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The Deep Tech Mission
The Deep Tech Mission is an initiative launched by BCG to conduct
research and development about emerging technologies, known as
deep tech, in the next five to ten years. The aim is to identify, assess,
and test these technologies and their underlying concepts throughout industries and academic environments. To reach this ambitious
goal, the Mission advances across three dimensions:
• Explore. It helps provide an understanding of state-ofthe-art technology based on dedicated visual content.
• Experiment. It enables scientists from the Mission
network to test pioneering concepts in order to develop
new visions and unique opportunities.
• Experience. It encourages collaboration among consultants and clients to experience new technologies at scale
and to tackle industrial challenges.
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In a nutshell, we bet on the future.
Ironically, while we tend to believe that the technological
revolution took root in the mid-20th century, it actually
started thousands of years ago. A look back through the
history of science is imperative to navigate the 21st century
quest of becoming an active power user of technologies. As
Fernand Braudel once said, “A present without a past
doesn’t have a future....”
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The ever-increasing speed of technological change
forces each of us to constantly adapt what we do and
how we do it if we want to stay relevant. Our ability to help
our clients understand the impact of technological change,
early in the cycle, to their business and then enable them
to design and implement fundamentally new approaches
is at the core of our value proposition. This book is a great
primer to enable our mission, should you choose to
accept it!


— Karalee Close, Global Leader, BCG Technology
Advantage practice

—C
 raig Lawton, Head of BCG Platinion

AI will not be a tsunami, but a high-pace marathon
for at least the next decade. AI will disrupt the way we
do business, and competitive positions will be reshuffled....
Pushing teams hard to inject AI into core processes and
offers provides the highest ROI that members of the
C-suite can find for their time. Today, a lot of attention is
given to algos and tech, but the big challenge is to embed
AI into day-to-day processes.


It’s clear that technology has shaped our societies
and our evolution over many decades. In this next era
of unprecedented transformation enabled by technology,
it’s helpful to reflect on this relationship—how we influence technology and also how technology influences us.
This is an excellent overview relevant for today’s business
leaders; well done to our team for preparing it!

—S
 ylvain Duranton, Head of BCG Gamma

Throughout history, innovators have moved technology forward with exponential momentum. As the rate
of change increases, organizations find themselves under
an innovation imperative in an ever-complex world. In
managing this complexity, they often get mired in technological jargon that impedes real transformation.
The BCG team behind the Deep Tech Mission Logbook
propels us into the future by looking back—way back—and
delivering a meaty survey of innovation from antiquity
through the 21st century. Organized around the invention
of technological terms and discoveries, these examples
illustrate that innovation isn’t about the “Eureka!” moment but about innovators—individuals, teams, and whole
cultures—driving hard and digging deep into the unknowable.

The speed of innovation and the power of new technologies turn projects into fully fledged new businesses at an unprecedented rate, with more opportunities
than ever right ahead of us. The technological evolution
presented in this book only highlights the ever-growing
speed of change in today’s world.


—S
 tefan Gross-Selbeck, Head of BCG Digital Ventures

Technology has always been the human advantage. It
has been opening up new possibilities for many
thousands of years. The Deep Tech Mission Logbook
is a powerful collection of insights into 23 technological
concepts that have shaped—or will shape—our world. It
provides great navigation and inspiration for the 21st century explorers who have the passion to unleash the potential of technology in the direction of good.


—S
 tefan Mohr, Asia-Pacific Leader, DigitalBCG

By starting with the words of innovation, my BCG colleagues have detangled reality from hype and found veracity in hyperbole. The Logbook gives readers a clear picture
of where we have been and where we are, as well as a
language that allows us to speak clearly as we discover
where we want to be.
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—D
 utch MacDonald, Digital Director, BCG Platinion |
MAYA Design
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Preface
Technology is driving unprecedented change in business. It’s no surprise, then, that many companies are urgently engaged in large-scale
digital transformation efforts to avoid becoming the next victim of
competitive disruption.

But the skills required, and even the relevant vocabulary,
are new and unfamiliar, and confusion abounds. For example, companies with references to ecosystems in their
annual reports have increased 13-fold in recent years, but
the word ecosystem has been used to describe items as
varied as a department, a portfolio of products, a classic
supply chain, and even a whole country. Success demands
precision in action, which, in turn, demands precision in
thinking and language.

revolution, from the digit in digital to the intelligence in AI,
examining their provenance, development, and contemporary meaning.
I recommend this book to any leaders or managers who
are contemplating digital transformation so that they can
raise their game by deepening their understanding and
thereby increase their odds of success.

It’s often helpful when deepening one’s understanding of a
concept to return to its origins. Some of my BCG colleagues have done just this. They have compiled a series of
short, readable essays about the keywords in the digital

Martin Reeves

Global Director, BCG Henderson Institute
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Foreword
In 2003, I was asked a simple and concise question by a CEO:
“What did we not see that will kill the company?”

Trying to set up a method to answer this question has
been one of the most difficult endeavors of my professional life. The case team, Luc de Brabandere, and I found that
using scenarios based on trends clustered around the
uncertainty axis was a powerful way to imagine how to
transform what had so far been considered impossible into
something possible.

$1.4 million. No doubt, many business issues deemed
impossible to solve will be solved in the coming years by
these companies.

Among the trends we looked at, technology was the most
disruptive as well as the most uncertain.

Such is the objective of the deep tech mission that BCG is
launching!

Since then, I have always had an eye on technology, and
what I have observed in the past 20 years is the exponential acceleration of technological impact. As digital enters
every tech field from robotics to biology, Moore’s law
seems to apply almost everywhere.

To achieve this mission, we will pursue three avenues:

SpaceX, Cellectis (which is curing diseases with genetic
engineering), and Waymo (Google’s mobility arm) are all
examples of companies using technology to solve big
issues that have so far been considered impossible to solve
within the near future.
A full ecosystem emerging around deep tech is taking
advantage of the falling entry barriers to research, the
exponential speed of digital, and the cash available to
those hunting for the next unicorn.
In 2018, the deep tech space was filled with more than
8,500 companies with $18 billion in investments, and the
costs to develop a prototype ranged from $200,000 to

For BCG, it is imperative to identify both the business
issues that may be considered impossible to solve and the
deep tech space that could make solving them possible.

• Connect with the scientific community
• Identify the deep tech companies that will change the
world
• Test technologies in an accelerated way in our partners’
labs
This Logbook is but the first step in pursuing those avenues.
I hope you will enjoy reading it as much as we enjoyed
writing it.
And if you wish, please feel free to join our mission.

Antoine Gourévitch and
the Deep Tech Mission Logbook team
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Introduction

Standing on
the Shoulders
of Giants
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I

n the 21st century, words are the new vehicle with which
to explore the universe. Every single day, we read and
hear about technologies and innovations through content that uses such words as artificial intelligence (AI), algorithms, computer, binary, theory, and scientific demonstration.
Yet, do we actually know what those words mean? To take
full advantage of new technologies and to solve major
business issues, it is essential that we grasp the meaning
as well as the context of these words.
The terms form the foundation for the data and digital
transformation now under way, in which numerical technologies provide us with unique and intellectually stimulating opportunities to innovate in all fields. To this end, an
accurate and rigorous definition of each term must be
established. Only then will we be able to launch a stimulating discussion and take advantage of the current data and
digital revolution.
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Yet, while one might believe that this revolution took root
in the mid-20th century, it actually started thousands of
years ago. We are standing on the shoulders of giants: the
scientists, philosophers, and intellectuals who have already
contributed—or continue to contribute—to innovations. It
is critical to know about past inventions, discoveries, developments, and schools of thought so as to capture, with
precision, the ins and outs of the technological revolution.
Euclid, Aristotle, Boole, Shannon, Einstein, Feynman, Searle—there are as many noteworthy names as there are
historical milestones to embrace the AI revolution of the
21st century.
We need to take a look back at the history of science to
navigate the quest of the 21st century. This is also a critical
step in becoming an active power user of technologies.
More than ever, understanding the world and the origins of
its continuous transformation is important to better capture the potential, perceive the risks, and take advantage of
the opportunities offered by new technologies based on
AI—as well as to anticipate the next generation of technologies. Whether you are a manager, a consultant, a student,
a salesperson, a journalist, a politician, a scientist, a teacher, or simply a curious individual, this Logbook will help you
navigate the technological revolution that shapes our
society and our world.
We believe that this book will help you become a 21stcentury explorer and help you better understand the underlying mechanisms and definitions of technological
breakthroughs. Envision this book as a spatiotemporal
journey to become the AI explorer you always wanted to
be. Each chapter offers a different destination, a new word
that is explained as concretely as possible, with examples
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from daily life and industry, many references, and original
illustrations. This Logbook starts with the word digit in
antiquity and ends with the term digital revolution in the
third millennium. The reader will also learn about zero,
scientific modeling, mind-body, creativity, and cybernetics. The
chapters are organized into six periods: antiquity, the
Middle Ages, the Renaissance, and the 19th, 20th, and 21st
centuries. Each is briefly introduced to prepare the reader
for a new journey.
The acceleration of the technological revolution has never
been as great as it is today. This means, among other
things, that a vast majority of people, including our economic and political leaders, lack knowledge and an understanding of the main mechanisms of certain technologies.
Capturing the meaning of each term will help anyone who
wants to easily navigate data and the digital universe.
For this first edition, we chose 23 terms that are significant
in our digital world yet are often misunderstood or underrated. But the list is not exhaustive; in fact, it will evolve
over time, and each edition of this book will include more
important words. Finally, each of these words underscores
a compelling concept: that the important challenge of the
current AI revolution will be its impact on human beings,
especially in terms of privacy, ethics, and geopolitics. And
this revolution will succeed only if we grasp the full extent
of the value of human beings versus that of an algorithm, a
computer, or a robot.
The phrase “23 words to become a 21st century explorer”
will be the key to conquering the universe that we are
building today.
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Chapter 1

Antiquity

BOSTON CONSULTING GROUP

W

hen we look for the origins of most concepts that
bind the digital society today, we quickly realize
that they are rooted in antiquity. Computer science did not arise at the same time as the computer 80
years ago, nor even at the time of binary calculation 200
years ago. And as is often the case in genealogy, ancestors
seem to come from very different worlds. For instance, the
20th century word digital comes from digit, the origin of
which coincides with the emergence of mathematics in
antiquity. Funnily, the internet, which is used every day by
several billion individuals throughout the world in the 21st
century, could only be developed because of the mathematical and logical concepts of antiquity, some of which
date back more than 2,500 years.
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Digit
Definition from Merriam-Webster: One of the elements
that combine to form numbers in a system other than the
decimal system.
Our definition: Digit is a good example of a word we use
every day but that is extremely difficult to define. Philosopher and mathematician Bertrand Russell was aware of the
challenge and instead of giving a formal definition of the
concept, just pointed out that a “brace of pheasants and a
couple of days” were both instances of the number 2.
History and etymology
To be able to calculate, one needs numbers and thus
digits. So, where does the word digit come from? For a long
time, humans simply counted on the fingers of their two
hands. Hence, the word digitus, which means finger in Latin,
was used to name the digit.
And when did humans first want to calculate? That’s difficult to say, but it probably dates back to the time when

Homo sapiens gradually began to settle down somewhere
between the Tigris and Euphrates rivers. To remember the
number of sheep sent off to graze for several months with
a shepherd, a farmer would put the same number of pebbles in an urn. The Latin word for pebble is calculus.
First abstraction: arithmetic
One day, someone came up with the idea to engrave symbols on the outside of an urn holding pebbles to indicate
its contents without having to open it. Initially, they drew as
many sheep on the outside as there were pebbles on the
inside. The idea of writing ensued, and then another, even
more revolutionary, idea developed: that of decoupling the
number from its usage.
In order to describe the population of a farmyard, for example, people would no longer write five chick symbols
and seven duck symbols. Rather, they would use one symbol that means “five” and another that means “seven” and
would place this symbol next to the symbol of the counted
animal.

Mathematicians are lazy.

12
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This grand moment in the history of thought may be
considered to be the birthdate of mathematics. The
digit left the world of concrete objects, moving away from
things to be counted. It became an abstraction that could
be used regardless of whatever needed to be counted—
trees, people, days, and so on.
However, simple digits were not convenient for more complex concepts. For example, new symbols had to be invented for large quantities of things. That is what the Mesopotamians did with their idea of grouping. New signs were
proposed to indicate sets of multiple elements: for example, 10; 600; 3,600; 36,000. The next big idea had thus
arisen, where the value of a digit depends on its place
within a number.
The impact on societal life was huge, with one particularly
significant consequence. In order to use numbers, one has
to be able to write them. Oral tradition lets us talk about
flowers or rain without the need for symbols—letters in an
alphabet combined to form words—to represent them. The
concepts may also be conveyed and understood through
images. But imagine hearing someone say the amount
6,234. What comes to mind? Probably not much! A large,
unwritten number does not trigger mental representation.
This is quite a surprising inversion of things. In daily exchanges, writing is useful because it enables us to record
speech. But when dealing with numbers, the writing structures the speech. Before large numbers could be written,
there were no words to express them.
At this point, calculation was not yet possible, but conditions had developed to encourage thinking about it. In fact,
the number tool was so powerful that supernatural, or
even magical, properties were assigned to it. We went from
one extreme to the other. For the first H. sapiens generation,
numbers did not exist; for Pythagoras, everything was a
number.

below, in which two parallel lines intersecting two crossing
lines maintain the proportions of the created segment.
Thales did with geometric figures what the Mesopotamians
did with numbers: he separated them from objects. What
was common among a planet, a plate, and the spinning of
a stone tied to a rope was the idea of a circle. A circle’s
properties did not depend on the objects manifesting it
anymore.
Euclid codified geometry four centuries later in his Elements: 13 books of demonstrations that could be said to
constitute the first scientific theory in history, and which
represented the confluence of two traditions. The Egyptian
approach was very much focused on the practical aspect,
as we just saw. The other, more theoretical one, institutionalizes the idea of proof; it originated in Greece.
Third abstraction: algebra
Arabic mathematics separated the problem-solving methods from the problems themselves, treating the methods
independently. (See the section “Zero,” in Chapter 2.)
The digits in our computers
Computing science uses two digits to code, and we don’t
talk about digital transformation for nothing! We will see
throughout this Logbook that from the early farmer’s
sheep urn to the current digital transformation, the digit
has made a long journey. (See the section “Digital Revolution,” in Chapter 6.)

