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INTRODUCTION TO THE
2021 Al INDEX REPORT

Welcome to the fourth edition of the Al Index Report!

This year we significantly expanded the amount of data
available in the report, worked with a broader set of
external organizations to calibrate our data, and deepened
our connections with Stanford’s Institute for Human-
Centered Artificial Intelligence (HAI).

The Al Index Report tracks, collates, distills, and visualizes
data related to artificial intelligence. Its mission is to
provide unbiased, rigorously vetted, and globally sourced
data for policymakers, researchers, executives, journalists,
and the general public to develop intuitions about the
complex field of Al. The report aims to be the world’s most
credible and authoritative source for data and insights
about Al.

COVID AND Al

The 2021 report shows the effects of COVID-19 on Al
development from multiple perspectives. The Technical
Performance chapter discusses how an Al startup used
machine-learning-based techniques to accelerate COVID-
related drug discovery during the pandemic, and our
Economy chapter suggests that Al hiring and private
investment were not significantly adversely influenced
by the pandemic, as both grew during 2020. If anything,
COVID-19 may have led to a higher number of people
participating in Al research conferences, as the pandemic
forced conferences to shift to virtual formats, which in turn
led to significant spikes in attendance.

CHANGES FOR THIS EDITION

In 2020, we surveyed more than 140 readers from

government, industry, and academia about what they

found most useful about the report and what we should

change. The main suggested areas for improvement were:

» Technical performance: We significantly expanded

this chapterin 2021, carrying out more of our own
analysis.

« Diversity and ethics data: We gathered more data
for this year’s report, although our investigation
surfaced several areas where the Al community
currently lacks good information.

« Country comparisons: Readers were generally
interested in being able to use the Al Index for cross-
country comparisons. To support this, we:

o gathered more data to allow for comparison
among countries, especially relating to
economics and bibliometrics; and

cincluded a thorough summary of the various Al
strategies adopted by different countries and
how they evolved over time.

PUBLIC DATA AND TOOLS

The Al Index 2021 Report is supplemented by raw data

and an interactive tool. We invite each member of the Al
community to use the data and tool in a way most relevant
to their work and interests.

» Raw data and charts: The public data and high-
resolution images of all the charts in the report are
available on Google Drive.

« Global Al Vibrancy Tool: We revamped the Global Al
Vibrancy Tool this year, allowing for better interactive
visualization when comparing up to 26 countries
across 22 indicators. The updated tool provides
transparent evaluation of the relative position of
countries based on users’ preference; identifies
relevant national indicators to guide policy priorities
at a country level; and shows local centers of Al
excellence for not just advanced economies but also
emerging markets.

« Issues in Al measurement: In fall 2020, we
published “Measurement in Al Policy: Opportunities
and Challenges,” a report that lays out a variety of
Al measurement issues discussed at a conference
hosted by the Al Index in fall 2019.



https://drive.google.com/drive/folders/1YY9rj8bGSJDLgIq09FwmF2y1k_FazJUm?usp=sharing
https://aiindex.stanford.edu/vibrancy
https://aiindex.stanford.edu/vibrancy
https://arxiv.org/abs/2009.09071
https://arxiv.org/abs/2009.09071
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TOP 9 TAKEAWAYS

Al investment in drug design and discovery increased significantly: “Drugs, Cancer, Molecular,
Drug Discovery” received the greatest amount of private Al investment in 2020, with more than USD
13.8 billion, 4.5 times higher than 2019.

The industry shift continues: In 2019, 65% of graduating North American PhDs in Al went into
industry—up from 44.4% in 2010, highlighting the greater role industry has begun to play in Al
development.

3 Generative everything: Al systems can now compose text, audio, and images to a sufficiently high
standard that humans have a hard time telling the difference between synthetic and non-synthetic
outputs for some constrained applications of the technology.

4 Al has a diversity challenge: In 2019, 45% new U.S. resident Al PhD graduates were white—by
comparison, 2.4% were African American and 3.2% were Hispanic.

5 China overtakes the US in Al journal citations: After surpassing the United States in the total

number of journal publications several years ago, China now also leads in journal citations;
however, the United States has consistently (and significantly) more Al conference papers (which are also
more heavily cited) than China over the last decade.

6 The majority of the US Al PhD grads are from abroad—and they’re staying in the US:

The percentage of international students among new Al PhDs in North America continued to rise in
2019, to 64.3%—a 4.3% increase from 2018. Among foreign graduates, 81.8% stayed in the United States
and 8.6% have taken jobs outside the United States.

Surveillance technologies are fast, cheap, and increasingly ubiquitous: The technologies
necessary for large-scale surveillance are rapidly maturing, with techniques for image classification,
face recognition, video analysis, and voice identification all seeing significant progress in 2020.

Al ethics lacks benchmarks and consensus: Though a number of groups are producing a range

of qualitative or normative outputs in the Al ethics domain, the field generally lacks benchmarks
that can be used to measure or assess the relationship between broader societal discussions about
technology development and the development of the technology itself. Furthermore, researchers and
civil society view Al ethics as more important than industrial organizations.

9 Al has gained the attention of the U.S. Congress: The 116th Congress is the most Al-focused
congressional session in history with the number of mentions of Al in congressional record more
than triple that of the 115th Congress.
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REPORT HIGHLIGHTS

CHAPTER 1: RESEARCH & DEVELOPMENT

» The number of Al journal publications grew by 34.5% from 2019 to 2020—a much higher percentage growth
than from 2018 to 2019 (19.6%).

« In every major country and region, the highest proportion of peer-reviewed Al papers comes from academic
institutions. But the second most important originators are different: In the United States, corporate-
affiliated research represents 19.2% of the total publications, whereas government is the second most
important in China (15.6%) and the European Union (17.2%).

+In 2020, and for the first time, China surpassed the United States in the share of Al journal citations in the
world, having briefly overtaken the United States in the overall number of Al journal publications in 2004 and
then retaken the lead in 2017. However, the United States has consistently (and significantly) more cited Al
conference papers than China over the last decade.

« In response to COVID-19, most major Al conferences took place virtually and registered a significant increase
in attendance as a result. The number of attendees across nine conferences almost doubled in 2020.

« In just the last six years, the number of Al-related publications on arXiv grew by more than sixfold, from 5,478
in 2015 to 34,736 in 2020.

« Al publications represented 3.8% of all peer-reviewed scientific publications worldwide in 2019, up from
1.3%in 2011.

CHAPTER 2: TECHNICAL PERFORMANCE
+ Generative everything: Al systems can now compose text, audio, and images to a sufficiently high standard
that humans have a hard time telling the difference between synthetic and non-synthetic outputs for some
constrained applications of the technology. That promises to generate a tremendous range of downstream
applications of Al for both socially useful and less useful purposes. It is also causing researchers to invest in
technologies for detecting generative models; the DeepFake Detection Challenge data indicates how well
computers can distinguish between different outputs.

+» The industrialization of computer vision: Computer vision has seen immense progress in the past decade,
primarily due to the use of machine learning techniques (specifically deep learning). New data shows that
computer vision is industrializing: Performance is starting to flatten on some of the largest benchmarks,
suggesting that the community needs to develop and agree on harder ones that further test performance.
Meanwhile, companies are investing increasingly large amounts of computational resources to train
computer vision systems at a faster rate than ever before. Meanwhile, technologies for use in deployed
systems—Ilike object-detection frameworks for analysis of still frames from videos—are maturing rapidly,
indicating further Al deployment.

10
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+ Natural Language Processing (NLP) outruns its evaluation metrics: Rapid progress in NLP has yielded Al
systems with significantly improved language capabilities that have started to have a meaningful economic impact
on the world. Google and Microsoft have both deployed the BERT language model into their search engines, while
other large language models have been developed by companies ranging from Microsoft to OpenAl. Progress in
NLP has been so swift that technical advances have started to outpace the benchmarks to test for them. This can
be seen in the rapid emergence of systems that obtain human level performance on SuperGLUE, an NLP evaluation
suite developed in response to earlier NLP progress overshooting the capabilities being assessed by GLUE.

» New analyses on reasoning: Most measures of technical problems show for each time point the performance
of the best system at that time on a fixed benchmark. New analyses developed for the Al Index offer metrics that
allow for an evolving benchmark, and for the attribution to individual systems of credit for a share of the overall
performance of a group of systems over time. These are applied to two symbolic reasoning problems, Automated
Theorem Proving and Satisfiability of Boolean formulas.

» Machine learning is changing the game in healthcare and biology: The landscape of the healthcare and
biology industries has evolved substantially with the adoption of machine learning. DeepMind’s AlphaFold
applied deep learning technique to make a significant breakthrough in the decades-long biology challenge of
protein folding. Scientists use ML models to learn representations of chemical molecules for more effective
chemical synthesis planning. PostEra, an Al startup used ML-based techniques to accelerate COVID-related drug
discovery during the pandemic.

CHAPTER 3: THE ECONOMY
« “Drugs, Cancer, Molecular, Drug Discovery” received the greatest amount of private Al investment in 2020, with
more than USD 13.8 billion, 4.5 times higher than 2019.

« Brazil, India, Canada, Singapore, and South Africa are the countries with the highest growth in Al hiring from
2016 to 2020. Despite the COVID-19 pandemic, the Al hiring continued to grow across sample countries in 2020.

+» More private investment in Al is being funneled into fewer startups. Despite the pandemic, 2020 saw a 9.3%
increase in the amount of private Al investment from 2019—a higher percentage increase than from 2018 to 2019
(5.7%), though the number of newly funded companies decreased for the third year in a row.

+ Despite growing calls to address ethical concerns associated with using Al, efforts to address these concerns
in the industry are limited, according to a McKinsey survey. For example, issues such as equity and fairness
in Al continue to receive comparatively little attention from companies. Moreover, fewer companies in 2020
view personal or individual privacy risks as relevant, compared with in 2019, and there was no change in the
percentage of respondents whose companies are taking steps to mitigate these particular risks.

+ Despite the economic downturn caused by the pandemic, half the respondents in a McKinsey survey said that
the coronavirus had no effect on their investment in Al, while 27% actually reported increasing their investment.
Less than a fourth of businesses decreased their investment in Al

« The United States recorded a decrease in its share of Al job postings from 2019 to 2020—the first drop in six years.
The total number of Al jobs posted in the United States also decreased by 8.2% from 2019 to 2020, from 325,724

in 2019 to 300,999 jobs in 2020.
1
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CHAPTER 4: Al EDUCATION
+ An Al Index survey conducted in 2020 suggests that the world’s top universities have increased their investment
in Al education over the past four years. The number of courses that teach students the skills necessary to build
or deploy a practical Al model on the undergraduate and graduate levels has increased by 102.9% and 41.7%,
respectively, in the last four academic years.

» More Al PhD graduates in North America chose to work in industry in the past 10 years, while fewer opted for jobs
in academia, according to an annual survey from the Computing Research Association (CRA). The share of new
Al PhDs who chose industry jobs increased by 48% in the past decade, from 44.4% in 2010 to 65.7% in 2019. By
contrast, the share of new Al PhDs entering academia dropped by 44%, from 42.1% in 2010 to 23.7% in 2019.

+ In the last 10 years, Al-related PhDs have gone from 14.2% of the total of CS PhDs granted in the United States,
to around 23% as of 2019, according to the CRA survey. At the same time, other previously popular CS PhDs have
declined in popularity, including networking, software engineering, and programming languages. Compilers all
saw a reduction in PhDs granted relative to 2010, while Al and Robotics/Vision specializations saw a substantial
increase.

« After a two-year increase, the number of Al faculty departures from universities to industry jobs in North America
dropped from 42 in 2018 to 33 in 2019 (28 of these are tenured faculty and five are untenured). Carnegie Mellon
University had the largest number of Al faculty departures between 2004 and 2019 (16), followed by the Georgia
Institute of Technology (14) and University of Washington (12).

» The percentage of international students among new Al PhDs in North America continued to rise in 2019, to
64.3%—a 4.3% increase from 2018. Among foreign graduates, 81.8% stayed in the United States and 8.6% have
taken jobs outside the United States.

+ In the European Union, the vast majority of specialized Al academic offerings are taught at the master’s level;
robotics and automation is by far the most frequently taught course in the specialized bachelor’s and master’s
programs, while machine learning (ML) dominates in the specialized short courses.

CHAPTER 5: ETHICAL CHALLENGES OF Al APPLICATIONS
» The number of papers with ethics-related keywords in titles submitted to Al conferences has grown since 2015,
though the average number of paper titles matching ethics-related keywords at major Al conferences remains
low over the years.

» The five news topics that got the most attention in 2020 related to the ethical use of Al were the release of the
European Commission’s white paper on Al, Google’s dismissal of ethics researcher Timnit Gebru, the Al ethics
committee formed by the United Nations, the Vatican’s Al ethics plan, and IBM’s exiting the facial-recognition
businesses.

12
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CHAPTER 6: DIVERSITY IN Al
« The percentages of female Al PhD graduates and tenure-track computer science (CS) faculty have remained low
for more than a decade. Female graduates of Al PhD programs in North America have accounted for less than
18% of all PhD graduates on average, according to an annual survey from the Computing Research Association
(CRA). An Al Index survey suggests that female faculty make up just 16% of all tenure-track CS faculty at several
universities around the world.

» The CRA survey suggests that in 2019, among new U.S. resident Al PhD graduates, 45% were white, while 22.4%
were Asian, 3.2% were Hispanic, and 2.4% were African American.

+ The percentage of white (non-Hispanic) new computing PhDs has changed little over the last 10 years,
accounting for 62.7% on average. The share of Black or African American (non-Hispanic) and Hispanic computing
PhDs in the same period is significantly lower, with an average of 3.1% and 3.3%, respectively.

« The participation in Black in Al workshops, which are co-located with the Conference on Neural Information
Processing Systems (NeurlPS), has grown significantly in recent years. The numbers of attendees and submitted
papersin 2019 are 2.6 times higher than in 2017, while the number of accepted papers is 2.1 times higher.

« In a membership survey by Queer in Al in 2020, almost half the respondents said they view the lack of
inclusiveness in the field as an obstacle they have faced in becoming a practitioner in the Al/ML field. More than
40% of members surveyed said they have experienced discrimination or harassment at work or school.

CHAPTER 7: Al POLICY AND NATIONAL STRATEGIES

+ Since Canada published the world’s first national Al strategy in 2017, more than 30 other countries and regions
have published similar documents as of December 2020.

» The launch of the Global Partnership on Al (GPAI) and Organisation for Economic Co-operation and Development
(OECD) Al Policy Observatory and Network of Experts on Al in 2020 promoted intergovernmental efforts to work
together to support the development of Al for all.

+ In the United States, the 116th Congress was the most Al-focused congressional session in history. The number
of mentions of Al by this Congress in legislation, committee reports, and Congressional Research Service (CRS)
reports is more than triple that of the 115th Congress.

13
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Overview

The report opens with an overview of the research and development (R&D)
efforts in artificial intelligence (Al) because R&D is fundamental to Al
progress. Since the technology first captured the imagination of computer
scientists and mathematicians in the 1950s, Al has grown into a major
research discipline with significant commercial applications. The number

of Al publications has increased dramatically in the past 20 years. The rise
of Al conferences and preprint archives has expanded the dissemination of
research and scholarly communications. Major powers, including China, the
European Union, and the United States, are racing to invest in Al research.
The R&D chapter aims to capture the progress in this increasingly complex

and competitive field.

This chapter begins by examining Al publications—from peer-reviewed
journal articles to conference papers and patents, including the citation
impact of each, using data from the Elsevier/Scopus and Microsoft
Academic Graph (MAG) databases, as well as data from the arXiv paper
preprint repository and Nesta. It examines contributions to Al R&D

from major Al entities and geographic regions and considers how those
contributions are shaping the field. The second and third sections discuss
R&D activities at major Al conferences and on GitHub.

© CHAPTER 1 PREVIEW 16
O TABLE OF CONTENTS
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CHAPTER HIGHLIGHTS

e The number of Al journal publications grew by 34.5% from 2019 to 2020—a much higher
percentage growth than from 2018 to 2019 (19.6%).

e In every major country and region, the highest proportion of peer-reviewed Al papers
comes from academic institutions. But the second most important originators are
different: In the United States, corporate-affiliated research represents 19.2% of the total
publications, whereas government is the second most important in China (15.6%) and the
European Union (17.2%).

e In 2020, and for the first time, China surpassed the United States in the share of Al
journal citations in the world, having briefly overtaken the United States in the overall
number of Al journal publications in 2004 and then retaken the lead in 2017. However,
the United States has consistently (and significantly) more cited Al conference papers
than China over the last decade.

e In response to COVID-19, most major Al conferences took place virtually and registered
a significant increase in attendance as a result. The number of attendees across nine
conferences almost doubled in 2020.

e |n just the last six years, the number of Al-related publications on arXiv grew by more
than sixfold, from 5,478 in 2015 to 34,736 in 2020.

e Al publications represented 3.8% of all peer-reviewed scientific publications worldwide
in 2019, up from 1.3% in 2011.

© CHAPTER 1 PREVIEW 17
O TABLE OF CONTENTS
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1.1 PUBLICATIONS

Al publications include peer-reviewed publications, journal articles, conference papers, and patents. To track trends among these
publications and to assess the state of Al R&D activities around the world, the following datasets were used: the Elsevier/Scopus
database for peer-reviewed publications; the Microsoft Academic Graph (MAG) database for all journals, conference papers, and
patent publications; and arXiv and Nesta data for electronic preprints.

1.1 PUBLICATIONS

PEER-REVIEWED Al PUBLICATIONS
This section presents data from the Scopus database by
Elsevier. Scopus contains 70 million peer-reviewed research
items curated from more than 5,000 international publishers.
The 2019 version of the data shown below is derived from
an entirely new set of publications, so figures of all peer-
reviewed Al publications differ from those in previous years’
Al Index reports. Due to changes in the methodology for
indexing publications, the accuracy of the dataset increased
from 80% to 84% (see the Appendix for more details).

Overview
Figure 1.1.1a shows the number of peer-reviewed Al
publications, and Figure 1.1.1b shows the share of those

NUMBER of PEER-REVIEWED Al PUBLICATIONS, 2000-19

Source: Elsevier/Scopus, 2020 | Chart: 2021 Al Index Report

among all peer-reviewed publications in the world. The
total number of publications grew by nearly 12 times
between 2000 and 2019. Over the same period, the
percentage of peer-reviewed publications increased from
0.82% of all publications in 2000 to 3.8% in 2019.

By Region’

Among the total number of peer-reviewed Al publications
in the world, East Asia & Pacific has held the largest share
since 2004, followed by Europe & Central Asia, and North
America (Figure 1.1.2). Between 2009 and 2019, South Asia
and sub-Saharan Africa experienced the highest growth

in terms of the number of peer-reviewed Al publications,
increasing by eight- and sevenfold, respectively.
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1 Regions in this chapter are classified according to the World Bank analytical grouping.
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PEER-REVIEWED Al PUBLICATIONS (% of TOTAL), 2000-19

Source: Elsevier/Scopus, 2020 | Chart: 2021 Al Index Report
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PEER-REVIEWED Al PUBLICATIONS (% of TOTAL) by REGION, 2000-19

Source: Microsoft Academic Graph, 2020 | Chart: 2021 Al Index Report
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By Geographic Area

To compare the activity among the world’s major Al overtaking the European Union in 2017 (Figure 1.1.3).
players, this section shows trends of peer-reviewed Al It published 3.5 times more peer-reviewed Al papers
publications coming out of China, the European Union, in 2019 than it did in 2014—while the European Union
and the United States. As of 2019, China led in the share published just 2 times more papers and the United States
of peer-reviewed Al publications in the world, after 2.75 times more over the same period.

PEER-REVIEWED Al PUBLICATIONS (% of WORLD TOTAL) by GEOGRAPHIC AREA, 2000-19

Source: Elsevier/Scopus, 2020 | Chart: 2021 Al Index Report
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By Institutional Affiliation
The following charts show the number of peer-reviewed could be affiliated with more than one type of institution.
Al publications affiliated with corporate, government,
medical, and other institutions in China (Figure 1.1.4a),
the European Union (Figure 1.1.4b), and the United States
(Figure 1.1.4¢).2In 2019, roughly 95.4% of overall peer-
reviewed Al publications in China were affiliated with the
academic field, compared with 81.9% in the European
Union and 89.6% in the United States. Those affiliation
categories are not mutually exclusive, as some authors

The data suggests that, excluding academia, government
institutions—more than those in other categories—
consistently contribute the highest percentage of peer-
reviewed Al publications in both China and the European
Union (15.6% and 17.2 %, respectively, in 2019), while

in the United States, the highest portion is corporate-
affiliated (19.2%).

NUMBER of PEER-REVIEWED Al PUBLICATIONS in CHINA by INSTITUTIONAL AFFILIATION, 2000-19

Source: Elsevier/Scopus, 2020 | Chart: 2021 Al Index Report
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Figure 1.1.4a

2 Across all three geographic areas, the number of papers affiliated with academia exceeds that of government-, corporate-, and medical-affiliated ones; therefore, the academia affiliation is not shown,
as it would distort the graphs.
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NUMBER of PEER-REVIEWED Al PUBLICATIONS in the EUROPEAN UNION by INSTITUTIONAL AFFILIATION, 2000-19

Source: Elsevier/Scopus, 2020 | Chart: 2021 Al Index Report
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NUMBER of PEER-REVIEWED Al PUBLICATIONS in the UNITED STATES by INSTITUTIONAL AFFILIATION, 2000-19

Source: Elsevier/Scopus, 2020 | Chart: 2021 Al Index Report
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Academic-Corporate Collaboration

Since the 1980s, the R&D collaboration between United States produced the highest number of hybrid
academia and industry in the United States has grown academic-corporate, co-authored, peer-reviewed Al
in importance and popularity, made visible by the publications—more than double the amount in the
proliferation of industry-university research centers as European Union, which comes in second, followed by
well as corporate contributions to university research. Chinain third place.

Figure 1.1.5 shows that between 2015 and 2019, the

NUMBER of ACADEMIC-CORPORATE PEER-REVIEWED Al PUBLICATIONS by GEOGRAPHIC AREA, 2015-19 (SUM)
Source: Elsevier/Scopus, 2020 | Chart: 2021 Al Index Report

United States
European Union
China
United Kingdom
Germany
Japan
France
Canada
South Korea
Netherlands

Switzerland

India
Hong Kong
Spain
Italy

(0] 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000

Number of Peer-Reviewed Al Publications
Figure 1.1.5
9 CHAPTER 1 PREVIEW 23

O TABLE OF CONTENTS



[l

Artificial Intelligence
Index Report 2021

CHAPTER 1:

RESEARCH & 1.1 PUBLICATIONS
DEVELOPMENT

To assess how academic-corporate collaborations according to the world average. For example, an FWCI of
impact the Field-Weighted Citation Impact (FWCI) of 0.75 means 25% fewer citations than the world average.

Al publications from different geographic regions,
see Figure 1.1.6. FWCI measures how the number of
citations received by publications compares with the
average number of citations received by other similar
publications in the same year, discipline, and format

The chart shows the FWCI for all peer-reviewed Al
publications on the y-axis and the total number (on a log
scale) of academic-corporate co-authored publications
on the x-axis. To increase the signal-to-noise ratio of the
FWCI metric, only countries that have more than 1,000

(book, article, conference paper, etc.). A value of 1.0

represents the world average. More than or less than 1

peer-reviewed Al publications in 2020 are included.

means publications are cited more or less than expected,

PEER-REVIEWED Al PUBLICATIONS' FIELD-WEIGHTED CITATION IMPACT and NUMBER of ACADEMIC-CORPORATE
PEER-REVIEWED Al PUBLICATIONS, 2019

Source: Elsevier/Scopus, 2020 | Chart: 2021 Al Index Report
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1.1 PUBLICATIONS

Al JOURNAL PUBLICATIONS

The next three sections chart the trends in the publication
of Al journals, conference publications, and patents, as
well as their respective citations that provide a signal

for R&D impact, based on data from Microsoft Academic
Graph. MAG?® is a knowledge graph consisting of more than
225 million publications (at the end of November 2019).

