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1. Introduction

From January to June 2015, a series of twelve workshops took place across Canada, as part of a six-month thematic
program at the Fields Institute for Research in the Mathematical Sciences, organized by the Canadian Statistical Sciences
Institute. Most of the activity was in Toronto at the Fields Institute (Fields, 2015), which also provided the main funding.
Allied workshops were held at the Pacific Institute for Mathematical Sciences in Vancouver, the Centre de Recherches
Mathématiques in Montreal, and the Atlantic Association for Research in the Mathematical Sciences in Halifax. I chaired
the program organizing committee and the international advisory committee, but the success of the effort is really due to
the hard work and varied contributions of the committee members.

One positive outcome of this program was that I spent considerable time discussing with my colleagues, and thinking
about, the place of statistical science in what was then the booming area of big data. This essay summarizes some of my
thoughts on this, with the advantage of hindsight, and informed by the many changes that have taken place at remarkable
speed since then.

Some highlights of the thematic program are described in Franke et al. (2016).

2. Big data

When we started planning the proposal submission for the thematic program in the summer of 2013, everyone was
talking about big data, and calling it ‘‘Big Data’’. In fact we spent some time worrying that it might be risky to include this in
the title of the thematic program, in case the phrasemight be out of date before the program got started in 2015. As it turned
out, it was not, although it had already decreased a few levels on the ‘‘Gartner hype cycle’’ (Gartner, 2014). The 2015 version
of Gartner’s cycle, published after our program ended, did not even include ‘‘Big Data’’; a small footnote indicated that it had
been removed as an emerging technology because it was now well established, as reported for example in Woodie (2015).
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However the phrase big data is still widely used, and continues to generate interest, as this special issue demonstrates.
And as the program of workshops progressed, I becamemuch less concerned about what we called it, as it was clear that the
data are here to stay, and, for the most part, really are big. That is not necessarily the most interesting or most demanding
aspect of the newworld of data everywhere, but there is no doubt that in fields of study from anthropology to zoology there
is more data being collected than at any time in the history of these fields. Of course big is in the eye of the beholder, or
computer, and large amounts of data have been available in some settings for many decades: the Liberty Digest political poll
of 1936, a spectacular failure, had a sample size of some 2.4 million (Harford, 2014); the first census of India was taken in
1872. Statisticians have long been accustomed to sampling as a means to gain insight from big data.

So while big data no longer qualifies, if it ever did, as an ‘‘emerging technology’’, it continues to get bigger, and to inform
many changes in society, as noted by several papers in this volume. Ceri (2018) refers to the ‘‘Fourth paradigm’’ and Dryden
and Hodge (2018) to a ‘‘new natural resource’’, for example.

It is, or was, popular to speak of the ‘‘four V’’s; volume, velocity, variety, and veracity, and this can be a useful shorthand to
highlight some of the challenges. From the point of view of statistical science, some of themore interesting problems arise in
developing statisticalmethods for new types of data, such as images or networks; in findingways to conduct valid inferences
in very complex models, which is sometimes abbreviated as high-dimensional inference; and in developing and expanding
our repertoire of methods for dealing with typically very small samples of very extreme observations. Each of these topics
is included in this special issue: see for example Chung (2018) and Pluta et al. (2018) on images and networks, Giraldo et
al. (2018) and Bivand and Krivoruchko (2018) and Fassò et al. (2018) on spatial data evolving over time. Bartolucci et al.
(2018), Castruccio and Genton (2018) and Vieu (2018) all touch on various aspects of high-dimensional inference.

Related to the question of valid inference is the difficulty of correctly assessing the variability when the number of
observations is very large; Cox (2015) shows how crucial the assumptions of independence are for the usual formulas,
but assumptions of independence are especially unreliable in very large sets of data; a point noted also by Faraway and
Augustin (2018) and Bühlmann and van de Geer (2018). Many of the classical statistical approaches do not scale well from a
computational point of view,which suggests fruitful avenues for collaborationwith computer scientists and engineers (Lau et
al., 2018; Ceri, 2018). Strategies common tomany analyses of big data include dimension reduction, assumptions of sparsity,
regularization, and methods for the analysis of complex dependencies.

Something that emerged repeatedly during our series of workshops, in talks across many domains, was that statisticians
are drawn to complex, typically high-dimensional, models, emphasizing inferential methods. While this is a difficult area, it
is reasonably well-studied in the statistical literature, and a number of promising advances have been made. Computer
scientists, on the other hand, are better equipped to deal with size, speed, and scalability. Data owners, particularly in
business applications, are very cognizant of the computational issues, so that statistical ideas can get lost in the machine.
Data science seems to be the field that brings these strands closer together.

3. Data science

By the time our program ended in mid-2015 data science was coming to replace big data as a short-hand for the world
of lots of data. This has now become much more current, and in my view represents a multi-disciplinary field that includes
aspects of applied mathematics, computer science, statistics, and subject-matter applications. Although it has been argued
that statistical science is data science (Yu, 2014) and that departments of statistics should rename themselves (a few indeed
have already done so), I disagree. Jenny Bryan summarized this succinctly in a talk in our program in which she pointed
out that the statement ‘‘statistics is ‘just’ data science’’ is in direct contradiction to the statement ‘‘data wrangling is not
statistics’’ (Bryan, 2015).