Two parallel lines cutting across
two intersecting lines maintain
the proportions of the created segment.

A

Numerous numbering systems were eventually developed
in antiquity, one of the most famous certainly being the
Roman numerals.
Second abstraction: geometry
The second step in the development of mathematics was
geometry, which arose in Egypt. The etymology of the word
says it all: geometry derives from the Greek words meaning
“Earth measurement,” and the earth was, at that time,
essentially Egyptian. Geometry works on both a large
scale—the Egyptians’ calculations of the earth’s circumference was off by less than 2%—and a small scale, as it
could also be used to divide a rectangular papyrus into
three equal parts.

D
B

E
C

The Greek Thales of Miletus (part of modern-day Turkey)
originated the first concepts, including the one illustrated

BOSTON CONSULTING GROUP
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Categories

• Place. Neil Armstrong is on the moon.

Definition from the Oxford English Dictionary: A class
or division of people or things regarded as having particular shared characteristics.

• Time. July 20, 1969.

Our definition: A cluster of types of information that
share common features and are used to organize the world
with the aim of achieving a particular goal.

• Possession. Neil Armstrong has a flag.

History and etymology
The term category comes from the Greek katēgorein, which
means “to accuse”; categories are essentially ways to
“accuse the being.” In philosophy, categories are a way to
inventory all the things that are. Say, for example, that one
wanted to categorize the world. Doing so by dividing the
world into just two categories—bearded and mustached, for
example—would be insufficient because those categories
do not include items that are hairless, which also exist.

• Passion. Neil Armstrong is happy.

While our definition differs from the one more commonly
used, putting it in perspective helps to better understand
the fundamental major work dedicated to categories: the
first book of Aristotle’s Organon, a series about logic.

Original categories
Categories play a central role in thought processes because
they enable one’s finite mind to deal with infinite information. Language is a good example: a common noun, for
instance, is only the name of a category that includes
several similar objects. And proper nouns are simply categories limited to a single or a few individual objects.

The ten categories of being
Aristotle thought he had identified the ten categories that,
together, encompass everything in the world. To understand them better, we will examine these categories using
Neil Armstrong as an example:
• Substance. This is divided into two parts: The primary
substance corresponds to the thing per se. The secondary substance refers to the things to which the primary
substance belongs, such as gender or species. Neil
Armstrong’s primary substance is thus himself as an
individual, and his secondary substance is himself as a
man or a human being.
• Quantity. This is also divided into two natures: discrete
(something that is divisible, such as the number of items
a person has) and continuous (something that is not
divisible, such as the weight or the height of the person).
Neil Armstrong measured 180 centimeters and weighed
70 kilograms at the time of the Apollo 11 mission.
• Quality. A quality is an attribute concerning the shape
and matter that apply to the substances. Neil Armstrong
is ambitious and curious about new technologies.

• Position. Neil Armstrong is standing.

• Action. Neil Armstrong plants a flag in the lunar soil.

Maybe these categories surprise you; maybe you do not
even accept Aristotle’s organization of the world. In any
event, Aristotle’s categoricalism has been much discussed
in philosophical circles over time. Plotinus, Thomas Aquinas, Descartes, Spinoza, Kant, and Hegel are only a few of
the prominent philosophers who have paid close attention
to the Organon.

Categories are grids that we can use to read the world.
They provide varied and original viewpoints on things and
help us think about them better. Also, categories are not
absolute. A tax expert, for example, may sort city districts
according to their tax rates, while a jogger may differentiate
the same districts according to which have wide sidewalks
and which have narrow sidewalks.
The number and size of items within a category may vary
depending on the purpose for which the category is being
used. A well-known example is that of the Inuit, who have
more than eight words for snow, depending on its state.
None of those words would have any relevance for a person living in Lisbon, however.
About categories in artificial intelligence
Categorization lies at the very source of the decision-making
process of a solution that has been digitally calculated by a
computer on the basis of a mathematical model. An algorithm, for example, can be categorized either explicitly (by a
human) or implicitly (in the case of machine learning).

• Relationship. This describes how things exist with
regard to other things. Neil Armstrong is Buzz Aldrin’s
colleague.

11
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Explicit categorization classifies solutions according to
common characteristics, such as an algorithm that calculates the price of apples on the basis of their size. Or consider another algorithm, which can estimate the best
itinerary for traveling by metro in Paris for a group of travelers. In that case, the algorithm could categorize a variety of
possible paths, depending on the number of users or
incidents per line.
Implicit categorization occurs on the basis of the invariants
within a neuronal scheme built by an algorithm that learns
from a data set—otherwise known as learning data.
Regardless of whether categories are implicitly or explicitly
determined, however, it’s important to remember that they
correspond with a vision of the world at a given moment.
Their usefulness should be challenged empirically to avoid
categorizing the world on such a limited basis.

In brief, the AI revolution will certainly enable us to categorize more precisely and use software to handle an increasing number of categories over time. We should nevertheless remain cautious about implicit AI in the case of
machine learning, because bias may be introduced and
remain difficult to detect. Even in the case of explicit categorization, our own cognitive biases can disrupt the classification by introducing well-known algorithm biases into the
set of criteria on which each category is built. A categorization remains a classification of the world according to a
certain vision, and we know that algorithms learn from the
data we indirectly upload ourselves. It is our role to reinvent, rethink, and redefine the categories that will feed
tomorrow’s algorithms. In short, to be creative! (See the
section “Creativity,” in Chapter 5.)

Neil Armstrong can be described using
Aristotle’s categories.
Action
Planting a ﬂag
Place
On the moon

Relationship
Buzz Aldrin’s colleague
Passion
Happy

Substance
Neil Armstrong
(human being)

Time
July 20, 1969

Quantity
180 cm, 70 kg

Position
Standing

BOSTON CONSULTING GROUP

Possession
A ﬂag
Quality
Ambitious and
curious
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Chapter 2

Middle Ages
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M

athematics advanced robustly during the Middle
Ages. Under the influence of the Middle East,
geometry and arithmetic were eclipsed by a brandnew approach—algebra—that introduced revolutionary
concepts: zero, unknowns, equations, and algorithms.
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Algorithm
Definition from Merriam-Webster: A procedure for
solving a mathematical problem in a finite number of
steps that frequently involves repetition of an operation.
Our definition: An algorithm is a set of operations and
steps that are executed to solve a problem or to answer a
question that is not necessarily mathematical. Nowadays,
when talking about algorithms, we refer to computer algorithms, which are made to be implemented in a code that
is then run by a computer to solve a given problem.
History and etymology
The word algorithm comes from algorithmi, the Latinized
transcription of the name of Persian mathematician Muhammad ibn Musa al-Khwarizmi, who lived in the ninth
century. Algebra, a discipline that was introduced to Europe
in the 12th century, was also named after al-Khwarizmi.
His contributions to mathematics were fundamental, but
we do not know much about his life.
From ancient Greece to Persia: the journey of the
algorithm
Though officially recognized as originating in the ninth
century, the algorithm is actually rooted in antiquity. Indeed, Euclid developed and taught logic lessons in which
he mentioned a methodology to solve a problem in an
efficient way (though he never used the word algorithm).
The efficiency of an algorithm is defined by its temporal
complexity, which describes the number of operations
executed by the algorithm, as well as its evolution with the

size of the given problem. Indeed, even though some algorithms are pretty effective for small problems, their resolution time may increase exponentially for larger problems.
Today, one of the most famous and widely used algorithms
is the one known as divide and conquer, which was devised
by Euclid. This algorithm was developed to solve a problem
by using recursion on small portions of it. It has the advantage of significantly speeding up any resolution and is used
in most of the sorting algorithms found in applications.
Imagine, for instance, a sack of potatoes that need to be
sorted by size: the big ones will be used for mashed potatoes, and the small ones will be cooked in a pan for
brunch. One of the algorithms that can be used to solve
such a sorting problem compares the potatoes two by two
and lines them up according to size. Though this method
works, it can take a very long time if the sack of potatoes is
large.
The divide-and-conquer algorithm can help sort this sack
of potatoes much faster. It begins by dividing the original
sack of potatoes into two subsets of potatoes, which are
then sorted separately by comparing the potatoes two by
two. In the second step, the subsets are merged. This is
done by comparing the smallest potato (P1) of one subset
(S1) with the largest potato (P2) of the other subset (S2). If
P1 is larger than P2, then the subsets can be merged
directly. If not, then P1 and P2 should switch subsets, and
the comparison continues. This method, which uses recursion, is very efficient.

Sorting potatoes can go quickly
with an algorithm.

S1

S2

S1

S2

P2

P1
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Computer algorithm: a contemporary vision of
the original algorithm
In the second half of the 20th century, computer algorithms were developed to be implemented in a piece of
code or software within a computer that is in charge of
running it. Some computer algorithms arose from traditional algorithms that were modified to be implemented in
a code, while others—such as deep-learning algorithms—
were developed from scratch.
The efficiency of a computer algorithm is defined by spatial
complexity as well as temporal complexity. Spatial complexity outlines the amount of computer memory used by
an algorithm when executing its operations. Ideally, an
efficient algorithm optimizes both its temporal complexity
and its spatial complexity. In other words, it runs fast and
uses as little memory as possible.
Toward a new class of algorithms
Algorithms will continue to evolve as quantum computing
changes both the way operations are executed and the way
data is stored. The new computing paradigm will require a
quantum algorithm.

Intelligence
Definitions from Merriam-Webster: (1) The ability to
learn or understand or to deal with new or trying situations
and (2) the ability to apply knowledge to manipulate one’s
environment or to think abstractly as measured by objective criteria (such as tests).
Our definition: Intelligence is the capability to acquire
and use knowledge when it comes to adapting to a new
environment, solving a problem, or unleashing one’s creativity.
History and etymology
The Greeks did not talk about intelligence. Rather, they
wondered about the intelligibility of things. It is no coincidence that the word theory comes from theos orao, which
literally means “contemplate the gods.” Though the Greeks
gradually shifted their perception from the gods to nature,
perception itself remained the key to access things. They
considered human beings to be spectators of ideas and
concepts. In their view, intervention in ideas or concepts,
comparison between spectators, and competing versions
of perception were all impossible. Even 2,000 years later,

Big brains are the best, they said.

Emmanuel Kant’s transcendental philosophy still did not
address intelligence. Rather, it explored understanding,
dealing more with the conditions of knowledge than with
the ways of thinking.
The word intelligence first appeared during the 14th century
and was included as an entry in the encyclopedia of Diderot and d’Alembert in the 18th century. But it was not
until the end of the 19th century that the concept of intelligence emerged in disciplines as varied as psychology,
history, and biology. Intelligence was studied as a process
and as a differentiating ability, and efforts to measure it
arose as well. Yet discussions on the topic quickly became
a battlefield, and Sir Francis Galton (1822–1911), a cousin
and admirer of Darwin, likely started the fight. Inspired by
Darwin’s On the Origin of Species, Galton suggested that the
human species could be “improved” by the selection of
certain characteristics, and he coined the term eugenics.
Measuring intelligence
Also among the first to join the fray was French psychologist Alfred Binet (1857–1911), who invented the intelligence quotient—IQ—test to measure intelligence. But
such tests actually provide little information about intellectual capabilities. They date back to a time when intelligence was mostly considered to be an innate, logicalmathematical capacity to calculate, classify, extrapolate, or
deduce. Today, in fact, attempts to correlate intellectual
efficiency with such morphological indications as the
weight of one’s brain or the shape of one’s skull, for example, would be considered ridiculous.
The Swiss psychologist Jean Piaget (1896–1980) strongly
objected to this concept of intelligence as a more-or-less
innate gift because he believed that intelligence develops
constantly during childhood. In 1936, he published The
Origin of Intelligence in the Child and hypothesized four
stages from birth to adulthood:
• Sensorimotor (from birth to age 2). The child discovers
the world by looking, touching, and groping. They gradually understand that people and objects continue to
exist, even if they cannot be seen anymore.
• Preoperational (ages 2 to 7). Language and notions
such as time, space, and quantity appear. The child
becomes able to imitate and to use symbols; their
curiosity is limitless, and the first prohibitions have to
be imposed.

• Formal Operational (age 11 and up) marks the completion of the construction of logical structures in the
child. They now make hypotheses and experiment with
them, reflect about probabilities, and are interested in
questions of a moral nature.
Intelligence is polymorphous
Since the 1980s, Piaget’s ideas have been enriched, especially by the American psychologist Howard Gardner. Today,
nobody disputes either the plurality of intelligences or the
necessity to combine them. What’s more, the theories of
multiple intelligences are… multiple. Even Howard Gardner had to revise his original list to add one. In addition to
deductive, mathematical, and logical intelligence, the
theories include:
• Musical intelligence: sensitivity to sounds and
rhythms
• Bodily-kinesthetic intelligence: the ability to use all
of one’s body parts
• Relational or emotional intelligence: the identification of others’ feelings and emotions
• Visual intelligence: reasoning in three dimensions
• Linguistic intelligence: sensitivity to the meaning of
words
André Gide said in 1909, “There is no intelligence; one has
the understanding of this, of that.” Some tried to find
common traits among all geniuses and wanted to explain
how to think like them. They wasted their time. What is
called intelligence is not a single capability but a set of
competences, innate or acquired, that requires us to both
know and ignore, search and find, question and answer.
What about artificial intelligence?
When talking about AI today, intelligence moves back to
the singular. This is a mistake. French author André Gide
might say that there is no artificial intelligence; rather,
there are increasingly extraordinary tools that enable us to
do this, to do that. And the form of intelligence that will
totally move into machines is, paradoxically, the one that
was initially considered the most important. (See the
section “Artificial Intelligence,” in Chapter 5).

