full automation of the tasks per-

12



formed by low-skilled workers and imperfect automation of the tasks performed by

high-skilled workers. In this setting, the accumulation of automation capital leads to
i) decreasing wages of low-skilled workers,

it) decreasing wages of high-skilled workers if low-skilled workers and high-skilled

workers are easy to substitute,
iii) an increasing skill premium.

Proof. Assuming perfect competition, the wages of high-skilled workers (w;) and

the wages of low-skilled workers (w,) are

Y 1-4
L7 (1=B)LI+B(P+ L,)"

Y B
(P+ L) (1 —B)LI+B(P+L,)"

ws = (1 —a)

(17)

w, = (1—a) (18)

The effect of an increase in the stock of automation capital on the wages of low-

skilled workers is given by

Ow, _ (1=a)pY {1-a=9B(P+L)" = (1 =) [1=FLI+ /(P + L)}

OP (P4 L,)* [(1—=B)LI+B(P+L,)")
(19)

Since (1 —a—7)B(P+L,)" < (1 —v)B(P+ L,)" and we focus on the case of
~v € (0,1) in which the two types of workers are gross substitutes, the numerator
of the second term is always negative and so is the whole derivative. Thus, the
accumulation of automation capital reduces the wages of low-skilled workers. This
proves part i) of the proposition.

The effect of an increase in the stock of automation capital on the wages of

high-skilled workers is:

ows
oP
— g —a— >0 f 1—a>7,
=(l-a)Y u BWLlsf e 2 = - v te
Lo(P+ L)' [(1—=B)LI + B (P + Ly,)"] <0 for 1—a<n.
(20)

The influence of automation on the wages of high-skilled workers is therefore am-
biguous and depends on the substitutability between both types of labour. If « is

high and substitution is easy, an increase in the use of robots even reduces the wages

13



of high-skilled workers. The reverse holds true for a low . This proves part ii) of
the proposition.
The skill premium is defined as the ratio of the wages of high-skilled workers to

the wages of low-skilled workers and amounts to

1—y
%:1—5(})4‘[%) | (21)

w’lL /6 LS

As long as v € (0, 1), which is the empirically relevant case of imperfect substitution
between the two types of skills, an increase in the stock of automation capital P

raises the skill premium. This proves part iii) of the proposition. ]

The intuition for part i) is that competition by automation reduces the wages
of workers whose tasks can easily be performed by machines. However, and this is
shown in part ii) of the proposition, also the wages of high-skilled workers could be
negatively affected by automation if low-skilled workers and automation capital can
easily be used as a substitute for high-skilled workers. Since the wages of high-skilled
workers either increase with the extent of automation — or at least decrease by less
than the wages of high-skilled workers — this implies a rising skill premium, i.e., it

implies part iii) of Proposition 2.
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Figure 2: Phase diagram of the evolution of £ and p (left) and growth rates of k and
p during the transition to the asymptotic growth rate g (right).

Up to now, we considered the asymptotic analytical results of the model for the
long-run balanced growth path. Next we illustrate the transitional dynamics of the
model for situations in which the long-run relation between k& and p is not yet close
to the steady state. In addition, we use the numerical illustrations to show how

well the model can explain i) the growth of per capita GDP that we observed in the
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United States over the past 40 years and ii) the evolution of the skill premium over
the same time period.

The left diagram in Figure 2 displays the phase diagram of the model for the
parameter values in Table 1. We observe that, irrespective of the initial levels of
k and p, there is convergence to the long-run solution as depicted by the solid line
that starts at the origin. Altogether, there is long-run growth of k£ and p. This is
also illustrated in the right diagram, which displays the growth rates of k and p that

converge to the asymptotic long-run solution g.

Table 1: Parameter values for simulation

Parameter Value Justification
s 21% Average long-run value in the US (Grossmann et al., 2013)
n 0.9%  Average population growth rate in the US (World Bank, 2016)
4] 4% Standard value in the literature (Grossmann et al., 2013)
a 0.33 Standard Value in the literature (Grossmann et al., 2013)
15} 0.5 Normalized for illustrative purposes
¥ 0.7 To fit the per capita growth rate and the skill premium
ls 23% Average long-run share in the US

In the left diagram in Figure 3, we depict the scaled evolution of per capita
GDP as observed in the United States (dashed line) versus the predictions of the
model (solid line). In the right diagram in Figure 3, we do the same for the skill
premium. Altogether, we observe that the model is able to replicate the evolution of
per capita GDP and the skill premium reasonably well. However, we overestimate
growth in per capita GDP and in the skill premium slightly. Considering that the
model is a very stylized depiction of the economy that abstracts from many features
of actually existing economies (e.g., endogenous responses in the education decisions
of individuals), this is not surprising.

To summarize, our results show that automation leads to rising per capita GDP
and rising wage inequality. This development is in line with the data for the United
States since the 1970s as presented in Acemoglu and Autor (2012) and Autor (2014)
and as illustrated in Figures 1 and 3. Thus, automation is likely to be an impor-
tant aspect that deserves more attention when explaining the past three decades of

economic development.
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Figure 3: Per capita GDP of the model solution versus scaled per capita GDP in
the United States for the period 1970 to 2010 (left) and model solution for the skill
premium versus the skill premium in the United States for the period 1970 to 2010
(right).

5 Conclusions

We analyse the effects of automation in a model with low-skilled and high-skilled
workers in which low-skilled workers are easier to automate than high-skilled work-
ers. We show that 1) there is the possibility for perpetual economic growth despite
the absence of technological progress, ii) automation decreases the real wages of
low-skilled workers and has the potential to even decrease the wages of high-skilled
workers, iii) automation raises the skill premium. All three results are consistent
with the experience of the United States over the past decades and help to ex-
plain why the less well-educated did not benefit from economic growth. As such,
automation is an important aspect in the explanation of the evolution of income
inequality.

A central policy implication of our model is to invest in higher education in the
face of automation. Doing so has the potential to raise the share of high-skilled
workers in the economy. Since they are not as susceptible to automation as low-
skilled workers, such an education policy could dampen the effect of automation on
wage inequality and allow a larger part of the population to benefit from the gains
due to automation-driven economic growth.

