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ABSTRACT

Since the 1950s, worker productivity growth in the United States has averaged 2.3%,
however, over the past 10 years productivity growth has slowed to an average of 1.2%. This
paper examines the extent that technology investment has played a role in increasing worker
productivity. This question is answered through the meta-analysis of several contrasting works
on the topic and a comparison between the current period and other resolved cycles of abnormal
productivity growth. Leading theories for the current period generally mirror those from the past,
including issues in the mismeasurement of outputs, misconceptions regarding the scale of
investment and implementation, or extended payoff lags for recent developments. This paper is
designed to re-examine the current period with the leading theories from the past in order to
develop a holistic view of this period of depressed productivity growth with a realized cycle of
stagnation and expansion. The result of this research is the conclusion that the current period of
low productivity growth as related to IT is due to a combination of ambiguous and unmeasuredoutputs, delayed investment payoffs, and an increased importance in the diffusion of human
capital.
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Part 1: The Solow Paradox

Chapter 1: Background

Productivity growth has been a key concern of leading economists ever since the data started to
be collected. This is because labor productivity growth lifts the average standard of living,
combats inflation, reduces government budget strains, and drives corporate profits, as such it has
a massive impact on the state of the domestic and global economy.1 Over the last few decades,
there are few things so directly connected with the idea of improved productivity like the
Computer. This idea of computer-driven productivity growth was so widespread even in the
1980s, that when data failed to show the benefits, many of the economists, struggled to find the
reason why. The vexing period of time was summed up with the following quote by economist
Robert Solow "You see the computer age everywhere but in the productivity statistics" which
resulted in the period now often referred to as “The Solow Paradox.” 2 While this quote seems to
sum up the basic idea of the issue at hand, it also prompted many researchers to question its
supposed truth when searching for the cause of the paradox. Before diving into the leading
theories on the potential cause, resolution of, or even existence of the Solow Paradox though, it
makes sense to look at how the “Paradox” became a topic of conversation.

Brown, Scott. “The Importance of Productivity Growth.” Advisorperspectives.com, 13 Nov. 2017,
www.advisorperspectives.com/commentaries/2017/11/13/the-importance-of-productivity-growth
2
Robert Solow, New York Book Review. July 12, 1987
1
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Since 1948, labor productivity growth across the United States averaged 2.3% per year3. In this
case, labor productivity growth is defined as an index of real output divided by an index of hours
worked. Figure 1 below depicts labor productivity as well as total output and hours worked for
the economic cycles since 1948 within the United States.
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Figure 1. Data from the U.S. Bureau of Labor Statistics

Despite the quote for which the Solow Paradox is named appearing in a 1987 edition of the New
York Book Review, productivity declines across all major OECD countries actually began as
early as the 1970s.4 Economists had assumed that the decline in global labor productivity would
be felt more heavily in other areas of the world, yet the United States was caught in the downturn

Shawn Sprague, “Below trend: the U.S. productivity slowdown since the Great Recession,” Beyond the
Numbers: Productivity, vol. 6, no. 2 (U.S. Bureau of Labor Statistics, January 2017)
4
Stuart Macdonald, “technological determinism masked by Management Method” (2001)
3
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as bad as any other developed nation.5 The discrepancy between labor productivity growth in the
first and second half of the post war period is significant enough that, even after accounting for
the impact of the oil crisis of 1973, there remains an unexplained reduction in productivity.
Taking a step back, even the reasons why such focus was placed on labor productivity rather
than more inclusive metrics like multifactor productivity require an understanding of the metrics
themselves and context regarding the time period in question.

For one, labor productivity has the advantage in that it is relatively simple to calculate while
multifactor productivity, sometimes referred to as total factor productivity (TFP), takes into
account several other metrics that are often hard to accurately measure for general technology,
let alone IT investment.6 A separate factor playing a role was the concern that rising information
technology investment would lead to the loss of jobs across the entire economy. Therefore, the
focus on labor productivity was in-part due to the desire to estimate the potential number of jobs
that would eventually be made obsolete, rather than actually assessing the real output of the
information technology investments being made.7 The actual concept of a “productivity paradox”
relating to IT emerged because the depression in productivity growth corresponded almost
perfectly with the introduction of and expanded use of IT as depicted by Figure 2.

Brynjolfsson, Erik, and Lorin M Hitt. “Beyond Computation: Information Technology, Organizational
Transformation and Business Performance.” Journal of Economic Perspectives, vol. 14, no. 4, 2000, pp.
23–48., doi:10.1257/jep.14.4.23.
6
Baily, Martin Neil, et al. “The Productivity Slowdown, Measurement Issues, and the Explosion of
Computer Power.” Brookings Papers on Economic Activity, vol. 1988, no. 2, 1988, doi:10.2307/2534534.
7
Earley, Peter D. “Girls, School and Work: Technological Change and Female Entry into Non-Traditional
Work Areas.” Australian Journal of Education, vol. 25, no. 3, 1981, pp. 269–287.,
5
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Figure 2: Data from the Bureau of Economic Analysis