• Concrete Operational (ages 7 to 11). The child starts
reasoning. They move away from concrete objects and
formalize their first opinions based on criteria.
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Zero
Definition from Merriam-Webster: The arithmetical
symbol 0 or  denoting the absence of all magnitude or
quantity.
Our definition: Number that denotes nothing.
History and etymology
Digitization transforms information into zeros and ones.
(See the section “Binary,” in Chapter 4.) This results in an
illusion of symmetry, however, as though the numbers 0
and 1 were the two feet of Homo informatix, the man in the
digital world.
Yet the concept of one has existed since Homo sapiens first
began communicating; the concept of zero, on the other
hand, appeared in Europe only in the Middle Ages—thousands of years after all the other numbers. In fact, the
Egyptians, the Greeks, and the Romans never imagined
the existence of a number that denoted nothing.
The Italian mathematician Fibonacci brought the number
0 to the West along with the rest of the Arabic numbers.
The digit opened up a host of possibilities—so many, in
fact, that some were frightened by this mighty void.
The zero: one of its kind
Indeed, zero is absolutely a number unlike the others, and
proving that is easy.
Let us start, for instance, with the following equation, which
is hardly disputable:

a2 – a2 = a2 – a2
This gives, successively:

(a + a).(a – a) = a.(a - a)

Have we succeeded in proving that 2 equals 1? Clearly not,
and that’s because the equation starts with zero, which is
expressed as (a – a). The process can, in fact, be completed
correctly using any other number.
Almost zero
As is often the case with earthquakes, an initial tremor can
be followed by others. This is what happened with the zero
when, a few centuries later, some mathematicians wondered about the “almost zero.”
Let’s illustrate it with the Pythagorean theorem, represented in the right triangle ABC: (AB)2 + (AC)2 = (BC)2
Or can we create an equation where AB + AC = BC?
Indeed, when taking a closer look, the distance from B to C
via A is the same as the one from B to C via D. When taking
an even closer look, the distance is always the same if you
follow the “staircase” along the hypotenuse BC. Indeed, the
sum of all the horizontal segments along the steps equals
AC, and the sum of the vertical segments equals AB.
What’s more, this distance does not change when the stair
steps become smaller and smaller, so minuscule that one
cannot see them anymore, no matter how close one looks.
So, when the large side of the triangle looks like a saw with
teeth that are very close together, when the length of each
step and riser is equal to almost zero, don’t we have AB +
AC = BC, and isn’t the hypotenuse equal to the sum of the
two sides of the right angle?
This mathematical optical illusion also illustrates the
strange and unique status of the number 0, which led
Leibniz and Newton to develop infinitesimal calculus.
Whether calculating a derivative or an integral, the aim is
to bring the differential of the variable, x, toward 0.

2a.(a - a) = a.(a - a)
2a = 1a
2=1
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A contemporary celebrity
In computing, many things are counted from 0, not from 1.
For instance, the first cell in a table with a size n is positioned at 0, and its last cell is positioned at n-1. This is not

intuitive for humans and remains the reason for many
bugs in computer programs. This is a singular fate for a
number that did not exist in antiquity but that represents
50% of the cloud today.

The Pythagorean theorem creates a mathematical optical illusion.

B

D
A
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Chapter 3

Renaissance
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W

ould Galileo agree that the “great book of nature
is written in computing language” today? Perhaps.
But during the Renaissance, mathematics was
enough for him. He was fascinated by the idea that the
physical world could be described so closely through calculations. Descartes even merged geometry and algebra to
calculate movement, and Pascal opened the door to a
revolutionary theory of probabilities. Thus, the first mathematical modeling approaches to represent physical phenomena arose during the Renaissance, and some of these
models are still used today.
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Bayesian Network
Definition from Wikipedia: A Bayesian network is a
probabilistic graphical model (a type of statistical model)
that represents a set of variables and their conditional
dependencies via a directed acyclic graph.
Our definition: A Bayesian network is a causal graph in
which probability is assigned to a few original variables as
well as to all the relationships among them. It enables us,
when any event occurs, to provide the most likely explanation and then update all the probabilities.
History and etymology
Steve Jobs, Alan Turing, and Jeff Bezos are considered to be
the leading players in the digital revolution. Today, the
internet can offer recommendations for books or holiday
plans with bewildering precision, and sometimes it seems
as though Big Data is on the verge of transforming your
entire daily life. But another man, as astonishing as he is
unknown, is in fact responsible for all this: Thomas Bayes.
When he died in April 1761, this British theologian and
philosopher left a few incomplete articles. One of them,
titled “An Essay Towards Solving a Problem in the Doctrine
of Chances,” reached the Royal Society two years later

thanks to the diligence of a friend who was equally unknown—Richard Price.
In his essay, Bayes transposed a proposition developed by
Blaise Pascal. The French scholar had opened his treatise
on the geometry of chance by studying the probability of an
effect given a cause. For example, if I gamble in a casino,
what are my odds of winning? The British mathematician
put it the other way around and proposed a formula for
computing the probability of a cause given an effect. In other
words, if I draw three aces at poker, what is the probability
that the deck is rigged and holds five aces?
Bayesian networks at work
Bayes’s formula, demonstrated almost three centuries ago,
is at the heart of today’s major algorithms. They take
enormous amounts of information into account, and the
Bayesian approach is modeled in the form of a network
that enables us to apply this probabilistic reasoning to a
field of uncertain knowledge.
According to our definition, a Bayesian network enables us
to provide the most likely explanation for a given event and
then update all probabilities. Let’s look at this through the
following example from daily life.

In an acyclic graph, each node is crossed only once.

1

4

2

5

7

3
6

BOSTON CONSULTING GROUP

20

Each of these variables (five in this case) can take the value
of either 0 or 1. The sprinklers are working or not, a pipe
was broken during construction in the street or not, and so
on. A set of probabilities is also given to:
• Original variables. There is a 60% chance of having
clouds; twice a year a pipe breaks because of construction in the street; and so on.

• Each mesh, or interdependence between nodes,
which links the different variables. If there are
clouds, the probability of rain is 40%; if there is rain, the
probability is 100% that my own yard and my neighbor’s
will be wet; the sprinkler system works 20% of the time
even though there is no sunshine; but the chance that
my sprinkler system will water my neighbor’s yard is 0%,
and so on.

A simpliﬁed Bayesian network

There are clouds
My neighbor’s
lawn is wet
It’s raining

The sprinklers
are working

!

There is pipe
construction
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Then, the network completes itself. It can compute the
probabilities of the other related variables and predict, for
instance, that the chance of rain can be expressed as
follows: 60% (odds of having clouds) x 40% (odds of having
rain given that there are clouds) = 24%. The Bayesian
network is now ready to instantly modify all the probabilities as soon as it is given a new piece of information.
What if the network changes?
Here is a new piece of information: it is summer. You wake
up in the morning and notice that your lawn is wet. Did it
rain, or did your sprinkler system work? Or both? Once
again, we are facing the very same question: given an
effect, what is the probability of the cause? Noticing the
wet lawn means assigning a 100% probability to the corresponding variable. And the network recalculates all the
other parameters. Then, you notice that there is pipe construction in the street and, all of a sudden, all the figures of
the network are modified. But if your neighbor’s yard is
wet, any hesitation vanishes.
Bayesian networks in computer science
Bayesian networks have been the subject of myriad publications. They have hundreds of knots (variables) and meshes. They are used to model the activity of social media or
financial markets and are applied to medicine and computer technology, such as computer-based image processing. In the health care field, for instance, parameters consist of risk factors, vaccination percentages, symptoms,
infectiousness, test results, and so forth. A Bayesian network can provide the probability that any given patient is
suffering from a particular illness.
Yet, in real life, not everything is quantifiable and therefore
computable. Someone might order a book from Amazon,
for example, for a variety of reasons: the website’s algorithm recommended this specific book; the purchaser read
an article about the book in a newspaper, or a friend recommended the book; they are not even interested in the
book but want to offer it as a gift; or perhaps they… just
made a mistake. In everyday life, the full array of probabilities is not available in detail; nonetheless, Bayesian networks are still useful models.
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More significant, we often think in Bayesian terms without
realizing it, even when no figure is available. If a politician
receives fewer phone calls from a reporter, they might infer
that their popularity is declining. But, then again, what is
the cause and what is the effect? The probability that a
journalist calls them less often because their popularity is
declining is higher than the probability that their popularity is declining because a journalist calls them less often.
The reporter might be busy with topical events that have
nothing to do with politics. This type of mix-up often explains what are called conspiracy theories. When there is a
conspiracy, a few events take place that are identified as
“conspiracy events.” If, in a given case, there is indeed
conspiracy, then the probability of observing these conspiracy events is quite high. However, the probability of conspiracy itself, given these conspiracy events, is not as likely.
Bayesian networks in the brain
Some go as far as to say that the organization of the brain
itself is Bayesian. Since the cortex is locked in the cranium,
it can work only by using information sent by the senses
and must continuously update the information available to
it. Incoming sensory data is continuously combined with
previous appraisals, and beliefs are modified as new proofs
are discovered. The architecture of the cortex would enable
some sort of predictive coding that prepares it for the next
sensory input.

Scientific Modeling
Definition from Merriam-Webster: A system of postulates, data, and inferences presented as a mathematical
description of an entity or state of affairs.
Our definition: We define scientific modeling as a discipline, not just a system. This discipline aims to represent
any phenomena using, for instance, a set of mathematical
equations, assumptions, concepts, and conditions. The
ultimate goal is to be able to describe the world theoretically, or to simulate it computationally, in order to analyze
phenomena, answer a question, or solve a problem.
History and etymology
The word modeling was created in the 16th century and
comes from the Latin word modulus, which means “the
action of bringing into desired condition.” In this section,
we discuss mathematical modeling, which is one way to
describe a phenomenon.

22

Classification of mathematical models
There are many types of mathematical models, including:
• Statistic versus deterministic. When describing a
phenomenon mathematically, one can use a statistic

model, which include probabilities within equations or
parameters to describe certain mechanisms that contain
randomness. By contrast, a deterministic mathematical model includes no randomness in parameters and
equations.

A deterministic model vs.
a statistic model
Statistic

Deterministic

Tomorrow,
the chance of rain is

76% 13°c

100°C

• Explicit versus implicit. A model is explicit when each
equation, parameter, and assumption is decided precisely by the designers of the model. Conversely, in implicit

models, those entities are not rigorously defined—such
as in machine learning, where the model learns from a
set of data.

An explicit model vs. an implicit model

Criterion 1
Criterion 2
Criterion 3

An explicit model

Hypothesis 1
Hypothesis 2
Hypothesis 3

An implicit model
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• Static versus dynamic. A static model contains elements
(equations, parameters, conditions) that are constant over

time. A dynamic model, however, contains equations and
parameters that evolve nonlinearly over time.

A static model vs. a dynamic model
Variable

Time

A static model

Variable

Time

A dynamic model
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• Linear versus nonlinear. A linear model contains
equations that are linear functions of the unknowns. In
other words, a linear equation as a function of the unknown x is written as follows: ax+by+c=d. Any equation
not written this way is nonlinear. The presence of at least
one nonlinear equation will render a model nonlinear.

• Continuous versus discontinuous. A continuous
model is one that is applied to a continuous set of data.
Conversely, a discontinuous model, also called a discrete
model, is applied to a set of discrete data. Continuous
models may contain integrals, for example, while discontinuous models may contain a series.

A continuous model vs. a discontinuous model
Variable

Variable

A continuous model

A discontinuous model
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Some models are a combination of multiple types. For
instance, a mathematical model to predict the weather in
a certain area is statistic, dynamic, and discontinuous. It is
statistic because it relies on a statistic description of the
movement of air and water and provides a prediction with
a certain percentage of accuracy. It is dynamic because

physical weather phenomena evolve over time. And it is
discontinuous because predictions can be run only on a
given day using a discrete mathematical description of the
local geography, mostly due to the limitations of computer
capabilities.

The model needs improvement.

What we know versus what we think
When developing a model, we should distinguish what we
know from what we assume. While most of the phenomena we describe in a model are known well, others we can
describe only on the basis of what we think. Most models
comprise what we call assumptions or hypotheses, which
contain elements required for the model to run and provide a solution but which still contain assumptions based
on our general knowledge. For example, the model developed by Sir Isaac Newton to describe falling bodies is
defined with a clear understanding of all physical phenomena. But we need to make assumptions when modeling,
for example, the elasticity of brain tissue to mathematically describe a traumatic brain injury because we do not yet
know precisely how brain tissue deforms locally and globally, or when and how irreversible deformations appear.
Today, with the emergence of AI, mathematical modeling is
becoming famous and very popular. We need to be careful
about the assumptions contained in those models to avoid
biases and errors in the solution provided by the simulation. Consider, for instance, models that are based on a
semantic content analysis of social media posts about
public companies to determine their sentiment index.
Such models may provide a financial analyst with insight-

ful information on how the stock price may evolve: a negative sentiment index about a company would most often
point to a possible decrease of its stock price. This is not
the case for certain companies, such as Apple, however.
The idea of a direct relationship between popular sentiment about a company and its stock price is biased and
could potentially lead to errors. This is where critical thinking and experience matter the most.
From a model to a computer algorithm
The physicist and philosopher Galileo was the first person
to develop a mathematical model; it demonstrated the
heliocentric principle. Since then, mathematical models
have been developed to describe other phenomena, such
as planetary motion as explained by German astronomer
and mathematician Johannes Kepler. All these models
were made to be used by hand.
Today, most of the mathematical models are developed to
be used in computer simulations and thus usually need to
be translated into a computer algorithm. Scientists use
algorithmics to improve the efficiency of existing algorithms and to develop new ones to tackle the most challenging mathematical problems.