For future research, it would be interesting to include skill-biased technological
change, globalization, and automation within a single framework to quantify the
relative importance of the different mechanisms. Clearly, such a project would not
be analytically tractable and rather constitute a large-scale simulation study that is

beyond the scope of the present paper.
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Appendix

A Derivation of the steady-state results

The factor rewards for physical capital and automation capital pin down to

ric = aK* [B(L,+ P)7 + (1= B)L1] =, (22)

rp=(1-a)BK*(Ly+P)" " [B(Ly+P)"+ (1= B)LY] . (23)

The no-arbitrage condition states that rx = rp such that, after solving for K, we

arrive at

o (Lt P) (B (Lu+ P)T + (1= H)IA)

b= (-a)p 24
Dividing by L = L, + L, yields
K olutp) 7 [Bl+p)"+ 1=
T=F= (1-a)B (25)
_aB(lutp)+ald =B (lu+p)'™
= 1=o)3 : (26)

Taking the derivative with respect to time under the assumption that /s and [, are

constant, we arrive at

aBp+a(l= B 1) (L +p) %

k= 27
(- 27

Investment I = sY is split into capital and robots such that we have
p+k=sy—(n+06)(p+Fk) (28)
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in per worker terms. Plugging (27) into this expression yields

afp+al =B =) (u+p) 7D

P (1—a)p
_; (1 N af+a(l — 5()1[3_(1@)_37) (I, +p) —7)
:p(tz aﬁ+a<1—ﬁ()lzzfla)—ﬂwuﬁp)—v)
pf B+a(l-p ?gégﬂ@+m~d
c(p)

2 sy — (n+0)(p+ k)
w:%[sy—mw)(mkn

@%[sy—(n‘f—é) (p+aﬁ(lu+p)+a(1_;)ﬂﬁ)lz(lu+p)l7)1.

Plugging in y yields

1

P= )

Ful_mg+ﬁ“”40”uaw*%n+®<p+””%+PV+M1—®@Uu+mlﬂ)}

(1-a)p
(29)

Next, we divide by p to get to the growth rate of the robot stock per capita:

p 11
p  pc(p)

[3[(1 B 4B+ kY — (n+6) <p+ af (ly +p) +a(l - p)IY (lu+p)1—v)] .

(1-a)p

(30)
To arrive at the solution in which long-run economic growth is positive, we need
to have that p/p > 0 for p — oco. As 1/[c(p)p] > 0, we only need to look at the
asymptotics of sy — (n+0)(p + k). For p — 0o, we observe the following:

af(lu+p)+ad =B L +p) '  ap
(1—a)3 T1-a

C!N a “ (0%

k ~ (]_—O[) p7

1=+ p(p+1,)" = Bp,
(=B +B(p+1)] " ~B 5 p

k:
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ACCEPTED MANUSCRIPT

Thus, the term in squared brackets in Equation (30) is positive for p — oo if

sﬁlT“pl—a< a )apa—(n+5)< a +1)p>0

11—« 11—«

o s <1i‘a)a>(n+5)<1ia>

& sﬁl_Taao‘(l —a)'"* > n+4. (31)

19



References

Abeliansky, A., Martinez-Zarzoso, 1., and Prettner, K. (2015). The Impact of 3D
Printing on Trade and FDI. cege Discussion Paper 262.

Acemoglu, D. (1998). Why do New Technologies Complement Skills? Directed
Technical Change and Wage Inequality. Quarterly Journal of Economics, Vol.
113:1055-1090.

Acemoglu, D. (2002). Directed technical change. The Review of Economic Studies,
Vol. 69(No. 4):781-809.

Acemoglu, D. (2009). Introduction to Modern Economic Growth. Princeton Univer-

sity Press.

Acemoglu, D. and Autor, D. (2012). What Does Human Capital Do? A Review
of Goldin and Katz’s The Race between Education and Technology. Journal of
Economic Literature, Vol. 50(No. 2):426-463.

Acemoglu, D. and Restrepo, P. (2016). The Race Between Man and Machine:
Implications of Technology for Growth, Factor Shares and Employment. NBER
Working Paper No. 22252.

Acemoglu, D. and Restrepo, P. (2017). Robots and Jobs: Evidence from US Labor
Markets. NBER Working Paper No. 23285.

Atkinson, A., Piketty, T., and Saez, E. (2011). Top Incomes in the Long Run of
History. Journal of Economic Literature, Vol. 49(No. 1):3-71.

Autor, D. (2002). Skill Biased Technical Change and Rising Inequality: What is
the Evidence? What are the Alternatives? url: https://economics.mit.edu/
files/558. [accessed on 03/01/2018].

Autor, D. H. (2014). Skills, education, and the rise of earnings inequality among
the “other 99 percent”. Science, Vol. 344(No. 6186):843-851.

Autor, D. H. and Dorn, D. (2013). The Growth of Low-Skill Service Jobs and the
Polarization of the US Labor Market. American Economic Review, Vol. 103(No.
5):1553-1597.

Autor, D. H., Dorn, D., and Hanson, G. H. (2016). The China Shock: Learning
from Labor-Market Adjustment to Large Changes in Trade. Annual Review of
Economics, Vol. 8:205-240.

20



Barkai, S. (2018). Declining labor and capital shares. available at http://home.

uchicago.edu/~barkai/doc/BarkaiDeclininglaborCapital.pdf [accessed on

10/03/2018].

Barrie, J. (2014). Computers Are Writing Novels:  Read A Few
Samples Here. Available at http://www.businessinsider.com/

novels-written-by-computers-2014-117IR=T [Accessed on January 22,
2017].

Benzell, S. G., Kotlikoff, L. J., LaGardia, G., and Sachs, J. D. (2015). Robots are

us: Some economics of human replacement. NBER Working Paper 20941.

Cass, D. (1965). Optimum growth in an aggregative model of capital accumulation.
The Review of Economic Studies, Vol. 32(No. 3):233-240.

Dauth, W., Findeisen, S., Suedekum, J., and Woessner, N. (2017). German Robots
— The Impact of Industrial Robots on Workers. CEPR Discussion Paper 12306.