Given the general goal of introducing technology into business is to improve productivity, a lot
of focus was given to the rising investment in computers and the apparent opposite impact that
was indicated by the productivity statistics. Diving further into the origin of the Paradox, a
multistage timeline is given by Stuart Macdonald regarding its development over time.8 Stage
one began after the idea that information technology was destined to replace labor in the
economy which quickly resulted in a public focus on the relation between labor productivity and
IT investment, regardless of whether this was an appropriate way to measure the impact of IT
investment. Stage two progresses into the 1970s where, despite evidence appearing that IT
investment had mixed returns, budgets increased dramatically as many saw computers as a
necessary investment to remain competitive. The subsequent stages describe a transition from the
expectation within businesses of a correlation between IT and productivity, to an understanding
that it was necessary regardless. Moore’s law is also highlighted as a reason why IT and the

8

Macdonald, Anderson, & Kimbel (2000)
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proliferation of computers was viewed differently than other technologies. When compared with
other physical products, the rapid improvements in processing power dwarf them. MacDonald
notes contemporary business news outlets often quoted that, “If progress in the rest of the
economy had matched progress in the computer sector, a Cadillac would cost $4.98, while ten
minutes’ labor would buy a year’s worth of groceries.”9 Another aspect of the Paradox
according to MacDonald is that a majority of research regarding the paradox focuses on the
reasons for its existence (rather than whether it actually exists) and that many single reasons
cited, are at fault of oversimplifying the issue. At the same time though, list of leading theories
was summarized by Jack Triplet in an article published in the Canadian Journal of Economics
which are included here.10

1. Despite the attention, the investment in computers is not economically meaningful
2. You only think you see computers everywhere
3. Computers are only prevalent in Sectors with difficult to measure outputs
4. Regardless of prevalence, the impact of computers may not be shown in the statistics
5. There’s a lag period
6. Computers are not actually as great at improving productivity as thought
7. There is no paradox and innovations are not being properly measured
While a majority of papers on this topic analyze these reasons independently, it is likely that
several explanations all play a role in the way the Paradox unraveled. Specifically, the idea that

Macdonald, Stuart. “The IT Productivity Paradox Revisited: Technological Determinism Masked by
Management Method?” International Journal of Information Technology and Management, vol. 1, no. 1,
2002, p. 1., doi:10.1504/ijitm.2002.001185.
10
Triplett, Jack E. “The Solow Productivity Paradox: What Do Computers Do to Productivity?” The
Canadian Journal of Economics, vol. 32, no. 2, 1999, p. 309., doi:10.2307/136425.
9
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computers actually represented a small part of the economy, with benefits that are realized on a
delayed basis, exacerbated by the improper use and implementation of the technology in the first
place. By examining the various arguments around these factors, it may then be possible to apply
similar logic to the theories surrounding the current period of weak productivity.

Chapter 2: The Theories on the Resolution of the Paradox

The Paradox of no Paradox

A mistake made by much research into the Productivity Paradox was to assume its existence in
the first place. The first ‘explanation’ focuses on the idea that investment in IT never actually
reached the scale needed to have a significant impact on the U.S. economy. A simplified
calculation was done by Erik Brynjolfsson to demonstrate the relative insignificance of IT
investment relative to the size of the U.S. economy. Assuming that the stock of Information
Technology as a percent of GNP is 10% and the return on this investment was 20% then IT
would have increased output by 2% over an assumed 30 year build period, or 0.06% per year.11
A more detailed and thorough breakdown of the return on investment and capital base that IT
investment would have needed to have to significantly impact productivity growth was
calculated by Oliner and Sichel.

Brynjolfsson, Erik. “The Productivity Paradox of Information Technology.” Communications of the
ACM, vol. 36, no. 12, 1993, pp. 66–77., doi:10.1145/163298.163309.
11

7

Case
1970-92
Base Case
Romer
De Long and Summers
1987-91
Base Case
Brynjolfsson and Hitt
1984-89
Base Case
Krueger

Net output
Nominal Contribution
return
to growth

Gross output
Nominal
Contribution
return
to growth

12.3%
49.4%
33.5%

0.06
0.24
0.16

36.6%
73.7%
57.8%

0.16
0.32
0.25

12.3%
56.7%

0.06
0.27

36.6%
81.0%

0.16
0.35

12.3%
36.2%

0.06
0.23

36.6%
60.5%

0.16
0.38

Table 1: Alternative Estimates of Computers’ Contribution to Growth, data from Oliner and Sichel (1994)

Table 1 takes into account different methods of measuring the productivity growth that could be
associated with IT investment based on assumptions made by several leading economist’s
theories. In addition to Oliner and Sichel’s base case, data based on Paul Romer’s ideas
regarding the positive externalities derived from technology externalities was included. The De
Long and Summers’ case was based on their ideas on the link between equipment investment
and economic growth while Brynjolfsson and Hitt’s was derived from there theory that
computers generate large returns at the firm level. Finally, the data from Alan Krueger was
calculated from Kruger’s theory that the wage premium earned by those working in the computer
industry was directly correlated to increased productivity.12 The comparisons in Table 1 were
compiled by Oliner and Sichel with some of the least conservative numbers from each
economist’s theories and yet none came close to being able to describe more than a third of the
decline in productivity. Regardless of whether the return based on net output for computers was