NUMBER of Al JOURNAL PUBLICATIONS, 2000-20

Source: Microsoft Academic Graph, 2020 | Chart: 2021 Al Index Report
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Overview

Overall, the number of Al journal publications in 2020 is 5.4
times higher than it was in 2000 (Figure 1.1.7a). In 2020, the
number of Al journal publications increased by 34.5% from
2019—a much higher percentage growth than from 2018 to
2019 (19.6%). Similarly, the share of Al journal publications
among all publications in the world has jumped by 0.4
percentage points in 2020, higher than the average of 0.03
percentage points in the past five years (Figure 1.1.7b).
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Figure 1.1.7a

Al JOURNAL PUBLICATIONS (% of ALL JOURNAL PUBLICATIONS), 2000-20

Source: Microsoft Academic Graph, 2020 | Chart: 2021 Al Index Report
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Figure 1.1.7b

3 See “An Overview of Microsoft Academic Service (MAS) and Applications” and “A Review of Microsoft Academic Services for Science of Science Studies” for more details.
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By Region

Figure 1.1.8 shows the share of Al journals—the dominant
publication entity in terms of numbers in the MAG
database—by region between 2000 and 2020. East Asia

& Pacific, Europe & Central Asia, and North America are
responsible for the majority of Al journal publications in
the past 21 years, while the lead position among the three

regions changes over time. In 2020, East Asia & Pacific held
the highest share (26.7%), followed by Europe & Central
Asia (13.3%) and North America (14.0%). Additionally,

in the last 10 years, South Asia, and Middle East & North
Africa saw the most significant growth, as the number of
Al journal publications in those two regions grew six- and
fourfold, respectively.

Al JOURNAL PUBLICATIONS (% of WORLD TOTAL) by REGION, 2000-20

Source: Microsoft Academic Graph, 2020 | Chart: 2021 Al Index Report
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By Geographic Area
Figure 1.1.9 shows that among the three major Al powers, China has had the largest share of Al journal publications in the
world since 2017, with 18.0% in 2020, followed by the United States (12.3%) and the European Union (8.6%).

Al JOURNAL PUBLICATIONS (% of WORLD TOTAL) by GEOGRAPHIC AREA, 2000-20

Source: Microsoft Academic Graph, 2020 | Chart: 2021 Al Index Report
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Citation
In terms of the highest share of Al journal citations, Figure 1.1.10 shows that China (20.7%) overtook the United States
(19.8%) in 2020 for the first time, while the European Union continued to lose overall share.
Al JOURNAL CITATIONS (% of WORLD TOTAL) by GEOGRAPHIC AREA, 2000-20
Source: Microsoft Academic Graph, 2020 | Chart: 2021 Al Index Report
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Al CONFERENCE PUBLICATIONS

Overview

Between 2000 and 2019, the number of Al conference publications increased fourfold, although the growth flattened
out in the past ten years, with the number of publications in 2019 just 1.09 times higher than the numberin 2010.*
NUMBER of Al CONFERENCE PUBLICATIONS, 2000-20

Source: Microsoft Academic Graph, 2020 | Chart: 2021 Al Index Report
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Al CONFERENCE PUBLICATIONS (% of ALL CONFERENCE PUBLICATIONS), 2000-20
Source: Microsoft Academic Graph, 2020 | Chart: 2021 Al Index Report
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4 Note that conference data in 2020 on the MAG system is not yet complete. See the Appendix for details.
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Figure 1.1.12 shows that, similar to the trends in Al Asia & Pacific took the lead starting in 2004, accounting
journal publication, East Asia & Pacific, Europe & Central for more than 27% in 2020. North America overtook
Asia, and North America are the world’s dominant Europe & Central Asia to claim second place in 2018,

sources for Al conference publications. Specifically, East accounting for 20.1%, followed by 21.7% in 2020.

Al CONFERENCE PUBLICATIONS (% of WORLD TOTAL) by REGION, 2000-20

Source: Microsoft Academic Graph, 2020 | Chart: 2021 Al Index Report

40%
=
©
-
(e}
'_
3
5 30%
— . e
o 27.3%, East Asia & Pacific
X
<
2 21.7%, North America
o
= 20%
S 18.6%, Europe & Central Asia
3o
S
o
]
%]
c
2 10%
)
-
c
o
(&)
< 2.2%, Middle East & North Africa
0%
o [V > TR N '+ B (] ® o
oéooooosooggggggggggg
& 8§ 8 8§ &§ 8 8 {8 {8 {8 8 ® @ @ 8 @« & &« & & &
Figure 1.1.12
© CHAPTER 1 PREVIEW 29

O TABLE OF CONTENTS



epe o . CHAPTER 1:
| Artificial Intelligence
HI Index Report 2021 RESEARCH & 1:1 FUBLICATIONS

DEVELOPMENT

By Geographic Area

China overtook the United States in the share of Al is almost nine times higher than it was in 2000. The
conference publications in the world in 2019 (Figure share of conference publications for the European Union
1.1.13). Its share has grown significantly since 2000. peaked in 2011 and continues to decline.

China’s percentage of Al conference publications in 2019

Al CONFERENCE PUBLICATIONS (% of WORLD TOTAL) by GEOGRAPHIC AREA, 2000-20

Source: Microsoft Academic Graph, 2020 | Chart: 2021 Al Index Report
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Citation
With respect to citations of Al conference publications, 21 years. The United States tops the list with 40.1% of
Figure 1.1.14 shows that the United States has held a overall citations in 2020, followed by China (11.8%) and
dominant lead among the major powers over the past the European Union (10.9%).

Al CONFERENCE CITATIONS (% of WORLD TOTAL) by GEOGRAPHIC AREA, 2000-20

Source: Microsoft Academic Graph, 2020 | Chart: 2021 Al Index Report
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Al PATENTS

Overview

The total number of Al patents published in the world

has been steadily increasing in the past two decades,
growing from 21,806 in 2000 to more than 4.5 times that,
or 101,876, in 2019 (Figure 1.1.15a). The share of Al patents
published in the world exhibits a lesser increase, from

NUMBER of Al PATENT PUBLICATIONS, 2000-20

Source: Microsoft Academic Graph, 2020 | Chart: 2021 Al Index Report
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around 2% in 2000 to 2.9% in 2020 (Figure 1.1.15b). The Al
patent data is incomplete—only 8% of the dataset in 2020
includes a country or regional affiliation. There is reason
to question the data on the share of Al patent publications
by both region and geographic area, and it is therefore not
included in the main report. See the Appendix for details.
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Figure 1.1.15a
Al PATENT PUBLICATIONS (% of ALL PATENT PUBLICATIONS), 2000-20
Source: Microsoft Academic Graph, 2020 | Chart: 2021 Al Index Report
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ARXIV PUBLICATIONS Overview

In addition to the traditional avenues for In just six years, the number of Al-related publications on arXiv grew
publishing academic papers (discussed more than sixfold, from 5,478 in 2015 to 34,736 in 2020 (Figure 1.1.16).
above), Al researchers have embraced the

practice of publishing their work (often NUMBER of AI-RELATED PUBLICATIONS on ARXIV, 2015-20

. . . Source: arXiv, 2020 | Chart: 2021 Al Index Report
pre-peer review) on arXiv, an online

repository of electronic preprints. arXiv
allows researchers to share their findings
before submitting them to journals and
conferences, which greatly accelerates
the cycle of information discovery and
dissemination. The number of Al-related
publications in this section includes
preprints on arXiv under cs.Al (artificial
intelligence), cs.CL (computation and
language), cs.CV (computer vision), cs.NE
(neural and evolutionary computing),
¢s.RO (robotics), cs.LG (machine learning in
computer science), and stat.ML (machine
learning in statistics).

30
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0 j I

2015 2016 2017 2018 2019
By Region Figure 1.1.16

The analysis by region shows that while North America still holds the lead in the global share of arXiV Al-related
publications, its share has been decreasing—from 41.6% in 2017 to 36.3% in 2020 (Figure 1.1.17). Meanwhile, the share of
publications in East Asia & Pacific has grown steadily in the past five years—from 17.3% in 2015 to 26.5% in 2020.

Number of Al-Related Publications on arXiv (in Thousands)

ARXIV AI-RELATED PUBLICATIONS (% of WORLD TOTAL) by REGION, 2015-20

Source: arXiv, 2020 | Chart: 2021 Al Index Report
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While the total number of Al-related publications on arXiv  Figure 1.1.18b). The share of publication counts by the

is increasing among the three major Al powers, China is European Union, on the other hand, has remained largely
catching up with the United States (Figure 1.1.18a and unchanged.

NUMBER of AI-RELATED PUBLICATIONS on ARXIV by GEOGRAPHIC AREA, 2015-20

Source: arXiv, 2020 | Chart: 2021 Al Index Report
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Figure 1.1.18a

ARXIV AI-RELATED PUBLICATIONS (% of WORLD TOTAL) by GEOGRAPHIC AREA, 2015-20

Source: arXiv, 2020 | Chart: 2021 Al Index Report
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1.1 PUBLICATIONS

By Field of Study

Among the six fields of study related to Al on arXiv,
the number of publications in Robotics (cs.RO) and
Machine Learning in computer science (cs.LG) have
seen the fastest growth between 2015 and 2020,
increasing by 11 times and 10 times respectively
(Figure 1.1.19). In 2020, cs.LG and Computer Vision
(cs.CV) lead in the overall number of publications,
accounting for 32.0% and 31.7%, respectively, of all Al-
related publications on arXiv. Between 2019 and 2020,
the fastest-growing categories of the seven studied
here were Computation and Language (cs.CL), by
35.4%, and ¢s.RO, by 35.8%.

Among the six fields of
study related to Al on arXiv,
the number of publications
in Robotics (cs.RO) and
Machine Learning in
computer science (cs.

LG) have seen the fastest
growth between 2015 and
2020, increasing by 11 times
and 10 times respectively.

NUMBER of AI-RELATED PUBLICATIONS on ARXIV by FIELD of STUDY 2015-20

Source: arXiv, 2020 | Chart: 2021 Al Index Report
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Deep Learning Papers on arXiv

With increased access to data and significant arXiv papers under the Computer Science (CS)
improvements in computing power, the field and Machine Learning in Statistics (state.ML)
of deep learning (DL) is growing at breakneck categories. Figure 1.1.20 suggests that in the
speed. Researchers from Nesta used a topic last five years alone, the overall number of DL
modeling algorithm to identify the deep learning publications on arXiv grew almost sixfold.

papers on arXiv by analyzing the abstract of

NUMBER of DEEP LEARNING PUBLICATIONS on ARXIV, 2010-19

Source: arXiv/Nesta, 2020 | Chart: 2021 Al Index Report
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Conference attendance is an indication of broader industrial and academic interest in a scientific field. In the past 20 years,
Al conferences have grown not only in size but also in number and prestige. This section presents data on the trends in

attendance at and submissions to major Al conferences.

1.2 CONFERENCES

CONFERENCE ATTENDANCE

Last year saw a significant increase in participation levels
at Al conferences, as most were offered through a virtual
format. Only the 34th Association for the Advancement
of Artificial Intelligence (AAAI) Conference on Artificial
Intelligence was held in person in February 2020.
Conference organizers report that a virtual format allows
for higher attendance of researchers from all over the
world, though exact attendance numbers are difficult to
measure.

Due to the atypical nature of 2020 conference attendance
data, the 11 major Al conferences in 2019 have been
splitinto two categories based on 2019 attendance data:
large Al conferences with over 3,000 attendees and small
Al conferences with fewer than 3,000 attendees. Figure
1.2.1 shows that in 2020, the total number of attendees
across nine conferences almost doubled.® In particular,
the International Conference on Intelligent Robots

and Systems (IROS) extended the virtual conference

to allow users to watch events for up to three months,
which explains the high attendance count. Because the
International Joint Conference on Artificial Intelligence
(IJCAI) was held in 2019 and January 2021—but not in
2020—it does not appear on the charts.

Conference organizers
report that a virtual
format allows for higher
attendance of researchers
from all over the world,
though exact attendance
numbers are difficult to
measure.

5 For the AAMAS conference, the attendance in 2020 is based on the number of users on site reported by the platform that recorded the talks and managed the online conference; For the KR conference,
the attendance in 2020 is based on the number of registrations; For the ICPAS conference, the attendance of 450 in 2020 is an estimate as some participants may have used anonymous Zoom accounts.
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ATTENDANCE at LARGE Al CONFERENCES, 2010-20

Source: Conference Data | Chart: 2021 Al Index Report
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ATTENDANCE at SMALL Al CONFERENCES, 2010-20

Source: Conference Data | Chart: 2021 Al Index Report
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Corporate Representation at Al Research Conferences

Researchers from Virginia Tech and Ivey
Business School, Western University found
that large technology firms have increased
participation in major Al conferences. In
their paper, titled “The De-Democratization
of Al: Deep Learning and the Compute
Divide in Artificial Intelligence Research,” the
ressearchers use the share of papers affiliated
with firms over time at Al conferences to
illustrate the increased presence of firms

in Al research. They argue that the unequal

distribution of compute power in academia,
which they refer to as the “compute divide,”

is adding to the inequality in the era of deep
learning. Big tech firms tend to have more
resources to design Al products, but they also
tend to be less diverse than less elite or smaller
institutions. This raises concerns about bias and
fairness within Al. All 10 major Al conferences
displayed in Figure 1.2.3 show an upward trend
in corporate representation, which further
extends the compute divide.

SHARE of FORTUNE GLOBAL 500 TECH-AFFILIATED PAPERS

Source: Ahmed & Wahed, 2020 | Chart: 2021 Al Index Report
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A software library is a collection of computer code that is used to create applications and products. Popular Al-specific software
libraries—such as TensorFlow and PyTorch—help developers create their Al solutions quickly and efficiently. This section analyzes
the popularity of software libraries through GitHub data.

1.3 Al OPEN-SOURCE
SOFTWARE LIBRARIES

GITHUB STARS

GitHub is a code hosting platform that Al researchers and TensorFlow (d eveloped
developers frequently use to upload, comment on, and .
download software. GitHub users can “star” a project bY Google and pu bl IC|y

to save itin their list, thereby expressing their interests released in 2017) iS the

and likes—similar to the “like” function on Twitter and

other social media platforms. As Al researchers upload most popu lar Al software

packages on GitHub that mention the use of an open- .
source library, the “star” function on GitHub can be used I|bra ry. The second most

to measure the popularity of various Al programming popu lar libra ry in 2020 is
open-source libraries.

Keras (also developed by
Figure 1.3.1 suggests that TensorFlow (developed by

Google and publicly released in 2017) is the most popular Google and bu I It on tOp

Al software library. The second most popular library in Of TGI'ISOI'F'OW 2.0).
2020 is Keras (also developed by Google and built on top

of TensorFlow 2.0). Excluding TensorFlow, Figure 1.3.2
shows that PyTorch (created by Facebook) is another
library that is becoming increasingly popular.
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NUMBER of GITHUB STARS by Al LIBRARY, 2014-20

Source: GitHub, 2020 | Chart: 2021 Al Index Report
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NUMBER of GITHUB STARS by Al LIBRARY (excluding TENSORFLOW), 2014-20
Source: GitHub, 2020 | Chart: 2021 Al Index Report
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Overview

This chapter highlights the technical progress in various subfields of

Al, including computer vision, language, speech, concept learning, and
theorem proving. It uses a combination of quantitative measurements,
such as common benchmarks and prize challenges, and qualitative
insights from academic papers to showcase the developments in state-of-

the-art Al technologies.

While technological advances allow Al systems to be deployed more
widely and easily than ever, concerns about the use of Al are also growing,
particularly when it comes to issues such as algorithmic bias. The
emergence of new Al capabilities such as being able to synthesize images

and videos also poses ethical challenges.
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CHAPTER HIGHLIGHTS

e Generative everything: Al systems can now compose text, audio, and images to a sufficiently high

standard that humans have a hard time telling the difference between synthetic and non-synthetic
outputs for some constrained applications of the technology. That promises to generate a tremendous
range of downstream applications of Al for both socially useful and less useful purposes. It is

also causing researchers to invest in technologies for detecting generative models; the DeepFake
Detection Challenge data indicates how well computers can distinguish between different outputs.

o The industrialization of computer vision: Computer vision has seen immense progress in the past

decade, primarily due to the use of machine learning techniques (specifically deep learning). New
data shows that computer vision is industrializing: Performance is starting to flatten on some of the
largest benchmarks, suggesting that the community needs to develop and agree on harder ones
that further test performance. Meanwhile, companies are investing increasingly large amounts

of computational resources to train computer vision systems at a faster rate than ever before.
Meanwhile, technologies for use in deployed systems—like object-detection frameworks for
analysis of still frames from videos—are maturing rapidly, indicating further Al deployment.

e Natural Language Processing (NLP) outruns its evaluation metrics: Rapid progress in NLP has

yielded Al systems with significantly improved language capabilities that have started to have a
meaningful economic impact on the world. Google and Microsoft have both deployed the BERT
language model into their search engines, while other large language models have been developed
by companies ranging from Microsoft to OpenAl. Progress in NLP has been so swift that technical
advances have started to outpace the benchmarks to test for them. This can be seen in the rapid
emergence of systems that obtain human level performance on SuperGLUE, an NLP evaluation suite
developed in response to earlier NLP progress overshooting the capabilities being assessed by GLUE.

o New analyses on reasoning: Most measures of technical problems show for each time point the

performance of the best system at that time on a fixed benchmark. New analyses developed for
the Al Index offer metrics that allow for an evolving benchmark, and for the attribution to individual
systems of credit for a share of the overall performance of a group of systems over time. These

are applied to two symbolic reasoning problems, Automated Theorem Proving and Satisfiability of
Boolean formulas.

e Machine learning is changing the game in healthcare and biology: The landscape of the healthcare

and biology industries has evolved substantially with the adoption of machine learning. DeepMind’s
AlphaFold applied deep learning technique to make a significant breakthrough in the decades-long
biology challenge of protein folding. Scientists use ML models to learn representations of chemical
molecules for more effective chemical synthesis planning. PostEra, an Al startup used ML-based
techniques to accelerate COVID-related drug discovery during the pandemic.
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Computer Vision

Introduced in the 1960s, the field of computer vision has seen significant
progress and in recent years has started to reach human levels of
performance on some restricted visual tasks. Common computer

vision tasks include object recognition, pose estimation, and semantic
segmentation. The maturation of computer vision technology has unlocked
a range of applications: self-driving cars, medical image analysis, consumer
applications (e.g., Google Photos), security applications (e.g., surveillance,
satellite imagery analysis), industrial applications (e.g., detecting defective

parts in manufacturing and assembly), and others.
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2.1 COMPUTER VISION—IMAGE

IMAGE CLASSIFICATION

In the 2010s, the field of image recognition and
classification began to switch from classical Al techniques
to ones based on machine learning and, specifically,
deep learning. Since then, image recognition has shifted
from being an expensive, domain-specific technology to
being one that is more affordable and applicable to more
areas—primarily due to advancements in the underlying
technology (algorithms, compute hardware, and the
utilization of larger datasets).

ImageNet

Created by computer scientists from Stanford University
and Princeton University in 2009, ImageNet is a dataset
of over 14 million images across 200 classes that expands
and improves the data available for researchers to train
Al algorithms. In 2012, researchers from the University of
Toronto used techniques based on deep learning to set

a new state of the art in the ImageNet Large Scale Visual
Recognition Challenge.

Since then, deep learning techniques have ruled

the competition leaderboards—several widely used
techniques have debuted in ImageNet competition
entries. In 2015, a team from Microsoft Research said it
had surpassed human-level performance on the image
classification task® via the use of “residual networks”—an
innovation that subsequently proliferated into other Al
systems. Even after the end of the competition in 2017,
researchers continue to use the ImageNet dataset to test
and develop computer vision applications.

The image classification task of the ImageNet Challenge
asks machines to assign a class label to an image based
on the main object in the image. The following graphs
explore the evolution of the top-performing ImageNet
systems over time, as well as how algorithmic and
infrastructure advances have allowed researchers to

Image recognition has
shifted from being an
expensive, domain-specific
technology to being one
that is more affordable

and applicable to more
areas—primarily due

to advancements in the
underlying technology.

increase the efficiency of training image recognition
systems and reduce the absolute time it takes to train
high-performing ones.

ImageNet: Top-1 Accuracy

Top-1 accuracy tests for how well an Al system can
assign the correct label to an image, specifically whether
its single most highly probable prediction (out of all
possible labels) is the same as the target label. In recent
years, researchers have started to focus on improving
performance on ImageNet by pre-training their systems
on extra training data, for instance photos from
Instagram or other social media sources. By pre-training
on these datasets, they’re able to more effectively use
ImageNet data, which further improves performance.
Figure 2.1.1 shows that recent systems with extra training
data make 1 error out of every 10 tries on top-1 accuracy,
versus 4 errors out of every 10 tries in December 2012.
The model from the Google Brain team achieved 90.2%
on top-1 accuracy in January 2021.

1 Though it is worth noting that the human baseline for this metric comes from a single Stanford graduate student who took roughly the same test as the Al systems took.
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IMAGENET CHALLENGE: TOP-1 ACCURACY

Source: Papers with Code, 2020; Al Index, 2021 | Chart: 2021 Al Index Report
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ImageNet: Top-5 Accuracy
Top-5 accuracy asks whether the correct label is in at least the classifier’s top five predictions. Figure 2.1.2 shows that
the error rate has improved from around 85% in 2013 to almost 99% in 2020.?

IMAGENET CHALLENGE: TOP-5 ACCURACY

Source: Papers with Code, 2020; Al Index, 2021 | Chart: 2021 Al Index Report
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Figure 2.1.2

2 Note: For data on human error, a human was shown 500 images and then was asked to annotate 1,500 test images; their error rate was 5.1% for Top-5 classification. This is a very rough baseline, but it
gives us a sense of human performance on this task.
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ImageNet: Training Time

Along with measuring the raw improvement in accuracy
over time, it is useful to evaluate how long it takes

to train image classifiers on ImageNet to a standard
performance level as it sheds light on advances in the
underlying computational infrastructure for large-scale
Al training. This is important to measure because the
faster you can train a system, the more quickly you

can evaluate it and update it with new data. Therefore,
the faster ImageNet systems can be trained, the more
productive organizations can become at developing and
deploying Al systems. Imagine the difference between
waiting a few seconds for a system to train versus waiting
a few hours, and what that difference means for the type
and volume of ideas researchers explore and how risky
they might be.

What follows are the results from MLPerf, a competition
run by the MLCommons organization that challenges
entrants to train an ImageNet network using a common
(residual network) architecture, and then ranks systems
according to the absolute “wall clock” time it takes them
to train a system.?

As shown in Figure 2.1.3, the training time on ImageNet
has fallen from 6.2 minutes (December 2018) to 47
seconds (July 2020). At the same time, the amount of
hardware used to achieve these results has increased
dramatically; frontier systems have been dominated by
the use of “accelerator” chips, starting with GPUs in the
2018 results, and transitioning to Google’s TPUs for the
best-in-class results from 2019 and 2020.

Imagine the difference
between waiting a few
seconds for a system to
train versus waiting a
few hours, and what that
difference means for the
type and volume of ideas
researchers explore and
how risky they might be.

Distribution of Training Time: MLPerf does not just
show the state of the art for each competition period;
it also makes available all the data behind each

entry in each competition cycle. This, in turn, reveals
the distribution of training times for each period
(Figure 2.1.3). (Note that in each MLPerf competition,
competitors typically submit multiple entries that use
different permutations of hardware.)

Figure 2.1.4 shows that in the past couple of years,
training times have shortened, as has the variance
between MLPerf entries. At the same time, competitors
have started to use larger and larger numbers of
accelerator chips to speed training times. This isin line
with broader trends in Al development, as large-scale
training becomes better understood, with a higher
degree of shared best practices and infrastructure.