De Santis (2002). Wage inequality between and within groups: trade-induced or skill-
bias technical change? Alternative age models for the UK. Economic Modelling,
Vol. 19:725-746.

Diamond, P. A. (1965). National debt in a neoclassical growth model. American
Economic Review, Vol. 55(No. 5):1126-1150.

Elsby, M. W. L., Hobijn, B., and Sahin, A. (2013). The Decline of the U.S. Labor
Share. Brookings Papers on Economic Activity, Fall 2013:1-63.

Ford, M. (2015). Rise of the Robots: Technology and the Threat of a Jobless Future.
Basic Books, NY, USA.

Gasteiger, E. and Prettner, K. (2017). A Note on Automation, Stagnation, and
the Implications of a Robot Tax. Free University of Berlin, School of Business &

Economics Discussion Paper 17/2017.

Goldin, C. and Katz, L. (2008). The Race Between Education and Technology: The
Evolution of U.S. Wage Differentials, 1890-2005. National Bureau of Economic
Research Working Paper 12984.

Graetz, G. and Michaels, G. (2015). Robots at Work. CEPR Discussion Paper
10477.

21



Grossmann, V., Steger, T. M., and Trimborn, T. (2013). Dynamically optimal R&D
subsidization. Journal of Economic Dynamics and Control, Vol. 37:516-534.

Hémous, D. and Olsen, M. (2016). The Rise of the Machines: Automation, Hori-

zontal Innovation and Income Inequality. Mimeo.

Jung, S.; Lee, J.-D., Hwang, W.-S.; and Yeo, Y. (2017). Growth versus equity: A
CGE analysis for effects of factor-biased technical progress on economic growth
and employment. Economic Modelling, Vol. 60:424-438.

Karabarbounis, L. and Neiman, B. (2014). The Global Decline of the Labor Share.
The Quarterly Journal of Economics, Vol. 129(No. 1):61-103.

Koopmans, T. C. (1965). On the concept of optimal economic growth. In The

Econometric Approach to Development Planning. Amsterdam: North Holland.

Krusell, P., Ohanian, L., Rios-Rull, J.-V., and Violante, G. (2000). Capital-Skill
Complementarity and Inequality: A Macroeconomic Analysis. Fconometrica, Vol.
68(No. 5):1029-1053.

Mallick, S. and Ho, S. (2008). On Network Competition and the Solow Paradow:
Evidence from US Banks. The Manchester School, Vol. 76(No. S1):37-57.

Mallick, S. and Sousa, R. (2017). The skill premium effect of technological change:
New evidence from United States manufacturing. International Labour Review,
Vol. 156(No. 1):113-131.

Matemilola, B., Bany-Ariffin, A., and Azman-Saini, W. (2013). Impact of leverage
and managerial skills on shareholders’ return. Procedia Economics and Finance,
Vol. 7:103-115.

Milanovic, B. (2016). Global Inequality. A New Approach for the Age of Globaliza-
tion. Harvard University Press, Cambridge, MA, USA.

Nemlioglu, I. and Mallick, S. (2017). Do Managerial Practices Matter in Innova-
tion and Firm Performance Relations? New Evidence from the UK. FEuropean
Financial Management, Vol. 23(No. 5):1016-1061.

Neves, P., Afonso, O., and Sequeira, T. (2018). Population growth and the wage
skill premium. FEconomic Modelling, 68:435-449.

Piketty, T. (2014). Capital in the Twenty-First Century. The Belknap Press of

Harvard University Press.

22



Piketty, T. and Saez, E. (2003). Income Inequality in the United States 1913-1998.
The Quarterly Journal of Economics, Vol. 118(No. 1):1-39.

Piketty, T., Saez, E., and Stantcheva, S. (2014). Optimal Taxation of Top Labor
Incomes: A Tale of Three Elasticities. American Economic Journal: Economic

Policy, Vol. 6(No. 1):230-271.

Prettner, K. (2018). A note on the implications of automation for economic growth

and the labor share. Macroeconomic Dynamics. (forthcoming).

Prettner, K. and Strulik, H. (2017). The Lost Race Against the Machine: Automa-
tion, Education, and Inequality in an R&D-Based Growth Model. Hohenheim

Discussion Papers in Business, Economics, and Social Sciences 08-2017.

Prettner, K. and Strulik, H. (2018). Trade and productivity: The family connection
redux. Journal of Macroeconomics, Vol. 56:276-291.

Ramsey, F. P. (1928). A mathematical theory of saving. The Economic Journal,
Vol. 38(No. 152):543-559.

Restrepo, P. (2018). Skill Mismatch and Structural Unemployment. Available
at http://pascual.scripts.mit.edu/research/01/PR_jmp.pdf] [Accessed on
10/02/2018].

Rosen, S. (1981). The Economics of Superstars. American Economic Review, Vol.
71(No. 5):845-858.

Sachs, J. D., Benzell, S. G., and LaGardia, G. (2015). Robots: Curse or blessing?
A basic framework. NBER Working Paper 21091.

Sachs, J. D. and Kotlikoff, L. J. (2012). Smart machines and long-term misery.
NBER Working Paper 18629.

Sochirca, E., Afonso, O., and Mazeda Gil, P. (2013). Technological-knowledge bias
and the industrial structure under costly investment and complementarities. Fco-
nomic Modelling, Vo. 32:440-451.

Solow, R. M. (1956). A contribution to the theory of economic growth. The Quarterly
Journal of Economics, Vol. 7T0(No. 1):65-94.

Steigum, E. (2011). Frontiers of Economics and Globalization: Economic Growth
and Development, chapter 21: Robotics and Growth, pages 543-557. Emerald
Group.

23



The Economist (2017). Adidas’s high-tech factory brings production back to Ger-
many. Making trainers with robots and 3D printers. The Economist, January 14th
2017.

United States Census Bureau (2017). Historical Income Tables. Url:
https://www.census.gov/data/tables/time-series/demo/income-poverty/

historical-income-people.html [accessed on 08/14/2017].

World Bank (2016). World Development Indicators & Global Development
Finance Database. Available at: http://databank.worldbank.org/data/

reports.aspx?source=world-development-indicators#.