Oliner, Stephen D., et al. “Computers and Output Growth Revisited: How Big Is the Puzzle?” Brookings
Papers on Economic Activity, vol. 1994, no. 2, 1994, p. 273., doi:10.2307/2534658.
12

8

actually equivalent to the most optimistic case of Brynjolfsson and Hitt, the contribution to
growth remains low because it’s not possible for a sector that makes up such a small part of the
overall economy to have a large impact. As a side note, an important part of understanding the
table created by Oliner and Sichel as well as IT investment in general is that a point is made of
analyzing the benefits of IT investment on a net output basis rather than by gross output. This is
due to the rapid depreciation that IT is subject to, which effectively reduces total welfare
associated with any investment. To drive the importance of the distinction between the two
metrics, an exaggerated example was offered.13
“Suppose a machine were invented that could produce $6 trillion of output each year,
doubling the size of the U.S. economy. Suppose further that this machine depreciated
fully in a year and cost $6 trillion to replace. On a gross basis, the machine would make a
massive contribution to growth and would have a large impact on the structure of
production. However, from a welfare point of view, the machine would be useless. All
the income generated by the machine would be needed for its replacement, leaving none
to support consumption spending. Thus, the machine's contribution to welfare would be
zero.”

While IT itself is a strange area for capital investment given the falling annual costs relative to
the dramatic improvements in processing power, the fact remains that it is impossible for the
investment to impact national productivity statistics without representing a larger percentage of
total investment. This theory, however, offers few answers as to why the Productivity Paradox

13

Oilner and Sichel (1994)
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was eventually resolved in the mid-1990s after productivity growth between 1995 and 2004
averaged over 3%.14

The next theory that plays a role in the actual resolution of the Productivity Paradox revolves
around the idea that IT investment results in delayed benefits, i.e. there is a lag period or criticalmass of investment needed before returns appear. When looking back to Figure 2, there is a
noticeable inflection point in 1996 when investment takes off which corresponds to the near end
of the Solow paradox as claimed by Brynjolfsson and Hitt whose paper titled “Beyond
Computation” examines the idea that the companies using IT had to change on a structural level
to achieve its full benefits.15

Information Technology: Lacking Productivity or Lagging Productivity?

The key to the lag theory of the productivity paradox is to determine the point at which the
benefits should finally be realized. Luckily there is established research on the topic regarding
the permeation of past revolutionary technologies in society. Specifically, Paul David in his 1989
paper compares the introduction of the computer to that of electricity or the “dynamo”. David
mentions that this comparison is not meant to be taken in a completely literal sense, however, he
notes there are parallels that include similar pervasive diffusion, incremental improvement, and
their combination with other complementary technologies.16 The development of electricity and

Byrne, David M., et al. “Is the Information Technology Revolution Over?” SSRN Electronic Journal,
2013, doi:10.2139/ssrn.2303780
15
Brynjolfsson and Hitt, (2000)
16
David, Paul. “The Dynamo and the Computer: An Historical Perspective on the Modern Productivity
Paradox.” American Economic Review, 1990
14

10

related technology took place over much longer time frame than many today may realize. David
cites that the discoveries which allowed electricity generation to become commercially viable
occurred over the course of 1856-1880 and the developments that led to alternating current
becoming the standard for electricity transmission occurred from 1880-1893. This advancement
then led the way for a massive displays of modern lighting and electrical machinery at the 1900
Paris world fair. However, at this point in time, David noted that estimates placed the diffusion
of the technology to residential and manufacturing users amounted to less than 5%. The claim is
then made that it could take at least 40-50 years for a revolutionary general purpose technology
to appear in productivity statistics. Furthermore, David cites that there is a tendency for the
productive growth rate of a labor-saving technology in general to reach its peak only after the
inflection point of diffusion is reached. The similarities between general purpose technologies in
the past become even clearer when the issue of unmeasured benefits is introduced.

“In this regard, again, one may find some counterparts of problems frequently mentioned
today in connection with the suspected impact of the computer: (1) unmeasured quality
changes associated with the introduction of novel commodities, and (2) the early bias of
the new technology toward enhanced production of goods and services had previously
gone uncaptured by the conventional production or consumption statistics. Exemplifying
this in the case of the dynamo, are the initial applications made prior to 1914 in the fields
of lighting equipment, and urban transportation. Qualitative characteristics such as
brightness, ease of maintenance, and fire safety were important features of incandescent
lighting.” (David 1990)

11

An implication here, is that initially general purpose technologies are implemented in ways that
replace existing infrastructure and processes, without being used to their full potential. The
realization of which would require a certain level of penetration and potentially a redesign of
every process from the ground up (factories built with individual electric motors vs one central
electric/steam drive shaft). Bringing this idea back, by 1984 approximately 24.6% of all workers
were reported to directly use a computer for their job. By 1989 that had expanded to 37.4% of
workers and yet it only took until 1993 for the number of workers interacting directly with
computers to reach 47%.17 This represents a point exceedingly close to the 50% diffusion cited
previously by David and also coincides with the period of renewed productivity growth across
many sectors utilizing IT, specifically computers and related electronics manufacturing, retail,
wholesale, finance, and insurance.18 While this theory generally assumes that the maximum
productivity gains take time to develop, it can be difficult for managers and governments to
accept this answer. Given the fact that managers play a critical role in IT investment and
implementation, it’s important to look at one of the final major factors cited regarding the cause
and resolution of the productivity paradox.