Data science programs at universities are being developed at a rapid pace, in direct response as far as I can tell to demands
from government and industry, and by and large these involve a blend of courses from mathematics, computer science and
statistics, with additional emphasis on workflow, reproducible research, communication, and visualization. The fact that so
many groups have fairly quickly converged on fairly similar programs (see, e.g., DeVeaux et al. (2017) and James (2018)),
suggests that there is broad consensus on how to train someone to seek employment as a data scientist. Implicit in many of
these programs, but not usually explicit, is the notion that data science should be usefully applied to ‘real’ data in consultation
with the scientists, social scientists, and humanists who are gathering this data. At the same time many disciplines are
themselves training data scientists within their own fields, and this has moved much beyond traditional subfields of the
physical and social sciences.

Data science as a research field seemsmuchmore difficult to pin down. As is familiar to applied statisticians of all stripes,
it is not clear if data science is something one studies, or something one does. The National Science Foundation has made an
explicit effort to define the research field through its TRIPODS program (National Science Foundation, 2016), and the Alan
Turing Institute in the UK devoted its inaugural year to a very broad series of scoping workshops (Blake and Olhede, 2016)
to explore the research domain that could be data science. These are the only broad national research initiatives focussed
on research in data science that I am aware of, although there are a great many centres for data science and/or big data in
universities and research institutes around the world.

For the moment it seems useful to consider the research field of data science as a blend of statistical modeling and
inference, data management, computing at scale, optimization, communication and visualization. This field will not survive
on these topics alone, though, because like statistics and applied mathematics, theory and methods need to develop in close
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collaboration with application areas: Shi (2018), Meng (2018) and Smirnova et al. (2018) stress the importance of deep
engagement in the subject matter. What is perhaps new is that these application areas range over a much broader set of
scholarly disciplines than in the past. Also new is the vastly increased interest from industry and government in putting
troves of data to use, even if the particular use may sometimes be rather vague. And a thoroughly welcome development, in
my view, is the remarkable quality of visualizations informing modern journalism.

The fact that the words data science have been used to describe a course, a program, a job, and a technology, as well as
a new field of research, means there is a great deal of uncertainty about what determines the research field. Collaboration
and a renewed focus on communication are possibly the most important hallmarks. Blei and Smyth (2017) emphasize this
collaboration and its impact on science.

4. Machine learning, deep learning and artificial intelligence

Machine learning is a distinct sub-field of computer science with a clear research agenda and a relatively long history;
many statisticians will have been introduced to topics in machine learning via Hastie et al. (2009) or Bishop (2006). Deep
learning, as explained for example in talks by Brendan Frey and by Machine Learning Workshop (2015), refers to both
computational and modeling aspects of neural networks with a very complex architecture. Deep learning seems to be the
breakthrough that has led to rapid improvements in voice recognition, natural language processing, and image analysis, for
example. Artificial intelligence is, in principle, a broader but vaguer concept that is usually used to describe computational
methods that in principle draw inspiration from the study of human intelligence.

In Canada both government and industry are making quite large investments in research in artificial intelligence,
particularly in Montreal, Toronto and Edmonton, and there is a great deal of interest in the potential of this research to bring
innovation to many areas of society, including health care (see, e.g. Vector Institute (2017)), finance, energy, manufacturing,
and so on.

The highly visible successes of deep learning in applications that arewidely used inmobile devices have generated a great
deal of interest, excitement, and funding for artificial intelligence, and it is easy to feel that statistical science is missing the
wave. At least some of the excitement is somewhat mis-placed; as a relatively new technology, AI is perceived to be able to
solve all data problems, but as consulting statisticians are well aware, clients often assume their data require a particular
solution, when deeper probing can clarify that there are many other, possibly simpler, options available. Statistical methods
will continue to be essential for progress in the world of big data, and classical statistical concepts are more relevant than
ever. For an elegant application of classical work in experimental design to high-dimensional model selection, see Cox and
Battey (2017).

5. Conclusion

We designed the thematic program as a blend of foundational themes and applications-oriented themes. In the former
we chose to emphasize machine learning, high-dimensional inference, optimization and visualization; for the latter social
policy, health policy, environmental science and networks. Of course as usual the distinctions between the applications and
the foundations were blurry, and many other application areas were touched on in various presentations.

What emerged from our experience was another important set of cross-cutting themes that I would call essential
components of data science, in addition to those mentioned above. One is a renewed emphasis on workflow, which is at
least partly a reaction to the concern about reproducible research (Wilson et al., 2017). Another cross-cutting theme is
communication, which includes visualization, but also the recognition that researchers have a responsibility to ensure that
the insights obtained from big data are used to inform decision making and policy, especially in the public realm (Azzone,
2018; Sharples, 2018). Perhaps themost important cross-cutting theme related to big data is privacy,which covers all aspects
of the data life-cycle, from collection, to re-use. One aspect of this is statistical disclosure limitation, which the national
statistical agencies have studied for many decades; another is the notion of differential privacy, motivated by principles of
cryptography and secure communication. More recently privacy concerns have expanded to include concerns of algorithmic
fairness, particularly with deep learning algorithms, which can be quite opaque even to their developers (Shah, 2017; O’Neil,
2016).

Statistical science encourages us to be cautious, and statisticians are sometimes cautious to a fault, which has the
potential to limit our effectiveness in multidisciplinary collaborations. However, some cautionary voices are no doubt
needed, especially in view of the immense public interest in the promise of big data. There has in the past several years
been a remarkable increase in the reporting of statistical ideas and data-driven discoveries in the popular press, and a parallel
increase in public interest in statistical and data science. This is very promising for the development and growth of statistical
science, and for the active engagement of statisticians with the new fields that emerge, whatever they are called.
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