3 The next MLPerf update is planned for June 2021.
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IMAGENET: TRAINING TIME and HARDWARE of the BEST

SYSTEM
Source: MLPerf, 2020 | Chart: 2021 Al Index Report
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ImageNet: Training Costs

How much does it cost to train a contemporary image-
recognition system? The answer, according to tests run by
the Stanford DAWNBench team, is a few dollars in 2020,
down by around 150 times from costs in 2017 (Figure

IMAGENET: TRAINING COST (to 93% ACCURACY)

Source: DAWNBench, 2020 | Chart: 2021 Al Index Report
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2.1.5). To put this in perspective, what cost one entrant

around USD 1,100 to do in October 2017 now costs about
USD 7.43. This represents progress in algorithm design as
well as a drop in the costs of cloud-computing resources.

$7.43

12/2017 06/2018
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Harder Tests Beyond ImageNet

VISION—IMAGE

In spite of the progress in performance on ImageNet, current computer vision systems are still not

perfect. To better study their limitations, researchers have in recent years started to develop more
challenging image classification benchmarks. But since ImageNet is already a large dataset, which
requires a nontrivial amount of resources to use, it does not intuitively make sense to simply expand the

resolution of the images in ImageNet or the absolute size of the dataset—as either action would further

increase the cost to researchers when training systems on ImageNet. Instead, people have tried to figure
out new ways to test the robustness of image classifiers by creating custom datasets, many of which are
compatible with ImageNet (and are typically smaller). These include

IMAGENET ADVERSARIAL:

IMAGENET-C:

This is a dataset of images
similar to those found in
ImageNet but incorporating
natural confounders (e.g., a
butterfly sitting on a carpet with
a similar texture to the butterfly),
and images that are persistently
misclassified by contemporary
systems. These images “cause
consistent classification
mistakes due to scene
complications encountered

in the long tail of scene
configurations and by exploiting
classifier blind spots,” according
to the researchers. Therefore,
making progress on ImageNet
Adversarial could improve the
ability of models to generalize.

This is a dataset of common
ImageNet images with 75 visual
corruptions applied to them
(e.g., changes in brightness,
contrast, pixelations, fog
effects, etc.). By testing systems
against this, researchers can
provide even more information
about the generalization
capabilities of these models.

IMAGENET-RENDITION:
This tests generalization by

seeing how well ImageNet-
trained models can categorize
30,000 illustrations of 200
ImageNet classes. Since
ImageNet is designed to be built
out of photos, generalization
here indicates that systems
have learned something more
subtle about what they’re trying
to classify, because they’re able
to “understand” the relationship
between illustrations and the
photographed images they’ve
been trained on.

What is the Time Table for Tracking This Data? As these benchmarks are relatively new, the plan is to
wait a couple of years for the community to test a range of systems against them, which will generate
the temporal information necessary to make graphs tracking progress overtime.
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IMAGE GENERATION

Image generation is the task of generating images

that look indistinguishable from “real” images. Image
generation systems have a variety of uses, ranging from
augmenting search capabilities (it is easier to search for
a specific image if you can generate other images like
it) to serving as an aid for other generative uses (e.g.,
editing images, creating content for specific purposes,
generating multiple variations of a single image to help
designers brainstorm, and so on).

In recent years, image generation progress has
accelerated as a consequence of the continued
improvement in deep learning-based algorithms, as well
as the use of increased computation and larger datasets.

STL-10: FRECHET INCEPTION DISTANCE (FID) SCORE

Source: Papers with Code, 2020 | Chart: 2021 Al Index Report
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STL-10: Fréchet Inception Distance (FID) Score
One way to measure progress in image generation is via a
technique called Fréchet Inception Distance (FID), which
roughly correlates to the difference between how a given
Al system “thinks” about a synthetic image versus a real
image, where a real image has a score of 0 and synthetic
images that look similar have scores that approach 0.

Figure 2.1.6 shows the progress of generative models
over the past two years at generating convincing
synthetic images in the STL-10 dataset, which is designed
to test how effective systems are at generating images
and gleaning other information about them.

25.4

07/2019 10/2019 01/2020 04/2020 07/2020

Figure 2.1.6
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FID Versus Real Life

FID has drawbacks as an evaluation technique—
specifically, it assesses progress on image generation

via quantitative metrics that use data from the model
itself, rather than other evaluation techniques. Another
approach is using teams of humans to evaluate the
outputs of these models; for instance, the Human eYe
Perceptual Evaluation (HYPE) method tries to judge image
quality by showing synthetically generated images to
humans and using their qualitative ratings to drive the
evaluation methodology. This approach is more expensive
and slower to run than typical evaluations, but it may
become more important as generative models get better.

GAN PROGRESS ON FACE GENERATION

Qualitative Examples: To get a sense of progress, you
can look at the evolution in the quality of synthetically
generated images over time. In Figure 2.1.7, you can

see the best-in-class examples of synthetic images of
human faces, ordered over time. By 2018, performance of
this task had become sufficiently good that it is difficult
for humans to easily model further progress (though it

is possible to train machine learning systems to spot
fakes, it is becoming more challenging). This provides a
visceral example of recent progress in this domain and
underscores the need for new evaluation methods to
gauge future progress. In addition, in recent years people
have turned to doing generative modeling on a broader
range of categories than just images of people’s faces,
which is another way to test for generalization.

Source: Goodfellow et al., 2014; Radford et al., 2016; Liu & Tuzel, 2016; Karras et al., 2018; Karras et al., 2019; Goodfellow, 2019; Karras et al., 2020; Al Index, 2021
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DEEPFAKE DETECTION

Advances in image synthesis have created new
opportunities as well as threats. For instance, in recent
years, researchers have harnessed breakthroughs

in synthetic imagery to create Al systems that can
generate synthetic images of human faces, then
superimpose those faces onto the faces of other people
in photographs or movies. People call this application
of generative technology a “deepfake.” Malicious uses
of deepfakes include misinformation and the creation
of (predominantly misogynistic) pornography. To try
to combat this, researchers are developing deepfake-
detection technologies.

DEEPFAKE DETECTION CHALLENGE: LOG LOSS

Source: Kaggle, 2020 | Chart: 2021 Al Index Report
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Deepfake Detection Challenge (DFDC)
Created in September 2019 by Facebook, the Deepfake
Detection Challenge (DFDC) measures progress on

deepfake-detection technology. A two-part challenge,
DFDC asks participants to train and test their models from
a public dataset of around 100,000 clips. The submissions
are scored on log loss, a classification metric based on
probabilities. A smaller log loss means a more accurate
prediction of deepfake videos. According to Figure

2.1.8, log loss dropped by around 0.5 as the challenge
progressed between December 2019 and March 2020.
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HUMAN POSE ESTIMATION

Human pose estimation is the problem of estimating the
positions of human body parts or joints (wrists, elbows,
etc.) from a single image. Human pose estimation is a
classic “omni-use” Al capability. Systems that are good at
this task can be used for a range of applications, such as
creating augmented reality applications for the fashion
industry, analyzing behaviors gleaned from physical
body analysis in crowds, surveilling people for specific
behaviors, aiding with analysis of live sporting and
athletic events, mapping the movements of a personto a
virtual avatar, and so on.

COCO KEYPOINT CHALLENGE: AVERAGE PRECISION

Source: COCO Leaderboard, 2020 | Chart: 2021 Al Index Report
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Common Objects in Context (COCO):
Keypoint Detection Challenge

Common Objects in Context (COCO) is a large-scale
dataset for object detection, segmentation, and
captioning with 330,000 images and 1.5 million object
instances. Its Keypoint Detection Challenge requires
machines to simultaneously detect an object or a person
and localize their body keypoints—points in the image
that stand out, such as a person’s elbows, knees, and
other joints. The task evaluates algorithms based on
average precision (AP), a metric that can be used to
measure the accuracy of object detectors. Figure 2.1.9
shows that the accuracy of algorithms in this task has
improved by roughly 33% in the past four years, with the
latest machine scoring 80.8% on average precision.

80.8%
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Figure 2.1.9
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Common Objects in Context (COCO):
DensePose Challenge

DensePose, or dense human pose estimation, is the task
of extracting a 3D mesh model of a human body from a
2D image. After open-sourcing a system called DensePose
in 2018, Facebook built DensePose-COCO, a large-scale
dataset of image-to-surface correspondences annotated
on 50,000 COCO images. Since then, DensePose has
become a canonical benchmark dataset.

The COCO DensePose Challenge involves tasks of
simultaneously detecting people, segmenting their

COCO DENSEPOSE CHALLENGE: AVERAGE PRECISION

Source: arXiv & Codalab, 2020 | Chart: 2021 Al Index Report
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bodies, and estimating the correspondences between
image pixels that belong to a human body and a
template 3D model. The average precision is calculated
based on the geodesic point similarity (GPS) metric,

a correspondence matching score that measures the
geodesic distances between the estimated points and
the true location of the body points on the image. The
accuracy has grown from 56% in 2018 to 72% in 2019
(Figure 2.1.10).

72%

01/2019 03/2019 05/2019 07/2019 09/2019

Figure 2.1.10
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SEMANTIC SEGMENTATION

Semantic segmentation is the task of classifying each
pixel in an image to a particular label, such as person,
cat, etc. Where image classification tries to assign a
label to the entire image, semantic segmentation tries to
isolate the distinct entities and objects in a given image,
allowing for more fine-grained identification. Semantic
segmentation is a basic input technology for self-driving
cars (identifying and isolating objects on roads), image
analysis, medical applications, and more.

Cityscapes

Cityscapes is a large-scale dataset of diverse urban street
scenes across 50 different cities recorded during the
daytime over several months (during spring, summer, and
fall) of the year. The dataset contains 5,000 images with
high-quality, pixel-level annotations and 20,000 weekly
labeled ones. Semantic scene understanding, especially

in the urban space, is crucial to the environmental
perception of autonomous vehicles. Cityscapes is useful
for training deep neural networks to understand the urban
environment.

One Cityscapes task that focuses on semantic
segmentation is the pixel-level semantic labeling task.
This task requires an algorithm to predict the per-pixel
semantic labeling of the image, partitioning an image
into different categories, like cars, buses, people, trees,
and roads. Participants are evaluated based on the
intersection-over-union (loU) metric. A higher loU score

means a better segmentation accuracy. Between 2014 and
2020, the mean loU increased by 35% (Figure 2.1.11). There
was a significant boost to progress in 2016 and 2017 when

people started using residual networks in these systems.

CITYSCAPES CHALLENGE: PIXEL-LEVEL SEMANTIC LABELING TASK

Source: Papers with Code, 2020 | Chart: 2021 Al Index Report
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EMBODIED VISION

The performance data so far shows that computer vision
systems have advanced tremendously in recent years.
Object recognition, semantic segmentation, and human
pose estimation, among others, have now achieved
significant levels of performance. Note that these visual
tasks are somewhat passive or disembodied. That

is, they can operate on images or videos taken from
camera systems that are not physically able to interact
with the surrounding environment. As a consequence

of the continuous improvement in those passive tasks,
researchers have now started to develop more advanced
Al systems that can be interactive or embodied—that

is, systems that can physically interact with and modify
the surrounding environment in which they operate: for
example, a robot that can visually survey a new building
and autonomously navigate it, or a robot that can learn
to assemble pieces by watching visual demonstrations
instead of being manually programmed for this.

Progress in this area is currently driven by the
development of sophisticated simulation environments,
where researchers can deploy robots in virtual spaces,
simulate what their cameras would see and capture, and
develop Al algorithms for navigation, object search, and
object grasping, among other interactive tasks. Because
of the relatively early nature of this field, there are few
standardized metrics to measure progress. Instead, here
are brief highlights of some of the available simulators,
their year of release, and any other significant feature.

© CHAPTER 2 PREVIEW
O TABLE OF CONTENTS

« Thor (Al2,2017) focuses on sequential abstract
reasoning with predefined “magic” actions that are
applicable to objects.

« Gibson (Stanford, 2018) focuses on visual navigation
in photorealistic environments obtained with 3D
scanners.

« iGibson (Stanford, 2019) focuses on full interactivity
in large realistic scenes mapped from real houses and
made actable: navigation + manipulation (known in
robotics as “mobile manipulation”).

« Al Habitat (Facebook, 2019) focuses on visual
navigation with an emphasis on much faster
execution, enabling more computationally expensive
approaches.

« ThreeDWorld (MIT and Stanford, 2020) focuses on
photorealistic environments through game engines,
as well as adds simulation of flexible materials, fluids,
and sounds.

« SEAN-EP (Yale, 2020) is a human-robot interaction
environment with simulated virtual humans that
enables the collection of remote demonstrations from
humans via a web browser.

« Robosuite (Stanford and UT Austin, 2020) is a modular
simulation framework and benchmark for robot
learning.
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Video analysis is the task of making inferences over sequential image frames, sometimes with the inclusion of an audio feed.
Though many Al tasks rely on single-image inferences, a growing body of applications require computer vision machines to reason
about videos. For instance, identifying a specific dance move benefits from seeing a variety of frames connected in a temporal
sequence; the same is true of making inferences about an individual seen moving through a crowd, or a machine carrying out a

sequence of movements over time.

2.2 COMPUTER VISION—VIDEO

ACTIVITY RECOGNITION

The task of activity recognition is to identify various
activities from video clips. It has many important
everyday applications, including surveillance by video
cameras and autonomous navigation of robots. Research
on video understanding is still focused on short events,
such as videos that are a few seconds long. Longer-term
video understanding is slowly gaining traction.

ActivityNet

Introduced in 2015, ActivityNet is a large-scale video
benchmark for human-activity understanding. The
benchmark tests how well algorithms can label and
categorize human behaviors in videos. By improving
performance on tasks like ActivityNet, Al researchers are
developing systems that can categorize more complex

ACTIVITYNET: TEMPORAL ACTION LOCALIZATION TASK

Source: ActivityNet, 2020 | Chart: 2021 Al Index Report
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behaviors than those that can be contained in a single
image, like characterizing the behavior of pedestrians on
a self-driving car’s video feed or providing better labeling
of specific movements in sporting events.

ActivityNet: Temporal Action Localization Task
The temporal action localization task in the ActivityNet
challenge asks machines to detect time segmentsin a

600-hour, untrimmed video sequence that contains several
activities. Evaluation on this task focuses on (1) localization:
how well can the system localize the interval with the precise
start time and end time; and (2) recognition: how well can
the system recognize the activity and classify it into the
correct category (such as throwing, climbing, walking the
dog, etc.). Figure 2.2.1 shows that the highest mean average
precision of the temporal action localization task among
submissions has grown by 140% in the last five years.
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ActivityNet: Hardest Activity

Figure 2.2.2 shows the hardest activities of the temporal scissors, though still the 10th hardest activity, saw the
action location task in 2020 and how their mean average greatest improvement among all activities, increasing by
precision compares with the 2019 result. Drinking coffee 129.2%—from 6.6% in 2019 to 15.22% in 2020.

remained the hardest activity in 2020. Rock-paper-

ACTIVITYNET: HARDEST ACTIVITIES, 2019-20

Source: ActivityNet, 2020 | Chart: 2021 Al Index Report
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OBJECT DETECTION

Object detection is the task of identifying a given object
in an image. Frequently, image classification and image
detection are coupled together in deployed systems.
One way to get a proxy measure for the improvement

in deployed object recognition systems is to study the
advancement of widely used object detection systems.

You Only Look Once (YOLO)

You Only Look Once (YOLO) is a widely used open source
system for object detection, so its progress has been
included on a standard task on YOLO variants to give a
sense of how research percolates into widely used open
source tools. YOLO has gone through multiple iterations

since it was first published in 2015. Over time, YOLO has
been optimized along two constraints: performance and
inference latency, as shown in Figure 2.2.3. What this
means, specifically, is that by measuring YOLO, one can
measure the advancement of systems that might not
have the best absolute performance but are designed
around real-world needs, like low-latency inference
over video streams. Therefore, YOLO systems might

not always contain the absolute best performance as
defined in the research literature, but they will represent
good performance when faced with trade-offs such as
inference time.

YOU ONLY LOOK ONCE (YOLO): MEAN AVERAGE PRECISION

Source: Redmon & Farhadi (2016 & 2018), Bochkovskiy et al. (2020), Long et al. (2020) | Chart: 2021 Al Index Report
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FACE DETECTION AND
RECOGNITION

Facial detection and recognition is one of the use-cases
for Al that has a sizable commercial market and has
generated significant interest from governments and
militaries. Therefore, progress in this category gives

us a sense of the rate of advancement in economically
significant parts of Al development.

National Institute of Standards and Technology
(NIST) Face Recognition Vendor Test (FRVT)
The Face Recognition Vendor Tests (FRVT) by the

National Institute of Standards and Technology (NIST)
provide independent evaluations of commercially
available and prototype face recognition technologies.
FRVT measures the performance of automated face

recognition technologies used for a wide range of civil
and governmental tasks (primarily in law enforcement
and homeland security), including verification of visa
photos, mug shot images, and child abuse images.

Figure 2.2.4 shows the results of the top-performing 1:1
algorithms measured on false non-match rate (FNMR)
across several different datasets. FNMR refers to the
rate at which the algorithm fails when attempting to
match the image with the individual. Facial recognition
technologies on mug-shot-type and visa photos have
improved the most significantly in the past four years,
falling from error rates of close to 50% to a fraction of a
percent in 2020.*

NIST FRVT 1:1 VERIFICATION ACCURACY by DATASET, 2017-20

Source: National Institute of Standards and Technology, 2020 | Chart: 2021 Al Index Report
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4 You can view details and examples of various datasets on periodically updated FRVT 1:1 verification reports.
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Natural language processing (NLP) involves teaching machines to interpret, classify, manipulate, and generate language.
From the early use of handwritten rules and statistical techniques to the recent adoption of generative models and deep
learning, NLP has become an integral part of our lives, with applications in text generation, machine translation, question

answering, and other tasks.

2.3 LANGUAGE

In recent years, advances in natural language processing
technology have led to significant changes in large-scale
systems that billions of people access. For instance, in
late 2019, Google started to deploy its BERT algorithm
into its search engine, leading to what the company said
was a significant improvement in its in-house quality
metrics. Microsoft followed suit, announcing later in 2019
that it was using BERT to augment its Bing search engine.

ENGLISH LANGUAGE
UNDERSTANDING BENCHMARKS

SuperGLUE
Launched in May 2019, SuperGLUE is a single-metric
benchmark that evaluates the performance of a model on

SUPERGLUE BENCHMARK

Source: SuperGLUE Leaderboard, 2020 | Chart: 2021 Al Index Report

a series of language understanding tasks on established
datasets. SuperGLUE replaced the prior GLUE benchmark
(introduced in 2018) with more challenging and diverse tasks.

The SuperGLUE score is calculated by averaging scores on

a set of tasks. Microsoft’s DeBERTa model now tops the
SuperGLUE leaderboard, with a score of 90.3, compared
with an average score of 89.8 for SuperGLUE’s “human
baselines.” This does not mean that Al systems have
surpassed human performance on all SuperGLUE tasks, but
it does mean that the average performance across the entire
suite has exceeded that of a human baseline. The rapid pace
of progress (Figure 2.3.1) suggests that SuperGLUE may
need to be made more challenging or replaced by harder
tests in the future, just as SuperGLUE replaced GLUE.
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SQuAD

The Stanford Question Answering Dataset, or SQUAD,

is a reading-comprehension benchmark that measures
how accurately a NLP model can provide short answers
to a series of questions pertaining to a small article

of text. The SQUAD test makers established a human
performance benchmark by having a group of people
read Wikipedia articles on a variety of topics and then
answer multiple-choice questions about those articles.
Models are given the same task and are evaluated on
the F1 score, or the average overlap between the model
prediction and the correct answer. Higher scores indicate
better performance.

Two years after the introduction of the original SQUAD,
in 2016, SQUAD 2.0 was developed once the initial
benchmark revealed increasingly fast performances by

SQUAD 1.1 and SQUAD 2.0: F1 SCORE

Source: Codalab Worksheets, 2020 | Chart: 2021 Al Index Report
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the participants (mirroring the trend seen in GLUE and
SuperGLUE). SQUAD 2.0 combines the 100,000 questions
in SQUAD 1.1 with over 50,000 unanswerable questions
written by crowdworkers to resemble answerable ones.
The objective is to test how well systems can answer
questions and to determine when systems know that no
answer exists.

As Figure 2.3.2 shows, the F1 score for SQUAD 1.1
improved from 67.75 in August 2016 to surpass human
performance of 91.22 in September 2018—a 25-month
period—whereas SQUAD 2.0 took just 10 months to beat
human performance (from 66.3 in May 2018 to 89.47

in March 2019). In 2020, the most advanced models of
SQUAD 1.1 and SQUAD 2.0 reached the F1 scores of 95.38
and 93.01, respectively.
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COMMERCIAL MACHINE
TRANSLATION (MT)

Machine translation (MT), the subfield of computational
linguistics that investigates the use of software to
translate text or speech from one language to another,
has seen significant improvement due to advances in
machine learning. Recent progress in MT has prompted
developers to shift from symbolic approaches toward
ones that use both statistical and deep learning
approaches.

Number of Commercially Available MT
Systems

The trend in the number of commercially available
systems speaks to the significant growth of commercial
machine translation technology and its rapid adoption
in the commercial marketplace. In 2020, the number of
commercially available independent cloud MT systems
with pre-trained models increased to 28, from 8 in
2017, according to Intento, a startup that evaluates
commercially available MT services (Figure 2.3.3).

NUMBER of INDEPENDENT MACHINE TRANSLATION SERVICES

Source: Intento, 2020 | Chart: 2021 Al Index Report
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GPT-3

In July 2020, OpenAl unveiled GPT-3, the largest known
dense language model. GPT-3 has 175 billion parameters
and was trained on 570 gigabytes of text. For comparison,
its predecessor, GPT-2, was over 100 times smaller, at

1.5 billion parameters. This increase in scale leads to
surprising behavior: GPT-3 is able to perform tasks it

was not explicitly trained on with zero to few training
examples (referred to as zero-shot and few-shot learning,
respectively). This behavior was mostly absent in the
much smaller GPT-2. Furthermore, for some tasks (but
not all; e.g., SuperGLUE and SQuUAD2), GPT-3 outperforms
state-of-the-art models that were explicitly trained to
solve those tasks with far more training examples.

GPT-3: AVERAGE PERFORMANCE across 42 BENCHMARKS

Source: OpenAl (Brown et al.), 2020 | Chart: 2021 Al Index Report
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Figure 2.3.4, adapted from the GPT-3 paper,
demonstrates the impact of scale (in terms of model
parameters) on task accuracy (higher is better) in zero-,
one-, and few-shot learning regimes. Each point on the
curve corresponds to an average performance accuracy,
aggregated across 42 accuracy-oriented benchmarks. As
model size increases, average accuracy in all task regimes
increases accordingly. Few-shot learning accuracy
increases more rapidly with scale, compared with zero-
shot learning, which suggests that large models can
perform surprisingly well given minimal context.
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That a single model can achieve state-of-the-art or close
to state-of-the-art performance in limited-training-data
regimes is impressive. Most models until now have been
designed for a single task, and thus can be evaluated
effectively by a single metric. In light of GPT-3, we
anticipate novel benchmarks that are explicitly designed
to evaluate zero- to few-shot learning performance

for language models. This will not be straightforward.
Developers are increasingly finding model novel
capabilities (e.g., the ability to generate a website from a
text description) that will be difficult to define, let alone
measure performance on. Nevertheless, the Al Index is
committed to tracking performance in this new context
as it evolves.

Despite its impressive capabilities, GPT-3 has several
shortcomings, many of which are outlined in the original
paper. For example, it can generate racist, sexist, and
otherwise biased text. Furthermore, GPT-3 (and other
language models) can generate unpredictable and
factually inaccurate text. Techniques for controlling

and “steering” such outputs to better align with human

values are nascent but promising. GPT-3 is also expensive

to train, which means that only a limited number of
organizations with abundant resources can currently
afford to develop and deploy such models. Finally, GPT-3
has an unusually large number of uses, from chatbots

to computer code generation to search. Future users are
likely to discover more applications, both good and bad,
making it difficult to identify the range of possible uses
and forecast their impact on society.