24



The real wages of low-skilled workers have been shrinking in the US since decades
Per capita output and the wages of high-skilled workers have been increasing

We propose an economic growth model with automation to explain these trends
Automation has the potential to raise economic prosperity but also wage inequality
Investments in higher education can reduce the effect of automation on inequality
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Who owns the robots rules the world

Workers can benefit from technology that substitutes robots or other
machines for their work by owning part of the capital that replaces them

Keywords: robots, job displacement, lower pay, income inequality, employee ownership

ELEVATOR PITCH

Robots, that is any sort of machinery from computers
to artificial intelligence programs that provides a good
substitute for work currently performed by humans,
can increasingly replace workers, even highly skilled
professionals, and thus reduce opportunities for good
jobs and pay. But, with appropriate policies, the higher
productivity due to robots can improve worker well-being
by raising incomes and creating greater leisure for workers.
Consider the way Google reduces the need for reference
librarians and research assistants, or the way massive
open online courses reduce the need for professors and
lecturers. How these new technologies affect worker well-
being and inequality depends on who owns them.

KEY FINDINGS

Pros

© Policy can eliminate technology-induced joblessness.

© Labor can gain from labor-saving and capital-
saving technologies if its supply is less elastic than
capital’s.

© Skill-biased technical change could raise the relative
demand for skilled workers faster than the supply of
skilled workers increases.

© Workers can earn more of their income from capital
than from working—by owning part of the robots
that replace them.
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Cons

@ Robots, software, and apps are replacing labor.
Robots could take the good jobs at high pay and

leave the low-pay jobs to humans.

@ The distribution of income in advanced countries

has shifted toward capital.

© The ownership of robots is the prime determinant

of how they affect most workers.

As companies substitute machines and computers for human activity, workers need to own part of the capital stock that
substitutes for them to benefit from these new “robot” technologies. Workers could own shares of the firm, hold stock
options, or be paid in part from the profits. Without ownership stakes, workers will become serfs working on behalf of the
robots’ overlords. Governments could tax the wealthy capital owners and redistribute income to workers, but that is not
the direction societies are moving in. Workers need to own capital rather than rely on government income redistribution

policies.

Who owns the robots rules the world. IZA World of Labor 2015: 5
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MOTIVATION

What explains the high rate of joblessness, slow growth of real wages, and continued
inequality in many advanced countries years after the Great Recession? Some analysts and
headline writers believe that the development of robots and other machines with artificial
intelligence explains much of the jobs problem (see Robot substitutes for human labor).
Behind the headlines are advances in artificial intelligence that create machines that are far
better substitutes for human intelligence than seemed possible just a few years ago: the Google
driverless car; the chess-playing computer Deep Blue, beating Kasparov as world champion;
Watson, the artificially intelligent computer system, becoming the greatest Jeopardy player;
the Google search engine knowing more than any of us on every subject.

Robot substitutes for human labor

The term “robots” refers broadly to any sort of machinery, from computers to artificial
intelligence programs, that provides a good substitute forwork currently performed by humans.
This ranges from computers with artificial intelligence programs that bear no resemblance
to humans, to robot vaccuum cleaners and Google cars, to social robots designed to look
and act as if they are human. It does not matter whether a robot/machine has a humanoid
appearance, as long as it can perform human functions. Advances in computer power and
the development of artificial intelligence programs and wiring of microchips that can assess
information and make decisions are rapidly improving the ability of machines to perform
complicated tasks that seemed impossible just a decade or so ago. Taking the continuing
progress in developing smarter technologies as a given, the focus here is on the social and
economic issue of the ownership of these technologies.

DISCUSSION OF PROS AND CONS

The 2012 publication Race against the Machine makes the case that the digitalization of work
activities is proceeding so rapidly as to cause dislocations in the job market beyond anything
previously experienced [1]. Unlike past mechanization/automation, which affected lower-skill
blue-collar and white-collar work, today’s information technology affects workers high in the
education and skill distribution. Machines can substitute for brains as well as brawn. On one
estimate, about 47% of total US employment is at risk of computerization [2].

If you doubt whether a robot or some other machine equipped with digital intelligence
connected to the internet could outdo you or me in our work in the foreseeable future, consider
news reports about an IBM program to “create” new food dishes (chefs beware), the battle
between anesthesiologists and computer programs/robots that do their job much cheaper,
and the coming version of Watson (“twice as powerful as the original”) based on computers
connected over the internet via IBM’s Cloud [3]. On the darker side, you do not have to be
paranoid to be paranoid about the potential technologies that the super-secret computers of
the US National Security Agency (NSA) have on their digital drawing-boards.

Dr Who, on behalf of humanity, please give up acting on the 50th anniversary BBC show!
Come back to the real world and stop the NSA’s Daleks and Cybermen before it is too late!

While concern about the economics of computerization is widespread, many observers
view the notion that robots destroy jobs as misguided technocratic thinking, science-fiction
fantasy, or neo-Luddite nonsense. Fears of machines creating mass unemployment arose
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during some past periods of extended joblessness and were proved false as the economy
recovered full employment. In the Great Depression, US President Franklin D. Roosevelt
blamed unemployment on his country’s failure to employ the surplus labor created by the
efficiency of its industrial processes [3], while the technocracy movement sought to resolve the
problem by replacing markets with planning by engineers. In the early 1960s, widespread fears
that automation was eliminating thousands of jobs per week led the Kennedy and Johnson
administrations to examine the link between productivity growth and employment. In the
1990s, Jeremy Rifkin predicted that technology would produce the “End of Work”—just before
the dot.com boom raised the ratio of employees to the adult population in the US to an all-
time peak [4].

What happens to employment and leisure?

Mainstream economists’ traditional response to the fear of automation and robots is the
professional version of Alfred E. Neuman’s “What, me worry?” response to life: “The
market will take care of everything.” If the new technologies create some joblessness, a bit of
expansionary macro fiscal and monetary policy will guarantee sufficient demand to restore
full employment. If, in the distant future, people are satiated with consumption goods and
services, the economist’s answer is also reassuring: People will simply reduce their hours at
work and allocate more time to leisure, as Keynes predicted in his 1930 article on “Economic
Possibilities for Our Grandchildren” [5].