“The heart has its reasons, of which reason knows nothing.”
Blaise Pascal

Please,
stop it!

NEVER!
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From mathematical modeling to artificial
intelligence
Today, with the rise of computer capabilities and advanced
algorithms, AI plays a key role in broadening and furthering
the use of mathematical modeling. For instance, in machine learning, mathematical models and algorithms,
which have become more complex and abstract, are key to
the success of AI technology. Embedded in every form of AI
technology is a mathematical model that has been translated into an algorithm and implemented in a code to run
on a computer. Mathematical modeling and computer
algorithms have become two of the most challenging and
hottest topics in AI.

Mind-Body
Definition from the American Heritage Dictionary: Of,
involving, or resulting from the interrelationship between
one’s physical health and the state of one’s mind or spirit.
Our definition: The mind-body connection comprises the
relationships between our mental processes and our physical processes.
History and etymology
The digital era motivates us to revisit some fundamental
philosophical questions. One of the most famous addresses the relationship between the body and the mind. In-

deed, we all acknowledge that we possess arms and eyes,
and we also acknowledge that we all feel joy or desires. Yet,
what links the body with the mind? Two theses have always
been in conflict.
How does an idea become the cause of a movement? How
does the will to see make us light a lamp? For some,
thought is a production of the brain, inseparable from its
support. For others, ideas exist independently from the
brain. The former are called monists since they suggest that
mind and body are one. The latter are called dualists because they think that the mind is of a totally different nature
than the body. Monism and dualism seem incompatible.
For the monists, everything that exists is composed of
matter and may be studied by scientists. For the dualists,
thought is an independent entity that is not subject to the
laws of physics and chemistry. Hard-core dualists thus
challenge the very possibility of AI.
Since its inception, the debate has been separated
into three periods
In the beginning, humanity seems to have been monist. If
rain was falling down, people believed that it was because
it “wanted” to fall down; and if iron rusted, it was because
it was “sick.” Aristotle, for example, was a monist. In his
view, the world was composed of five elements, each with a
natural place. The prevalence of monism has been an
obstacle to the development of science for far too long.

Dualists vs. Monists

+
Mind

=

Dualists

=

Monists

Matter

+
Matter
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The Descartes controversy
In the history of the mind-body dichotomy, René Descartes
caused a big disruption when he developed the classical
form of dualism. In one of the most provocative texts in the
history of ideas, the French philosopher presented in 1643
a revolutionary thesis: a substance cannot both think and
have material properties. In other words, the body cannot
say “I”!
The consequences of the dualist hypothesis are many. An
animal, for instance, is no more than a machine for Descartes, and its functioning may be entirely explained by the
place of its organs. Its heart is only a pump, and its liver is
only a filter.
Yet, Descartes’ thesis quickly runs into significant conceptual problems. If thought is completely independent from
the body, how can we explain that we salivate when we see
a lemon or blush when we feel ill at ease, or that our heartbeat increases when we are afraid? Even simpler, if I decide
to put my foot forward, it means that an immaterial reality—my will—intervened in the material world to put my
foot in motion. How could a mechanical movement be
triggered by a force that is entirely alien to it? In fact, isn’t
human sexuality obvious proof that Descartes is wrong?
Descartes himself admitted the weak points in his theory,
but he thought he could get out of it through a philosophical sleight of hand: he believed that the pineal gland in the
brain acted as a checkpoint through which res extensa
(material things) could make contact with res cogitans
(thought).
The 20th century and quantum physics
At the beginning of the 20th century, the theory of relativity
and quantum theory spurred the development of a third
view of the mind-body dichotomy—that the mind modifies
the body it observes. The debate was therefore revived.

If we follow that metaphoric hypothesis, the question
remains: who is programming whom? And might human
beings become programmable? This is in any case the
desire—and even the goal—of transhumanists today, who
favor “augmenting” the human being in both mind and
body.
For traditional humanists, human beings differ categorically from the rest of the living world. For transhumanists, on
the other hand, all living things exist along a continuum; it
is all a question of gradation. Thus, just as there is no real
distinction between the body of a human and that of an
animal, there is also no unbridgeable divide between the
mind of a human and the cognitive processes of a computer. Even if one disagrees with the transhumanist thesis, the
questions they raise cannot be ignored.
Mind-body in artificial intelligence
The era of artificial intelligence has made the distinction
between the mind and the body more complex. While
robots have begun to look more like humans in the past
few years, they still do not possess a human-like mind—
despite our natural tendency to assume human intelligence in something that looks human (this is called the
ELIZA effect). This causes confusion in our perception of a
machine’s capabilities and the future of artificial intelligence. What’s more, in the discipline of augmented and
virtual realities, the notion of mind-body is key in the effort
to add physical features to our body to provide our mind
with additional information. (See the section “Augmented
Reality and Virtual Reality,” in Chapter 6.) Hence, hardware (such as glasses) is as important as software (the
information that is shared through the glasses) to develop
virtual and augmented worlds. The work on augmented
reality and virtual reality shows that the mind and the
body are inherently interrelated and that—more than
ever—the interactions between them matter.

And today?
Not surprisingly, most thinkers are now back to monism.
Recently, the American cognitive scientist Jerry Fodor
proposed to think of the mind-body relationship in the
same way as the software-hardware one in information
technology. Certainly, a program needs a form of support,
but one can write it without even knowing what that support is.
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Chapter 4

The 19th
Century

L

ogic went through a revolution! After a last-ditch effort
to achieve Leibniz’s dream to merge mathematics and
logic, British mathematician George Boole had to
acknowledge the impossibility of mathematizing the syllogism and dropped the project. Yet his work was not all for
naught, because he developed a tool whose potential he
could not have imagined during his lifetime: binary calculation. This formed the foundation for the development of
computing science in the 20th century.
The 19th century is also the one in which the so-called
hard sciences lost their monopoly. New disciplines—such
as psychology, sociology, and anthropology—emerged.
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Binary
Definition from Merriam-Webster: (2a) Of or relating to
a system of numeration having 2 as its base; (2b) of or
relating to a system of encoding data using only 0s and 1s.
Our definition: The binary system is a base-2 calculation
system. It is characterized by a number that uses only two
digits, 0 and 1, and is expressed in a sum of powers of 2.
For instance, the number twelve, written 12 in our decimal
system (1x101 + 2x100), is written 1100 (1x23 + 1*22 + 0x21 +
0x20) in the binary system.
History and etymology
The word binary comes from the Latin word binarius, which
comes from the Latin bini, meaning two-by-two. The British
mathematician George Boole theorized the binary system
as we know it today in the 19th century. However, the
beginnings of the base-2 calculation system can be found
in ancient Egypt. The Eye of Horus notation was a system
to measure the hékat, a quantity of liquid, grain, or other
material, equivalent to approximately 4.8 liters. The unit
was calculated with a sum of fractions of multiples of 2
starting from 1/64 (1/64, 1/32, 1/16, 1/8, 1/4, and 1/2).
Incidentally, the sum is only 63/64, but it was believed that
the missing 1/64 to reach the unit would be provided by
the god Thoth.
The Egyptians also used a form of decomposition of a
number to the power of 2 to perform an operation called
Egyptian multiplication.

Ancient Egyptians developed a
way to perform multiplication.

Another form of binary system was also used in India
around 300 BC to describe poetic prosody. Its inventor, the
mathematician Pingala, used two distinct characters. The
system started from 1, not 0, and read from right to left
instead of from left to right. It enabled us to assign a single
value to each meter of a poem, which indicates the rhythm
of the verse.
Arithmetic and algebraic descriptions of the
binary system
The binary system was first developed in the 17th century.
Leibniz was obsessed with the idea of mathematizing
thought and even believed that disagreements could be
solved with calculations. He was one of the first thinkers to
develop binary calculation. For instance, he originated the
famous formula a2=a (in a binary system, if a=0, a2=0, in
the same way that if a=1, a2=1). A definition of the word
binary may also be found in Diderot and d’Alembert’s
encyclopedia.
The last but not least, step in theory development—algebra—came from Boole, who defined a combination composed of two values (“true/false” or “0/1”) as well. He also
defined the AND and OR functions known as gates: AND
returns a value of 1 only if both entries are 1, OR returns 1
if at least one of the entries is 1, as shown in the illustration on the next page.
He also defined a transformation called a complement:

A complementary
transformation
Complementary a=ā

1/8
1/4

a

ā

0

1

1

0

1/16
1/64

1/2

1/32
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An “AND” logic gate

1

0

AND

0

Input
0
0
1
1

Output

0
1
0
1

0
0
0
1

An “OR” logic gate

1

OR

0

Input
0
0
1
1
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0
1
0
1

Output
0
1
1
1

THE DEEP TECH MISSION LOGBOOK

Other logic functions, called composite logic functions,
may be created on the basis of two essential functions of
complementary transformation: the exclusive OR, represented as XOR and the “Non-AND,” noted as NAND. The

appeal of Boolean algebra is that one can build a system of
logical functions to perform calculations with decimal
numbers. For instance, a combination of these gates is
able to perform an addition. In the same way, one can

An arrangement of logical gates
creates modules that can perform addition.

2

1
0

xor

xor
and

3

1
1

and

or
xor

xor
and
or
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build logical circuits that perform multiplication, addition,
or subtraction.
From Boolean algebra to binary logic computing
The development of electromechanics, and then electronics, enabled us to exploit Boole’s theory for two simple
reasons. First, it is very easy to model a binary value with a
switch—for instance, with a light. A light that is turned off
has a value of 0; if the switch is turned on, the value is 1.
Second, the logical functions AND and OR may be translated into two simple electrical assemblies.
The American scientist Claude Shannon was the first to
think of using Boolean algebra in an electrical circuit,
where information is represented with relays and switches.
What’s more, he used binary to model data in the form of
a bit (“bits” is a contraction of “binary digit”). His contribution turned out to be definitive in information theory. (See
the section “Information Theory,” in Chapter 5.)
The invention of transistors sealed the inclusion of the
binary system in computers. A transistor may be used as a
controlled switch in which the frequency of change from
one value to the other can be very high—several billion
times per second! In addition, it is easy to produce and has
been increasingly miniaturized, so that it now measures 14
nanometers, which is ten times smaller than the AIDS
virus. This miniaturization enabled us to increase computing capabilities significantly in the second half of the 20th
century. (See the section “Computer,” in Chapter 5.)

Energy
Definition from Merriam-Webster: a fundamental
entity of nature that is transferred between parts of a
system in the production of physical change within the
system and usually regarded as the capacity for doing
work.
Our definition: We have nothing to add to the MerriamWebster definition. However, we would like to point out
that this section will target the energy required by our
economy.
History and etymology
In the 17th century, reason was recognized as the linchpin
of progress. The first steam engines date back to the beginning of this Age of Enlightenment—the result of a eureka
moment when someone decided to reverse the way a water
pump works. Rather than decrease pressure, which is the
principle of the pump, why not create pressure and draw
movement from it, which is the principle of the engine?
Prototypes of the first steam machines did not work well.
After observing the poor yield of those prototypes, James
Watt analyzed the surface-volume relationship of the
cylinder. In 1765, he realized that a second cylinder was
necessary, which would always remain cold, enabling the
first one to always remain hot. This discovery revolutionized the steam engine.

AND and OR functions translated into
simple electrical assemblies

Branch circuit: X+Y X OR Y
X oﬀ, Y on X OR Y is exact
current ﬂows
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Series circuit: XY X and Y
X on, Y on X AND Y are exact
current ﬂows
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Theorizing engine power
Nicolas Léonard Sadi Carnot (1796–1832) was a French
physicist and engineer. At the age of 27, he published his
only book, Reflections on the Motive Power of Fire. In about
thirty pages, he raised the question of machine yield for
the first time. He defined the concepts of cycle and reversibility and described the second principle of thermodynamics—20 years before James Prescott Joule established the
first one!
Carnot put into words and figures what James Watt had
built, making the machine much more efficient—but he
did it 60 years after the fact. This was a turning point in the
relationship between humans and their tools. Previously,
practice preceded theory; techniques were developed
without science. Today, theoretical research comes first,
followed by applications. This might be why we do not talk
about new techniques but about new technologies.
The 19th century is often called the Age of Romanticism,
but we consider it to be the Age of Energy because of the
emergence of electricity, which changed (almost) everything.
The future is not the present plus big data
Crude oil was discovered around 1850, but for decades, it
was only burned to create light, for example in oil lamps.
But around 1890, the idea of a combustion engine arose: a
spark causes the fuel to explode, creating power. A revolution in the use of oil ensued; no longer was it simply a
substitute for coal. In short, new technology was considered on the basis of an old model.

Today, data is considered the new oil. The temptation is
high to continue “burning” it—that is, to do what we have
always done, yet with greater quantities.
Today, everybody talks about information, but energy is still
paramount. Some analysts expect information and communication technologies to represent more than 20% of
the global demand for electricity by 2030. Digital technologies today use more and more energy to operate, whether
for blockchain, which uses increasing amounts of computing power to hook a block to the chain, or for the routine
saving on servers of mirrors of archived emails from electronic inboxes. (See the section “Blockchain,” in Chapter
6.) For instance, we could imagine that the next iteration of
the cloud will be the green cloud—advanced technology
that will minimize energy spending. (See the section
“Cloud Computing,” in Chapter 6.)
Although this is not the first time that a technological
revolution has caused pollution, it is the first time that
such a revolution might offer a response to address it.
Steam machines cannot mitigate the smog caused by
industrial plants, and diesel engines are of little help in
curbing fine-particle emissions, but computers might help
us invent tomorrow’s green energy. (See the section “Computer,” in Chapter 5.) Google, for example, reduced its
electricity bill by 15% through the use of AI to manage its
cooling systems. However, a study demonstrated that the
increase of IT energy consumption over time will save even
more of the overall energy consumption of all other industries, from 1.5 times the current IT energy consumption in
2019 to ten times by 2030.