Nevertheless, research to address harmful outputs and
uses is ongoing at several universities and industrial
research labs, including OpenAl. For more details, refer
to work by Bender and Gebru et al. and the proceedings

from a recent Stanford Institute for Human-Centered
Artificial Intelligence (HAI) workshop (which included
researchers from OpenAl), “Understanding the
Capabilities, Limitations, and Societal Impact of Large
Language Models.”
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Most models until now
have been designed for a
single task, and thus can
be evaluated effectively
by a single metric.
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VISION AND LANGUAGE

REASONING

Vision and language reasoning is a research area that shows that the accuracy has grown by almost 40% since
addresses how well machines jointly reason about visual its first installment at the International Conference on
and text data. Computer Vision (ICCV) in 2015. The highest accuracy of

the 2020 challenge is 76.4%. This achievement is closer to
the human baseline of 80.8% accuracy and represents a
1.1% absolute increase in performance from the top 2019
algorithm.

Visual Question Answering (VQA) Challenge
The VQA challenge, introduced in 2015, requires
machines to provide an accurate natural language
answer, given an image and a natural language question
about the image based on a public dataset. Figure 2.4.1

VISUAL QUESTION ANSWERING (VQA) CHALLENGE: ACCURACY

Source: VQA Challenge, 2020 | Chart: 2021 Al Index Report

80.8% Human Baseline

80%

76.4% Accuracy

J
75%
by 0,
§ 70%
F]
0
Q
<
65%
60%
55%
10/2015 04/2016 10/2016 04/2017 10/2017 04/2018 10/2018 04/2019 10/2019 04/2020
Figure 2.4.1
© CHAPTER 2 PREVIEW 67

O TABLE OF CONTENTS


https://visualqa.org/

| | e . CHAPTER 2: 2.4 LANGUAGE
Artificial Intelligence
HI Index Report 2021 TECHNICAL REASONING

PERFORMANCE SKILLS

Visual Commonsense Reasoning (VCR) Task

The Visual Commonsense Reasoning (VCR) task, score, requiring machines to first choose the right answer
first introduced in 2018, asks machines to answer a (A) to a question (Q) among four answer choices (Q->A)
challenging question about a given image and justify and then select the correct rationale (R) among four

that answer with reasoning (whereas VQA just requests rationale choices based on the answer. A higher score is
an answer). The VCR dataset contains 290,000 pairs of better, and human performance on this task is measured
multiple-choice questions, answers, and rationales, as by a QA->R score of 85. The best-performing machine has
well as over 110,000 images from movie scenes. improved on the Q->AR score from 44 in 2018 to 70.5in

2020 (Figure 2.4.2), which represents a 60.2% increase in

The main evaluation mode for the VCR task is the Q->AR o
performance from the top competitor in 2019.

VISUAL COMMONSENSE REASONING (VCR) TASK: Q->AR Score

Source: VCR Leaderboard, 2020 | Chart: 2021 Al Index Report
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A major aspect of Al research is the analysis and synthesis of human speech conveyed via audio data. In recent years,
machine learning approaches have drastically improved performance across a range of tasks.

2.5 SPEECH

SPEECH RECOGNITION

Speech recognition, or automatic speech recognition (ASR),
is the process that enables machines to recognize spoken
words and convert them to text. Since IBM introduced its
first speech recognition technology in 1962, the technology
has evolved with voice-driven applications such as

Amazon Alexa, Google Home, and Apple Siri becoming
increasingly prevalent. The flexibility and predictive power
of deep neural networks, in particular, has allowed speech
recognition to become more accessible.

Transcribe Speech: LibriSpeech

LibriSpeech is a dataset, first introduced in 2015, made up
of 1,000 hours of speech from audiobooks. It has become
widely used for the development and testing of speech
recognition technologies. In recent years, neural-network-
based Al systems have started to dramatically improve
performance on LibriSpeech, lowering the word error rate
(WER; 0% is optimal performance) to around 2% (Figure
2.5.1a and Figure 2.5.1b).

Developers can test out their systems on LibriSpeech in
two ways:

« Test Clean determines how well their systems can
transcribe speech from a higher-quality subset of the
LibriSpeech dataset. This test gives clues about how
well Al systems might perform in more controlled
environments.

« Test Other determines how systems can deal with
lower-quality parts of the LibriSpeech dataset. This
test suggests how well Al systems might perform in
noisier (and perhaps more realistic) environments.

There has been substantial progress recently on both
datasets, with an important trend emerging in the past two
years: The gap between performance on Test Clean and Test
Other has started to close significantly for frontier systems,

© CHAPTER 2 PREVIEW
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shifting from an absolute performance difference of more
than seven points in late 2015 to a difference of less than
one point in 2020. This reveals dramatic improvements in
the robustness of ASR systems over time and suggests that
we might be saturating performance on LibriSpeech—in
other words, harder tests may be needed.

Speaker Recognition: VoxCeleb

Speaker identification tests how well machine learning
systems can attribute speech to a particular person. The
VoxCeleb dataset, first introduced in 2017, contains over

a million utterances from 6,000 distinct speakers, and its
associated speaker-identification task tests the error rate
for systems that try to attribute a particular utterance to

a particular speaker. A better (lower) score in VoxCeleb
provides a proxy for how well a machine can distinguish
one voice among 6,000. Evaluation method for VoxCeleb is
Equal Error Rate (EER), a commonly used metric for identity
verification systems. EER provides a measure for both the
false positive rate (assigning a label incorrectly) and the
false negative rate (failing to assign a correct label).

In recent years, progress on this task has come from
hybrid systems—systems that fuse contemporary deep
learning approaches with more structured algorithms,
developed by the broader speech-processing community.
As of 2020, error rates have dropped such that computers
have a very high (99.4%) ability to attribute utterances to
a given speaker (Figure 2.5.2)

Still, obstacles remain: These systems face challenges
processing speakers with different accents and in
differentiating among speakers when confronted with a
large dataset (it is harder to identify one person in a set
of a billion people than to pick out one person across the
VoxCeleb training set of 6,000).
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H TESTINGS on LEADING SPEECH-to-TEXT SERVICES:
The Race Gap In WORD ERROR RATE by RACE and GENDER, 2019

s peec h Recog n it i o n Source: Koenecke et al., 2020 | Chart: 2021 Al Index Report
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Researchers from Stanford University
found that state-of-the-art ASR
systems exhibited significant

racial and gender disparity—they
misunderstand Black speakers

twice as often as white speakers.

In the paper, titled “Racial
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Black speakers, transcribed from
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Recognition,” authors ran thousands

speakers and 73 Black speakers,
through leading speech-to-text
services by Amazon, Apple, Google,

Figure 2.5.3

i TESTINGS on LEADING SPEECH-to-TEXT SERVICES:
IBM, and Microsoft. WORD ERROR RATE by SERVICE and RACE, 2019

Source: Koenecke et al., 2020 | Chart: 2021 Al Index Report
The results suggest that, on average,

systems made 19 errors every
hundred words for white speakers 25%
and 35 errors for Black speakers—
nearly twice as many. Moreover,

the systems performed particularly
poorly for Black men, with more than
40 errors for every hundred words
(Figure 2.5.3). The breakdown by
ASR systems shows that gaps are
similar across companies (Figure

[ Black Speakers
B White Speakers

20%

15%

10%

Average Word Error Rate (WER)

2.5.4). This research emphasizes
the importance of addressing the
bias of Al technologies and ensuring
equity as they become mature and
deployed.
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2.6 REASONING

This section measures progress on symbolic (or logical) reasoning in Al, which is the process of drawing conclusions from
sets of assumptions. We consider two major reasoning problems, Boolean Satisfiability (SAT) and Automated Theorem
Proving (ATP). Each has real-world applications (e.g., circuit design, scheduling, software verification, etc.) and poses

significant measurement challenges. The SAT analysis shows how to assign credit for the overall improvement in the field to
individual systems over time. The ATP analysis shows how to measure performance given an evolving test set.

All analyses below are original to this report. Lars Kotthoff wrote the text and performed the analysis for the SAT section.
Geoff Sutcliffe, Christian Suttner, and Raymond Perrault wrote the text and performed the analysis for the ATP section. This
work had not been published at the time of writing; consequently, a more academically rigorous version of this section (with
references, more precise details, and further context) is included in the Appendix.

2.6 REASONING

BOOLEAN SATISFIABILITY PROBLEM
Analysis and text by Lars Kotthoff

The SAT problem considers whether there is an
assignment of values to a set of Boolean variables, joined
by logical connectives, that makes the logical formula it
represents true. Many real-world problems, such as circuit
design, automated theorem proving, and scheduling, can
be represented and solved efficiently as SAT problems.

The performance of the top-, median-, and bottom-ranked
SAT solvers was examined from each of the last five years
(2016-2020) of the SAT Competition, which has been
running for almost 20 years, to measure a snapshot of
state-of-the-art performance. In particular, all 15 solvers
were run on all 400 SAT instances from the main track of
the 2020 competition and the time (in CPU seconds) it took
to solve all instances was measured.® Critically, each solver
was run on the same hardware, such that comparisons
across years would not be confounded by improvements
in hardware efficiency over time.

While performance of the best solvers from 2016 to

2018 did not change significantly, large improvements
are evident in 2019 and 2020 (Figure 2.6.1). These
improvements affect not only the best solvers but also
their competitors. The performance of the median-ranked
solver in 2019 is better than that of the top-ranked solvers

in all previous years, and the performance of the median-
ranked solver in 2020 is almost on par with the top-ranked
solverin 2019.

Performance improvements in SAT—and more generally,
hard computational Al problems—come primarily

from two areas of algorithmic improvements: novel
techniques and more efficient implementations of existing
techniques. Typically, performance improvements arise
primarily from novel techniques. However, more efficient
implementations (which can arise with performance
improvements in hardware over time) can also increase
performance. Therefore, it is difficult to assess whether
performance improvements arise primarily from novel
techniques or more efficient implementations. To address
this problem, the temporal Shapley value, which is the
contribution of an individual system to state-of-the-art
performance over time, was measured (see the Appendix
for more details).

Figure 2.6.2 shows the temporal Shapley value
contributions of each solver for the different competition
years. Note that the contributions of the solvers in 2016
are highest because there is no previous state-of-the-art
to compare them with in our evaluation and that their
contribution is not discounted.

5 Acknowledgments: The Advanced Research Computing Center at the University of Wyoming provided resources for gathering the computational data. Austin Stephen performed the computational

experiments.
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TOTAL TIME to SOLVE ALL 400 INSTANCES for EACH SOLVER and YEAR (LOWER IS BETTER), 2016-20

Source: Kotthoff, 2020 | Chart: 2021 Al Index Report
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2.6 REASONING

According to the temporal Shapley value, in 2020 the best
solver contributes significantly more than the median-
and bottom-ranked solvers do. The 2020 winner, Kissat,
has the highest temporal Shapley value of any solvers
excluding the first year. The changes it incorporates,
compared with those of previous solvers, are almost
exclusively more efficient data structures and algorithms;
Kissat thus impressively demonstrates the impact of
good engineering on the state-of-the-art performance.

By contrast, smallsat, the solver with the largest
temporal Shapley value (but not the winner) in 2019,
focuses on improved heuristics instead of a more efficient
implementation. The same is true of Candy, the solver
with the largest temporal Shapley value in 2017, whose
main novelty is to analyze the structure of a SAT instance
and apply heuristics based on this analysis. Interestingly,
neither solver ranked first in their respective years; both
were outperformed by versions of the Maple solver,
which nevertheless contributes less to the state of the
art. This indicates that incremental improvements,

while not necessarily exciting, are important for good
performance in practice.

Based on our limited analysis of the field, novel
techniques and more efficient implementations have
made equally important contributions to the state

of the art in SAT solving. Incremental improvements
of established solvers are as likely to result in top
performance as more substantial improvements of
solvers without a long track record.
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AUTOMATED THEOREM PROVING
(ATP)

Analysis and text by Christian Suttner, Geoff Sutcliffe, and
Raymond Perrault

Automated Theorem Proving (ATP) concerns the
development and use of systems that automate sound
reasoning, or the derivation of conclusions that follow
inevitably from facts. ATP systems are at the heart

of many computational tasks, including software
verification. The TPTP problem library was used to
evaluate the performance of ATP algorithms from 1997 to
2020 and to measure the fraction of problems solved by
any system over time (see the Appendix for more details).

The analysis extends to the whole TPTP (over 23,000
problems) in addition to four salient subsets (each
ranging between 500 and 5,500 problems)—clause
normal form (CNF), first-order form (FOF), monomorphic
typed first-order form (TF0) with arithmetic, and
monomorphic typed higher-order form (THO) theorems—
all including the use of the equality operator.

Figure 2.6.3 shows that the fraction of problems solved
climbs consistently, indicating progress in the field. The
noticeable progress from 2008 to 2013 included strong
progress in the FOF, TFO, and THO subsets. In FOF, which
has been used in many domains (e.g., mathematics,
real-world knowledge, software verification), there were
significant improvements in the Vampire, E, and iProver
systems. In TFO (primarily used for solving problems in
mathematics and computer science) and THO (useful in
subtle and complex topics such as philosophy and logic),
there was rapid initial progress as systems developed
techniques that solved “low-hanging fruit” problems. In
2014-2015, there was another burst of progress in TFO,
as the Vampire system became capable of processing
TFO problems. It is noteworthy that, since 2015, progress
has continued but slowed, with no indication of rapid
advances or breakthroughs in the last few years.
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PERCENTAGE of PROBLEMS SOLVED, 1997-2020

Source: Sutcliffe, Suttner & Perrault, 2020 | Chart: 2021 Al Index Report
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While this analysis demonstrates progress in ATP, there
is obviously room for much more. Two keys to solve
ATP problems are axiom selection (given a large set of
axioms, only some of which are needed for a proof of
the conjecture, how to select an adequate subset of
the axioms); and search choice (at each stage of an ATP
system’s search for a solution, which logical formula(e)
should be selected for attention). The latter issue has
been at the forefront of ATP research since its inception
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in the 1960s, while the former has become increasingly
important as large bodies of knowledge are encoded
for ATP. In the last decade, there has been growing use
of machine learning approaches to addressing these
two key challenges (e.g., in the MaLARea and Enigma
ATP systems). Recent results from the CADE ATP System
Competition (CASC) have shown that the emergence of
machine learning is a potential game-changer for ATP.
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In collaboration with the “State of Al Report”

MOLECULAR SYNTHESIS
Text by Nathan Benaich and Philippe Schwaller

Over the last 25 years, the pharmaceutical industry has
shifted from developing drugs from natural sources (e.g.,
plants) to conducting large-scale screens with chemically
synthesized molecules. Machine learning allows scientists
to determine what potential drugs are worth evaluating in
the lab and the most effective way of synthesizing them.
Various ML models can learn representations of chemical

molecules for the purposes of chemical synthesis planning.

A way to approach chemical synthesis planning is to
represent chemical reactions with a text notation and

cast the task as a machine translation problem. Recent
work since 2018 makes use of the transformer architecture
trained on large datasets of single-step reactions. Later
work in 2020 approached model forward prediction and
retrosynthesis as a sequence of graph edits, where the
predicted molecules were built from scratch.

Notably, these approaches offer an avenue to rapidly
sweep through a list of candidate drug-like molecules in
silico and output synthesizability scores and synthesis
plans. This enables medicinal chemists to prioritize
candidates for empirical validation and could ultimately
let the pharmaceutical industry mine the vast chemical
space to unearth novel drugs to benefit patients.

Test Set Accuracy for Forward Chemical
Synthesis Planning

Figure 2.7.1 shows the top-1 accuracy of models
benchmarked on a freely available dataset of one million
reactions in the U.S. patents.® Top-1 accuracy means that
the product predicted by the model with the highest
likelihood corresponds to the one that was reported

in the ground truth. Data suggests that progress in
chemical synthesis planning has seen steady growth in
the last three years, as the accuracy grew by 15.6% in
2020 from 2017. The latest molecular transformer scored
92% on top-1 accuracy in November 2020.

CHEMICAL SYNTHESIS PLANS BENCHMARK: TOP-1 TEST ACCURACY

Source: Schwaller, 2020 | Chart: 2021 Al Index Report
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6 Acknowledgment: Philippe Schwaller at IBM Research-Europe and the University of Bern provided instructions and resources for gathering and analyzing the data.
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COVID-19 AND DRUG DISCOVERY
Al-powered drug discovery has gone open source to
combat the COVID-19 pandemic. COVID Moonshot is a
crowdsourced initiative joined by over 500 international
scientists to accelerate the development of a COVID-19
antiviral. The consortium of scientists submits their
molecular designs pro bono, with no claims. PostEra,
an Al startup, uses machine learning and computational
tools to assess how easily compounds can be made
using the submissions from the scientists and generates
synthetic routes. After the first week, Moonshot received
over 2,000 submissions, and PostEra designed synthetic
routes in under 48 hours. Human chemists would have
taken three to four weeks to accomplish the same task.

POSTERA: TOTAL NUMBER of MOONSHOT SUBMISSIONS

Source: PostEra, 2020 | Chart: 2021 Al Index Report

Figure 2.7.2 shows the accumulated number of
submissions by scientists over time. Moonshot received
over 10,000 submissions from 365 contributors around
the world in just four months. Toward the end of August
2020, the crowdsourcing had served its purpose, and the
emphasis moved to optimize the lead compounds and set
up for animal testing. As of February 2021, Moonshot aims
to nominate a clinical candidate by the end of March.
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ALPHAFOLD AND PROTEIN FOLDING
The protein folding problem, a grand challenge in
structural biology, considers how to determine the three-
dimensional structure of proteins (essential components
of life) from their one-dimensional representations
(sequences of amino acids’). A solution to this problem
can have wide ranging applications—from better
understanding the cellular basis of life, to fueling drug
discovery, to curing diseases, to engineering de-novo
proteins for industrial tasks, and more.

In recent years, machine learning-based approaches
have started to make a meaningful difference on the
protein folding problem. Most notably, DeepMind’s
AlphaFold debuted in 2018 at the Critical Assessment
of Protein Structure (CASP) competition, a biennial
competition to foster and measure progress on protein
folding. At CASP, competing teams are given amino acid
sequences and tasked to predict the three-dimensional
structures of the corresponding proteins, the latter of

which are determined through laborious and expensive
experimental methods (e.g., nuclear magnetic resonance
spectroscopy, X-ray crystallography, cryo-electron
microscopy, etc.) and unknown to the competitors.
Performance on CASP is commonly measured by the
Global Distance Test (GDT) score, a number between 0
and 100, which measures the similarity between two
protein structures. A higher GDT score is better.

Figure 2.7.3, adapted from the DeepMind blog post,
shows the median GDT scores of the best team on some
of the harder types of proteins to predict (the ‘free-
modelling’ category of proteins) at CASP over the last

14 years. In the past, winning algorithms were typically
based on physics based models; however, in the last two
competitions, Deepmind’s AlphaFold and AlphaFold 2
algorithms achieved winning scores through the partial
incorporation of deep learning techniques.

CASP: MEDIAN ACCURACY of PREDICTIONS in FREE-MODELING by THE BEST TEAM, 2006-20

Source: DeepMind, 2020 | Chart: 2021 Al Index Report
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7 Currently most protein folding algorithms leverage multiple sequence alignments—many copies of a protein sequence representing the same protein across evolution—rather than just a

single sequence.
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EXPERT HIGHLIGHTS

This year, the Al Index asked Al experts to share their thoughts on the most significant technical Al breakthroughs
in 2020. Here’s a summary of their responses, along with a couple of individual highlights.

What was the single most impressive Al advancement in 2020?
« The two most mentioned systems by a significant margin were AlphaFold (DeepMind), a model for molecular
assay, and GPT-3 (OpenAl), a generative text model.

What single trend will define Al in 2021?
« Experts predict that more advances will be built by using pretrained models. For instance, GPT-3 is a
large NLP model that can subsequently be fine-tuned for excellent performance on specific, narrow tasks.
Similarly, 2020 saw various computer vision advancements built on top of models pretrained on very large
image datasets.

What aspect of Al technical progress, deployment, and development are you most excited to
see in 2021?

« “It’s interesting to note the dominance of the Transformers architecture, which started for machine
translation but has become the de facto neural network architecture. More broadly, whereas NLP trailed
vision in terms of adoption of deep learning, now it seems like advances in NLP are also driving vision.” —
Percy Liang, Stanford University

« “The incredible recent advancements in language generation have had a profound effect on the fields of NLP
and machine learning, rendering formerly difficult research challenges and datasets suddenly useless while
simultaneously encouraging new research efforts into the fascinating emergent capabilities (and important
failings) of these complex new models.” —Carissa Schoenick, Allen Institute of Al Research
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Overview

The rise of artificial intelligence (Al) inevitably raises the question of how much

the technologies will impact businesses, labor, and the economy more generally.
Considering the recent progress and numerous breakthroughs in Al, the field offers
substantial benefits and opportunities for businesses, from increasing productivity
gains with automation to tailoring products to consumers using algorithms,
analyzing data at scale, and more.

However, the boost in efficiency and productivity promised by Al also presents
great challenges: Companies must scramble to find and retain skilled talent to
meet their production needs while being mindful about implementing measures to
mitigate the risks of using Al. Moreover, the COVID-19 pandemic has caused chaos
and continued uncertainty for the global economy. How have private companies
relied on and scaled Al technologies to help their business navigate through this
most difficult time?

This chapter looks at the increasingly intertwined relationship between Al and the
global economy from the perspective of jobs, investment, and corporate activity.

It first analyzes the worldwide demand for Al talent using data on hiring rates

and skill penetration rates from LinkedIn as well as Al job postings from Burning
Glass Technologies. It then looks at trends in private Al investment using statistics
from S&P Capital IQ (CaplQ), Crunchbase, and Quid. The third, final section
analyzes trends in the adoption of Al capabilities across companies, trends in robot
installations across countries, and mentions of Al in corporate earnings, drawing
from McKinsey’s Global Survey on Al, the International Federation of Robotics
(IFR), and Prattle, respectively.
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e “Drugs, Cancer, Molecular, Drug Discovery” received the greatest amount of private Al
investment in 2020, with more than USD 13.8 billion, 4.5 times higher than 2019.

e Brazil, India, Canada, Singapore, and South Africa are the countries with the highest
growth in Al hiring from 2016 to 2020. Despite the COVID-19 pandemic, the Al hiring
continued to grow across sample countries in 2020.

e More private investment in Al is being funneled into fewer startups. Despite the pandemic,
2020 saw a 9.3% increase in the amount of private Al investment from 2019—a higher
percentage increase than in 2019 (5.7%), though the number of newly funded companies
decreased for the third year in a row.

e Despite growing calls to address ethical concerns associated with using Al, efforts to
address these concerns in the industry are limited, according to a McKinsey survey. For
example, issues such as equity and fairness in Al continue to receive comparatively little
attention from companies. Moreover, fewer companies in 2020 view personal or individual
privacy risks as relevant, compared with in 2019, and there was no change in the percentage
of respondents whose companies are taking steps to mitigate these particular risks.

e Despite the economic downturn caused by the pandemic, half the respondents in a
McKinsey survey said that the coronavirus had no effect on their investment in Al, while
27% actually reported increasing their investment. Less than a fourth of businesses
decreased their investment in Al.

e The United States recorded a decrease in its share of Al job postings from 2019 to 2020—
the first drop in six years. The total number of Al jobs posted in the United States also
decreased by 8.2%, from 325,724 in 2019 to 300,999 in 2020.
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Attracting and retaining skilled Al talent is challenging. This section examines the latest trend in Al hiring, labor demand,
and skill penetration, with data from LinkedIn and Burning Glass.

3.1JOBS

Al HIRING

How rapidly is the growth of Al jobs in different countries?
This section first looks at LinkedIn data that gives the

Al hiring rate for different countries. The Al hiring rate

is calculated as the number of LinkedIn members who
include Al skills on their profile or work in Al-related
occupations and who added a new employer in the same
month their new job began, divided by the total number of
LinkedIn members in the country. This rate is then indexed
to the average month in 2016; for example, an index of 1.05
in December 2020 points to a hiring rate that is 5% higher
than the average month in 2016. LinkedIn makes month-
to-month comparisons to account for any potential lags

in members updating their profiles. The index for a year is
the average index over all months within that year.