How will we spend our leisure in this ideal state? Perhaps as we increasingly do now—playing
computer games and watching videos. If the computer stomping us in digital war or sports
contests discourages us from becoming gamers, or if TV soap operas get boring, we can try the
kinds of activity that Keynes presumably envisaged: lawn tennis or cricket, tea in the garden,
admiring great art or symphonic music.

Economics holds that comparative advantage rather than absolute advantage determines
trade. By extension, even if robots and other machines dominate humans at all jobs,
comparative advantage guarantees that we will find work at the activities where the relative
advantage of machines is least. If you understand comparative advantage but still fear robots
turning you jobless, technophiles of innovation will denounce you as a neo-Luddite alarmist, a
socialist, or a sociologist—or something worse.

What happens to wages and incomes?

Employment, however, is just one side of the labor market calculus. What happens to wages
is also important to well-being. If robots take the good jobs at high pay and humans get
the low-pay leftovers, the living standards of persons dependent on labor income will fall. In
such a scenario, Luddite fears would appear more realistic than assurances that comparative
advantage guarantees work for all in a well-functioning economy.

But economics has a response to this danger. Herbert Simon’s 1965 analysis of technological
change showed that, in a well-functioning market economy, labor gains from labor-saving and
capital-saving technologies—as long as the labor supply curve is less elastic than the capital
supply curve [6]. In a full-employment economy, any technological advance raises the pay for
the input with inelastic supply relative to the input with elastic supply. By treating capital as
elastic and labor as inelastic, Simon essentially put Malthus upside down.
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The historical facts fit Simon’s model. On the price side, the real return to capital has been
roughly constant in the long run, which implies an infinitely elastic supply curve, while real
wages have trended upward. On the quantity side, the stock of physical capital and the stock of
knowledge capital have increased massively relative to labor. The world population has grown
but birth rates have plummeted as societies have become richer, suggesting that population
growth will continue to fall far short of the growth of knowledge and capital. But Simon
treated labor as homogeneous, and ignored the distribution of ownership of robots and
related machines that is central to analyzing the impact of robots/mechanization on society.

Treating labor as heterogeneous under skill-biased technical change

Labor economists treat labor as heterogeneous by making wage differences between skilled or
educated workers and less skilled/less educated workers a prime area of research. Some analysts
examine the job tasks and specific skills used in different occupations. As skill differentials
increased over the past 40 years, despite a huge shift in the workforce toward skilled labor,
many analysts have sought to explain the pattern of change in terms of skill-biased technical
change that raised relative demand for skilled workers faster than the increasing supply of
skilled workers. As we lack independent measures of the bias of technological change, it is
hard to “prove” that technology does what the models claim it does. In almost all studies,
technological change is an unmeasured factor operating behind the scenes.

The skill-biased story can explain some of the main facts, which is why economists devised
it, although it does not fit all of the data [7]. And there is evidence that factors beyond
technology—such as trade and immigration from low-wage, highly populous countries to
advanced countries, and the weakening of trade unions throughout the advanced world—have
also contributed to increased skill differentials and inequality. Since all advanced countries
have access to the same technologies and have increased their supply of highly educated and
skilled workers, moreover, the skill-bias hypothesis offers little insight into the different levels
of inequality among countries. Inequality is higher in countries like the US, where labor market
institutions such as trade unions and welfare state protections for workers are weak, than in
countries where those institutions are stronger, as they are in many European countries.

The skill biased technology hypothesis captures part of reality but falls far short of a complete
explanation of rising skill differentials and inequality, much less of changes in employment and
unemployment over time and among countries. Moreover, to the extent that robotization has
begun to extend up the skill ladder, with robots able to substitute for professionals as well as
other workers, the bias of labor-saving technology will change. It is perhaps telling that the
box of headlines on job-replacing robots shows no particular bias by level of skill. Whenever
any task becomes cheaper to do with a machine than a person, eventually that task will shift
to the machine unless humans take pay cuts. The “iron law” of the effect of robots on pay
is that increased substitutability with human skills puts downward pressure on the wages of
persons doing competing tasks-a pressure likely to grow in the future as technology improves
the competence of robots and lowers their cost.

Inequality in income and in capital

If “robots” are capital equipment that embodies modern technology, the distribution of
income in virtually all advanced countries has shifted toward robots/capital and against labor
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when productivity increases faster than real wages.
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The magnitude of the declines varies: with the way national surveys measure wages, prices,
gross domestic product (GDP), and employment; with the proportion of the workforce
that is self-employed; with the difficulty of measuring labor and capital inputs; and with the
proportion in the public sector, where productivity is hard to measure. In the US, labor’s share,
as estimated by the Bureau of Labor Statistics, fell more than labor’s share as estimated by the
Department of Commerce, and both differ from the OECD’s estimates of the decline in labor’s
share. In developing countries, where many workers are in the informal sector, measurement
difficulties are greater than in the advanced countries, but the share of national income going
to labor seems also to have fallen, with a huge drop in China during its period of rapid growth.
Given that capital income is distributed more unequally than labor income, the increased
share of national product going to capital acts to raise income inequality in all countries.

Labor market analysis of inequality focuses, as noted, on incomes from labor. But here, too,
capital is a substantial contributor to inequality. It is a substantial contributor to inequality
in labor incomes because highly paid chief executive officers (CEOs) and top executives are
paid stock options, restricted stock grants, and bonuses tied to capital income. While mode
of pay does not tell the whole story (CEO-dominated boards could raise salaries if they were
unable to pay executives through shares), it is telling that the persons with the greatest power
in corporations prefer to be paid as owners rather than as wage and salary workers.

How should the increase in income inequality be assessed? Ages ago, when taxes on
individuals and corporations were high and the distribution of wages relatively compressed
in most advanced countries, the notion that greater inequality might spark innovation and
economic growth had some plausibility. Some inequality is a necessary incentive to induce
people to work harder. Narrowing the distribution of income and taxing businesses that make
large profits through innovation reduces the incentive for entrepreneurship that is one of the
virtues of capitalism. But today, after three decades or so of income redistribution from the
middle class to the super-wealthy, that sort of argument has little traction. Organizations that
favored labor market reforms that increased inequality, such as the OECD, now worry that
“greater inequality in the distribution of market income...might endanger social cohesion” [8].
Others worry about the well-being of low-income citizens and their children as real wages and
incomes fall. If the trend toward greater inequality continues, our societies will turn into a
modern form of feudalism, with a few billionaires and their ilk dominating economic markets
and governments as well, just as the lords and ladies of medieval Europe dominated their
societies. The founders of the US believed that democracy could not survive with such high
levels of inequality.