Cloud computing consumes energy.

Chapter 5

The 20th
Century
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W

hile the 20th century started with plows, coaches,
and carrier pigeons, it ended with space stations,
pocket computers, and the internet. This century
has definitely been one of acceleration in technological
advances. Even though the quantum computer was under
development at the beginning of the 21st century, it had
already been imagined in the second half of the 20th
century by the American physicist Richard Feynman. Just
as Gutenberg’s invention of the printing press in the 15th
century marked the first globalization of information, the
internet launched a second globalization at the end of the
20th century.
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Creativity
Definition from Merriam-Webster: The ability to create,
which is defined as to make or bring into existence something good.
Our definition: Creativity is the capacity to build new
perceptions of things.
History and etymology
The ancient Greeks had no term to express the action of
creation because they believed inspiration came entirely
from the muses, so humans had little to do with it. Hence,
they only used the verb to make (poiein) to express the
action of coming up with something new.
The origins of the verb to create came much later, during
the Middle Ages, from the word creatio, which refers to
God’s ability to create something out of nothing. It was
only much later, during the Renaissance, that thinkers
started to consider this act of creation as a human trait
and not just an imitation of nature. The first known use of
the adjectival form of the word was in 1678. Ever since
then, humans have been considered to be creative.
Different ways to be creative
Human beings are inherently creative. What’s more, creativity is not restricted to the stereotypical artist wearing a
funny French hat and armed with colorful brushes; creativity can occur in any situation that requires humans to think.
The field of science provides many examples of prodigiously creative scholars throughout history.
Pythagoras, Archimedes, Leonardo da Vinci, Descartes,
Edison, and Einstein all had something in common: none
of their discoveries or inventions required the manipula-

tion of large volumes of numbers. They were creative
thinkers without data. By contrast, the findings of many
others would have been impossible without an impressive
accumulation of data or observations of all kinds. In a way,
their work required some sort of big data. They were creative thinkers with data. Let’s look more closely at six of
them in chronological order.
Luca Pacioli. Born in the 15th century, this Italian mathematician wanted to help the merchants of his time, who
had to deal with appalling volumes of numbers: receipts
and expenses were hastily scribbled down, cross-checking
was complex, and the overall chaos encouraged resources
to mysteriously disappear. So, he invented double-entry
accounting.
Johannes Kepler. In 1571, when Kepler was born, people
assumed that the sun was at the center of the universe
and that planets traveled around it in circular orbits. Years
later, however, when Kepler analyzed the writings of the
Danish astronomer Tycho Brahe, who had spent thousands
of nights observing the sky, he detected an anomaly in the
trajectory of Mars. Kepler wondered whether the Creator
was bold enough to deform circles a bit, to flatten orbits
somehow. Progressively, he began to imagine the unimaginable: planets moving along elliptical trajectories.
Jean-François Champollion. This French historian and
linguist, who was born in 1790, faced yet another challenge: the meaning of the millions of hieroglyphs engraved
on almost every Egyptian monument. His predecessors
were worn out by arguing over whether the hieroglyphs
were small drawings or alphabetical characters. Champollion decided to look at the problem in a different way and
found that the key to translating hieroglyphs is a mix of
both!

Who said science wasn’t creative?

Hey!

E=mc²
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Adolphe Quetelet. A contemporary of Champollion’s,
Quetelet was a Belgian mathematician, sociologist, astronomer, and, above all, statistician—which required him to
analyze extremely large quantities of data. When he took a
scientific look at people (he studied the chest circumference of more than 5,000 Scottish soldiers), he came up
with the concept of the “average man” as the central value
of the Gaussian distribution—also known as the bell curve.
He also devised the body mass index (BMI), which is calculated by dividing a person’s weight (measured in kilograms) by the person’s height (in meters) squared: kg/m2.
The index is used today to combat anorexia: some beauty
contests eliminate from competition any candidate with a
BMI of less than 18.
Charles Darwin. Unlike the four scientists above, Darwin
generated his own big data—though it wasn’t as massive
an amount as we might expect today. In 1831, at the age of
21, he boarded a ship for a trip round the world that lasted
five years. During this incredible journey, he observed
innumerable living creatures (essentially, anything that
moved), made countless detailed notes and sketches, and
regularly sent a tremendous amount of scientific data to
the British Museum. His observation in the Galapagos
Islands of many different species of chaffinches featured
prominently in the development of his theory of the survival of the fittest.
Gregor Mendel. Born 13 years after Darwin, this Austrian
botanist and teacher wanted to solve an enigma. For a long
time, European agronomists had been hybridizing plants to
create new species of fruits and grains. But the new species
were unstable, losing their improved qualities a generation
or two later. For more than a decade, Mendel planted thousands of different pea seedlings. He grafted them and
analyzed the transmission of their characteristics from one
generation to the next. For example, the seeds of some
plants were smooth, while others were wrinkled. Some
seeds were green, others yellow. Eventually he solved the
enigma with his laws of genetics, known as Mendelism.
These scholars faced a big-data problem. Whether they
were analyzing endless columns of handwritten numbers,
a starry sky, a temple in Luxor, an army of soldiers, thousands of sketches, or a huge vegetable garden, the scientists faced the same question: what is the explanation, the
key, the concept, the idea hidden behind this massive
amount of information? Now that we know what they have
in common, let us analyze what makes their six approaches so different.
Creativity at work with data
All of these six scholars needed data for their work. But
what made them part of history was their ability to look at
the data differently, to build new perceptions of things.
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Pacioli’s double-entry bookkeeping system—with a column
for credits and a column for debits, so that the two columns
would cancel each other out—required double writing.
Kepler made the bold proposition of an elliptic trajectory
for planetary revolutions; but the notion of an ellipse existed long before Kepler. Indeed, Apollonius had already
demonstrated that this curve is obtained by intersecting a
cone with a plane nonperpendicular to its axis. The notion
preexisted, but the creative leap lay in Kepler’s ability to
see ellipses in space.
Champollion left behind the either-or logic that Aristotle’s
law of the excluded middle had defined as a founding
principle: hieroglyphs are indeed sometimes symbols and
sometimes drawings.
Quetelet proposed two concepts that were neither hidden
nor latent, but simply possibilities that had not yet been
discovered. The average man and the BMI are simplifications, useful models, and working hypotheses.
The concept of natural selection did not exist before
Darwin. The closest might be an embryonic version that
appeared in The Wolf and the Lamb by Jean de la Fontaine,
who said in the 17th century that “the strongest reason is
always the best” (“La raison du plus fort est toujours la
meilleure.”).
Finally, Mendel identified dominant and recessive genes in
peas and defined the first mathematical laws of genetics.
Are computers incapable of creativity?
Why would creativity be a human monopoly? Let’s imagine
for a moment that the six scholars were equipped with a
supercomputer. How would their works have been modified? Is big data able to produce a new concept? A supercomputer might have detected ellipses and thus helped
Kepler or suggested a different hypothesis to Champollion.
Similarly, it might have been helpful to Mendel since, like
geometrical figures and logical laws, it carries with it wellknown principles of arithmetic, but the concepts of general
laws following discoveries are the fruits of new perceptions
of existing data. Big data’s potential contribution to Darwin’s reflection seems less likely. Lastly, Quetelet and
Pacioli would have found little value in a software application, no matter how sophisticated it might be.
A concept is the result of an abstraction, which contains
only some features of a thing; the other features are excluded. Thus, the infinite memory capacity of machines
makes the ability to conceptualize, the ability to ignore
certain aspects of something, questionable. The concept of
a restaurant, for instance, is possible only by ignoring the
differences and nuances that distinguish all the places
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where it is possible to have lunch. This ability is still not
understood and thus cannot be perfectly programmed into
a machine.
And what about Pythagoras, Archimedes, Leonardo da
Vinci, Descartes, Edison, and Einstein? Would a computer
have been of use for their creative moments? It is quite
unlikely. Of course, one could easily imagine Descartes
playing with his axes on Excel, but inventing axes was a
matter of imagination, which does not require a tool, no
matter how powerful it might be.
Counterintuitively, this shows how big data will actually
help more and more brilliant humans be creative. While
big data will be able to help discover—that is, find what is
hidden—it might not be able to invent or find what does
not exist. It will help produce answers, but it will keep
depending on human beings’ ability to ask useful questions and to build new perceptions of things.

Computer
Definition from Merriam-Webster: A programmable,
usually electronic, device that can store, retrieve, and
process data.
Our definition: A computer is a programmable machine
capable of storing and performing calculations of data.
History and etymology
The origin of the word “computer” dates back to the early
17th century. Of course, at that time, electronics did not
exist, so the only computers were humans. The inventor of
the first programmable calculating machine was Charles
Babbage in the mid-19th century. He had the idea of creating a mechanism that could be programmed to perform
calculation. This machine relied on the punched-card
technology of the Jacquard loom, which had been invented
to control the weaving of cloth. Ada Lovelace, a British
mathematician and friend of Babbage’s, designed the first
programs able to be implemented in Babbage’s machine.
The development of the first computers accelerated in the
1930s and 1940s with the famous bombe, a code-breaking
machine designed by the British mathematician Alan
Turing to decipher the Germans’ Enigma code during
World War II. During that time, computers were designed
electromechanically. Today, they are entirely electronic and
come in a wide variety of forms—from the smartphone to
the laptop to the supercomputer.
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Appearance of the first computers and the introduction of the microprocessor
In 1945, the Hungarian-born American mathematician
John von Neumann published an article describing the
basis of a computer’s architecture—still used today—
where the program is stored in the computer’s memory.
From the end of World War II to the middle of the 1950s,
the first computers were developed with vacuum tubes.
Those computers were based on the binary system to store
information because that system can be easily designed
electronically. Moreover, the calculation modules (called
logic gates) can be created with either vacuum tubes or
transistors. A vacuum tube, for example, can be used as a
switch that is controlled by an electric signal. Thus, with
two vacuum tubes, one can build an “AND” gate, an elementary binary calculation module. Those computers
proved that von Neumann’s principle is well founded.
However, they still lacked reliability because vacuum tubes
often broke.
The arrival of transistors in the middle of the 1950s
changed the game. Not only did they make computers
more reliable (no fragile vacuum tubes), but they also
reduced the size and sales price of the machines in a few
years. However, the machines were still impressively large:
the IBM 7090 computers used by NASA starting in 1959,
for instance, were as big as a wardrobe!

The basis of computer
architecture
Memory

Control
unit

Arithmetic
and logic
unit
Accumulator

Input

Output
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Architecture of the Intel Core 17 6950X
processor, issued in 2016
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Vacuum tubes are the
ancestors of transistors.

The arrival of the microprocessor democratized computers
and transformed them into the familiar versions we use
today. The American engineer Marcian “Ted” Hoff and the
Italian physicist Federico Faggin, both at Intel, invented the
microprocessor in 1971.
Since then, computer performances have improved steadily,
partly due to the miniaturization of transistors in the processors. Indeed, more and more transistors could be placed
on the same surface. This meant that not only could more
data be stored and processed, since the space between two
transistors was smaller, but information could be circulated
faster as well. Circulation time is one of the limitations of
the physical size of processors and supercomputers.
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In 1965, one of Intel’s founders, Gordon E. Moore, predicted that processor power would double every year. He modified Moore’s Law, as the statement came to be known, in
1975 to predict that the number of transistors on a microprocessor would double every 24 months. His prediction
came true and still holds today. The first processor marketed by Intel in 1971, the Intel 4004, contained 2,300 transistors and had a capacity of 0.06 million instructions per
second (MIPS), while the Intel i7 7700K, issued in 2017,
has 3.2 billion transistors and a capacity of over 50,000
MIPS—about 833,000 times greater than the first one!
How does a computer work?
A computer is composed of several parts.
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The components that process information:

• A screen to display the data

• The RAM, or random-access memory, processes information while running operations in real time. It is
similar to the way a person’s brain processes information, such as the images provided by the eyes, without
storing it.

• A mouse, a keyboard, a touchscreen, or some other
device with which to provide instructions
All this hardware is orchestrated by an operating system,
such as Windows 10, Linux, or MacOS.

• The hard disk is where data is stored. Using the brain
analogy, this would be where we store our memories.
• The CPU, or central processing unit, processes information. Current CPUs also have cache memory, which is
much faster than RAM, and enables processors to process
data faster. For our brain, this would be the place that
allows us to give meaning to images provided by the eye.
A means to communicate with the computer,
traditionally:

How a computer works
What machines
process

What humans
see

Mouse,
keyboard

RAM

CPU

Hard drive

43

Screen
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The emergence of machine learning powered by
computers
The power of computers, as well as of their computing and
storage capacity, is growing. In the early 1980s, computer
storage capacity was a few megabytes, while today it has
reached 1 terabyte—a million times more! The combined
growth of computing and storage power has leveraged part
of the machine-learning potential that requires these two
components. (See the section “Artificial Intelligence” later
in this chapter).

Cybernetics

Supercomputers
In a class of their own are the high-performance computing (HPC) machines. While personal computers or servers
are created for multipurpose use (such as web browsing,
office automation, and multimedia), HPCs are designed
and optimized to obtain very-high computing performances. The IBM 7090 was the supercomputer of its time and
had performances of 100,000 floating-point operations per
second (FLOPS). Currently, one of IBM’s latest generations
of supercomputers, the Blue Gene, has a power of 70.7
million FLOPS—70 billion times more powerful than the
7090!

History and etymology
The word cybernetics finds its roots in the word kybernētēs in
Greek, which means “governor.” In the 19th century, the
French scientist André-Marie Ampère coined the word in
his essay “Essai sur la Philosophie des Sciences.”