Managing the Managers’ Mis-Management of IT

Another popular theory regarding the cause of the Productivity Paradox is that the companies
and managers making the investments were doing a poor job at either implementing the
technology or selecting the right kinds of technology. This theory is especially popular within the

Krueger, Alan. “How Computers Have Changed the Wage Structure: Evidence From Microdata, 19841989.” 1991, doi:10.3386/w3858.
18
Manyika et al., “New Insights into the Slowdown in US Productivity Growth | McKinsey.” (2017)
17
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management consulting line of work, as some economists, including MacDonald, point out as a
clear conflict of interest.19 Regardless of the controversy, the field of management consulting has
grown significantly over the past few decades and has contributed a significant amount of
research into the topic of labor productivity including research by McKinsey and Deloitte which
has been included in this paper.20

Part of the managerial problem surrounding IT investment is inherently found in the difficulty of
measuring the outputs that IT produces. If a manager cannot tell what the proper amount of IT is
and what returns will be, it makes sense to either find someone else that says they know what
they’re doing or copy what others in the industry appear to have done. Within MacDonald’s five
phases of the Productivity Paradox’s evolution, he cited a shift in corporate thinking about IT
from a direct productivity view to more of IT as part of an overall strategic vision, again,
partially fueled by the consulting industry.

While the decisions that surround IT investment are clearly constrained by the information
available to managers, Quinn and Bailey note that there remain many ways that managers are
still able to identify productive uses of IT and balance the investments with a greater level of
uncertainty. With research based off of a survey of over 100 company executives regarding the
nature of their information technology investment decisions, Quinn and Baily offer a look into
the actual decision making process of corporate managers, rather than relying purely on
academic theory. A particularly interesting take on the investment decision was recorded from
the President of CIGNA Systems regarding the two ways they classified IT investment. The first

Stuart Macdonald, “technological determinism masked by Management Method” (2001)
James Manyika “New Insights into the Slowdown in US Productivity Growth | McKinsey.” (2017) and
Daniel Bachman “Growth in Equipment Investment | Deloitte Insights.” (2015)
19
20
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being the easily quantifiable investments areas such as data and voice communication platforms
where costs are known and there are clear ways to reduce those costs and measure the associated
benefits. Whereas other areas of investment are not directly evaluated, including the Company’s
PC platforms and associated software which they (CIGNA) judge would be a waste of time
attempting to assign a quantitative value.21 On a broader level, Quinn and Baily also note that in
nearly every case where IT was implemented with a goals-driven and tailor made approach for
the intended outcome the results were easy to see as well as quantify. Specific examples given
included the New York Times introduction of down to the second editing which allowed for the
elimination of hundreds of intermediate managers, while for McKesson, a PC-based customer
order management system allowed for the replacement of nearly 700 order processing employees
and the extensive streamlining of other divisions.22

Alongside role that managers have on deciding the actual capital investment and structure of IT
investment, they also can be said to have the responsibility to manage and review its use. This
becomes important based on the simple observation that despite 47% of employees reporting the
use of a computer during their job in 1993 most were likely not able to use them in the method
most effective to their role or in a way that would have the most impact on measured labor
productivity metrics. As computer usage increased a tradeoff between quantity and quality
quickly emerged and many workers and managers found it easier to reformat and edit work done
in a word processor vs. hand written projects.23 A study cited by Paul Attewell, noted that writers

James Quinn and Martin Baily, “Information Technology: Increasing Productivity in Services” The
Academy of Management Executive (1993-2005), Vol. 8, No. 3 (Aug., 1994), pp.28-51
22
Quinn and Baily (1994)
23
Attewell, Paul. “Chapter 2.” Organizational Linkages: Understanding the Productivity Paradox, by
Douglas Hershel Harris, National Academy Press, 1994, pp. 13–49.
21
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made five times the number of edits when using word processors, with most edits relating to
actual refinements of the text, rather than correcting mistakes. The end results for productivity
from an investment in IT in this case would therefore be ambiguous. While the quality of outputs
may have increased, it’s hard to establish quantitative metrics to justify the investments needed.
A study focusing on work performed at the IRS even found those working with computers
displayed no discernable increase in productivity, and in some cases even displayed lower rates
of output, implying that efforts to improve the quality of their output, undermined total
productivity.24

Concluding on Solow
After the consideration that the Solow Paradox resulted from a combination of the lower than
apparent installed base of IT, delayed investment benefits the technology offers, and the potential
pitfalls associated with improper implementation of the technology it becomes clear that it’s not
a simple issue to address. In fact, even looking at the supposed resolution there is evidence that
the latter half of the productivity growth seen from 1994 – 2004 was driven by reductions in the
labor force rather than continued increases in per worker productivity (Smaller labor input vs.
increased economic output).25 At the same time, the ideas present through these theories used to
understand previous periods of weak labor productivity growth may offer insights into the
current productivity slowdown.

24
25

Paul Attewell (1994)
James Manyika (2017)
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Part 2: Is There Another Productivity Paradox?