Al HIRING INDEX by COUNTRY, 2020
Source: LinkedlIn, 2020 | Chart: 2021 Al Index Report
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This data suggests that the hiring rate has been
increasing across all sample countries in 2020. Brazil,
India, Canada, Singapore, and South Africa are the
countries with the highest growth in Al hiring from 2016
to 2020 (Figure 3.1.1). Across the 14 countries analyzed,
the Al hiring rate in 2020 was 2.2 times higher, on
average, than that in 2016. For the top country, Brazil,
the hiring index grew by more than 3.5 times. Moreover,
despite the COVID-19 pandemic, Al hiring continued its
growth across the 14 sampled countries in 2020 (Figure
3.1.2).

For more explorations of cross-country comparisons, see
the Al Index Global Al Vibrancy Tool.

2 3

Figure 3.1.1

1 Countries included are a sample of eligible countries with at least 40% labor force coverage by LinkedIn and at least 10 Al hires in any given month. China and India were also included in this sample
because of their increasing importance in the global economy, but LinkedIn coverage in these countries does not reach 40% of the workforce. Insights for these countries may not provide as full a picture

as in other countries, and should be interpreted accordingly.
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Al HIRING INDEX by COUNTRY, 2016-20

Source: LinkedlIn, 2020 | Chart: 2021 Al Index Report
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Al LABOR DEMAND

This section analyzes the Al labor demand based on
data from Burning Glass, an analytics firm that collects
postings from over 45,000 online job sites. To develop

a comprehensive, real-time portrait of labor market
demand, Burning Glass aggregated job postings,
removed duplicates, and extracted data from job posting
text. Note that Burning Glass updated the data coverage
in 2020 with more job sites; as a result, the numbers in
this report should not be directly compared with data in
the 2019 report.

Global Al Labor Demand

Demand for Al labor in six countries covered by Burning
Glass data—the United States, the United Kingdom,
Canada, Australia, New Zealand, and Singapore—has

grown significantly in the last seven years (Figure 3.1.3).
On average, the share of Al job postings among all job
postings in 2020 is more than five times larger than in
2013. Of the six countries, Singapore exhibits the largest
growth, as its percentage of Al job postings across all job
roles in 2020 is 13.5 times larger than in 2013.

The United States is the only country among the six that
recorded a decrease in its share of Al job postings from
2019 to 2020—the first drop in six years. This may be due
to the coronavirus pandemic or the country’s relatively
more mature Al labor market. The total number of Al jobs
posted in the United States also decreased by 8.2%, from
325,724in 2019 to 300,999 in 2020.

Al JOB POSTINGS (% of ALL JOB POSTINGS) by COUNTRY, 2013-20

Source: Burning Glass, 2020 | Chart: 2021 Al Index Report
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U.S. Al Labor Demand: By Skill Cluster

Taking a closer look at the Al labor demand in the United
States between 2013 and 2020, Figure 3.1.4 breaks down
demand during that period year by year according to skill
cluster. Each skill cluster consists of a list of Al-related
skills; for example, the neural network skill cluster includes
skills like deep learning and convolutional neural network.
The Economy chapter appendix provides a complete list of
Al skills under each skill cluster.

Between 2013 and 2020, Al jobs related to machine
learning and artificial intelligence experienced the fastest
growth in online Al job postings in the United States,
increasing from 0.1% of total jobs to 0.5% and 0.03% to
0.3%, respectively. As noted earlier, 2020 shows a decrease
in the share of Al jobs among overall job postings across all
skill clusters.

Between 2013 and
2020, Al jobs related to
machine learning and
artificial intelligence
experienced the fastest
growth in online Al job
postings in the United
States, increasing from
0.1% of total jobs to
0.5% and 0.03% to 0.3%,
respectively.

Al JOB POSTINGS (% of ALL JOB POSTINGS) in the UNITED STATES by SKILL CLUSTER, 2013-20

Source: Burning Glass, 2020 | Chart: 2021 Al Index Report
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U.S. Labor Demand: By Industry

To dive deeper into how Al job demand in the U.S. labor
market varies across industries, this section looks at the
share of Al job postings across all jobs posted in the United
States by industry in 2020 (Figure 3.1.5) as well as the
trend in the past 10 years (Figure 3.1.6).

In 2020, industries focused on information (2.8%);
professional, scientific, and technical services (2.5%); and
agriculture, forestry, fishing, and hunting (2.1%) had the
highest share of Al job postings among all job postings

in the United States. While the first two have always
dominated demand for Al jobs, the agriculture, forestry,
fishing, and hunting industry saw the biggest jump—by
almost 1 percentage point—in the share of Al jobs from
2019 to 2020.

In 2020, industries
focused on information
(2.8%); professional,
scientific, and technical
services (2.5%); and
agriculture, forestry,
fishing, and hunting
(2.1%) had the highest
share of Al job postings
among all job postings in
the United States.

Al JOB POSTINGS (% of ALL JOB POSTINGS) in the UNITED STATES by INDUSTRY, 2020

Source: Burning Glass, 2020 | Chart: 2021 Al Index Report
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Al JOB POSTINGS (% of ALL JOB POSTINGS) in the UNITED STATES by INDUSTRY, 2013-20

Source: Burning Glass, 2020 | Chart: 2021 Al Index Report
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U.S. Labor Demand: By State

As the competition for Al talent intensifies, where are
companies seeking employees with machine learning, data
science, and other Al-related skills within the United States?

Figure 3.1.7 examines the labor demand by U.S. state in
2020, plotting the share of Al job postings across all job
postings on the y-axis and the total number of Al jobs
posted on a log scale on the x-axis. The chart shows that
the District of Columbia has the highest share of Al jobs
posted (1.88%), overtaking Washington state in 2019; and

California remains the state with the highest number of Al
job postings (63,433).

In addition to Washington, D.C., six states registered

over 1% of Al job postings among all job postings—
Washington, Virginia, Massachusetts, California, New York,
and Maryland—compared with five last year. California
also has more Al job postings than the next three states
combined, which are Texas (22,539), New York (18,580),
and Virginia (17,718).

Al JOB POSTINGS (TOTAL and % of ALL JOB POSTINGS) by U.S. STATE and DISTRICT, 2020

Source: Burning Glass, 2020 | Chart: 2021 Al Index Report

2.0%

1.5%

1.0%

Al Job Postings (% of All Job Postings)

District of Columbia

@ Washington

Virginia
o
Massachusetts
California
o
New York
[ ]
Maryland

New Jersey ‘ @ North Carolina

Delaware @ o Arizona lllinois
® | New Mexico Connecticut o ®
South Dakota P ([ ) Pennsylvania  Texas
. ® Missouri . . .
Vermont S © Hawaii Oregon Michigan Ohio
0.5%
5% Maine L d L d ® @ Alabama @
Idaho @@ Wi . ®
Montana ® P isconsin Florids
® Alask [ ] [} o ~ Indiana
Wyoming aska @ Louisiana
Arkansas
0.0%
100 200 500 1,000 2,000 5,000 10,000 20,000 50,000 100,000

Number of Al Job Postings (Log Scale)

© CHAPTER 3 PREVIEW
O TABLE OF CONTENTS

Figure 3.1.7

90



Artificial Intelligence
Index Report 2021

[a1

CHAPTER 3:
3.1 JOBS

THE ECONOMY

Al SKILL PENETRATION

How prevalent are Al skills across occupations? The Al skill
penetration metric shows the average share of Al skills
among the top 50 skills in each occupation, using LinkedIn
data that includes skills listed on a member’s profile,
positions held, and the locations of the positions.

Global Comparison

For cross-country comparison, the relative penetration
rate of Al skills is measured as the sum of the penetration
of each Al skill across occupations in a given country,
divided by the average global penetration of Al skills
across the same occupations. For example, a relative

penetration rate of 2 means that the average penetration
of Al skills in that country is 2 times the global average
across the same set of occupations.

Among the sample countries shown in Figure 3.1.8, the
aggregated data from 2015 to 2020 shows that India (2.83
times the global average) has the highest relative Al skill
penetration rate, followed by the United States (1.99 times
the global average), China (1.40 times the global average),
Germany (1.27 times the global average), and Canada (1.13
times the global average).?

RELATIVE Al SKILL PENETRATION RATE by COUNTRY, 2015-20

Source: LinkedIn, 2020 | Chart: 2021 Al Index Report
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Figure 3.1.8

2 Countries included are a select sample of eligible countries with at least 40% labor force coverage by LinkedIn and at least 10 Al hires in any given month. China and India were included in this sample
because of their increasing importance in the global economy, but LinkedIn coverage in these countries does not reach 40% of the workforce. Insights for these countries may not provide as full a picture

as other countries, and should be interpreted accordingly.
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Global Comparison: By Industry

To provide an in-depth sectoral decomposition of Al skill industries, while the United States and China frequently
penetration across industries and sample countries, appear high up on the list. Other pockets of specialization
Figure 3.1.9 includes the aggregated data of the top five worth highlighting with relative skill penetration rates of
industries with the highest Al skill penetration globally more than 1include Germany in hardware and networking
in the last five years: education, finance, hardware and as well as manufacturing; and Israel in manufacturing and
networking, manufacturing, and software and IT.2 India education.

has the highest relative Al skill penetration across all five

RELATIVE Al SKILL PENETRATION RATE by INDUSTRY, 2015-20

Source: LinkedIn, 2020 | Chart: 2021 Al Index Report
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Figure 3.1.9

3 Countries included are a select sample of eligible countries with at least 40% labor force coverage by LinkedIn and at least 10 Al hires in any given month. China and India were included in this sample
because of their increasing importance in the global economy, but LinkedIn coverage in these countries does not reach 40% of the workforce. Insights for these countries may not provide as full a picture
as other countries, and should be interpreted accordingly.
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This section explores the investment activity of private companies by NetBase Quid based on data from CaplQ and
Crunchbase. Specifically, it looks at the latest trends in corporate Al investment, such as private investment, public
offerings, mergers and acquisitions (M&A), and minority stakes related to Al. The section then focuses on the private
investment in Al, or how much private funding goes into Al startups and which sectors are attracting significant
investment and in which countries.

3.2 INVESTMENT

CORPORATE INVESTMENT

The total global investment in Al, including private in 2020 are driving up the total corporate investment in
investment, public offerings, M&A, and minority stakes, Al. M&A made up the majority of the total investment
increased by 40% in 2020 relative to 2019 for a total of amount in 2020, increasing by 121.7% relative to 2019.
USD 67.9 billion (Figure 3.2.1). Given the pandemic, many  Several high-profile acquisitions related to Al took
small businesses have suffered disproportionately. As a place in 2020, including NVIDIA’s acquisition of Mellanox

result, industry consolidation and increased M&A activity ~ Technologies and Capgemini’s of Altran Technologies.

GLOBAL CORPORATE INVESTMENT in Al by INVESTMENT ACTIVITY, 2015-20

Source: CaplQ, Crunchbase, and NetBase Quid, 2020 | Chart: 2021 Al Index Report
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STARTUP ACTIVITY

The following section analyzed the trend of
private investment in Al startups that have
received investments of over USD 400,000 in
the last 10 years. While the amount of private
investment in Al has soared dramatically in
recent years, the rate of growth has slowed.

Global Trend

More private investment in Al is being funneled
into fewer startups. Despite the pandemic,
2020 saw a 9.3% increase in the amount of
private Al investment from 2019—a higher
percentage than the 5.7% increase in 2019
(Figure 3.2.2), though the number of companies
funded decreased for the third year in a row
(Figure 3.2.3). While there was a record high of
more than USD 40 billion in private investment
in 2020, that represents only a 9.3% increase
from 2019—compared with the largest increase
of 59.0%, observed between 2017 and 2018.
Moreover, the number of funded Al startups
continued a sharp decline from its 2017 peak.

NUMBER OF NEWLY FUNDED Al COMPANIES in the WORLD, 2015-20

CHAPTER 3:
THE ECONOMY

3.2 INVESTMENT

PRIVATE INVESTMENT in FUNDED Al COMPANIES, 2015-20
Source: CaplQ, Crunchbase, and NetBase Quid, 2020 | Chart: 2021 Al Index Report

Total Investment (in Millions of U.S. Dollars)

Source: CaplQ, Crunchbase, and NetBase Quid, 2020 | Chart: 2021 Al Index Report
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Regional Comparison
As shown in Figure 3.2.4, the United States remains the leading destination for private investment, with over USD 23.6
billion in funding in 2020, followed by China (USD 9.9 billion) and the United Kingdom (USD 1.9 billion).

PRIVATE INVESTMENT in Al by COUNTRY, 2020

Source: CaplQ, Crunchbase, and NetBase Quid, 2020 | Chart: 2021 Al Index Report
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Figure 3.2.4
A closer examination of the three contenders leading 2018, its investment level in 2020 is less than half that of
the Al race—the United States, China, and the European the United States (Figure 3.2.5). It is important to note,
Union—further validates the United States’ dominant however, that China has strong public investments in
position in private Al investment. While China saw an Al. Both the central and local governments in China are
exceptionally high amount of private Al investment in spending heavily on Al R&D.*
4 See “A Brief Examination of Chinese Government Expenditures on Artificial Intelligence R&D” (2020) by the Institute for Defense Analyses for more details.
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PRIVATE INVESTMENT in Al by GEOGRAPHIC AREA, 2015-20

Source: CAPIQ, Crunchbase, and NetBase Quid, 2020 | Chart: 2021 Al Index Report
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Focus Area Analysis

Figure 3.2.6 shows the ranking of the top 10 focus areas In addition to Drugs, Cancer, Molecular, Drug Discovery,”
that receive the greatest amount of private investment both “Games, Fans, Gaming, Football” and “Students,

in 2020 as well as their respective investment amount Courses, Edtech, English Language” saw a significant

in 2019. The “Drugs, Cancer, Molecular, Drug Discovery” increase in the amount of private Al investment from
area tops the list, with more than USD 13.8 billion in 2019 to 2020. The former is largely driven by several
private Al investment—4.5 times higher than 2019— financing rounds to gaming and sports startups in
followed by “Autonomous Vehicles, Fleet, Autonomous the United States and South Korea, while the latter is
Driving, Road” (USD 4.5 billion), and “Students, Courses, boosted by investments in an online education platform
Edtech, English Language” (USD 4.1 billion). in China.

GLOBAL PRIVATE INVESTMENT in Al by FOCUS AREA, 2019 vs 2020

Source: CaplQ, Crunchbase, and NetBase Quid, 2020 | Chart: 2021 Al Index Report
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This section reviews how corporations have capitalized on the advances in Al, using Al and automation to their advantage
and generating value at scale. While the number of corporations starting to deploy Al technologies has surged in recent
years, the economic turmoil and impact of COVID-19 in 2020 have slowed that rate of adoption. The latest trends in
corporate Al activities are examined through data on the adoption of Al capabilities by McKinsey’s Global Survey on

Al, trends in robot installations across the globe by the International Federation of Robotics (IFR), and mentions of Al in
corporate earnings calls by Prattle.

3.3 CORPORATE ACTIVITY

INDUSTRY ADOPTION Global Adoption of Al

This section shares the results of a McKinsey & Company ~ The 2020 survey results suggest no increase in Al
survey of 2,395 respondents: individuals representing adoption relative to 2019. Over 50% of respondents
companies from a range of regions, industries, sizes, say that their organizations have adopted Al in at least
functional specialties, and tenures. one business function (Figure 3.3.1). In 2019, 58% of

respondents said their companies adopted Al in at least
one function, although the 2019 survey asked about
companies’ Al adoption differently.

McKinsey & Company’s “The State of Al in 2020”
report contains the full results of this survey, including
insights on how different companies have adopted Al

across functions, core best practices shared among the In 2020, companies in developed Asia-Pacific countries
companies that are generating the greatest value from led in Al adoptions, followed by those in India and North
Al, and the impacts of the COVID-19 pandemic on these America. While Al adoption was about equal across
companies’ Al investment plans. regions in 2019, this year’s respondents working for

companies in Latin America and in other developing
countries are much less likely to report adopting Al in at
least one business function.

Al ADOPTION by ORGANIZATIONS GLOBALLY, 2020

Source: McKinsey & Company, 2020 | Chart: 2021 Al Index Report
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Al Adoption by Industry and Function
Respondents representing companies in high tech and
telecom were most likely to report Al adoption in 2020,
similar to the 2019 results, followed in second place by
both financial services and automotive and assembly
(Figure 3.3.2).

In another repeat from 2019 (and 2018), the 2020 survey
suggests that the functions where companies are most
likely to adopt Al vary by industry (Figure 3.3.3). For
example, respondents in the automotive and assembly
industry report greater Al adoption for manufacturing-
related tasks than any other; respondents in financial
services report greater Al adoption for risk functions; and
respondents in high tech and telecom report greater Al

adoption for product and service development functions.

Across industries, companies in 2020 are most likely

to report using Al for service operations (such as field
services, customer care, back office), product and service
development, and marketing and sales, similar to the
survey results in 2019.

Al ADOPTION by INDUSTRY, 2020

Source: McKinsey & Company, 2020 | Chart: 2021 Al Index Report
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Type of Al Capabilities Adopted

By industry, the type of Al capabilities adopted varies
(Figure 3.3.4). Across industries, companies in 2020
were most likely to identify other machine learning
techniques, robotic process automation, and computer
vision as capabilities adopted in at least one business
function.

Industries tend to adopt Al capabilities that best serve
their core functions. For example, physical robotics,
as well as autonomous vehicles, are most frequently
adopted by industries where manufacturing and
distribution play a large role—such as automotive
and assembly, and consumer goods and retail.
Natural language processing capabilities, such as
text understanding, speech understanding, and text
generation, are frequently adopted by industries with
high volumes of customer or operational data in text
forms; these include business, legal, and professional
services, financial services, healthcare, and high tech
and telecom.
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Figure 3.3.2
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Al ADOPTION by INDUSTRY & FUNCTION, 2020

Source: McKinsey & Company, 2020 | Chart: 2021 Al Index Report
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Al CAPABILITIES EMBEDDED in STANDARD BUSINESS PROCESSES, 2020
Source: McKinsey & Company, 2020 | Chart: 2021 Al Index Report
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Consideration and Mitigation of Risks from
Adopting Al

Only a minority of companies acknowledge the risks
associated with Al, and even fewer report taking steps
to mitigate those risks (Figure 3.3.5 and Figure 3.3.6).
Relative to 2019, the share of survey respondents
citing each risk as relevant has largely remained flat;
that is, most changes were not statistically significant.
Cybersecurity remains the only risk a majority of
respondents say their organizations consider relevant.
A number of less commonly cited risks, such as national
security and political stability, were more likely to be
seen as relevant by companies in 2020 than in 2019.

Despite growing calls to attend to ethical concerns
associated with the use of Al, efforts to address these
concerns in the industry are limited. For example,
concerns such as equity and fairness in Al use continue

to receive comparatively little attention from companies.

Moreover, fewer companies in 2020 view personal or
individual privacy as a risk from adopting Al compared
with in 2019, and there is no change in the percentage
of respondents whose companies are taking steps to
mitigate this particular risk.
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Relative to 2019, the share
of survey respondents
citing each risk as
relevant has largely
remained flat; that is,
most changes were not
statistically significant.
Cybersecurity remains
the only risk a majority
of respondents say their
organizations consider
relevant.
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RISKS from ADOPTING Al THAT ORGANIZATIONS CONSIDER RELEVANT, 2020
Source: McKinsey & Company, 2020 | Chart: 2021 Al Index Report
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RISKS from ADOPTING Al THAT ORGANIZATIONS TAKE STEPS to MITGATE, 2020
Source: McKinsey & Company, 2020 | Chart: 2021 Al Index Report
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The Effect of COVID-19

Despite the economic downturn caused by the pandemic,
half of respondents said the pandemic had no effect

on their investment in Al, while 27% actually reported
increasing their investment. Less than a fourth of
businesses decreased their investment in Al (Figure
3.3.7).° By industry, respondents in healthcare and
pharma as well as automotive and assembly were the
most likely to report that their companies had increased
investment in Al.

Despite the economic
downturn caused by
the pandemic, half of
respondents said the
pandemic had no effect
on their investment in
Al, while 27% actually
reported increasing
their investment.

CHANGES in Al INVESTMENTS AMID the COVID-19 PANDEMIC

Source: McKinsey & Company, 2020 | Chart: 2021 Al Index Report
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5 Figures may not sum to 100% because of rounding.
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INDUSTRIAL ROBOT INSTALLATIONS
Right now, Al is being deployed widely onto consumer
devices like smartphones and personal vehicles

(e.g., self-driving technology). But relatively little Al

is deployed on actual robots.® That may change as
researchers develop software to integrate Al-based
approaches with contemporary robots. For now, it is
possible to measure global sales of industrial robots

to draw conclusions about the amount of Al-ready
infrastructure being bought worldwide. While the COVID-
19-induced economic crisis will lead to a decline in robot
sales in the short term, the International Federation of
Robotics (IFR) expects the pandemic to generate global
growth opportunities for the robotics industry in the
medium term.

GLOBAL INDUSTRIAL ROBOT INSTALLATIONS, 2012-19

Source: International Federation of Robotics, 2020 | Chart: 2021 Al Index Report
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After six years of growth, the number of new industrial
robots installed worldwide decreased by 12%, from
422,271 units in 2018 to 373,240 units in 2019 (Figure
3.3.8). The decline is a product of trade tensions between
the United States and China as well as challenges faced
by the two primary customer industries: automotive and
electrical/electronics.

With the automotive industry taking the lead (28% of
total installations), followed by electrical/electronics
(24%), metal and machinery (12%), plastics and chemical
products (5%), and food and beverages (3%).” It is
important to note that these metrics are a measurement
of installed infrastructure that is susceptible to adopting
new Al technologies and does not indicate whether every
new robot used a significant amount of Al.

2012 2013 2014

2015

2016 2017 2018 2019

Figure 3.3.8

6 For more insights on the adoption of Al and robots by the industry, read the National Bureau of Economic Research working paper based on the 2018 Annual Business Survey by the U.S. Census Bureau,
“Advancing Technologies Adoption and Use by U.S. Firms: Evidence From the Annual Business Survey” (2020).

7 Note that there is no information on the customer industry for approximately 20% of robots installed.
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Regional Comparison

Asia, Europe, and North America—three of the largest Asia , Eu rope, a nd North
industrial robot markets—all witnessed the end of a six- .

year growth period in robot installations (Figure 3.3.9). America _th ree Of the
North America experienced the sharpest decline, of 16%, |a rgest ind ustrial I‘ObOt

in 2019, compared with 5% in Europe and 13% in Asia. .
, _ - markets—all witnhessed
Figure 3.3.10 shows the number of installations in the

five major markets for industrial robot markets. All five— the end of a six-year

accounting for 73% of global robot installations—saw . .
. ; growth period in robot
roughly the same decline, except for Germany, which saw

a slight bump in installations between 2018 and 2019. installations. North

Despite the downward trend in China, it is worth noting . . h

that the country had more industrial robots in 2019 than Amerlca experlenced the
the other four countries combined. sharpest decline, of 16%, in

2019, compared with 5% in
Europe and 13% in Asia.

NEW INDUSTRIAL ROBOT INSTALLATIONS by REGION, 2017-19

Source: International Federation of Robotics, 2020 | Chart: 2021 Al Index Report
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NEW INDUSTRIAL ROBOT INSTALLATIONS in FIVE MAJOR MARKETS, 2017-19

Source: International Federation of Robotics, 2020 | Chart: 2021 Al Index Report
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EARNINGS CALLS

Mentions of Al in corporate earnings calls have increased substantially since 2013, as Figure 3.3.11 shows. In 2020, the number
of mentions of Al in earning calls was two times higher than mentions of big data, cloud, and machine learning combined,
though that figure declined by 8.5% from 2019. The mentions of big data peaked in 2017 and have since declined by 57%.