The limits of current computers
The evolution of processing power with current technology
is reaching its limits. The transistors in a processor are
currently 14nm (for comparison, a white blood cell measures between 12 and 17 µm, or 1,000 times larger!). Today, we estimate the printing limit of transistors on a
silicon-based support to be at about 1nm to 2 nm, or ten
times the size of a silicon atom. At that scale, some effects
of quantum physics disrupt the processor’s functioning. For
example, even if the transistor is in the “off” position, it
would let electricity pass and act as if it were in the “on”
position. The limit could be broken by inventing new processor supports.
Yet even though these computers are very versatile and are
able to run up to 70,000 billion operations per second,
their design does not allow for solving some types of problems, such as the factorization of prime numbers (the core
of current cryptography). A supercomputer today would
take several dozen years to factorize a number with several
thousand digits of primes. The current development of
quantum computers, which use a different type logic,
might enable us to solve some of these types of issues not
yet accessible with today’s computers. (See the section
“Quantum Computing,” in Chapter 6).
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Definition from the Cambridge Dictionary of Philosophy: Cybernetics is the study of the communication and
manipulation of information in service of the control and
guidance of biological, physical, or chemical energy systems.
Our definition: Cybernetics is the science that studies
how a system may survive and reach an objective despite
unforeseeable disruptions in the environment.

A new paradigm
Immediately after World War II, the word system gradually
became widespread in most scientific disciplines. Unlike
Descartes’ method, which was to split a thought into sections, the systemic approach states that one cannot approach the parts of reality without considering their relationships with a whole. This approach has been applied to
research in fields as diverse as game theory, family theory,
linguistics—and cybernetics.
A new prefix
What is the meaning of the prefix cyber? The word comes
from an American researcher, Norbert Wiener, who coined
the term cybernetics. In 1919, this brilliant and eccentric
mathematician was hired at the Massachusetts Institute of
Technology in a research program dedicated to new forms
of weaponry. More precisely, he was asked to develop
missiles able to reach the pilotless German rockets full of
explosives that were causing so much damage in England
at the time. To that end, Wiener had to model the behavior
of a pilot who knows he is being chased, so as to better
understand human decision-making mechanisms in general. After World War II, Norbert Wiener continued his work
and, in 1948, used the term cybernetics to describe the new
scientific domain in which machine mastery is studied. He
wanted that discipline to be able to explain everything
about machines; in other words, he wanted cybernetics to
become to machines and the living what geometry is to
space.
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A system family tree
Structuralism
Linguistics

Game theory

Biology
Cognitive
science

Ecology
System

Computing
science
Information
theory

Cybernetics
Palo Alto
school
of thought

Feedback
Wiener’s book, Cybernetics or Control and Communication in
the Animal and the Machine, is one of the most important of
the 20th century. The New York Times praised it in January
1949, correctly predicting that cybernetics would become a
flagship science in the future. And the book is still relevant
today because one of its fundamental concepts is what is
known as regulation.
Let us take a simple example. When you pour a glass of
wine, your arm has to stay still. Yet, the bottle’s weight
continuously decreases, and thus the strength applied to it
must also decrease; otherwise your arm lifts up. This is
only possible through regulation. Since the distance between the bottle and the glass has to remain constant, as
soon as a gap is detected, a signal is sent to the brain,
which decides instantly to reduce the strength that pulls
the arm up. The mechanism is a continuous cycle called a
feedback loop.

45

A feedback loop also helps our bodies to maintain an
almost constant temperature despite highly varied activities. A feedback loop applies to audience measurement as
well, allowing television channels to adapt their programming to attract as many viewers as possible: we watch
television, and television watches us!
In cybernetics, negative feedback does not mean that its
effects are bad. Rather, it means that the regulation goes in
the opposite direction of the gaps observed. A thermostat,
for instance, works through negative feedback. Positive
feedback, on the other hand, pushes the system toward a
minimum or a maximum, which may translate into either
a vicious circle (like the Larsen effect) or a virtuous circle.
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Black boxes
In psychology, the predominant field in the first half of the
20th century was behaviorism. For behaviorists, it is possible
to understand human beings if you know their reactions to
diverse stimuli. In other words, a human may be considered to be a “black box.” This vision influenced Wiener, and
cybernetics is, in a way, the founding science of robotics.

Artificial Intelligence
Definition from Merriam-Webster: (1) A branch of
computer science dealing with the simulation of intelligent
behavior in computers and (2) the capability of a machine
to imitate intelligent human behavior.
Our definition: An engineered system sensing its environment, pursuing goals, adapting to change, making predictions, and potentially taking action.
For the purposes of this discussion, we will focus on the
subfield of machine learning, meaning that we will exclude
rules- or search-based systems, such as the expert systems.
Note also that our definition does not refer to humans. The
analogy with humans still appears in many definitions
today, but we see that as being similar to cars being defined by comparison with horses (for example, horsepower
and horseless carriage).
The association of intelligence with human-like high intelligence led a prominent researcher, Professor Yoshua Bengio, to state in a 2016 interview with MIT Technology Review,
“As researchers, we fight to make the machine slightly
more intelligent, but they are still so stupid. I used to think
we shouldn’t call the field artificial intelligence but artificial
stupidity. Really, our machines are dumb, and we’re just
trying to make them less dumb.”
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History and etymology
The term artificial intelligence was first coined in 1956 by
John McCarthy, an American computer scientist, during
the Dartmouth Workshop, which was the first academic
conference on this topic and was held at Dartmouth University. Even though the term appeared in 1956, the concept and paradigm had been introduced earlier. In particular, in his essay “As We May Think,” Vannevar Bush, an
American professor and a science administrator under
President Roosevelt, wrote about his vision on how information would shape our society. Bush predicted to some
extent the arrival of such technologies as the personal
computer, online encyclopedias (such as Wikipedia), and
the internet. He described how computers would achieve
tasks with a high level of complexity in the near future. In
1950, Alan Turing had already published a paper in which
he envisioned a machine that would be intelligent enough
to reproduce—and even surpass—the entire intelligence
of human beings.
For many decades, AI went through so-called AI hype and AI
winter periods that reflected both exaggerated hopes and
bitter disillusionment in the field. But progress continued
nevertheless, resulting in two sets of major breakthroughs
in 2012.
Two breakthroughs in the development of AI
First, there were major breakthroughs in the vision and
language capabilities of machines, the longest-standing
challenges in AI. These are critically important for the
following reasons:
• Vision allows machines to capture meaningful data from
the real world to help them move around and navigate.
It is not a coincidence that the visual cortex is the most
developed sensory input region in human brains.
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• Language allows machines to interact with humans and
access a large body of codified human knowledge.

• Deep learning, a highly successful rebranding of neural
networks, modeled loosely after the human brain

Let us be clear, both are far from perfect today. But if you
want a simple, small-scale demonstration of the power of
AI, go to a foreign country and point your smart phone at a
menu. It will visually recognize the text, read it, and translate it into your mother tongue.

• Reinforcement learning, a cross-functional technique
relying on occasional rewards—such as telling a program it lost—rather than explicit training (or supervised
learning, as it is known in AI-speak)

Second, in essentially all common board games and card
games, as well as most computer games, AI is able to beat
the best humans without any input other than the rules of
the game and an indication of when the program won or
lost. While those environments are, of course, highly simplified, toy versions of the real world, intelligent strategic
and tactical action and creativity can be demonstrated
there.
In a nutshell, a way to distinguish AI from traditional computing is to realize two things:
• Traditional computers work in a deductive way: they are
logic machines that use logic to make predictions.
• AI works in an inductive way: they are intuition machines that use experiences (that is, hypotheses, action,
and feedback) to make predictions by analogy.
Deep versus reinforcement learning
The progress was, of course, fueled by the incredible boost
of processing power and storage capacity, as well as continuous progress in algorithmic mastery. The two most successful algorithmic ingredients have been:

Deep learning
Neural networks were originally modeled after an observation in the human brain by the Canadian neuroscientist
Donald Hebb, who famously stated that “Cells that fire
together, wire together.” When a network receives visual
input, for example, the output will be a signal. If it is less
than 0.5, for instance, you decide that the object is a cat;
but if it is greater than 0.5, you conclude that is not a cat.
The network consists of nodes (which are the equivalent of
nerve cells with synapses) and edges (similar to dendrites
and axons).
And how does such a network learn? Well, during a training period it acts similar to a hiker trying to find a valley in
the fog—the best guess is the path of steepest descent. So
it looks at the magnitude of the error in the initial prediction and then makes small corrections to lower the rate of
error. The process is then continued backwards (backpropagation) through the entire network, constituting a single
round of learning. The fact that making such trivial steps
can allow a network to learn incredibly complex patterns
was first a guess (by analogy to the brain). Experiments
have since confirmed the guess, and the whole process has
become better and better understood.

Who said robots were smart?
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In AI, nodes are ordered in neat layers, and any network
with more than one inner layer (not counting input or
output) is called a deep network. When you add a bit of
spatial filtering (convolutional neural networks), you generate vision; when you add time steps and memory (recurrent neural networks), you develop language processing.
This technique has been state of the art in these areas
since 2012.

The other concept is model building and simulation: in
complex environments, you need to build a model of your
environment and analyze it under various potential circumstances. This is a bit like a chess player who thinks a
few steps ahead and then reassesses the current situation
in light of that potential result. It is safer to do this in your
head, and you learn much faster than you would if you
took action to see what happens.

Successes of neural networks and deep learning have
enabled a string of advances. For instance, self-driving cars
use convolutional neural networks to recognize objects,
and translation programs use recurrent neural networks.
Similarly, deep-learning algorithms can very efficiently
recognize illnesses and provide clinical interpretations, and
they are already being used to track patterns in all sorts of
financial transactions.

While successes with board games, such as Go and Chess,
as well as video games have captured the public’s attention, much remains to be done before reinforcement learning can be deployed effectively for real-world problems,
where the notions of “environment” and “reward” are
often ambiguous or ill-defined. It is tempting to compare
reinforcement learning with game theory where many
advanced tools exist but are seldom useful in practice
because of the difficulty of recreating realistic situations in
game form.

Reinforcement learning
While the above applications use supervised learning,
reinforcement learning is based on quite a different concept. It consists of an agent, such as a robot or a rat, that
can choose actions without requiring any knowledge of the
environment. For instance, it could pursue a goal, such as
finding the end of a maze. Occasionally it receives some
feedback (negative feedback is more commonly thought of
as punishment), possibly only a small prize at the end of the
journey, and it tries to maximize its cumulative awards.
This system is used in an incredible variety of disciplines,
including psychology (conditioning; think of Pavlov’s dogs),
engineering (optimal control), mathematics (operations
research), economics (bounded rationality), and neuroscience (reward systems).
A solution consists of discovering the optimal set of actions
for any state—for instance for the robot or rat to figure out
how to leave the maze. The basic idea for solving these
problems is that after one action, the agents know a little
bit more about the environment. But the agent’s assessment of its current environment is essentially the appropriately weighted sum of all the situations after it has taken
any of the possible steps. This defines a recursive relation—the famous Bellman equation that can now be
solved in multiple ways.
Two very fundamental concepts are key to reinforcement
learning. The first is the tradeoff between exploitation and
exploration: In any given situation, should you always take
the action you think is best based on your current knowledge (known as greedy action)? Or should you try something you have never, or rarely, tried before (exploration)? In
an unknown environment, you always need to combine
both; the best ratio will depend on the specific setting.
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Possible applications, however would be numerous. They
include controlling traffic lights to solve congestion problems (already successful in simulated environments),
training robots to handle uncertain environments, optimizing chemical reactions, and improving advertisement bid
systems. In a nutshell, it could be extremely powerful for
every task that requires a trial-and-error approach.
Incidentally, people often assume that reinforcement
learning is used—successfully—in self-driving cars, but
this is incorrect. Self-driving cars mainly use control theory,
a technology that is simpler and more established than
reinforcement learning (though it may be considered a
predecessor of it). Self-driving cars do use deep learning,
though, in order to detect and recognize objects effectively.
The relationship between AI and humans
Machines are used for problems that require a specialized
input but at a vastly high processing speed and scale. This
is what is commonly referred to as narrow AI. Since the
machines can’t handle the world at large, we focus them
on much more specialized tasks.
For a long time, the quintessential exemplar of AI was chess.
In 1997, the computer Deep Blue, with limited capabilities
other than speed, won a chess match against the human
world champion, Garry Kasparov. This resulted in Deep Blue
using reinforcement learning to develop the algorithm
AlphaZero. AlphaZero learned how to play chess according
to the rules in just four hours, playing 300,000 games
against itself with no external data and no human training.
By common agreement, AlphaZero plays the most strategic,
creative, and—some say—beautiful chess ever seen.
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Clearly, AI can be incredibly useful, but it does present
some issues as well. The most immediate include the
following:
• How to make sure that any bias in the input data, such
as gender bias, is understood and controlled. This is
normally simple, given the unlimited ability to test and
measure AI.
• How to make the inner workings of AI as transparent as
possible and, especially, to control unwanted or dangerous behavior in response to unusual input. This is particularly critical, given the incredible speed of AI actions.
• How to ensure that AI cannot be maliciously manipulated.
We do, however, caution against a prevailing emotional
reaction to the development of artificial general intelligence, based on the belief that human intelligence is
“different.” Of course, the development of artificial general
intelligence, like Darwin’s theory of evolution, would challenge a few classic beliefs about ourselves. Consider, for
example, the historic belief that life (organic chemistry)
differs in nature from lifeless substance (inorganic chemistry) because the latter, as the term implies, lacks the life
force (vis vitalis) found only in organic chemistry. This widespread belief that organic substances can be produced
only from living things—known as vitalism—collapsed
when Friedrich Wöhler synthesized urea (an organic substance) from inorganic compounds…in 1828.