Chapter 3: The Digital Age
During the time period from the 1990s through 2004 the United States experienced a period of
labor productivity growth averaging 2.4% per year until fading into the Great Recession, since
which, growth has yet to recover.26 In an era where lower birth rates reduce the expansion of
labor force in developed economies, the rate of labor productivity growth is more important than
ever. 27 With this stated, it makes it even more concerning that labor productivity over the course
of 2004 – 2014 averaged just 1.2% per year and even dropped into negative territory through
parts of 2015 and 2016.28 A collection of new theories regarding the decline in productivity were
compiled in a discussion paper published by McKinsey’s Global Research institute in 2017. The
current theories center on mismeasurement, general stagnation brought on by reduced demand
and investment opportunities, and only the third theory revolves around the lagging impacts of
investment noted as a major factor in the Solow Paradox.29 While this last theory is the only one
where McKinsey draws parallels to the Solow Paradox, each explanation has some connection to
theories debated in the past.

When looking at the current period, there are several reasons why the digital age is different
from the information technology infrastructure that was at the heart of the Solow Paradox. At the

26

Baring a few quarters immediately following the recession due to a fall in hours worked relative to output
Nargund, G. “Declining Birth Rate in Developed Countries: A Radical Policy Re-Think Is
Required.” Facts, Views & Vision in ObGyn, Universa Press, 2009
28
Information from the Bureau of Labor Statistics
29
James Maniyaka (2017)
27
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same time, a clear similarity is that despite these differences, the benefits of the technology being
introduced do not appear to be reflected in the macro economic statistics. By drawing on
contemporary research into these issues as well as parallels that can be drawn from research
conducted on the Solow Paradox, it is possible to come up with a more holistic picture of what is
happening in the economy, and gain some perspective on when this current period of sluggish
growth may be resolved.

The Digital Age Has No Comparison

Whereas Paul David compared the introduction and expansion of the computer throughout
society from 1970s through the 1990s to the introduction of other general purpose technologies,
the comparison is hard to make for today’s advances in software, AI, and machine learning. This
is due to the fact that the Solow Paradox was primarily focused on investment in information
technology hardware, while today, the focus is on software and digital innovations. For some
perspective on how significant this difference is, consider it took the 33 years between 1970 and
1993 for 47% of workers to report using a computer.30 Furthermore, internet access only reached
50% of the entire U.S. population in the year 2000.31 These technologies are and can be
compared easily to investments in infrastructure as they facilitate the use of software and
transmission of data. This is what causes the digital revolution to be that much more powerful
than the original introduction of the computer because now, potential productivity enhancing
software is able to be distributed to all interested parties within seconds.

Autor, D. H., et al. “Computing Inequality: Have Computers Changed the Labor Market?” The Quarterly
Journal of Economics, vol. 113, no. 4, 1998, pp. 1169–1213., doi:10.1162/003355398555874.
31
Information from the Pew Research Center
30
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Looking at the automotive industry it’s possible to drive home the point of how different this
stage of development is to anything in the past. Specifically, when consumer reports revealed
that the Tesla Model 3 demonstrated a significantly worse breaking distance than other
comparable sedans, the company was able to push an over-the-air software update to every car
the company had produced. The update resulted in a 19-foot reduction in the distance it took for
the car to come to a complete stop in the tests conducted.32 Jake Fisher, the director of
automotive testing for Consumer Reports noted that, “I’ve been at CR Consumer Reports for 19
years and tested more than 1,000 cars, and I’ve never seen a car that could improve its track
performance with an over-the-air update.” In fact, the ability for a pure software update to impact
performance to that significant a degree sparked criticism regarding the potential for misuse
under the wrong circumstances, yet this goes to show the revolutionary impact that a softwaredriven world can have.

Another aspect of these updates is that the marginal cost of distribution to every model 3 on the
road was effectively zero. This is due the fact that software is very nearly a perfect non-rival
good with reproduction costs that actually do approach zero. Paul Romer’s paper titled
Endogenous Technological Change centered around a different model for economic growth
related to the fringe benefits for society inherent with new technologies. Technology, specifically
the knowledge or design of how to do something (blueprints to build a car), is claimed by Romer
to be a non-rival good.33 However, traditionally, in order to make use of this information as

32
33

O’Kane, “Consumer Reports Reverses Course and Now Recommends the Tesla Model 3.”
Romer, “Endogenous Technological Change.” (1990)
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intended, you needed to use it to build something that took time and physical resources whereas
with software, the information itself is often the finished good. While Romer’s model was cited
by Oliner and Sichel (Table 1) and did not appear to explain the lack of productivity growth
during the Solow Paradox, the information spillovers that exist in a digital world are significantly
greater than in any prior age, given the simplicity of distribution and reproduction.

Outside of the automotive industry there are more than a few salient examples where the AI and
recent technological advances have resulted in dramatic efficiency improvements. On October 7,
2018 the first illness was reported for an E. coli outbreak related to leafy vegetables including
romaine lettuce.34 The outbreak was finally declared resolved on January 9, 2019 after 62 people
were reportedly infected across 16 states. While no deaths were reported from this outbreak, new
technology promises to contain similar outbreaks significantly faster than previously possible.
Specifically, in September of 2018, Walmart implemented the use of a block chain-based
tracking system (the same type of distributed ledger system that Bitcoin operates on) to track its
spinach and lettuce shipments.35 The system was developed and tested over the course of two
years and is set to track most of the Company’s shipments of leafy greens and meat, which
traditionally have the highest risk for E. coli contamination. The distributed ledger was able to
shorten the time it took to track a contaminated shipment from over a week to just a few seconds.