Ownership is the key determinant of the impact of robots on workers

The “who-owns-the-robots-rules-the-world” thesis is simple: Regardless of whether
technological advance is labor-saving or capital-saving, skill-biased or not, and regardless of
the speed with which robots or other machines approach or exceed human skill sets, the key to
the effect of the new technologies on the well-being of people around the world is who owns
the technologies.

A thought experiment readily captures the importance of ownership on effect. Consider a
world in which we create robots/machines that are sufficiently good at mimicking our work
activities that they could readily replace us and earn what we currently earn. Would this
technology make us better off, or worse off?
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If we owned our replacements, we would have our current earnings and our time freed from
labor to spend as we wished—playing computer games, drinking tea in the garden, engaging
in wild orgies, or seeking other productive activity, possibly at lower wages. We would be
better off.

If other persons owned our replacement robots, we would be jobless and searching for new
work at lower pay while the owners of the robots would reap the pay/marginal product from
the machines that took our jobs. The distribution of income would shift from us toward the
owners of capital. They would be better off. We would be worse off.

Replacement robots far-fetched?

In the academic world the replacement robots are in clear sight. They go under the name
of Massive Open Online Courses (MOOCs), which allow students anywhere in the world to
download lectures produced by video experts, with access to chat rooms for discussions.
Many colleges and universities credit students for taking MOOCs just as they do for taking
live lectures. MOOC videos can feature famous professors at leading universities, regular
faculty at any college or university, or whoever or whatever can produce a course that teaches
students the relevant knowledge and skills. Because videos have effectively zero marginal cost
to replicate, they are far less expensive than hiring full-time faculty to lecture students on the
same material semester after semester.

Now imagine that you are one of the faculty who currently gives lectures as part of your job.
Each semester you explain multivariate calculus and complex numbers using a blackboard and
chalk. Suddenly your university announces that they have found the “killer MOOC video” for
calculus and complex numbers, and give you your walking papers. Students around the world
would much prefer to have the Rapping Mathster on the MOOC video teach them calculus
and complex numbers than some babbling professor.

Perhaps you will find work as a temporary offline adjunct faculty, running sections and
grading exams at reduced pay. Perhaps you will curse the MOOC video and leave academia
(and maybe end up on Wall Street, where you can help other displaced quants destroy the
world’s financial system for the second time). Only if you had property rights over using the
new technology in your course or shares in the firm that made the video would you directly
benefit from MOOC technology. Who owns the property rights to the videos/robots rules the
higher education world.

Solution?

What, then, is the solution to the declining economic position of labor in relation to capital,
and the increased ability of robots and related technology to substitute for workers on many
tasks?

One possibility is that trade unions could raise wages through collective bargaining and gain
for workers a share of the higher productivity. That is the way workers have historically sought
to increase their wages when firms have done better. But throughout the advanced world the
influence of trade unions has weakened, becoming near to irrelevant in the private sector in
some countries, such as the US.

Another possibility is that governments could use tax-and-spend policies to redistribute income
toward lower-income citizens. That is the way welfare states have historically shifted income
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distributions from high-income to low-income citizens. But throughout the advanced world
budgetary constraints and aging populations limit what most can do on the welfare side. In
countries facing financial problems, the Troika—the International Monetary Fund (IMF), the
European Commission, and the European Union (EU) Central Bank—have endorsed austerity
programs that require countries to adopt policies that weaken trade unions, and reduce the
pay and social benefits of ordinary workers. To be sure, social and political forces can change
sharply in short periods of time. Big changes almost always come in short, sharp spurts. But it
is difficult to see a burst of union activism and government programs changing the distribution
of income toward labor in a future when robots are increasingly able to substitute for humans
at workplaces.

Robots of the world unite? Maybe, but that may not benefit those of us who are flesh and
blood instead of metal and circuits.

There is only one solution to the long-term challenge posed by machines substituting for
human skills and reducing demand for skilled labor. That is for you, me, all of us to have a
substantial ownership stake in the robot machines that will compete with us for our jobs
and be the vehicle for capital’s share of production. We must earn a substantial part of our
incomes from capital ownership rather than from working. Unless workers earn income from
capital as well as from labor, the trend toward a more unequal income distribution is likely
to continue, and the world will increasingly turn into a new form of economic feudalism. We
have to widen the ownership of business capital if we hope to prevent such a polarization of
our economies.

There are diverse pathways to spread the ownership of capital. Ownership can take the form
of worker assets in private pension funds or other collective savings vehicles that invest in
shares on the stock market or that invest directly in equity in other firms. It can also take the
form of workers buying shares or putting money in mutual funds themselves. But the form of
ownership that potentially has the greatest economic benefit in dealing with robotization and
the falling share of labor income is employee ownership.

Employee ownership refers to the many mechanisms for workers to gain an ownership stake
in their firm: through owning shares held by an employee ownership trust; through receiving
stock options as part of their pay; through having part of their pay come in the form of profit-
sharing or other forms of group incentive pay; through being able to buy shares at low prices
via employee stock purchase plans.

Firms with compensation policies that give workers some capital stake in their firm have
better average performance than others. They do this by inducing workers to work harder and
smarter [9]. Exemplar firms throughout the world operate in these ways: John Lewis in the UK,
Mondragon in Spain, and Google and most of the high-tech firms in the US.

LIMITATIONS AND GAPS

Because there are no independent measures of technological change, proving that technology
does what models claim that it does is difficult. A skill-biased model can explain some of the
facts but does not fit all the data. And factors beyond skills also contribute increased skill
differentials and technology.