Information System
Definition from Encyclopedia Britannica: An integrated set of components for collecting, storing, and processing
data and for providing information, knowledge, and digital
products.
Our definition: An organized set of resources—hardware,
software, staff, data, and procedures—that interact with
one another and enable us to acquire, process, and store
data in order to provide information and knowledge within
and between organizations.
History and etymology
The word information comes from the Latin verb informare,
which means “to give form”; the word system comes from
the Greek noun systema, which means “an organized
whole.” But before we can define the concept of an information system (IS), we need a definition of information—
which is not an easy thing to find. (See the section “Information Theory” later in this chapter). It is a polysemous
concept that can be associated with different explanations
depending on the field of application and the level of
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abstraction adopted. Indeed, some claim that information
is a semantic chameleon. Others claim that information
simply cannot be defined. For still others, information
exists only through human observation.
Information and data thus seem to be closely linked; indeed, data would appear to constitute the basis of information. For instance, when we look at weather forecasts,
certain types of data—temperature and wind speed, for
example—inform us about the weather. We perceive this
data and information as we assign them a precise meaning. The Italian philosopher Luciano Floridi, a professor at
the University of Oxford, proposed a general definition of
information: at least one type of data that is well formed
and meaningful.
And we can explore the relationship between data and
human action even further. Russell Ackoff, who was an
organizational theorist at the University of Pennsylvania,
proposed the DIKW hierarchy: data, information, knowledge, wisdom. This hierarchy starts from data that—when
structured and classified—generates information, which in
turn generates knowledge, which in turn generates wisdom.
Wisdom is defined here as the ability to make the best
choice in a given situation. There is a gradual increase in
the level of understanding at the different levels of the
DIKW hierarchy.
Returning to the weather forecast example, the statement
“the temperature is below zero degrees celsius (data) and
the weather is cold and gloomy” (information), offered for
several days and combined with our experience of the past,
lets us know (knowledge) that we are in the middle of
winter. We will thus decide (wisdom) to wear a hat before
going out.
This is how we arrived at our definition of an IS: an organized set of resources—hardware, software, staff, data, and
procedures—that interact with one another and enable us
to acquire, process, and store data in order to provide information and knowledge within and between organizations.
Evolution of information systems
Information systems existed long before the development
of computing, though the two are closely linked. They
followed a principle similar to DIKW: material, people, and
procedures. Beacon networks that provide alerts is one
such IS. The system was brilliantly illustrated by J.R.R.
Tolkien in The Lord of the Rings: The different beacons ready
to be lighted are the material. The people involved are the
beacon guards, the watchmen, and the king. Data takes the
form of the appearance of enemy troops. The procedure,
lastly, is to light the fire when the enemy appears or when
another fire is lighted. Thus, data is transformed into information that enables the king to act in the best way.
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Should you wear a hat? The DIKW approach illustrated.

Wisdom

Knowledge

Information

Data

Another famous example is the one of Nathan Rothschild,
the founder of the namesake family, who is said to have
made a fortune thanks to an efficient IS and to an extraordinary stock exchange move. According to legend, in 1815,
when everybody in London thought that the English had lost
the battle of Waterloo, Rothschild, thanks to a particularly
efficient network of spies and a faster homing pigeon (material, people involved, and procedures), was informed before
everyone else about Wellington’s victory (information and
knowledge). He consequently bought many shares of various companies and quickly multiplied his fortune 20-fold.
The American inventor Herman Hollerith’s calculating
machine, developed at the end of the 19th century in the
United States, is considered to be the first large-scale
mechanical IS. In those days, data for the US census had to
be hand counted, which took a very long time—seven
years for the 1880 census. Hollerith realized that, given the
quickly increasing population, manual counting of census

BOSTON CONSULTING GROUP

results was no longer practical. So he developed his machine, which resembled the Jacquard loom, in time to
tabulate data from the 1890 census. Not only did the machine complete the count in less time (only three years),
but it did so with a lower budget as well. In 1896, Hollerith
founded the Tabulating Machine Company which later
merged with other companies until, in 1924, it became the
International Business Machine Corporation—better
known as IBM.
Modern information systems are composed of two subsystems: one technical and the other social. The technical
system encompasses the hardware, software, database,
data warehouse, and telecommunications equipment. The
social system includes the organizational structure and the
people linked to the IS. Procedures are at the interface of
both subsystems. They liaise between technology and the
social aspect, determining how humans use technology
and how machines react when used by humans.
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The IS professionals today
Enterprise resource planning (ERP) is a good example of
how an IS can work within a company. The system transversally integrates the different functional units in the
organization, standardizing data and information as well
as processes. ERP has three main functions. First, it provides technical support to daily operations, such as recommending a stock, planning a production batch, and sending an invoice to a customer. Second, it allows the different
departments (production, procurement, finance, sales) to
communicate smoothly with one another and to share
knowledge and best practices. Third, when the information
flow is synthesized, it constitutes a decision support system (DSS) that helps managers make decisions. These
DSS applications are commonly called business analytics or
business intelligence.
Today, numerous companies operate with efficient information systems, including Alibaba, Amazon, eBay, Facebook,
and Google. The business cores of these companies follow
the DIKW hierarchy: They collect raw data (such as search
and purchase history, likes, comments, opinions, and time
spent on a page), which they process in order to generate
information. The information then enables them to form
deep knowledge, such as of the users of their sites. The
companies can then, through a recommendation system,
propose actions (buy this book, look at this video, read this
article, visit this page, and so on) for those users: EBay and
Alibaba efficiently connect sellers and buyers. Google
suggests the most relevant web pages thanks to their
algorithm PageRank, which is capable of associating each
webpage with keywords. Facebook and Amazon propose
content of interest to users. Moreover, this user knowledge
may be sold to advertisers. Through these few emblematic
companies, we see that information systems have gained
in importance over the past several decades.
Continual technical developments and the decrease of
production costs for technology in the past few years have
resulted in a proliferation of the use of sensors—such as
those that measure the acidity of a parcel of land, the
speed of a vehicle, or a person’s blood pressure—to collect
data. This unprecedented accumulation of high quantities
of data and their analysis gave birth to the term big data,
although we have seen that this notion is relative over time
and between industries. (See the section “Big Data,” in
Chapter 6.) The future challenge for information systems
will be to process big data efficiently in order to generate
meaningful information for users and decision makers.
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Information Theory
Definition from Merriam-Webster: A theory that deals
statistically with information, with the measurement of its
content in terms of its distinguishing essential characteristics or by the number of alternatives from which it makes a
choice possible, and with the efficiency of processes of
communication between humans and machines.
Our definition: The Merriam-Webster definition provides
the right level of information about the concept. To summarize, information theory deals with the storage and
description of information, as well as how it is shared
through communication.
History and etymology
The American scientist Claude Shannon—the coding
magician—is the most famous “unknown” among the
founders of computing science. Shannon is information’s
Lavoisier; telecommunications’ Darwin. “Brilliantly simple
and simply brilliant,” according to his colleague Bob Gallagher, Shannon spent most of his professional life at Bell
Labs, the legendary laboratory financed by AT&T in its
heyday and during its monopoly. Bell Labs employed thousands of researchers, had almost everything they could ask
for in a research center, and produced no less than eight
Nobel Laureates—not bad for a nonacademic institute.
People from all around the world came to visit Shannon at
Bell Labs. In 1943, he met with Alan Turing, with whom he
wanted to explore the possibilities of AI. He also invited
Norbert Wiener, the inventor of cybernetics. Shannon died
in 2001 from Alzheimer’s disease. Born before electronics,
he passed away just a few years after the creation of Google…. What a life!
In 1948, Shannon wrote an article called “A Mathematical
Theory of Communication,” which, for many, is considered
the founding paper of information theory. He stated two
theorems: the first deals with the quantity of information
and the second with its quality. The first theorem refers to
information compression and is intended to answer the
question, What is the minimum number of signs required
to code information? The second theorem refers to information transmission and is intended to answer the question, What are the conditions required to get upon arrival
exactly the same information that was sent at the start?
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To answer these two questions, Shannon started by modeling a communication context and choosing the bit as a
unit of measurement. Just as the calorie quantifies heat
exchanges, a bit measures information volume.

Measuring information, therefore, must meet a demanding
relationship, such as:

Yet, like logic, information theory is formal. It completely
ignores the meaning and significance of the messages it
analyzes. For Shannon, the questions “Does God exist?”
and “Did the New England Patriots qualify for the Super
Bowl?” belong to the same category. In both cases, if the
probability that the answer is yes or no is the same, the
answer to the question contains a bit of information. Having chosen a unit of measurement, Shannon started
searching for the mathematical law that links the amount
of information to the share of uncertainty it eliminates.
Consider, for example the coin and the die.

Therefore, f can only be a logarithmic function because it is
a single type of function: by definition, a sum of logarithms
is equal to the logarithm of the result.

The coin and die experiment
If one successively throws a coin and then a die, the audience that sees the objects after they’ve been thrown receives information twice. But seeing the coin land as tails
provides less information that seeing the die turn up with
five, since the probability is one out two in the first case
and one out of six in the second.
If the coin and die are thrown at the same time, then the
audience is in a rather paradoxical situation: On one hand,
the probability of a given combination, for instance “heads
and four,” is 1/12. On the other, the announcement of the
outcome does not contain more information than in the
two separate throws.

f (1/2) + f (1/6) = f (1/12)

A universal unit to measure information
With Shannon, the bit became a quantity of information
that, whatever the given problem, corresponds to a reduction of uncertainty by half: If you are looking for a house on
a street, and I tell you it has an even number, then you
only have to look on one side. The information “the house
has an even number” is worth one bit because it divides
the field of possibility by half.
The bit is elementary information. When there are only two
possible and equally likely outcomes of an experience, there
is no way to further reduce the field of the possible. One
cannot give less information than the result of an experience that has only two possible and equally likely outcomes.
In all other cases, the information provided is higher because the reduction of the uncertainty is higher, too.

Information can help ﬁnd a book.
The book I’m
looking for is log
(4000/500) = log8
= log23 = 3bits

I need to
order it.

A few examples
The book and the library. Imagine you are looking for a
book in a library of 4,000 books. If 500 of them are blue, the
information “the book you are looking for is blue” is equal
to log (4000/500) = log 8 = log 23 = 3 bits. 3-bit information
divides by eight the time you need to search for the book.
Guess the right number. Intuitively, we already tend to
do this. If you are asked to guess a number between 0 and
100 by asking questions to which the answers can only be
yes or no, you will proceed as in Shannon’s theory. You will
ensure that each question splits the field of possibility into
two equal parts. For example, if one asks, “Is the number
higher than 50?” and the answer is no, then one asks, “Is it
higher than 25?” and so on. One should always use balanced dichotomies.
Assess a language. Shannon was able to assess the
redundancy of the English language by calculating the
probability of a particular letter following immediately after
another. For example, an h is more likely to follow a t than
an s, and it is even more likely to follow a c. If there were
no logical or linguistic links, then each new letter would
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have a probability of 1/26 (since the Latin alphabet contains 26 characters) and would provide 4.7 bits, since log
(26) = 4.7. Yet in English, one letter has only one bit of
information on average, and the redundancy is therefore
about 75%. Of course, all languages are redundant to some
extent. Do you want proof ? Chances are good that you will
be able to make sense of the following, and that’s because
it deosn’t mttaer in waht orerd the ltteers in a wrod are,
the olny iprmoatnt tihgn is taht the frist and lsat ltteer are
in the rghit pclae. A language that is 100% efficient would
not tolerate any spelling errors, because that would make
part of the message incomprehensible.
A tribute to Samuel Morse. Shannon’s theory paid
posthumous tribute to Samuel Morse. In 1832, the man
who created Morse code intuitively understood the link
between information and probability. He allocated to the
most frequently used symbols in our alphabet the shortest
codes: for example, e is a simple dot (.) , while t is a dash
(–); the less frequently used q, on the other hand, is coded
as a series of symbols (-- -- . –). Shannon’s formula calculated, a posteriori, that the Morse code was 85% efficient!
One can only admire the brilliant intuition of its inventor.
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Chapter 6

The 21st
Century
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oin a conversation about digital today and you might be
surprised, because nobody talks about logic or mathematics anymore. Instead, they talk about social networks, neuronal networks, data privacy, unicorns, cognitive
biases, and even trolls. AI enables human beings to reinvent the universe in which they navigate. It also invites
them to think about their place in the world. In the 21st
century, technical challenges are not only technological
and scientific, but also human, including, among other
things, the integration of philosophical and ethical considerations into innovations.
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Big Data
Definition from the Oxford Dictionary: Extremely large
data sets that may be analyzed computationally to reveal
patterns, trends, and associations, especially relating to
human behavior and interactions.
Our definition: Big data refers to a set of data that is very
large to collect, analyze, and store. The concept is relative:
data that is big today may not be big tomorrow, and data
that is considered big in one field may be of average size in
others.
History and etymology
The word data originated in the middle of the 17th century
and is the plural of the Latin word datum, which means
“something given.” The term big data was introduced
around 2005 and has been extensively used ever since.
Data: from collection to analysis
Data goes through at least three stages during its lifetime:
collection, analysis, and storage. Those three stages are
impacted when dealing with big data. Advances in technology now permit the collection and storage of large
amounts of data, and algorithms have been improved to be
able to process large-scale data sets. Big data will continue
to evolve with further improvements in those three stages.
The rise of the Internet of Things, for example, is a consequence of the outstanding improvements in collecting and
analyzing data.