“Outbreak of E. Coli Infections Linked to Romaine Lettuce | E. Coli Infections Linked to Romaine
Lettuce | November 2018 | E. Coli | CDC.” Centers for Disease Control and Prevention
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On the flip side, the implementation costs of such a technology in this case, may have resulted in
negative impacts on productivity across Walmart’s supply chain. This is due to the fact that, over
100 farms that supply Walmart will be required to input detailed information about their food
into a database developed by I.B.M. for Walmart. The changes needed across industries to
implement big data solutions may have large externalities that are again hard to quantify from
just looking at the direct investment in the technology.

One of the truly revolutionary aspects of this new wave of technological innovation though, is
the potential for AI to create solutions to problems that are not completely understood. In the
past, computing advancements led to programs capable of beating elite human players of
basically every game you can think of. In fact, researchers have tested their advancements in AI
through complex games such as Checkers and Chess for years, with one of the most famous
examples being IBM’s Deep Blue computer besting world chess champion Garry Kasparov in
1996.36 However, those programs primarily relied on the brute force of a computer to search out
all logical paths a game could take before selecting the one that led to success. However, a
breakthrough in the technology occurred when Google’s AlphaGo AI bested Lee Sedol in the
Chinese game of Go. The reason why this is such an impressive feat lies in the game’s
complexity. The game of Go is played on a 19x19 grid board with teams designated with white
and black stones, the objective being, surround more space on the board than your opponent by
the end of the game. This is complicated by the game’s more intricate rules, including the ability
to capture your opponents stones, however, the difficulty of the game from a programming

Muoio, Danielle. “Why Go Is so Much Harder for AI to Beat than Chess.” Business Insider, Business
Insider, 10 Mar. 2016, www.businessinsider.com/why-google-ai-game-go-is-harder-than-chess-2016-3.
36
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perspective comes from the sheer number of potential outcomes the game generates. As David
Silver, one of AlphaGo’s programmers stated, “If you look at the board there are hundreds of
different places that this stone can be placed down, and hundreds of different ways that white can
respond to each one of those moves, hundreds of ways that black can respond in turn to white's
moves, and you get this enormous search tree with hundreds times hundreds times hundreds of
possibilities.” To put this into different terms, after two moves in chess there are 400 different
possible board positions, or an estimated 1040 legal games, while in Go after two moves there are
over 130,000 possible boards, representing 10800 possible tournament-length (400 total moves)
games.37 For additional context, there are an estimated 1080 atoms in the observable universe. For
the AlphaGo program to beat Lee Sodol, the team’s programmers created an AI that used
reinforcement “learning” to simulate the playing of millions of Go games, assigning values to
moves that had a greater chance of resulting in a positive outcome. After training on public game
data, the team then set the computer to play itself, to learn strategies that would not directly
originate from a human player. This in-turn resulted in the AlphaGo program playing Lee Sodol
in a way that had never been seen before, and in a way that even the team’s programmers didn’t
fully understand at the time the move was decided on.38 The key takeaway from this, is that AI
has the potential to create solutions to problems that do not necessarily have to be understood by
the creators of the program, offering the potential for massive improvements in medicine,
engineering, and even the design of computers them self.

“Number of Possible Go Games.” [Welcome to Sensei's Library!],
senseis.xmp.net/?NumberOfPossibleGoGames.
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Where is the Growth Though?

While it may be clear that software and technological advancements made over the past decade
have limited similarities to previous periods of innovation and growth, the big question remains,
why have these digital advancements not increase productivity? It may also be evident that the
examples offered in the previous section of some innovative aspects of digital age have come
within the past three years. However, the answers to the question of growth from technology
remain more similar to the period of the Solow Paradox than Chapter 3 would lead you to
believe as the issue of commoditization of software improvements and the shift to services with
ambiguous outputs remain as a hindrance to growth. Furthermore, the way in which new
technology is applied is of significant importance as well.

Missing the Measurement

A clear similarity to the current period and the Solow Paradox is one that continues to frustrate
researchers on the topic; the inability to accurately measure the output and improvements made
within the services sector. While Diewert and Fox’s 1997 paper initially states that that there is
little to find in analyzing mismeasurement, the majority of the paper is spent arguing that there
actually is a potential for mismeasurement of real productivity growth. One specific reasoning
they cite is rapid growth of products and services in a market can directly result in reduced
productivity due to the fixed costs related to the production of each item. This is because current
productivity statistics measure the costs of product development but not the benefits of increased
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choices to the consumer.39 While production could become significantly more efficient, due to
the large upfront investment, there may be a significant lagging period before the productivity
gains are reflect in data. The issue is then exacerbated if subsequent investment and production
costs continue to outstrip the sales ramp up period. Immediately this appears relevant in the new
age of digital startups where vast amounts of private capital and debt funding are used to fund
business development in the hopes of achieving a profitable scale down the road, despite the
often immediate competition that arises and any competitive advantages provided by technology
investment are passed along as consumer surplus as noted by Quinn and Baily.40

The issues created by improper measurement of economic outputs are likely to become increase
as a significant amount of job growth over the next ten years is predicted to come from the
healthcare and educational services sectors where output and productivity is notoriously difficult
to define. Figure 3 on the following page depicts the CAGR of employment across various
sectors of the economy from 2006-2016, as well as the Bureau of Labor Statistics expectations
for growth from 2016-2026.