MENTIONS of Al in CORPORATE EARNINGS CALLS, 2011-20

Source: Prattle & Liquidnet, 2020 | Chart: 2021 Al Index Report
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Overview

As Al has become a more significant driver of economic activity, there has been
increased interest from people who want to understand it and gain the necessary
qualifications to work in the field. At the same time, rising Al demands from
industry are tempting more professors to leave academia for the private sector.
This chapter focuses on trends in the skills and training of Al talent through various

education platforms and institutions.

What follows is an examination of data from an Al Index survey on the state of Al
education in higher education institutions, along with a discussion on computer
science (CS) undergraduate graduates and PhD graduates who specialized in
Al-related disciplines, based on the annual Computing Research Association
(CRA) Taulbee Survey. The final section explores trends in Al education in Europe,
drawing on statistics from the Joint Research Centre (JRC) at the European

Commission.
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CHAPTER HIGHLIGHTS

An Al Index survey conducted in 2020 suggests that the world’s top universities have
increased their investment in Al education over the past four years. The number of courses
that teach students the skills necessary to build or deploy a practical Al model on the
undergraduate and graduate levels has increased by 102.9% and 41.7%, respectively, in the
last four academic years.

More Al PhD graduates in North America chose to work in industry in the past 10 years,
while fewer opted for jobs in academia, according to an annual survey from the Computing
Research Association (CRA). The share of new Al PhDs who chose industry jobs increased by
48% in the past decade, from 44.4% in 2010 to 65.7% in 2019. By contrast, the share of new Al
PhDs entering academia dropped by 44%, from 42.1% in 2010 to 23.7% in 2019.

In the last 10 years, Al-related PhDs have gone from 14.2% of the total of CS PhDs granted in
the United States, to around 23% as of 2019, according to the CRA survey. At the same time,
other previously popular CS PhDs have declined in popularity, including networking, software
engineering, and programming languages. Compilers all saw a reduction in PhDs granted
relative to 2010, while Al and Robotics/Vision specializations saw a substantial increase.

After a two-year increase, the number of Al faculty departures from universities to industry
jobs in North America dropped from 42 in 2018 to 33 in 2019 (28 of these are tenured faculty
and five are untenured). Carnegie Mellon University had the largest number of Al faculty
departures between 2004 and 2019 (16), followed by the Georgia Institute of Technology (14)
and University of Washington (12).

The percentage of international students among new Al PhDs in North America continued to
rise in 2019, to 64.3%—a 4.3% increase from 2018. Among foreign graduates, 81.8% stayed in
the United States and 8.6% have taken jobs outside the United States.

In the European Union, the vast majority of specialized Al academic offerings are taught at
the master’s level; robotics and automation is by far the most frequently taught course in the
specialized bachelor’s and master’s programs, while machine learning (ML) dominates in the
specialized short courses.
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4.1 STATE OF Al EDUCATION IN
HIGHER EDUCATION INSTITUTIONS

In 2020, Al Index developed a survey that
asked computer science departments or
schools of computing and informatics

at top-ranking universities around

the world and in emerging economies
about four aspects of their Al education:

undergraduate program offerings, graduate

program offerings, offerings on Al ethics,
and faculty expertise and diversity. The

survey was completed by 18 universities
from nine countries.! Results from the Al

Index survey indicate that universities have

increased both the number of Al courses
they offer that teach students how to build
and deploy a practical Al model and the
number of Al-focused faculty.

UNDERGRADUATE Al
COURSE OFFERINGS

Course offerings at the undergraduate
level were examined by evaluating trends
in courses that teach students the skills
necessary to build or deploy a practical Al
model, intro-level Al and ML courses, and
enrollment statistics.

Undergraduate Courses That
Teach Al Skills

The survey results suggest that CS
departments have invested heavily in
practical Al courses in the past four
academic years (AY).2 The number of

NUMBER of UNDERGRADUATE COURSES THAT TEACH STUDENTS
the SKILLS NECESSARY to BUILD or DEPLOY a PRACTICAL Al
MODEL, AY 2016-20

Source: Al Index, 2020 | Chart: 2021 Al Index Report
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Figure 4.11

courses on offer that teach students the skills necessary to build or
deploy a practical Al model has increased by 102.9%, from 102 in AY
2016-17 to 207 in AY 2019-20, across 18 universities (Figure 4.1.1).

Intro-Level Al and ML Courses

The data shows that the number of students who enrolled in or
attempted to enrollin an Introduction to Artificial Intelligence
course and Introduction to Machine Learning course has jumped by
almost 60% in the past four academic years (Figure 4.1.2).3

The slight drop in enrollment in the intro-level Al and ML courses
in AY 2019-20 is mostly driven by the decrease in the number of
course offerings at U.S. universities. Intro-level course enrollment

1The survey was distributed to 73 universities online over three waves from November 2020 to January 2021 and completed by 18 universities, a 24.7% response rate. The 18 universities are—Belgium:
Katholieke Universiteit Leuven; Canada: McGill University; China: Shanghai Jiao Tong University, Tsinghua University; Germany: Ludwig Maximilian University of Munich, Technical University of Munich;
Russia: Higher School of Economics, Moscow Institute of Physics and Technology; Switzerland: Ecole Polytechnique Fédérale de Lausanne; United Kingdom: University of Cambridge; United States:
California Institute of Technology, Carnegie Mellon University (Department of Machine Learning), Columbia University, Harvard University, Stanford University, University of Wisconsin-Madison,

University of Texas at Austin, Yale University.

2 See here for a list of keywords on practical artificial intelligence models provided to the survey respondents. A course is defined as a set of classes that require a minimum of 2.5 class hours (including
lecture, lab, TA hours, etc.) per week for at least 10 weeks in total. Multiple courses with the same titles and numbers count as one course.
3 For universities that have a cap on course registration, the number of students who attempted to enroll in the intro-level Al and ML courses are included.
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in the European Union has gradually
increased by 165% in the past four
academic years, while such enrollment

in the United States has seen a clear

dip in growth in the last academic

year (Figure 4.1.3). Six of the eight

U.S. universities surveyed say that the
number of (attempted) enrollments for
the introductory Al and ML courses has
decreased within the last year. Some
universities cited students taking leaves
during the pandemic as the main cause

of the drop; others mentioned structural
changes in intro-level Al course offerings—
such as creating Intro to Data Science last
year—that may have driven students away

from traditional intro to Al and ML courses.

4.1 STATE OF Al EDUCATION
IN HIGHER EDUCATION
INSTITUTIONS

CHAPTER 4:

Al EDUCATION

NUMBER of STUDENTS WHO ENROLLED or ATTEMPTED to ENROLL
in INTRO to Al and INTRO to ML COURSES, AY 2016-20

Source: Al Index, 2020 | Chart: 2021 Al Index Report
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Figure 4.1.2

PERCENTAGE CHANGE in the NUMBER of STUDENTS WHO ENROLLED or ATTEMPTED to ENROLL in INTRO to Al and
INTRO to ML COURSES by GEOGRAPHIC AREA, AY 2016-20

Source: Al Index, 2020 | Chart: 2021 Al Index Report
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GRADUATE Al COURSE
OFFERINGS

The survey also looks at course offerings
at the graduate or advanced degree level,
specifically at graduate courses that teach
students the skills necessary to build or
deploy a practical Al model.*

Graduate Courses That Focus

on Al Skills

Graduate offerings that teach students
the skills required to build or deploy a
practical Al model increased by 41.7% in
the last four academic years, from 151
courses in AY 2016-17 to 214 in AY 2019-20
(Figure 4.1.4).

FACULTY WHO FOCUS ON
Al RESEARCH

As shown in Figure 4.1.5, the number

of tenure-track faculty with a primary
research focus on Al at the surveyed
universities grew significantly over the
past four academic years, in keeping

with the rising demand for Al classes and
degree programs. The number of Al-
focused faculty grew by 59.1%, from 105 in
AY 2016-17 to 167 in AY 2019-20.

NUMBER of GRADUATE COURSES THAT TEACH STUDENTS the
SKILLS NECESSARY to BUILD or DEPLOY a PRACTICAL Al MODEL,
AY 2016-20

Source: Al Index, 2020 | Chart: 2021 Al Index Report
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Figure 4.1.4

NUMBER of TENURE-TRACK FACULTY WHO PRIMARILY FOCUS
THEIR RESEARCH on Al, AY 2016-20

Source: Al Index, 2020 | Chart: 2021 Al Index Report
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Figure 4.1.5

4 See here for a list of keywords on practical artificial intelligence models provided to the survey respondents. A course is defined as a set of classes that require a minimum of 2.5 class hours (including
lecture, lab, TA hours, etc.) per week for at least 10 weeks in total. Multiple courses with the same titles and numbers count as one course.
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This section presents findings from the annual Taulbee Survey from the Computing Research Association (CRA). The annual
CRA survey documents trends in student enrollment, degree production, employment of graduates, and faculty salaries in
academic units in the United States and Canada that grant doctoral degrees in computer science (CS), computer engineer-
ing (CE), or information (I). Academic units include departments of computer science and computer engineering or, in some
cases, colleges or schools of information or computing.

4.2 Al AND CS DEGREE GRADUATES
IN NORTH AMERICA

CS UNDERGRADUATE GRADUATES NEW CS PHDS IN THE

IN NORTH AMERICA UNITED STATES

Most Al-related courses in North America are a part of The section examines the trend of CS PhD graduates in
the CS course offerings at the undergraduate level. The the United States with a focus on those with Al-related
number of new CS undergraduate graduates at doctoral specialties.® The CRA survey includes 20 specialties in
institutions in North America has grown steadily in the last  total, two of which are directly related to the field of Al,
10 years (Figure 4.2.1). More than 28,000 undergraduates including “artificial intelligence/machine learning” and
completed CS degrees in 2019, around three times higher “robotics/vision.”

than the numberin 2010.

NUMBER of NEW CS UNDERGRADUATE GRADUATES at DOCTORAL INSTITUTIONS in NORTH AMERICA, 2010-19

Source: CRA Taulbee Survey, 2020 | Chart: 2021 Al Index Report
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Figure 4.2.1

5 New CS PhDs in this section include PhD graduates from academic units (departments, colleges, or schools within universities) of computer science in the United States.
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NEW CS PHDS BY SPECIALTY

Among all computer science PhD graduates in 2019, those
who specialized in artificial intelligence/machine learning
(22.8%), theory and algorithms (8.0%), and robotics/
vision (7.3%) top the list (Figure 4.2.2). The Al/ML specialty
has been the most popular in the past decade, and the
number of Al/ML graduates in 2019 is higher than the
number of the next five specialties combined. Moreover,
robotics/vision jumped from the eighth most popular
specialization in 2018 to the third in 2019.

CHAPTER 4: 4.2 Al AND CS DEGREE

Al EDUCATION

GRADUATES IN NORTH
AMERICA

Over the past 10 years, Al/ML and robotics/vision are the
CS PhD specializations that exhibit the most significant
growth, relative to 18 other specializations (Figure 4.2.3).
The percentage of Al/ML-specialized CS PhD graduates
among all new CS PhDs in 2020 is 8.6 percentage points
(pp) larger than in 2010, followed by robotics/vision-
specialized doctorates at 2.4 pp. By contrast, the share
of CS PhDs specializing in networks (-4.8 pp), software
engineering (-3.6 pp), and programming languages/
compilers (-3.0 pp) experienced negative growth in 2020.

NEW CS PHDS (% of TOTAL) in the UNITED STATES by SPECIALITY, 2019

Source: CRA Taulbee Survey, 2020 | Chart: 2021 Al Index Report
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PERCENTAGE POINT CHANGE in NEW CS PHDS in the UNITED STATES from 2010 to 2019 by SPECIALTY
Source: CRA Taulbee Survey, 2020 | Chart: 2021 Al Index Report
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NEW CS PHDS WITH AI/ML AND ROBOTICS/VISION SPECIALTIES

Figure 4.2.4a and Figure 4.2.4b take a closer look at the number of recent Al PhDs specializing in Al/ML or robotics/
vision in the United States. Between 2010 and 2019, the number of Al/ML-focused graduates grew by 77%, while the
percentage of these new PhDs among all CS PhD graduates increased by 61%. The number of both Al/ML and robotics/
vision PhD graduates reached an all-time high in 2019.

NEW CS PHDS with Al/ML and ROBOTICS/VISION NEW CS PHDS (% of TOTAL) with Al/ML and
SPECIALTY in the UNITED STATES, 2010-19 ROBOTICS/VISION SPECIALTY in the UNITED STATES,
Source: CRA Taulbee Survey, 2020 | Chart: 2021 Al Index Report 2010-19
Source: CRA Taulbee Survey, 2020 | Chart: 2021 Al Index Report
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Figure 4.2.4a Figure 4.2.4b
© CHAPTER 4 PREVIEW 117

O TABLE OF CONTENTS



4.2 Al AND CS DEGREE

| Artificial Intelligence CHAPTER 4:
HI Index Report 2021 Al EDUCATION ﬁ:n:DR:"::ES INNORTH

NEW Al PHDS EMPLOYMENT IN NORTH AMERICA
Where do new Al PhD graduates choose to work? This section captures the employment trends of new Al PhDs in
academia and industry across North America.®

Industry vs. Academia

In the past 10 years, the number of new Al PhD graduates in North America who chose industry jobs continues to grow, as
its share increased by 48%, from 44.4% in 2010 to 65.7% in 2019 (Figure 4.2.5a and Figure 4.2.5b). By contrast, the share
of new Al PhDs entering academia dropped by 44%, from 42.1% in 2010 to 23.7% in 2019. As is clear from Figure 4.2.5b,
these changes are largely a reflection of the fact that the number of PhD graduates entering academia has remained
roughly level through the decade, while the large increase in PhD output is primarily being absorbed by the industry.

EMPLOYMENT of NEW Al PHDS to ACADEMIA or EMPLOYMENT of NEW Al PHDS (% of TOTAL) to
INDUSTRY in NORTH AMERICA, 2010-19 ACADEMIA or INDUSTRY in NORTH AMERICA, 2010-19
Source: CRA Taulbee Survey, 2020 | Chart: 2021 Al Index Report Source: CRA Taulbee Survey, 2020 | Chart: 2021 Al Index Report
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Figure 4.2.5a Figure 4.2.5b

6 New Al PhDs in this section include PhD graduates who specialize in artificial intelligence from academic units (departments, colleges, or schools within universities) of computer science, computer
engineering, and information in the United States and Canada.
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GRADUATES IN NORTH
AMERICA

NEW INTERNATIONAL Al PHDS (% of TOTAL NEW Al PHDS) in NORTH AMERICA, 2010-19

Source: CRA Taulbee Survey, 2020 | Chart: 2021 Al Index Report
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The percentage of international students
among new Al PhD graduates in North
America continued to rise in 2019, to
64.3%—a 4.3 percentage point increase from
2018 (Figure 4.2.6). For comparison, of all
PhDs with a known specialty area, 63.4% of
computer engineering, 59.6% of computer
science, and 29.5% of information recipients
are international students in 2019.

Moreover, among foreign Al PhD graduates
in 2019 in the United States specifically,
81.8% stayed in the United States for
employment and 8.6% have taken jobs
outside the United States (Figure 4.2.7).

In comparison, among all international
student graduates with known specialties,
77.9% have stayed in the United States
while 10.4% were employed elsewhere.
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Figure 4.2.6

INTERNATIONAL NEW Al PHDS (% of TOTAL) in the UNITED STATES
by LOCATION OF EMPLOYMENT, 2019

Source: CRA Taulbee Survey, 2020 | Chart: 2021 Al Index Report
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AND BEYOND

This section presents research from the Joint Research Center at the European Commission that assessed the academic offerings
of advanced digital skills in 27 European Union member states as well as six other countries: the United Kingdom, Norway,
Switzerland, Canada, the United States, and Australia. This was the second such study,” and the 2020 version addressed four
technological domains: artificial intelligence (Al), high performance computing (HPC), cybersecurity (CS), and data science (DS),
applying text-mining and machine-learning techniques to extract content related to study programs addressing the specific
domains. See the reports “Academic Offer of Advanced Digital Skills in 2019-20. International Comparison” and “Estimation of
Supply and Demand of Tertiary Education Places in Advanced Digital Profiles in the EU,” for more detail.

4.3 Al EDUCATION IN THE
EUROPEAN UNION AND BEYOND

Al OFFERINGS IN EU27

The study revealed a total number of 1,032 Al programs students with strong competencies for the workforce.
across program scopes and program levels in the 27 EU Germany leads the other member nations in offering
countries (Figure 4.3.1). The overwhelming majority of the most specialized Al programs, followed by the
specialized Al academic offerings in the EU are taught at Netherlands, France, and Sweden. France tops the list in
the master’s level, which leads to a degree that equips offering the most Al programs at the master’s level.

NUMBER of SPECIALIZED Al PROGRAMS in EU27, 2019-20

Source: Joint Research Centre, European Commission, 2020 | Chart: 2021 Al Index Report
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Figure 4.3.1

7 Note that the 2020 report introduced methodological improvements from the 2019 version; therefore, a strict comparison is not possible. Improvements include the removal of certain keywords and
the addition of others to identify the programs. Still, more than 90% of all detected programs in the 2020 edition are triggered by keywords present in the 2019 study.
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By Content Taught in Al-Related Courses

What types of Al technologies are the most popular
among the course offerings in three levels of specialized
Al programs in the European Union? Data suggests that
robotics and automation are by far the most frequently
taught courses in the specialized bachelor’s and
master’s programs, while machine learning dominates
in the specialized short courses (Figure 4.3.2). As short
courses cater to working professionals, the trend shows
that machine learning has become one of the key
competencies in the professional development and
implementation of Al.

Itis also important to mention the role of Al ethics and

Al applications, as both content areas claim a significant
share of the education offerings among the three
program levels. Al ethics—including courses on security,
safety, accountability, and explainability—accounts for
14% of the curriculum on average, while Al applications—
such as courses on big data, the internet of things, and
virtual reality—take a similar share on average.

SPECIALIZED Al PROGRAMS (% of TOTAL) by CONTENT AREA in EU27, 2019-20

Source: Joint Research Centre, European Commission, 2020 | Chart: 2021 Al Index Report
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INTERNATIONAL COMPARISON

The JRC report compared Al education in the 27 EU
member states with other countries in Europe, including
Norway, Switzerland, and the United Kingdom, as well
as Canada, the United States, and Australia. Figure 4.3.3
shows the total number of 1,680 specialized Al programs
in all countries considered in the 2019-20 academic
year. The United States appears to have offered more
programs specialized in Al than any other geographic
area, although EU27 comes in a close second in terms of
the number of Al-specialized master’s programs.

The United States appears
to have offered more
programs specialized

in Al than any other
geographic area although
EU27 comes in a close
second in terms of the
number of Al-specialized
master’s programs.

NUMBER of SPECIALIZED Al PROGRAMS by GEOGRAPHIC AREA and LEVEL, 2019-20

Source: Joint Research Centre, European Commission, 2020 | Chart: 2021 Al Index Report
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Al Brain Drain and Faculty Departure

Michael Gofman and Zhao Jin, researchers
from the University of Rochester and Cheung
Kong Graduate School of Business, respectively,
published a paper titled “Artificial Intelligence,
Education, and Entrepreneurship” in 2019 that
explores the relationship between domain-
specific knowledge of university students and
their ability to establish startups and attract
funding.® For the source of variation in students’
Al-specific knowledge, the co-authors used the
departure of Al professors—what they referred
to as “an unprecedented brain drain”—from
universities to industry between 2004 and

2018. They relied on data hand-collected from
LinkedIn as well as authors’ affiliation from the
Scopus database of academic publications and
conferences to complement the results from the
LinkedIn search.

The paper found that Al faculty departures
have a negative effect on Al startups founded
by students who graduate from universities
where those professors used to work, with
the researchers pointing to a chilling effect on
future Al entrepreneurs in the years following
the faculty departures. PhD students are the
most affected, compared with undergraduate

NUMBER of Al FACULTY DEPARTURES in NORTH AMERICA, 2004-19

Source: Gofman and Jin, 2020 | Chart: 2021 Al Index Report
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8 See Al Brain Drain Index for more details.
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Al Brain Drain and Faculty Departure (continued)

and master’s students, and the negative impact
intensifies when the Al professors who leave are
replaced by faculty from lower-ranked schools
or untenured Al professors.

With the updated data of 2019 from Gofman
and Jin, Figure 4.4.1 shows that after a two-
year increase, the total number of Al faculty
departures from universities in North America

to industry dropped from 42 in 2018 to 33 in
2019 (28 of these are tenured faculty and 5 are
untenured). Between 2004 and 2019, Carnegie
Mellon University had the largest number of
Al faculty departures in 2019 (16), followed by
the Georgia Institute of Technology (14) and
University of Washington (12), as shown in
Figure 4.4.2.

NUMBER of Al FACULTY DEPATURES in NORTH AMERICA (with UNIVERSITY AFFILIATION) by UNIVERSITY, 2004-18

Source: Gofman and Jin, 2020 | Chart: 2021 Al Index Report
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Overview

As artificial intelligence—powered innovations become ever more prevalent in our
lives, the ethical challenges of Al applications are increasingly evident and subject
to scrutiny. As previous chapters have addressed, the use of various Al technologies
can lead to unintended but harmful consequences, such as privacy intrusion;
discrimination based on gender, race/ethnicity, sexual orientation, or gender
identity; and opaque decision-making, among other issues. Addressing existing
ethical challenges and building responsible, fair Al innovations before they get
deployed has never been more important.

This chapter tackles the efforts to address the ethical issues that have arisen
alongside the rise of Al applications. It first looks at the recent proliferation of
documents charting Al principles and frameworks, as well as how the media covers
Al-related ethical issues. It then follows with a review of ethics-related research
presented at Al conferences and what kind of ethics courses are being offered by
computer science (CS) departments at universities around the world.

The Al Index team was surprised to discover how little data there is on this topic.
Though a number of groups are producing a range of qualitative or normative
outputs in the Al ethics domain, the field generally lacks benchmarks that can be
used to measure or assess the relationship between broader societal discussions
about technology development and the development of the technology itself.
One datapoint, covered in the technical performance chapter, is the study by the
National Institute of Standards and Technology on facial recognition performance
with a focus on bias. Figuring out how to create more quantitative data presents

a challenge for the research community, but it is a useful one to focus on.
Policymakers are keenly aware of ethical concerns pertaining to Al, but it is easier
for them to manage what they can measure, so finding ways to translate qualitative
arguments into quantitative data is an essential step in the process.
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CHAPTER HIGHLIGHTS

e The number of papers with ethics-related keywords in titles submitted to Al conferences
has grown since 2015, though the average number of paper titles matching ethics-
related keywords at major Al conferences remains low over the years.

e The five news topics that got the most attention in 2020 related to the ethical use of Al
were the release of the European Commission’s white paper on Al, Google’s dismissal of
ethics researcher Timnit Gebru, the Al ethics committee formed by the United Nations,
the Vatican’s Al ethics plan, and IBM’s exiting the facial-recognition businesses.
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5.1 Al PRINCIPLES AND FRAMEWORKS

Since 2015, governments, private companies,
intergovernmental organizations, and research/
professional organizations have been producing
normative documents that chart the approaches to
manage the ethical challenges of Al applications.
Those documents, which include principles, guidelines,
and more, provide frameworks for addressing the
concerns and assessing the strategies attached to
developing, deploying, and governing Al within various
organizations. Some common themes that emerge from
these Al principles and frameworks include privacy,
accountability, transparency, and explainability.

The publication of Al principles signals that organizations
are paying heed to and establishing a vision for Al
governance. Even so, the proliferation of so-called ethical
principles has met with criticism from ethics researchers
and human rights practitioners who oppose the
imprecise usage of ethics-related terms. The critics also
point out that they lack institutional frameworks and

are non-binding in most cases. The vague and abstract
nature of those principles fails to offer direction on how
to implement Al-related ethics guidelines.