Labor market analysis of inequality focuses on incomes from labor, but capital is a substantial
contributor to inequality.
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SUMMARY AND POLICY ADVICE

Stipulate that the main claims of this paper are correct: that the upward trend in capital’s
share and rising inequality combined with advances in artificial intelligence and robotization
are moving our societies toward a 21st-century economic feudalism in which the owners of
capital dominate the economy, and society more broadly. The problem in such a world is not
workers losing jobs to machines. As long as the relative advantage of machines varies, there
will be work for humans. The problem is that the owners of the machines will receive the
vast bulk of the benefits of the technological progress. Whether such inequality will threaten
social disorder, as the OECD and many other groups fear that current inequalities may do,
or whether people will accept the new feudal order, is still unknown. But a world of massive
inequality is surely not the most desirable outcome from technological change that can make
everyone better off.

The best solution to this problem is for workers to own large shares of capital. How can citizens
press policymakers to help spread employee ownership more widely? The US introduced tax
benefits for Employee Stock Ownership Plans (ESOPs) in 1974, which helped spur a large
ESOP sector that employs about 11 million workers today. The EU has endorsed such
schemes in its various Pepper Reports and encouraged these forms of organization, though
with, at best, modest success [10]. France mandated profit-sharing in the 1960s under de
Gaulle. Tory and Labour governments in the UK have encouraged employment share purchase
schemes. Many countries give tax breaks to employee stock purchase plans. But even without
such breaks, enough firms in the US have extended some form of ownership stake to their
workers that on the order of half of American employees get some part of their pay through
profit-sharing, options, or stock ownership. In the US, at least, people with widely different
ideological and economic views find attractive the notion of spreading ownership. One can
imagine governments giving preferential treatment in procurement to firms that meet some
basic “employee ownership” financial standard.

Given the different histories and economic structures of the advanced capitalist counttries,
each country will have to choose the way that best fits it to spread worker ownership of capital
so as to give a stream of earnings from the technologies changing the world of work. If we
don’t succeed in spreading the ownership of capital more widely, many of us will become serfs
working on behalf of the owners. Who owns the robots rules the world! Let us own the robots.
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Why China is focused on a
robotic future

11 May 2022

The Chinese government has identified industrial robots as crucial to the country’s
economic strategy, using its 14th Five-Year Plan to announce that China will be a
key source of global robotics innovation by 20251

Research analyst Daisy Zhang, part of Macquarie’s Asia Equity Research team, says
that while some of the impetus for this announcement comes from a desire to
break the current reliance on expensive imported robots by building domestic
capability, there are deeper economic factors at play.

Robots are vital to China’s high- tech
manufacturing sector, which will grow in

importance over the coming years. But
they could also be an effective tool for
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addressing many of the structural issues
the economy is likely to face, specifically
when it comes to an ageing population.”

Daisy Zhang
Asia Equity Research team, Macquarie Capital

China’s robotics sector today

For almost a decade now, China has been the world’s largest market for robotics.
In 2020 alone, it installed 140,500 robots, accounting for as much as 44 per cent of
all installations globally.2 More importantly, the sector is expected to grow at a
capitalised annual growth rate (CAGR) of 20 per cent in the five years to 2025. As a
result, in 2020, robotics manufacturing density reached 246 units per 10,000
people, or almost twice the global average3.

Market size of industrial robots in China - 2017-2025E

Source: MIR, Macquarie Research, April 2022

Proportionally, these robots are being used to perform handling operations (42 per
cent), electronics (37 per cent), welding (21 per cent) and automotive tasks (16
per cent). And, to date, the majority of the robots carrying out these operations
have been imported ones. In 2019, China sourced around 71 per cent of new
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robots from foreign suppliers - most notably Japan, the Republic of Korea, Europe
and the United States.?

China's source of robots

Source: MIR, Macquarie Research, April 2022

China’s Ministry of Industry and Information Technology says that it will become
the most robot-intensive country in the world by 2025. To achieve this, it will
establish three to five robotics industry zones and double the intensity of robot
manufacturing. In doing so, it will develop robots to work on tasks across 52
nominated industries, ranging from traditional fields such as automotive
construction through to new areas such as health and medicine.2

Why a domestic robotics industry matters so much

Zhang says that as well as fill a hole in the labour force, robots will also play a
central role in powering China’s expansion of emerging industries and, potentially,
new industries of their own.

China’s focus on developing a homegrown robotics sector is part of an overall push
to become the world’s tech leader, with digital innovation receiving priority under
the most recent Five-Year Plan. It is also consistent with the government’s stated
policy of ‘dual circulation’, which will see China attempt to reduce reliance on
overseas markets while fostering domestic consumption.®

But there is even more to its robotics focus than that, according to Zhang.

"China’s population is growing older, which means there will be fewer workers
available to perform those tasks that need to be done to keep the economy
going. Robots will be needed as labour supplementation, stepping in to fill that gap
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while improving efficiencies in the labour market."

In many ways, the scale of this challenge will be unprecedented, given how rapidly
China is ageing. The effects of longer life expectancy, increased wealth and the
one- child policy mean that between 1970 and 2020 the country’s median age
doubled from 19.2 to 38.4. While this is still well below some developed countries
such as Japan (48.6), Germany (46.5) and Italy (46.5), it is already higher than both
the United States (38.1) and Australia (37.0).

The rate of China’s ageing is so rapid that projections indicate that by 2050,
China’s median age will be 48, placing close to 40 per cent of the country’s
population - or some 330 million people - over the retirement age of 65.82 To put
that into perspective, even Japan, currently home to the world’s oldest population,
has well under 30 per cent of its people over this age.

Performing the four Ds and more

Zhang says that as well as fill a hole in the labour force, robots will also play a
central role in powering China’s expansion of emerging industries and, potentially,
new industries of their own.

"China is placing a lot of emphasis on smart manufacturing, and this is another key
focus of the current Five-Year Plan. Many emerging technologies, such as new
energy and lithium batteries, will require robotics." she says.

In 2021, the demand for industrial robots from lithium battery, warehouse logistics,
and photovoltaic industries recorded 131 per cent, 103 per cent, and 51 per cent
year-on-year growth respectively. The demand from these emerging industries is
expected to remain stronger than in traditional industries, such as automotive and
3C (computer, communication, and consumer electronics).