Diewert, W. Erwin, and Kevin J. Fox. “Can Measurement Error Explain the Productivity Paradox?” The
Canadian Journal of Economics / Revue Canadienne DEconomique, vol. 32, no. 2, 1999, p. 251.,
doi:10.2307/136423.
40
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CAGR of Employment by Major Industry Sector, 2006-2016 Realized, and
Projected 2016-2026
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Figure 3: Data from the Bureau of Labor Statistics, Employment Projections Program

In addition to the difficulty in measuring services output in general, a research piece published
by McKinsey, notes that there are several household and consumer activities that are likely not
included in any GDP or productivity measure. When looking at traditional labor productivity
statistics, software including Google, Facebook, Snapchat, and even Fortnite all provide top tier
services for no nominal payment and thus have the impact of improving the wellbeing of people,
while not directly representing those benefits in a number like GDP. McKinsey estimates that the
unmeasured value created by Google Search for consumers is nearly 27% of its total value.
Furthermore, international calling offered by Skype was estimated to be equivalent to $37 billion
worth of lost revenue for telecommunications providers, yet McKinsey also notes that the
consumer surplus provided by both of these services is unlikely recorded anywhere.41 While
these services do not necessarily represent the future benefits of cloud technology and AI

41
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investment, they do represent a similar theme of benefits that make people’s lives easier or more
enjoyable (user interface, connectivity, etc.) yet are not captured in the traditional ways of
measuring GDP or productivity.

In addition to the continued measurement challenges associated with the IT and the services
sector, the benefits of technology may again be suffering from a lack of scale and proper
implementation. With cloud and AI services, companies may need to ensure the elimination of
redundant tasks, as if employees are required to fulfill existing responsibilities while also
involving a new system, the impact may either be net neutral or even harmful to overall
productivity.

An example would be Penn State’s transition from the student management software eLion to
LionPath in 2016. The software’s introduction perfectly highlights how important proper
implementation and management of software is to the realization of productivity benefits, and
why these benefits often exist on a lagging basis due to human capital accumulation. While
eLion was an aging program based on the ISIS software created by Penn State in the 1980s,
students and faculty were familiar with the program, and as such, the transition resulted in an
immense amount of student and faculty pushback.42 This was largely due to a mismanaged
implementation that resulted in the release of a confusing user interface and multiple
programmatic errors that took months to correct. Furthermore, even after the fundamental issues
with the software were solved, students and faculty had to adjust to a new, unfamiliar system

Simpson, Catie. “ELion Makes Way For LionPATH - Onward State.” Onward State, Onward State,
2013, and Shimkonis, Lexi. “We Deserve Better Than LionPATH - Onward State.” Onward State, Onward
State, 2016.
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resulting in time taken away from teaching and studying. By fall 2017 though, it was clear by
many that the software was a major improvement as time to schedule classes was cut down from
minutes to the second it takes to import your pre-selected class schedule. Representing what you
could consider a lag of over a year from when improvements were noticed by those using the
software. In the end though, these benefits also represent improvements that are nearly
impossible to measure.

Finally, the ideas of Paul Attewell and Paul David combine well to explain some of the potential
lags in productivity growth from modern IT and software investment. While it was noted that the
benefit of the digital age is the near instantaneous diffusion of technology through existing IT
hardware, that does not mean that the human capital required to use the software most effectively
is distributed as quickly. Attewell’s theories regarding goal displacement and mismanagement of
IT implementation also apply with new software implementation. Investment in IT and software
to directly replace an existing function will only result in improvements in productivity when it
is used most effectively. Depending on the age of the reader, one may or may not find it
surprising that a study conducted by the OECD in 2016 found that the percentage of 16-65 year
olds displaying a level 3 proficiency with problem solving in a technology rich environment was
only 5.4% while the U.S. itself scored below the OECD average at just 5.1%.43 The results of the
study are depicted in Figure 4 on the following page.

“Skills Matter: Further Results from the Survey of Adult Skills, Tables of Results.” Skills Matter OECD
Skills Studies, 2016, doi:10.1787/9789264258051-9-en.
43
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Figure 4. OECD (2016), Skills Matter

For some context, a level 3 proficiency is defined as the following by the OECD:
“…tasks typically require the use of both generic and more specific technology
applications. Some navigation across pages and applications is required to solve the
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problem. The use of tools (e.g. a sort function) is required to make progress towards the
solution. The task may involve multiple steps and operators. The goal of the problem may
have to be defined by the respondent, and the criteria to be met may or may not be
explicit. There are typically high monitoring demands. Unexpected outcomes and
impasses are likely to occur. The task may require evaluating the relevance and reliability
of information in order to discard distractors. Integration and inferential reasoning may
be needed to a large extent.”