Researchers from the Al Ethics Lab in Boston created a
ToolBox that tracks the growing body of Al principles.
Atotal of 117 documents relating to Al principles were
published between 2015 and 2020. Data shows that
research and professional organizations were among the
earliest to roll out Al principle documents, and private
companies have to date issued the largest number of
publications on Al principles among all organization types
(Figure 5.1.1). Europe and Central Asia have the highest
number of publications as of 2020 (52), followed by North
America (41), and East Asia and Pacific (14), according

to Figure 5.1.2. In terms of rolling out ethics principles,
2018 was the clear high-water mark for tech companies—
including IBM, Google, and Facebook—as well as various
U.K., EU, and Australian government agencies.
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Europe and Central
Asia have the highest
number of publications
as of 2020 (44), followed
by North America

(30), and East Asia and
Pacific (14). In terms

of rolling out ethics
principles, 2018 was the
clear high-water mark
for tech companies—
including IBM, Google,
and Facebook—as well
as various U.K., EU, and
Australian government
agencies.
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NUMBER of NEW Al ETHICS PRINCIPLES by ORGANIZATION TYPE, 2015-20

Source: Al Ethics Lab, 2020 | Chart: 2021 Al Index Report
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NUMBER of NEW Al ETHICS PRINCIPLES by REGION, 2015-20
Source: Al Ethics Lab, 2020 | Chart: 2021 Al Index Report
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5.2 GLOBAL NEWS MEDIA

How has the news media covered the topic of the ethical
use of Al technologies? This section analyzed data

from NetBase Quid, which searches the archived news
database of LexisNexis for articles that discuss Al ethics?,
analyzing 60,000 English-language news sources and
over 500,000 blogs in 2020.

The search found 3,047 articles related to Al technologies
that include terms such as “human rights,” “human
values,” “responsibility,” “human control,” “fairness,”
“discrimination” or “nondiscrimination,” “transparency,”
“explainability,” “safety and security,” “accountability,”
and “privacy.” (See the Appendix for more details on

” «

search terms.) NetBase Quid clustered the resulting
media narratives into seven large themes based on
language similarity.

Figure 5.2.1 shows that articles relating to Al ethics
guidance and frameworks topped the list of the most
covered news topics (21%) in 2020, followed by research
and education (20%), and facial recognition (20%).

The five news topics that received the most attention in
2020 related to the ethical use of Al were:
1. The release of the European Commission’s
white paper on Al (5.9%)
2. Google’s dismissal of ethics researcher
Timnit Gebru (3.5%)
3. The Al ethics committee formed by the
United Nations (2.7%)
4. The Vatican’s Al ethics plan (2.6%)
5.1BM exiting the facial-recognition businesses (2.5%).

NEWS COVERAGE on Al ETHICS (% of TOTAL) by THEME, 2020

Source: CAPIQ, Crunchbase, and NetBase Quid, 2020 | Chart: 2021 Al Index Report
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Figure 5.2.1

1 The methodology for this is looking for articles that contain keywords related to Al ethics as determined by a Harvard research study.
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5.3 ETHICS AT Al CONFERENCES

Researchers are writing more papers that focus directly
on the ethics of Al, with submissions in this area more
than doubling from 2015 to 2020. To measure the role
of ethics in Al research, researchers from the Federal
University of Rio Grande do Sul in Porto Alegre, Brazil,
searched ethics-related terms in the titles of papersin
leading Al, machine learning, and robotics conferences.
As Figure 5.3.1 shows, there has been a significant
increase in the number of papers with ethics-related

keywords in titles submitted to Al conferences since 2015.

Further analysis in Figure 5.3.2 shows the average
number of keyword matches throughout all publications
among the six major Al conferences. Despite the growing
mentions in the previous chart, the average number of
paper titles matching ethics-related keywords at major Al
conferences remains low over the years.

Changes are coming to Al conferences, though. Starting
in 2020, the topic of ethics was more tightly integrated
into conference proceedings. For instance, the Neural
Information Processing Systems (NeurlPS) conference,
one of the biggest Al research conferences in the

world, asked researchers to submit “Broader Impacts”
statements alongside their work for the first time in 2020,
which led to a deeper integration of ethical concerns
into technical work. Additionally, there has been a
recent proliferation of conferences and workshops

that specifically focus on responsible Al, including

the new Artificial Intelligence, Ethics, and Society
Conference by the Association for the Advancement of
Artificial Intelligence and the Conference on Fairness,
Accountability, and Transparency by the Association for
Computing Machinery.
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NUMBER of PAPER TITLES MENTIONING ETHICS KEYWORDS at Al CONFERENCES, 2000-19

Source: Prates et al., 2018 | Chart: 2021 Al Index Report
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5.4 ETHICS OFFERINGS AT
HIGHER EDUCATION INSTITUTIONS

Chapter 4 introduced a survey of computer science 11 Of the 18 depa rtments
departments or schools at top universities around the .
world in order to assess the state of Al education in report hosti ng keynote

higher education institutions.? In part, the survey asked

whether the CS department or university offers the events or panel dISCUSSIOnS
opportunity to learn about the ethical side of Al and CS. on Al ethics, while 7 of

Among the 16 universities that completed the survey, 13
reported some type of relevant offering. them Offer sta nd -a Ione

Figure 5.4.1 shows that 11 of the 18 departments report courses on Al eth ICsS INn CS
hosting keynote events or panel discussions on Al ethics, or other depa rtments at
while 7 of them offer stand-alone courses on Al ethics . . .

in CS or other departments at their university. Some thel runive I‘SItY.

universities also offer classes on ethics in the computer
science field in general, including stand-alone CS
ethics courses or ethics modules embedded in the CS
curriculum offering.?

Al ETHICS OFFERING at CS DEPARTMENTS of TOP UNIVERSITIES around the WORLD, AY 2019-20

Source: Al Index, 2020 | Chart: 2021 Al Index Report

Keynote events or panel discussions on Al ethics

University-wide undergraduate general requirement
courses on broadly defined ethics

Standalone courses on Al ethics in CS or Other
Departments

Stand-alone courses on CS ethics in CS or Other
Departments

Ethics modules embedded into CS courses

Al ethics-related student groups/organizations

0 2 4 6 8 10 12

Figure 5.4.1

2 The survey was distributed to 73 universities online over three waves from November 2020 to January 2021 and completed by 18 universities, a 24.7% response rate. The 18 universities are—Belgium:
Katholieke Universiteit Leuven; Canada: McGill University; China: Shanghai Jiao Tong University, Tsinghua University; Germany: Ludwig Maximilian University of Munich, Technical University of Munich;
Russia: Higher School of Economics, Moscow Institute of Physics and Technology; Switzerland: Ecole Polytechnique Fédérale de Lausanne; United Kingdom: University of Cambridge; United States:
California Institute of Technology, Carnegie Mellon University (Department of Machine Learning), Columbia University, Harvard University, Stanford University, University of Wisconsin-Madison,
University of Texas at Austin, Yale University.

3 The survey did not explicitly present “Ethics modules embedded into CS courses” as an option. Selections were filled in the “Others” option. This will be included in next year’s survey.
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OVERVIEW

Overview

While artificial intelligence (Al) systems have the potential to dramatically affect society,
the people building Al systems are not representative of the people those systems are
meant to serve. The Al workforce remains predominantly male and lacking in diversity in
both academia and the industry, despite many years highlighting the disadvantages and
risks this engenders. The lack of diversity in race and ethnicity, gender identity, and sexual
orientation not only risks creating an uneven distribution of power in the workforce, but
also, equally important, reinforces existing inequalities generated by Al systems, reduces
the scope of individuals and organizations for whom these systems work, and contributes
to unjust outcomes.

This chapter presents diversity statistics within the Al workforce and academia. It draws
on collaborations with various organizations—in particular, Women in Machine Learning
(WiIML), Black in Al (BAI), and Queer in Al (QAI)— each of which aims to improve diversity
in some dimension in the field. The data is neither comprehensive nor conclusive. In
preparing this chapter, the Al Index team encountered significant challenges as a result
of the sparsity of publicly available demographic data. The lack of publicly available
demographic data limits the degree to which statistical analyses can assess the impact
of the lack of diversity in the Al workforce on society as well as broader technology
development. The diversity issue in Al is well known, and making more data available
from both academia and industry is essential to measuring the scale of the problem and
addressing it.

There are many dimensions of diversity that this chapter does not cover, including Al
professionals with disabilities; nor does it consider diversity through an intersectional
lens. Other dimensions will be addressed in future iterations of this report. Moreover,
these diversity statistics tell only part of the story. The daily challenges of minorities and
marginalized groups working in Al, as well as the structural problems within organizations
that contribute to the lack of diversity, require more extensive data collection and analysis.

1 We thank Women in Machine Learning, Black in Al, and Queer in Al for their work to increase diversity in Al, for sharing their data, and for partnering with us.

© CHAPTER 6 PREVIEW 137
O TABLE OF CONTENTS



[a1

Artificial Intelligence CHAPTER 6: CHAPTER
Index Report 2021 DIVERSITY IN Al HIGHLIGHTS

CHAPTER HIGHLIGHTS

e The percentages of female Al PhD graduates and tenure-track computer science
(CS) faculty have remained low for more than a decade. Female graduates of Al PhD
programs in North America have accounted for less than 18% of all PhD graduates on
average, according to an annual survey from the Computing Research Association
(CRA). An Al Index survey suggests that female faculty make up just 16% of all tenure-
track CS faculty at several universities around the world.

e The CRA survey suggests that in 2019, among new U.S. resident Al PhD graduates,
45% were white, while 22.4% were Asian, 3.2% were Hispanic, and 2.4% were African
American.

e The percentage of white (non-Hispanic) new computing PhDs has changed little
over the last 10 years, accounting for 62.7% on average. The share of Black or
African American (non-Hispanic) and Hispanic computing PhDs in the same period is
significantly lower, with an average of 3.1% and 3.3%, respectively.

e The participation in Black in Al workshops, which are co-located with the Conference
on Neural Information Processing Systems (NeurlPS), has grown significantly in recent
years. The numbers of attendees and submitted papers in 2019 are 2.6 times higher than
in 2017, while the number of accepted papers is 2.1 times higher.

e In a membership survey by Queer in Al in 2020, almost half the respondents said they
view the lack of inclusiveness in the field as an obstacle they have faced in becoming
a queer practitioner in the Al/ML field. More than 40% of members surveyed said they
have experienced discrimination or harassment as a queer person at work or school.
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6.1 GENDER DIVERSITY IN Al

WOMEN IN ACADEMIC
Al SETTINGS

. TENURE-TRACK FACULTY at CS DEPARTMENTS of
Chapter 4 introduced the Al Index survey that evaluates g °

TOP UNIVERSITIES around the WORLD by GENDER,

the state of Al education in CS departments at top AY 2019-20

universities around the world, along with the Computer Source: Al Index, 2020 | Chart: 2021 Al Index Report
Research Association’s annual Taulbee Survey on the

enrollment, production, and employment of PhDs 110 (16.1%)

in information, computer science, and computer Female

engineering in North America.

Data from both surveys show that the percentage of
female Al and CS PhD graduates as well as tenure-track CS
faculty remains low. Female graduates of Al PhD programs
and CS PhD programs have accounted for 18.3% of all

PhD graduates on average within the past 10 years (Figure

6.1.1). Among the 17 universities that completed the Al 575 (83.9%)
Index survey of CS programs globally, female faculty make Male Fiure 6.2
igure 6.1.
up just 16.1% of all tenure-track faculty whose primary
research focus area is Al (Figure 6.1.2).
FEMALE NEW Al and CS PHDS (% of TOTAL NEW Al and CS PHDS) in NORTH AMERICA, 2010-19
Source: CRA Taulbee Survey, 2020 | Chart: 2021 Al Index Report
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WOMEN IN THE Al WORKFORCE
Chapter 3 introduced the “global relative Al skills
penetration rate,” a measure that reflects the prevalence
of Al skills across occupations, or the intensity with which
people in certain occupations use Al skills. Figure 6.1.3
shows Al skills penetration by country for female and
male labor pools in a set of select countries.? The data
suggest that across the majority of these countries, the
Al skills penetration rate for women is lower than that
for men. Among the 12 countries we examined, India,
South Korea, Singapore, and Australia are the closest to
reaching equity in terms of the Al skills penetration rate
of females and males.

RELATIVE Al SKILLS PENETRATION RATE by GENDER, 2015-20

Source: LinkedIn, 2020 | Chart: 2021 Al Index Report

India

United States
South Korea
Singapore
China
Canada
France
Germany
Australia
United Kingdom
South Africa

Italy

This data suggests that
across the majority of
select countries, the

Al skills penetration
rate for women is lower
than it is for men.

. Female
B Male

2 3

Relative Al Skills Penetration Rate

Figure 6.1.3

2 Countries included are a select sample of eligible countries with at least 40% labor force coverage by LinkedIn and at least 10 Al hires in any given month. China and India were included in this sample
because of their increasing importance in the global economy, but LinkedIn coverage in these countries does not reach 40% of the workforce. Insights for these countries may not provide as full a picture

as other countries, and should be interpreted accordingly.
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WOMEN IN MACHINE LEARNING

WORKSHOPS

Women in Machine Learning, founded in 2006 by

Hanna Wallach, Jenn Wortman, and Lisa Wainer, is an
organization that runs events and programs to support
women in the field of machine learning (ML). This
section presents statistics from its annual technical
workshops, which are held at NeurIPS. In 2020, WiML
also hosted for the first time a full-day “Un-Workshop” at
the International Conference on Machine Learning 2020,
which drew 812 participants.

Workshop Participants

The number of participants attending WiML workshops at
NeurlPS has been steadily increasing since the workshops
were first offered in 2006. According to the organization,
the WiML workshop in 2020 was completely virtual

because of the pandemic and delivered on a new platform
(Gather.Town); these two factors may make attendance
numbers harder to compare to those of previous years.
Figure 6.1.4 shows an estimate of 925 attendees in 2020,
based on the number of individuals who accessed the
virtual platform.

In the past 10 years, WiML workshops have expanded
their programs to include mentoring roundtables, where
more senior participants offer one-on-one feedback and
professional advice, in addition to the main session that
includes keynotes and poster presentations. Similar
opportunities may have contributed to the increase in
attendance since 2014. Between 2016 and 2019, the WiML
workshop attendance is on average about 10% of the
overall NeurlPS attendance.

NUMBER of PARTICIPANTS at WIML WORKSHOP at NEURIPS, 2006-20

Source: Women in Machine Learning, 2020 | Chart: 2021 Al Index Report
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Demographics Breakdown

The following geographic, professional position, and Among the
gender breakdowns are based only on participants at .. o
the 2020 WiML workshop at NeurlPS who consented to participants, 89.5%

having the information aggregated and who spent at
least 10 minutes on the virtual platform through which
the workshop was offered. Among the participants, or nonbina ry, 10.4%

89.5% were women and/or nonbinary, 10.4% were men were men and a Ia rae
(Figure 6.1.5), and a large majority were from North 4 g

were womehn and/

America (Figure 6.1.6). Further, as shown in Figure 6.1.7, majority were from

students—including PhD, master’s, and undergraduate .

students—make up more than half the participants North Amerlca' FU rther,

(54.6%). Among participants who work in the industry, students— i nclud i ng

research scientist/engineer and data scientist/engineer ,

are the most commonly held professional positions. Ph D, master S, and
undergraduate
students—make up

PARTICIPANTS of WIML WORKSHOP at NEURIPS more tha n ha If the

% of TOTAL) by GENDER, 2020 e

gour::: Women in MZchiZe Learning, 2020 | Chart: 2021 Al Index Report pa rt I CI pa nts (5406%) o

10.4%

89.5%
Woman and/or nonbinary
Figure 6.1.5

© CHAPTER 6 PREVIEW 142
O TABLE OF CONTENTS



| Artificial Intelligence CHAPTER 6: 6.1 GENDER
HI Index Report 2021 DIVERSITY IN Al DIVERSITY IN Al

PARTICIPANTS of WIML WORKSHOP at NEURIPS (% of TOTAL) by CONTINENT of RESIDENCE, 2020

Source: Women in Machine Learning, 2020 | Chart: 2021 Al Index Report

North America
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Africa
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Figure 6.1.6

PARTICIPANTS of WIML WORKSHOP at NEURIPS (% of TOTAL) by TOP 10 PROFESSIONAL POSITIONS, 2020

Source: Women in Machine Learning, 2020 | Chart: 2021 Al Index Report
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Figure 6.1.7
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6.2 RACIAL AND ETHNIC DIVERSITY IN Al

NEW Al PHDS IN THE UNITED STATES BY RACE/ETHNICITY
According to the CRA Taulbee Survey, among the new Al PhDs in 2019 who are U.S. residents, the largest
percentage (45.6%) are white (non-Hispanic), followed by Asian (22.4%). By comparison, 2.4% were African
American (non-Hispanic) and 3.2% were Hispanic (Figure 6.2.1).

NEW U.S. RESIDENT Al PHDS (% of TOTAL) by RACE/ETHNICITY, 2019

Source: CRA Taulbee Survey, 2020 | Chart: 2021 Al Index Report

22.4% Asian

45.6% White
(non-Hispanic)

2.4% Black or African
American
(non-Hispanic)

3.2%
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24.8% Unknown Figure 6.2.1

© CHAPTER 6 PREVIEW 144
O TABLE OF CONTENTS



Artificial Intelligence
Index Report 2021

[a1

6.2 RACIAL
AND ETHNIC
DIVERSITY IN Al

CHAPTER 6:

DIVERSITY IN Al

NEW COMPUTING PHDS IN
THE UNITED STATES BY

RACE/ETHNICITY

Figure 6.2.2 shows all PhDs awarded in the United States
to U.S. residents across departments of computer science
(CS), computer engineering (CE), and information (l)
between 2010 and 2019. The CRA survey indicates that
the percentage of white (non-Hispanic) new PhDs has
changed little over the last 10 years, accounting for 62.7%
on average. The share of new Black or African American
(non-Hispanic) and Hispanic computing PhDs in the same
period is significantly lower, with an average of 3.1%

and 3.3%, respectively. We are not able to compare the
numbers between new Al and CS PhDs in 2019 because

of the number of unknown cases (24.8% for new Al PhDs
and 8.5% for CS PhDs).

The CRA survey
indicates that the
percentage of white
(non-Hispanic) new
PhDs has changed little
over the last 10 years,
accounting for 62.7%
on average.

NEW COMPUTING PHDS, U.S. RESIDENT (% of TOTAL) by RACE/ETHNICITY, 2010-19

Source: CRA Taulbee Survey, 2020 | Chart: 2021 Al Index Report
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CS TENURE-TRACK
FACULTY BY RACE/

TENURE-TRACK FACULTY (% of TOTAL) at CS DEPARTMENTS
of TOP UNIVERSITIES in the WORLD by RACE/ETHNICITY, 2019-20

Source: Al Index, 2020 | Chart: 2021 Al Index Report

ETHNICITY

Figure 6.2.3 shows data from the Al Index
education survey.? Among 15 universities
that completed the question pertaining

to the racial makeup of their faculty,
approximately 67.0% of the tenure-track
faculty are white, followed by Asian (14.3%),
other races (8.3%), and mixed/other race,
ethnicity, or origin (6.3%). The smallest
representation among tenure-track faculty
are teachers of Black or African and of
Hispanic, Latino, or Spanish origins, who
account for 0.6% and 0.8%, respectively.

67.0%
White

BLACK IN Al

Black in Al (BAl), founded in 2017 by Timnit Gebru

and Rediet Abebe, is a multi-institutional and
transcontinental initiative that aims to increase the
presence of Black people in the field of Al. As of 2020, BAI
has around 3,000 community members and allies, has
held more than 10 workshops at major Al conferences,
and has helped increase the number of Black people

0.8%
14.3% Hispanic,
Asian Latino, or
Spanish
origin
2.7%

Middle Eastern or
North African
6.3%

Mixed/other race,
ethnicity, or origin

Figure 6.2.3

participating at major Al conferences globally 40-fold.
Figure 6.2.4 shows the number of attendees, submitted
papers, and accepted papers from the annual Black in
Al Workshop, which is co-located with NeurIPS.* The
numbers of attendees and accepted papersin 2019

are 2.6 times higher than in 2017, while the number of
accepted papers is 2.1 times higher.

NUMBER OF ATTENDEES, SUBMITTED PAPERS, and ACCEPTED PAPERS at BLACK in Al WORKSHOP CO-LOCATED

with NEURIPS, 2017-19

Source: Black in Al, 2020 | Chart: 2021 Al Index Report

Number of
Attendees

Submitted
Papers

M 2017

Accepted . 2018
Papers . 2019
0 100 200 300 400 500
Number of Attendees and Papers Figure 6.2.4

3 The survey was distributed to 73 universities online over three waves from November 2020 to January 2021 and completed by 18 universities, a 24.7% response rate. The 18 universities are Belgium:
Katholieke Universiteit Leuven; Canada: McGill University; China: Shanghai Jiao Tong University, Tsinghua University; Germany: Ludwig Maximilian University of Munich, Technical University of Munich;
Russia: Higher School of Economics, Moscow Institute of Physics and Technology; Switzerland: Ecole Polytechnique Fédérale de Lausanne; United Kingdom: University of Cambridge; United States:
California Institute of Technology, Carnegie Mellon University (Department of Machine Learning), Columbia University, Harvard University, Stanford University, University of Wisconsin-Madison,

University of Texas at Austin, Yale University.

4 The 2020 data are clearly affected by the pandemic and not included as a result. For more information, see the Black in Al impact report.
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QUEER IN Al

This section presents data from a membership survey
by Queer in Al (QAl), ® an organization that aims to make
the Al/ML community one that welcomes, supports,

and values queer scientists. Founded in 2018 by William
Agnew, Raphael Gontijo Lopes, and Eva Breznik, QAI
builds a visible community of queer and ally Al/ML
scientists through meetups, poster sessions, mentoring,
and other initiatives.

Demographics Breakdown
According to the 2020 survey, with around 100 responses,

about 31.5% of respondents identify as gay, followed

by bisexual, queer, and lesbian (Figure 6.3.1); around
37.0% and 26.1% of respondents identify as cis male
and cis female, respectively, followed by gender queer,
gender fluid, nonbinary, and others (Figure 6.3.2). Trans
female and male account for 5.0% and 2.5% of total
members, respectively. Moreover, the past three years of
surveys show that students make up the majority of QAI
members—around 41.7% of all respondents on average
(Figure 6.3.3), followed by junior-level professionals in
academia or industry.

QAI MEMBERSHIP SURVEY: WHAT IS YOUR SEXUAL ORIENTATION, 2020

Source: Queer in Al, 2020 | Chart: 2021 Al Index Report
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Figure 6.3.1

5 Queer in Al presents the survey results at its workshop at the annual NeurlPS conference.
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QAI MEMBERSHIP SURVEY: WHAT IS YOUR GENDER IDENTITY, 2020

Source: Queer in Al, 2020 | Chart: 2021 Al Index Report
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Figure 6.3.2

QAI MEMBERSHIP SURVEY: HOW WOULD YOU DESCRIBE YOUR POSITION, 2018-20

Source: Queer in Al, 2020 | Chart: 2021 Al Index Report
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Experience as Queer Practitioners

QAI also surveyed its members on their experiences
as queer Al/ML practitioners. As shown in Figure
6.3.4,81.4% regard the lack of role models as being
a major obstacle for their careers, and 70.9% think
the lack of community contributes to the same
phenomenon. Almost half the respondents also
view the lack of inclusiveness in the field as an
obstacle. Moreover, more than 40% of QAl members
have experienced discrimination or harassment

as a queer person at work or school (Figure 6.3.5).
Around 9.7% have encountered discrimination or
harassment on more than five occasions.

Among surveyed QAI
members, 81.4% regard
the lack of role models

as being a major obstacle
for their careers, and
70.9% think the lack of
community contributes to
the same phenomenon.

QAI MEMBERSHIP SURVEY: WHAT ARE OBSTACLES YOU HAVE FACED in BECOMING a QUEER Al/ML

PRACTITIONER, 2020

Source: Queer in Al, 2020 | Chart: 2021 Al Index Report
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More than 40% of QAl members have experienced
discrimination or harassment as a queer person at work
or school. Around 9.7% have encountered discrimination
or harassment on more than five occasions.