"There are also a whole range of jobs which we call the four D’s - dirty, dangerous,
dull and dedicated tasks - which still need to be done and are much better
performed by robots than humans. We expect to see growing demand from these
sectors too," Zhang says.

Zhang argues that Chinese-manufactured robots could also start to supplant
imported robots in areas in which they’re already used, especially as they are likely
to come at a significantly cheaper price than overseas-built ones.

"We put the price advantage of China’s robots at 20 to 30 per cent,” she explains.
“When combined with fast product delivery and quick after-sales response, we
expect the market share of domestic robot producers to rise significantly"

Obstacles in the path

Despite the positive outlook for China’s robotics industry, there are some
challenges. The government itself notes in the 14th Five Year Plan that it must
‘overcome supply and demand imbalances and supply chain stability'. It also cites
‘a lack of technology accumulation, a weak industrial foundation and insufficient
high-end supplies,” as obstacles in its path.10

On top of this, the domestic robotics industry as it currently stands is fragmented.
The largest domestic producer, Etsun, enjoys just a 4.2 per cent market share. In
this environment, picking winners can be difficult, although Zhang says that there
are some companies that already enjoy a competitive advantage.

“Etsun is an established player and currently the seventh-largest supplier of robots
in China. It is also one of the few domestic industrial robot suppliers with an
integrated supply chain. The company is targeting a production volume of 50,000
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units by 2025, up from 11,000 units in 2021."

“Leader Harmonious Drive System is also another key player, which is China’s
largest domestic harmonic speed reducer manufacturer, a critical component in
industrial robots, it has a 20 per cent market share in China.

“Due to high technical requirement and the R&D investment required, most robot
manufacturers procure speed reducers from external vendors, instead of seeking
production in-house.

“While the speed reducer sector has been dominated by Japanese suppliers in the
global and domestic market, we now see an enormous potential with continuous

investment and R&D in this space.”
An unstoppable force

Despite these obstacles, Zhang observes that the robotisation of China is an
"inevitable trend driven by substitution and strong demand from emerging
industries,” and one that will come to define China’s economy over the next
decades.

“The continuous increase in the industrial robot industry chain has lowered the
capital threshold for enterprises to carry out automation transportation. We will
see more and more businesses installing robots. Increasingly, these will be Chinese

made.”

“With this momentum, we have really entered a new era of technology
transformation as robots are used to meet customers’ needs for a higher quality

and comprehensive service.”
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China says Al robots won't lead to
significant job loss

There has long been a debate on whether robots will end up putting a large part

of the population out of work. Now China says that AT and automation will

indeed replace some jobs, but it won’t be as damaging as feared.

Upcoming Events

Oct 5 - Nov 16, 2022

Aspiring Founders Program

Be the first to
comment!

COMMENT NOW

Photo credit: viteethumb/123RF Premium Content

That’s according to a report published this week by the Chinese Academy of

Meet the 50 top-funded
Social Sciences, a national think tank. It says that during China’s 14th Five- Pk startups and tech
Ll companies in Korea
Year Plan, which starts in 2021, the rise of robots will not lead to “significant”
jOb destruction. - 50 rising startups in
5 Korea

Citing the report, state-run People’s Daily says low-skilled workers won’t be Tracking layoffs across

Asia’s startup ecosystem

directly rendered obsolete — but will instead be transferred to other jobs. (Updated)
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ﬁ companies in Vietham
while facing the pressure of an aging population, China has been developing

and adopting robots in different industries. : 50 rising startups in

Vietnam
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Ecommerce companies including Alibaba and JD.com have automated some

of their warehouses and deployed delivery robots.
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(Abacus is a unit of the South China Morning Post, which is owned by
Alibaba.)

Restaurants and hotels in China have also installed service robots, delivering
food to people’s tables and rooms. Some cities also started using police robots,
which patrol the streets, snap photos of dangerous drivers, and alert people

who are jaywalking.

Industrial robots that help boost manufacturing power are also widely used.
China installed 154,032 industrial robots in 2018 according to the
International Federation of Robotics (IFR), more than the number of

industrial robots installed in Europe and the Americas combined.

But because of an outsized workforce, China still lags behind in terms of robot
density — the number of industrial robots deployed for every 10,000
manufacturing workers. In 2019, China had 97, far behind the US with 200
and South Korea’s 710, according to the IFR. China aims to boost that number

to 150 by 2020.

People in China believe that there is a benefit to a more automated workforce:
One survey conducted last year by UK digital marketing firm Dentsu Aegis
Network found that 65% of Chinese respondents think that AI and robotics will

help create more jobs instead of taking them.

But that’s not always true. Foxconn, a key manufacturing partner for Apple,
among others, cut 60,000 jobs in a factory in the eastern city of Kunshan in
2016 while installing robots. The southern city of Dongguan, one of China’s
manufacturing hubs, has cut its manufacturing workforce by 280,000 and

installed 91,000 robots in the past five years.

The new report by the Chinese Academy of Social Sciences also said that
during China’s 13th Five-Year Plan (which ends this year), robots and other Al
applications will have taken roughly 8 million to 10 million manufacturing jobs

from migrant workers, averaging 1.6 million to 2 million per year.

Still, many are positive about the long-term outlook. Estimations by
economists for the percentage of jobs replaced by robots varies depending on
their methods, but by 2037 AI and related technologies could create 12% more
jobs, according to a PwC report from September 2018. That would mean an

additional 93 million jobs.

PwC predicts that AI and related technologies could displace up to 26% of
existing jobs in China over the next two decades, but the income effect could
create additional jobs by 38%. Labor-saving technologies could lower product
prices, and companies might need more workers to address extra demand.
They could also improve the quality of existing products, which could enable

new products that need additional workers, PwC says.
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But even positive projections point to one possibly glaring problem: inequality.
The Chinese Academy of Social Sciences suggests levying a tax on the use of
robots to fund retraining workers threatened by automation. It’s an idea

promoted by Bill Gates and already in place in South Korea.

Visit abacusnews.com or subscribe to the newsletter via

abacusnews.com/newsletter for the latest China tech news, reviews, and

product launches.

Copyright (c) 2020. South China Morning Post Publishers Ltd. All rights

reserved.
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