While the percent of respondents at a level 2 proficiency was significantly higher at 25%, that
corresponds to just 30% of the United States population showing a high degree of proficiency at
utilizing technology as it relates to problem solving. Assuming again that the productivity growth
associated with technology peak when diffusion reaches 50%, it may be that a significant amount
of human capital is still required before the full capabilities of even the existing level of
computing power is used to its full potential.

Conclusion

A key takeaway from Part one of this paper should ideally be that, while it may be true that the
Solow Paradox relating to computer was not as real as it was apparent, there remained a
significant unexplained decline in productivity growth. Put more simply, the Solow Paradox that
is often a focus of research across this time period may be obscuring other credible theories into
the productivity slowdown. At the same time, it is clear from the research presented that there is
an issue with the way the benefits of IT and its impact on the service sectors in particular is
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measured. With this in mind, information drawn from the theories surrounding the Solow
Paradox and information from the current period may be able to help make sense of what seems
to be an example of history repeating itself. While this paper did not examine other proposed
theories relating to the current productivity decline as it relates to aggregate levels of capital
investment, interest rate policy, or other non-technology theories, there are some takeaways that
may help with identifying ways to improve current productivity as well as identifying when
current technology will reach an inflection point similar to that seen in the late 1990s.
Specifically, takeaways include the idea that mismeasurement will likely never be solved,
implementation plays a key role in the realization of productivity improvements, and economywide data may not be impacted until the diffusion of technology-related human capital increases.

While mismeasurement of productivity growth is a very salient topic for researchers, the shear
difficulty of measuring user satisfaction, quality, and choice mean that a clear and reliable
answer is unlikely. Furthermore, MacDonald stated in reference to the Solow Paradox and the
President of CIGNA Systems noted in Quinn and Baily, any proposed solution would likely be a
waste of time when there are clear instances where investments in digital technology offer
tangible benefits. The keys to unlocking these benefits often relate directly to those cited at the
end of the Solow Paradox regarding strategic implementation to tackle tangible goals. Current
technology investment represents something closer to a race for survival rather than an attempt to
gain a clear and partially-excludable competitive advantage as Romer states is necessary to
achieve any economic benefits of a technology. This is evident given a significant number of
companies have gained their digital-age technological capabilities from centralized providers
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including Amazon, Google, Salesforce, and IBM.44 When each company has the same software
the resulting benefits, while potentially apparent at the firm level, are not as easily transferred
into an economic benefit as competition forces the investment to be passed along as a difficult to
measure consumer surplus. While the benefits of these platforms may easily be apparent in
goods-producing industries, the increasing percentage of service workers in the economy will
continue to make it difficult to prove that investment here provides any aggregate benefit other
than firm survival.

Finally, when discussing the digital age, the diffusion statistics Paul David claims correspond to
the peak productivity benefits of a technology are no longer as relevant to diffusion of any
specific software, but to the diffusion of the human capital required to use technology to its full
potential. While training has always been a part of capital investment, in the digital age the
apparent lack of productivity when introducing a new program is exacerbated by the appearance
instant deployment. While the number of people who have grown up surrounded by technology
their entire life, sometimes referred to as “digital natives,” continues to increase (approximately
13.1% of the U.S. population in 2012), they will not represent a significant part of the productive
workforce for the at least the next decade.45 While any number of factors not considered in this
paper could impact economic growth over the coming years, it is likely that the peak level of
productivity possible from even existing levels of technology in Society are many years away.

Dignan, Larry. “Top Cloud Providers 2019: AWS, Microsoft Azure, Google Cloud; IBM Makes Hybrid
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The conclusion this research offers to those within government and business and have a clear
economic stake in a solution to absent productivity are then summarized by the following steps.
Investment made in a clear, defined manner with a specific goal in mind will provide the largest
measureable benefit. Furthermore, investment must be made to ensure the training of all those
interacting with IT software and hardware is made to ensure the full benefits are able to be
realized. Finally, the benefits will still likely be experienced on a delayed basis as knowledge is
established and even minor implementation issues are worked through. The end result is that,
while there may not be a clear solution, to the current period of low productivity growth from a
macro level, there are ways to combat this at the firm level.
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country, where more than 15,000 student volunteers collaborated to raise over $10 million in 2018
for the Four Diamonds Foundation to help fight pediatric cancer
 Aggregated sales data from past years using Excel and QuickBooks in order to identify sales trends
and areas for operational improvement
Finance Captain | Problem Checks
Sep 2017 – Mar 2018
 Resolved issues that arose when checks were unable to be properly credited to THON by contacting
donors and fundraising organizations
 Assisted in maintaining the THON Office by organizing incoming mail and answering questions
about fundraising and donation related issues
SHOTIME Mentor
University Park, PA
Academic Committee
Feb 2016 – Present
 Helped to plan and facilitate a three-day orientation event for 300 incoming freshmen honors
students that takes place each Fall
 Educated new students about the academic aspects of Penn State and the Schreyer Honors College
Boy Scouts of America
Lewisburg, PA
Eagle Scout
Sep 2008 – Aug 2015
 Led an Eagle Project to renovate a pool house for a local church camp by organizing work days,
volunteers, equipment, and safety efforts
 Planned and organized weekly meetings for 20 scouts to build fundamental scouting skills and
promote rank advancement