QAI MEMBERSHIP SURVEY: HAVE YOU EXPERIENCED DISCRIMINATION/HARASSMENT as a QUEER PERSON at YOUR
JOB or SCHOOL, 2020
Source: Queer in Al, 2020 | Chart: 2021 Al Index Report
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Overview

Al is set to shape global competitiveness over the coming decades, promising
to grant early adopters a significant economic and strategic advantage. To

date, national governments and regional and intergovernmental organizations
have raced to put in place Al-targeted policies to maximize the promise of the

technology while also addressing its social and ethical implications.

This chapter navigates the landscape of Al policymaking and tracks efforts taking
place on the local, national, and international levels to help promote and govern Al
technologies. It begins with an overview of national and regional Al strategies and
then reviews activities on the intergovernmental level. The chapter then takes a
closer look at public investment in Al in the United States as well as how legislative
bodies, central banks, and nongovernmental organizations are responding to the

growing need to institute a policy framework for Al technologies.
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CHAPTER HIGHLIGHTS

e Since Canada published the world’s first national Al strategy in 2017, more than 30 other
countries and regions have published similar documents as of December 2020.

e The launch of the Global Partnership on Al (GPAI) and Organisation for Economic
Co-operation and Development (OECD) Al Policy Observatory and Network of Experts
on Al in 2020 promoted intergovernmental efforts to work together to support the
development of Al for all.

e In the United States, the 116th Congress was the most Al-focused congressional session in
history. The number of mentions of Al by this Congress in legislation, committee reports, and
Congressional Research Service (CRS) reports is more than triple that of the 115th Congress.
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This section presents an overview of select national and regional Al strategies from around the world, including details on

the strategies for G20 countries, Estonia, and Singapore as well as links to strategy documents for many others. Sources
include websites of national or regional governments, the OECD Al Policy Observatory (OECD.AI), and news coverage. “Al
strategy” is defined as a policy document that communicates the objective of supporting the development of Al while also
maximizing the benefits of Al for society. Excluded are broader innovation or digital strategy documents which do not focus
predominantly on Al, such as Brazil’s E-Digital Strategy and Japan’s Integrated Innovation Strategy.

71 NATIONAL AND REGIONAL
Al STRATEGIES

To guide and foster the development of Al, countries and regions around the world are establishing strategies and
initiatives to coordinate governmental and intergovernmental efforts. Since Canada published the world’s first national
Al strategy in 2017, more than 30 other countries and regions have published similar documents as of December 2020.

WITH PUBLISHED

I COUNTRIES
Al STRATEGIES: 32

-

COUNTRIES
DEVELOPING
Al STRATEGIES: 22
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Published Strategies
2017

Canada

« Al Strategy: Pan Canadian Al Strategy

« Responsible Organization: Canadian Institute for *
Advanced Research (CIFAR)

« Highlights: The Canadian strategy emphasizes

developing Canada’s future Al workforce, supporting major

Al innovation hubs and scientific research, and positioning
the country as a thought leader in the economic, ethical,
policy, and legal implications of artificial intelligence.
« Funding (December 2020 conversion rate): CAD 125
million (USD 97 million)
« In November 2020, CIFAR published its most recent
annual report, titled “AICAN,” which tracks progress on
implementing its national strategy, which highlighted
substantial growth in Canada’s Al ecosystem, as well
as research and activities related to healthcare and Al’s
impact on society, among other outcomes of the strategy.

China
« Al Strategy: A Next Generation Artificial Intelligence

Development Plan

« Responsible Organization: State Council for the People’s
Republic of China

« Highlights: China’s Al strategy is one of the most
comprehensive in the world. It encompasses areas

including R&D and talent development through
education and skills acquisition, as well as ethical norms
and implications for national security. It sets specific
targets, including bringing the Al industry in line with
competitors by 2020; becoming the global leader in fields
such as unmanned aerial vehicles (UAVs), voice and
image recognition, and others by 2025; and emerging as
the primary center for Al innovation by 2030.

» Funding: N/A

« Recent Updates: China established a New Generation
Al Innovation and Development Zone in February 2019
and released the “Beijing Al Principles” in May 2019 with
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a multi-stakeholder coalition consisting of academic
institutions and private-sector players such as Tencent
and Baidu.

Japan

« Al Strategy: Artificial Intelligence Technology Strategy

« Responsible Organization: Strategic Council for Al
Technology

« Highlights: The strategy lays out three discrete phases of
Al development. The first phase focuses on the utilization
of data and Al in related service industries, the second

on the public use of Al and the expansion of service
industries, and the third on creating an overarching
ecosystem where the various domains are merged.
 Funding: N/A
» Recent Updates: In 2019, the Integrated Innovation
Strategy Promotion Council launched another Al strategy,

aimed at taking the next step forward in overcoming
issues faced by Japan and making use of the country’s
strengths to open up future opportunities.

Others
Finland: Finland’s Age of Artificial Intelligence
United Arab Emirates: UAE Strategy for Artificial

Intelligence
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https://cifar.ca/ai/
https://cifar.ca/wp-content/uploads/2020/11/AICan-2020-CIFAR-Pan-Canadian-AI-Strategy-Impact-Report.pdf
https://na-production.s3.amazonaws.com/documents/translation-fulltext-8.1.17.pdf
https://na-production.s3.amazonaws.com/documents/translation-fulltext-8.1.17.pdf
http://www.china.org.cn/china/2019-02/22/content_74493744.htm
https://ai-japan.s3-ap-northeast-1.amazonaws.com/7116/0377/5269/Artificial_Intelligence_Technology_StrategyMarch2017.pdf
https://www.kantei.go.jp/jp/singi/ai_senryaku/pdf/aistratagy2019en.pdf
https://julkaisut.valtioneuvosto.fi/bitstream/handle/10024/160391/TEMrap_47_2017_verkkojulkaisu.pdf
https://u.ae/en/about-the-uae/strategies-initiatives-and-awards/federal-governments-strategies-and-plans/uae-strategy-for-artificial-intelligence
https://u.ae/en/about-the-uae/strategies-initiatives-and-awards/federal-governments-strategies-and-plans/uae-strategy-for-artificial-intelligence
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Published Strategies
2018

European Union

« Al Strategy: Coordinated Plan on Artificial Intelligence

« Responsible Organization: European Commission™

« Highlights: This strategy document outlines the
commitments and actions agreed on by EU member
states, Norway, and Switzerland to increase investment
and build their Al talent pipeline. It emphasizes the value
of public-private partnerships, creating European data
spaces, and developing ethics principles.

 Funding (December 2020 conversation rate): At least
EUR 1 billion (USD 1.1 billion) per year for Al research and
at least EUR 4.9 billion (USD 5.4 billion) for other aspects
of the strategy

« Recent updates: A first draft of the ethics guidelines was
released in June 2018, followed by an updated version in
April 2019.

France

« Al Strategy: Al for Humanity: French Strategy for Artificial
Intelligence

« Responsible Organizations: Ministry for Higher
Education, Research and Innovation; Ministry of Economy
and Finance; Directorate General for Enterprises; Public
Health Ministry; Ministry of the Armed Forces; National
Research Institute for Digital Sciences; Interministerial
Director of the Digital Technology and the Information
and Communication System

« Highlights: The main themes include developing
an aggressive data policy for big data; targeting four
strategic sectors, namely health care, environment,
transport, and defense; boosting French efforts in
research and development; planning for the impact of Al
on the workforce; and ensuring inclusivity and diversity
within the field.

 Funding (December 2020 conversion rate): EUR 1.5
billion (USD 1.8 billion) up to 2022
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» Recent Updates: The French National Research Institute
for Digital Sciences (Inria) has committed to playing a
central role in coordinating the national Al strategy and
will report annually on its progress.

Germany

« Al Strategy: Al Made in Germany

« Responsible Organizations: Federal Ministry of
Education and Research; Federal Ministry for Economic
Affairs and Energy; Federal Ministry of Labour and Social
Affairs

« Highlights: The focus of the strategy is on cementing
Germany as a research powerhouse and strengthening
the value of its industries. There is also an emphasis
on the public interest and working to better the lives of
people and the environment.

« Funding (December 2020 conversion rate): EUR 500
million (USD 608 million) in the 2019 budget and EUR
3 billion (USD 3.6 billion) for the implementation up to
2025

» Recent Updates: In November 2019, the government
published an interim progress report on the Germany Al
strategy.
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https://ec.europa.eu/knowledge4policy/publication/coordinated-plan-artificial-intelligence-com2018-795-final_en#:~:text=This%20plan%20proposes%20joint%20actions,fostering%20talent%20and%20ensuring%20trust.
https://ec.europa.eu/futurium/en/ai-alliance-consultation/guidelines#Top
https://www.aiforhumanity.fr/en/
https://www.aiforhumanity.fr/en/
https://www.ki-strategie-deutschland.de/home.html?file=files/downloads/Nationale_KI-Strategie_engl.pdf
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2018 (continued)

India

« Al Strategy: National Strategy on
Artificial Intelligence: #AlforAll

« Responsible Organization: National Institution for,
Transforming India (NITI Ayog)

« Highlights: The Indian strategy focuses on both
economic growth and ways to leverage Al to increase
social inclusion, while also promoting research to
address important issues such as ethics, bias, and
privacy related to Al. The strategy emphasizes sectors
such as agriculture, health, and education, where public
investment and government initiative are necessary.

« Funding (December 2020 conversion rate): INR 7000 United Kingdom
crore (USD 949 million) « Al Strategy: Industrial Strategy: Artificial Intelligence

Sector Deal

« Responsible Organization: Office for Artificial
Intelligence (OAl)

« Highlights: The U.K. strategy emphasizes a strong
partnership between business, academia, and the
government and identifies five foundations for a
successful industrial strategy: becoming the world’s most
innovative economy, creating jobs and better earnings
potential, infrastructure upgrades, favorable business
conditions, and building prosperous communities
throughout the country.

« Funding (December 2020 conversion rate): GBP 950
million (USD 1.3 billion)

» Recent Updates: Between 2017 and 2019, the U.Ks
Select Committee on Al released an annual report on the

» Recent Updates: In 2019, the Ministry of Electronics and
Information Technology released its own proposal to
set up a national Al program with an allocated INR 400
crore (USD 54 million). The Indian government formed
a committee in late 2019 to push for an organized Al
policy and establish the precise functions of government
agencies to further India’s Al mission.

Mexico

« Al Strategy: Artificial Intelligence Agenda MX
(2019 agenda-in-brief version)

« Responsible Organization: IA2030Mx, Economia

« Highlights: As Latin America’s first strategy, the Mexican
strategy focuses on developing a strong governance

framework, mapping the needs of Al in various industries,
and identifying governmental best practices with an country’s progress. In November 2020, the government

emphasis on developing Mexico’s Al leadership. announced a major increase in defense spending of
« Funding: N/A GBP 16.5 billion (USD 21.8 billion) over four years, with

a major emphasis on Al technologies that promise to
revolutionize warfare.

» Recent Updates: According to the Inter-American
Development Bank’s recent fAlr LAC report, Mexico is in
the process of establishing concrete Al policies to further

implementation. Others

Sweden: National Approach to Artificial Intellisence
Taiwan: Taiwan Al Action Plan
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https://niti.gov.in/national-strategy-artificial-intelligence
https://niti.gov.in/national-strategy-artificial-intelligence
https://36dc704c-0d61-4da0-87fa-917581cbce16.filesusr.com/ugd/7be025_85f5cec6ea584d8a842d11ad401c0685.pdf
https://www.gov.uk/government/publications/artificial-intelligence-sector-deal/ai-sector-deal
https://www.gov.uk/government/publications/artificial-intelligence-sector-deal/ai-sector-deal
https://publications.parliament.uk/pa/ld201719/ldselect/ldai/100/100.pdf
https://techcrunch.com/2020/11/19/uk-to-invest-in-ai-and-cyber-as-part-of-major-defense-spending-hike/?guccounter=1&guce_referrer=aHR0cHM6Ly93d3cuZ29vZ2xlLmNvbS8&guce_referrer_sig=AQAAAIx4JatDuyEDHYgBB8AfMLeKzlL3Bz2ZnR536RVd-YFlwHgYs9bbSiKmLQq0DcA5nFGUz0oCcUg32K-EQ4VG81RaZsAPnF9URgL3_4QyjjRjpKfZVlfNUzBIeFg3NPy2jf-GcM-JuEmNS5UXMIQCsMKNSwMSC9kcUzf-_8ogVV0Q
https://www.government.se/4a7451/contentassets/fe2ba005fb49433587574c513a837fac/national-approach-to-artificial-intelligence.pdf
https://ai.taiwan.gov.tw/
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Estonia

o Al Strategy: National Al Strategy 2019-2021

« Responsible Organization: Ministry of Economic Affairs
and Communications (MKM)

« Highlights: The strategy emphasizes actions necessary

for both the public and private sectors to take to increase
investment in Al research and development, while also
improving the legal environment for Al in Estonia. In
addition, it hammers out the framework for a steering
committee that will oversee the implementation and
monitoring of the strategy.

« Funding (December 2020 conversion rate): EUR 10
million (USD 12 million) up to 2021

» Recent Updates: The Estonian government released an
update on the Al taskforce in May 2019.

Russia

« Al Strategy: National Strategy for the Development of
Artificial Intelligence

« Responsible Organizations: Ministry of Digital
Development, Communications and Mass Media;
Government of the Russian Federation

« Highlights: The Russian Al strategy places a strong

emphasis on its national interests and lays down
guidelines for the development of an “information
society” between 2017 and 2030. These include a
national technology initiative, departmental projects
for federal executive bodies, and programs such as the
Digital Economy of the Russian Federation, designed to
implement the Al framework across sectors.

 Funding: N/A

» Recent Updates: In December 2020, Russian president
Vladmir Putin took part in the Artificial Intelligence
Journey Conference, where he presented four ideas for Al
policies: establishing experimental legal frameworks for
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the use of Al, developing practical measures to introduce
Al algorithms, providing neural network developers with

competitive access to big data, and boosting private
investment in domestic Al industries.

Singapore

« Al Strategy: National Artificial Intelligence Strategy

« Responsible Organization: Smart Nation and Digital
Government Office (SNDGO)

« Highlights: Launched by Smart Nation Singapore, a
government agency that seeks to transform Singapore’s

economy and usherin a new digital age, the strategy
identifies five national Al projects in the following fields:
transport and logistics, smart cities and estates, health
care, education, and safety and security.

« Funding (December 2020 conversion rate): While the
2019 strategy does not mention funding, in 2017 the
government launched its national program, Al Singapore,
with a pledge to invest SGD 150 million (USD 113 million)
over five years.

» Recent Updates: In November 2020, SNDGO published
its inaugural annual update on the Singaporean
government’s data protection efforts. It describes the
measures taken to date to strengthen public sector data
security and to safeguard citizens’ private data.
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https://f98cc689-5814-47ec-86b3-db505a7c3978.filesusr.com/ugd/7df26f_27a618cb80a648c38be427194affa2f3.pdf
https://f98cc689-5814-47ec-86b3-db505a7c3978.filesusr.com/ugd/7df26f_486454c9f32340b28206e140350159cf.pdf
http://www.kremlin.ru/acts/bank/44731
http://www.kremlin.ru/acts/bank/44731
http://en.kremlin.ru/events/president/news/64545
http://en.kremlin.ru/events/president/news/64545
https://www.smartnation.gov.sg/why-Smart-Nation/NationalAIStrategy
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United States

« Al Strategy: American Al Initiative

« Responsible Organization: The White House

« Highlights: The American Al Initiative prioritizes
the need for the federal government to invest in Al
R&D, reduce barriers to federal resources, and ensure

technical standards for the safe development, testing,
and deployment of Al technologies. The White House
also emphasizes developing an Al-ready workforce and
signals a commitment to collaborating with foreign
partners while promoting U.S. leadership in Al. The
initiative, however, lacks specifics on the program’s
timeline, whether additional research will be dedicated
to Al development, and other practical considerations.

 Funding: N/A

« Recent Updates: The U.S. government released its
year one annual report in February 2020, followed in
November by the first guidance memorandum for federal
agencies on regulating artificial intelligence applications
in the private sector, including principles that encourage
Al innovation and growth and increase public trust and
confidence in Al technologies. The National Defense
Authorization Act (NDAA) for Fiscal Year 2021 called for a
National Al Initiative to coordinate Al research and policy
across the federal government.

South Korea

« Al Strategy: National Strategy for Artificial Intelligence

« Responsible Organization: Ministry of Science, ICT and
Future Planning (MSIP)

« Highlights: The Korean strategy calls for plans to
facilitate the use of Al by businesses and to streamline
regulations to create a more favorable environment for

the development and use of Al and other new industries.
The Korean government also plans to leverage its
dominance in the global supply of memory chips to build
the next generation of smart chips by 2030.
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« Funding (December 2020 conversion rate):
KRW 2.2 trillion (USD 2 billion)
« Recent Updates: N/A

Others

Colombia: National Policy for Digital Transformation
and Artificial Intelligence

Czech Republic: National Artificial Intelligence
Strategy of the Czech Republic

Lithuania: Lithuanian Artificial Intelligence Strategy: A
Vision for the Future

Luxembourg: Artificial Intelligence: A Strategic Vision
for Luxembourg

Malta: Malta: The Ultimate Al Launchpad
Netherlands: Strategic Action Plan for Artificial

Intelligence

Portugal: Al Portugal 2030
Qatar: National Artificial Intelligence for Qatar
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https://trumpwhitehouse.archives.gov/ai/ai-american-innovation/
https://trumpwhitehouse.archives.gov/wp-content/uploads/2020/02/American-AI-Initiative-One-Year-Annual-Report.pdf
https://www.whitehouse.gov/wp-content/uploads/2020/11/M-21-06.pdf
https://www.korea.kr/news/pressReleaseView.do?newsId=156366736
https://colaboracion.dnp.gov.co/CDT/Conpes/Econ%C3%B3micos/3975.pdf
https://colaboracion.dnp.gov.co/CDT/Conpes/Econ%C3%B3micos/3975.pdf
https://www.mpo.cz/assets/en/guidepost/for-the-media/press-releases/2019/5/NAIS_eng_web.pdf
https://www.mpo.cz/assets/en/guidepost/for-the-media/press-releases/2019/5/NAIS_eng_web.pdf
http://kurklt.lt/wp-content/uploads/2018/09/StrategyIndesignpdf.pdf
http://kurklt.lt/wp-content/uploads/2018/09/StrategyIndesignpdf.pdf
https://gouvernement.lu/en/publications/rapport-etude-analyse/minist-digitalisation/artificial-intelligence/artificial-intelligence.html
https://gouvernement.lu/en/publications/rapport-etude-analyse/minist-digitalisation/artificial-intelligence/artificial-intelligence.html
https://malta.ai/wp-content/uploads/2019/11/Malta_The_Ultimate_AI_Launchpad_vFinal.pdf
https://www.government.nl/binaries/government/documents/reports/2019/10/09/strategic-action-plan-for-artificial-intelligence/Strategic+Action+Plan+for+Artificial+Intelligence.pdf
https://www.government.nl/binaries/government/documents/reports/2019/10/09/strategic-action-plan-for-artificial-intelligence/Strategic+Action+Plan+for+Artificial+Intelligence.pdf
https://www.incode2030.gov.pt/sites/default/files/julho_incode_brochura.pdf
https://www.motc.gov.qa/sites/default/files/national_ai_strategy_-_english_0.pdf
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Published Strategies
2020

Indonesia
« Al Strategy: National Strategy for the Development of
Artificial Intelligence (Stranas KA) :
« Responsible Organizations: Ministry of Research
and Technology (Menristek), National Research and
Innovation Agency (BRIN), Agency for the Assessment and
Application of Technology (BPPT)
« Strategy Highlights: The Indonesian strategy aims
to guide the country in developing Al between 2020
and 2045. It focuses on education and research, health

services, food security, mobility, smart cities, and public Others
sector reform. Hungary: Hungary’s Artificial Intelligence Strategy
« Funding: N/A Norway: National Strategy for Artificial Intelligence
« Recent Updates: None Serbia: Strategy for the Development of Artificial
Intelligence in the Republic of Serbia for the Period
Saudi Arabia 2020-2025
« Al Strategy: National Strategy on Data and Al (NSDAI) Spain: National Artificial Intelligence Strategy

* Responsible Organization: Saudi Data and Artificial
Intelligence Authority (SDAIA)

« Highlights: As part of an effort to diversify the country’s
economy away from oil and boost the private sector, the
NSDAI aims to accelerate Al development in five critical
sectors: health care, mobility, education, government,
and energy. By 2030, Saudi Arabia intends to train 20,000
data and Al specialists, attract USD 20 billion in foreign
and local investment, and create an environment that
will attract at least 300 Al and data startups.

« Funding: N/A

» Recent Updates: During the summit where the
Saudi government released its strategy, the country’s
National Center for Artificial Intelligence (NCAI) signed
collaboration agreements with China’s Huawei and
Alibaba Cloud to design Al-related Arabic-language
systems.
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https://ai-innovation.id/strategi
https://ai-innovation.id/strategi
https://ai.sa/Brochure_NSDAI_Summit%20version_EN.pdf
https://ai-hungary.com/api/v1/companies/15/files/138309/view
https://www.regjeringen.no/en/dokumenter/nasjonal-strategi-for-kunstig-intelligens/id2685594/?ch=6#:~:text=The%20Government%20wants%20Norway%20to,AI%20in%20the%20business%20sector.
https://www.srbija.gov.rs/extfile/sr/437310/strategy_artificial_intelligence-condensed261219_2.docx
https://www.srbija.gov.rs/extfile/sr/437310/strategy_artificial_intelligence-condensed261219_2.docx
https://www.srbija.gov.rs/extfile/sr/437310/strategy_artificial_intelligence-condensed261219_2.docx
https://www.lamoncloa.gob.es/presidente/actividades/Documents/2020/021220-ENIA.pdf
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Strategies in Development
(AS OF DECEMBER 2020)

Strategies in Public Consultation

Brazil

« Al Strategy Draft: Brazilian Artificial Intelligence Strategy

» Responsible Organization: Ministry of Science,
Technology and Innovation (MCTI)

« Highlights: Brazil’s national Al strategy was announced
in 2019 and is currently in the public consultation stage.
According to the OECD, the strategy aims to cover
relevant topics bearing on Al, including its impact on the
economy, ethics, development, education, and jobs, and Others

to coordinate specific public policies addressing such Cyprus: National Strategy for Artificial Intelligence
issues. Ireland: National Irish Strategy on Artificial Intelligence
¢ Funding: N/A Poland: Artificial Intelligence Development Policy in
« Recent Updates: In October 2020, the country’s largest Poland
research facility dedicated to Al was launched in Uruguay: Artificial Intelligence Strategy for Digital
collaboration with IBM, the University of Sdo Paulo, and Government

the Sao Paulo Research Foundation.

Italy

« Al Strategy Draft: Proposal for an Italian Strategy for
Artificial Intelligence

« Responsible Organization: Ministry of Economic
Development (MISE)

« Highlights: This document provides the proposed
strategy for the sustainable development of Al, aimed
at improving Italy’s competitiveness in Al. It focuses on
improving Al-based skills and competencies, fostering Al
research, establishing a regulatory and ethical framework
to ensure a sustainable ecosystem for Al, and developing
a robust data infrastructure to fuel these developments.

 Funding (December 2020 conversion rate): EUR 1
billion (USD 1.1 billion) through 2025 and expected
matching funds from the private sector, bringing the total
investment to EUR 2 billion.

« Recent Updates: None
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http://participa.br/estrategia-brasileira-de-inteligencia-artificial/estrategia-brasileira-de-inteligencia-artificial-aplicacao-nos-setores-produtivos
https://www.mise.gov.it/images/stories/documenti/Proposte_per_una_Strategia_italiana_AI.pdf
https://www.mise.gov.it/images/stories/documenti/Proposte_per_una_Strategia_italiana_AI.pdf
https://knowledge4policy.ec.europa.eu/sites/default/files/cyprus_ai_strategy.pdf
htt