From data to big data: a concept that evolves over
time and space
Big data is a spatiotemporal concept because data that
might be considered big in one field might not be considered so in another (space) and because data that is big
today might not be considered big tomorrow (time). In
terms of space, for instance, the average amount of data
manipulated in the finance industry appears huge in civil
engineering. As for time, consider that in the 1970s, the
computer onboard Apollo 13 had only 72 kilobytes of
memory, whereas today, the average personal computer
has about 1 terabyte of memory—a massive amount by
comparison. What’s more, according to a report by IBM
Marketing Cloud in 2018, 90% of the world’s data was
created during the past two years. This underlines the fast,
unique growth of data in a very short period of time.
Leveraging big data for next-generation problems
Today, many problems remain impossible to solve either
because of the lack of data available or because of limits on
the volume of data that computer algorithms and codes can
process. In the future, these limits will be eradicated by the
development of technologies (such as advanced sensors),
new computer capabilities (such as quantum computing),
new storage technologies, and advanced algorithms. (See
the section “Quantum Computing” later in this chapter.)
In the future, for instance, the 100th version of the iPhone
in your pocket might be more powerful and have more
memory than the current biggest data center, which takes
up 1 million square meters of space. (See the section
“Cloud Computing” later in this chapter.)

Big Data 1992

Augmented Reality and Virtual Reality
Definitions from the encyclopedia of PC magazine:
Augmented reality refers to computer-generated simulations that integrate the real world. Virtual reality refers to
computer-generated simulations that are entirely selfcontained.
Our definition: Virtual reality (VR) is a reproduction of a
real environment by a computer. Using external tools to
delude our senses, it isolates the individual from the environment and immerses them in a completely digital environment. Augmented reality (AR) is the addition of information to our reality to supply us with more information
than our senses alone can provide. AR overlays a digital
environment onto the physical world without context or
interaction with the physical world. Spatial computing (or
mixed reality) is like AR, but the digital world respects,
interacts with, and operates in context with the physical
world. For these technologies, a common denominator is
the transformation of information into experiences. Today,
VR and AR are usually generated through glasses and
headphones that target sight and sound; but nothing
prevents these technologies from being extended to other
senses in the future. They also provide a broad new set of
modalities for human-machine interaction, such as with
gesture recognition.
First of all, what is reality?
Like many of the concepts addressed in this Logbook, VR
and AR do not seem to raise many questions at first. Yet, is
talking about different forms of reality so intuitive? And is
it possible to virtualize and augment reality?
The Scottish philosopher David Hume said, “I light the fire
in my bedroom, then I leave the room, then I come back,
and the fire is still burning. Is not the hypothesis that the
fire continued to burn in my absence the most probable
one?”. For him, there is a reality independent from the
subjects, outside of our observations. While this assertion
may seem obvious, it is nevertheless impossible to prove,
and one simply must accept it as an expression of Occam’s
razor.
But if we acknowledge that reality is objective, can we
augment it? If so, then don’t we imply, in a way, that nonaugmented reality is incomplete? Similarly, what part of
reality do we virtualize when we talk about virtual reality?
In any case, we will not be able to virtualize the entire
reality since there is little doubt that the virtualizer will not
be virtualized…

the project of virtualizing reality to a 1:1 scale map imagined by the brilliant Argentinian writer Jorge Luis Borges.
Such a map, once created, would, of course, be indistinguishable from the reality it was intended to represent. Yet,
the digitization of our society creates an ever more precise
digital equivalent of our planet. (See the section “Digital
Revolution” later in this chapter.) David Gelernter, a computer scientist at Yale University, calls this the mirror world.
Google Earth already enables us to travel (virtually)
through countries while sitting in front of our computers,
so let’s imagine what would happen if we could also travel
this world while giving our senses an experience comparable to that of the physical world. Is the fire still burning
when we do not see it?
VR: History and etymology
It is generally agreed that in 1968, Ivan Sutherland, a researcher at the University of Utah, created the first VR
head-mounted display device. He named his invention the
Sword of Damocles, because it was so cumbersome that it
had to be hung from the ceiling. Sutherland then explored
what he called the ultimate display. The first application of
that screen was the visualization of a cube that the user
saw in different places depending on the movements of
their head.
In the 1980s, Jaron Lanier popularized the term virtual
reality, and his company became the first to sell VR glasses.
Then, in 2017—more than 35 years after entering the
domain—he published a book in which he proposed more
than 52 definitions of virtual reality. The father of the
concept no more agrees with the concept himself than
philosophers agree regarding reality. One definition seems
particularly interesting: “a preview of what reality might be
like when technology gets better someday.”
This promising, although not very democratic (a VR kit cost
almost $350,000 at the time), start sparked much debate,
especially among video game lovers. In the 1990s, Sega
introduced Sega VR, a headset that reacted to head movements, as an add-on to a video game console. Yet the
games of that period were still too rudimentary to attract
users, and the technology did not gain enough followers.
That all changed in 2014, when Palmer Luckey, who founded Oculus VR in 2012 after having raised $2 million from a
crowdsourcing platform, sold his company for about
$3 billion to Facebook. This formalized the launch of the
technology race. Today, Oculus, Google, Sony, and HTC are
developing solutions for mass-market immersive glasses
that range in price from $10 to almost $800.

It quickly becomes clear that these questions about VR
and AR may disrupt the codes of reflection about reality. In
February 2019, an article in the magazine Wired compared
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Some applications
While the first applications of VR arose in the gaming domain
and have already been adopted by part of the gaming community, the potential applications are many. One just has to
wait for the critical production of a quantity of content:
• Education. Concrete applications already exist to enable students to learn while immersed in an experience.
Studies are promising: 78% of students surveyed have
confirmed the superiority of a virtual experience when
learning the lunar phases.
• Training. Training is also transformed by VR, and Volkswagen is a pioneer in the domain. To facilitate remote
training, the company designed an application that
allows the users to participate in a virtual meeting room.
Another example is VirTra, which provides virtual training
sessions for armed forces around the world.
• Virtual Visits. Airbnb currently offers remote visits of
properties and will offer housing visits in VR at some
point.
• Medicine. The first application of VR in medicine was
the treatment of posttraumatic stress disorder of US
soldiers returning from the war in Iraq in 2005. Other
applications include helping elderly people fight the negative effects of isolation and decreasing mobility.

• Adult Content. Just as it did for the Minitel boom in the
1980s, adult content may accelerate the development
of VR. Indeed, the Wall Street Journal argues that the
first true technological boom relied on it. And the asset
management and investment company Piper Jaffray
estimates that adult content will be the third sector of
application of VR by 2025.
AR and spatial computing: History and etymology
VR and AR certainly differ in terms of application, but they
are rather similar in terms of technology and thus share a
good part of common history. The first demonstration of
AR for the general public was in 2012, with the launch of
Google Glass. The eyewear was intended to help people
access the American giant’s services with no more effort
than just looking. Nevertheless, the project was soon halted due to its cost and its lack of additional applications.
Another demonstration of AR is the game Pokémon Go
launched in 2016 by Niantic, a spinoff of Google and a
specialist in its domain. The idea was simple and low tech
(it did not require dedicated glasses) yet revolutionary: to
collect Pokémon cards virtually placed in real locations.
The application geolocates the users and informs them
about the Pokémon cards close to them. Once the user is
close to the located Pokémon, it appears virtually on the
user’s screen, but in a real environment captured by the
phone’s camera. In a few weeks, the game attracted more
than 50 million users in the United States alone.

VR headsets are getting cheaper.

I prefer playing
in VR, it’s safer!
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In 2018, Magic Leap, already strong with about $2 billion of
financing by prestigious investors (including Google),
launched its spatial-reality headset for developers. Magic
Leap’s promises seem exciting. The first testimonies characterized the added pictures of the environment as so
realistic that Magic Leap initially coined the term “mixed
reality”—halfway between VR and AR—to describe the
experience; the company now calls it spatial computing.
Beyond adding information visually, the headset reads the
world and superimposes imagery over real-world objects so
that the digital and physical worlds interact seamlessly.
This impressive feat could change our relationship with
technology forever and is predicted to play a major role in
tomorrow’s reality.
Some applications
Advances in technology and the creation of content will be
key for AR to reach its full potential. Nevertheless, researchers at BIS forecast that commercial applications will
represent almost $48.3 billion in 2022. These promising
applications include the following:
• New Working Modes. According to some estimates,
80% of people who work do not do so behind a desk. Microsoft and Magic Leap seem to be the only companies
making large-scale efforts to target that population by
providing access to screens anytime.
• Tutorials and Operating Instructions. Airbnb is
developing AR solutions to give virtual instructions to its
users when they arrive at a rental.
• Industrial Production. The production and repair of
complex and hazardous machines is one of the most
studied (and already applied) leads for AR. Instructions
may be sent live, one-by-one, without requiring any intervention by operators. Studies show that such a procedure could save up to 50% of time in repairing a broken
MRI machine. BMW, among others, already uses these
techniques in its production chains.
• Training. AR allows a company to develop and disseminate expertise without depending on people. During a
BCG-led project, for example, we observed that some inexperienced technicians using AR took only a little more
time than veterans to perform the same tasks.

Though the contours of David Gelernter’s mirror world are
beginning to appear, VR and AR still have a long way to go.
Advances in technology and content production will be
required for their “real” integration into daily life.

Cloud Computing
Definition from the US National Institute of Standards and Technology (NIST): Cloud computing is a
model for enabling convenient, on-demand network access
to a shared pool of configurable computing resources (such
as networks, servers, storage, applications, and services)
that can be rapidly provisioned and released with minimal
management effort or service provider interaction.
Our definition: As stated in the definition from the NIST,
cloud computing, nicknamed the cloud, consists of accessing heterogeneous resources and services through a private
or public network. However, despite this apparent simplicity, there is often confusion about the term, and many do
not grasp the extent of its meaning. Given that, perhaps it
should be called the fog instead.
History and etymology
The cloud concept itself dates back to the 1960s and the
early days of the internet. Internet pioneers accessed their
applications from machines on a central mainframe. Network architects illustrated this mainframe with a cloud—
thus the name. At that time, the cloud and the internet
were almost synonymous. But the notion of cloud computing as we know it today actually emerged in the 2010s.
The first known and public use of the current cloud was
revealed when Eric Schmidt, then the CEO of Google,
mentioned it in a public speech one month before Amazon
launched its cloud initiative. Marketing success was immediate: the cloud is perceived as an incorporeal place where
we can upload and access data whenever we wish.
Yet, like a meteorological cloud, the computing cloud is
real! While a cumulus appears to be fluffy and light, each
one weighs 500 tons on average. The same goes for the
computing cloud, which, for Amazon alone, can be said to
weigh more than 150 million servers.

• Marketing. Pokémon Go demonstrates the great
marketing possibilities in an augmented world. Stores
and restaurants located near Pokémon-rich sources, for
example, could attract consumers who would never have
been near them otherwise. And the applications that
allow a user to visualize furniture in a room are increasingly numerous.
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Cloudy throughout the entire territory
with some areas of fog.
TOMORROW

How does the cloud work?
In order to understand the functioning of cloud computing,
let us draw a very simplified scheme of a basic computing
infrastructure. Computers, smartphones, tablets, and
connected objects, which enable users to interact with the
infrastructure, are usually connected through cables or
Wi-Fi to a router. The router itself is connected through the
internet to data centers that contain servers. Servers are
also computers, but their storage and computing capacities
are usually much higher than those of personal computers.
An example of a data center is China Telecom’s Inner Mongolia Information Park, which is one of the largest data
centers worldwide. It spans over a million square meters,
roughly the same size as about 150 soccer (football) fields,
and consumes the power of about 150,000 US households.
Fluffy and light, we said?

How heavy is the cloud?

Private clouds, commonly used by large organizations,
require an infrastructure fully dedicated to one company. It
may be managed by the company itself or by a specialized
subcontractor, and the servers may be located in a data
center either dedicated to the company or shared with
other users. It can be specifically located on premises or off
premises. In both cases, however, it has zero connection
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with other servers. Private clouds serve only the needs of
the company itself, can have a fully customized infrastructure, are generally more expensive than a public cloud, do
not always meet the requirements in terms of compliance
(a bank’s cloud infrastructure, for instance), and are harder
to replace.
A public cloud does not mean that stored data is accessible to all. Rather, it is considered public when the infrastructure is shared—that is, when the same servers are
used by several companies or individuals. While the infrastructure offered by the public cloud is generally less tailored to any given individual company’s needs, it is more

flexible and enables users to pay on the basis of how much
they use the servers. A company can therefore set up a
virtual system that is available only when necessary and
that allows systems to be tested and deployed with less
risk than any other approach. As individuals, we all use the
public cloud daily. When we read an email, book a ticket
online, or save a picture, we use applications that call on a
lot of data. But the data is not hosted on our devices;
rather, it is hosted directly by companies, including Google,
Amazon, Dropbox, and Microsoft. Companies often have
security concerns about public clouds, though, because
governments could gain access to the data.

How a data center works
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Main uses of the cloud
The cloud is generally used in three ways: software as a
service (SaaS), platform as a service (PaaS), and infrastructure as a service (IaaS).
SaaS. Salesforce’s customer relationship management
software was the first iteration of SaaS. The principle is

that the cloud provider hosts the servers with the applications and data. This means that customers who pay per
use may utilize the latest version of the software at any
time and on any device. This enables the cloud provider to
issue updates regularly and to improve its product continually. Common examples are public data storage applications, such as Dropbox and Google Drive.

Software as a service allows customers
to keep their software constantly up to date.

Servers

Application

Salesforce

Customer

Data
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PaaS. Cloud providers offer a turnkey environment with a
ready-to-use application-programming interface. For example, the French startup Scalingo offers an environment for
developers to work on applications without having to worry
about either the servers on which they will run or the
programming interface. This drastically simplifies the
developers’ lives, though they are limited by the cloud
provider’s tools and languages. PaaS is usually used to
deploy SaaS—PaaS being on the developer side and SaaS
on the customer side.

IaaS. Here, the idea is to outsource only the infrastructure—the computing power, storage, or both—that enables
great flexibility in mobilizing computing power. The user
deals with the whole chain—application development,
programming interface, middleware (which manages the
network and the flows between the various infrastructure
components)—but benefits from the service provider’s
servers to store data and run calculations. An online retailer, for instance, can handle peak days (such as Black Friday) by booking computing power for only one day without
having to make significant investments in a storage infrastructure that would be useless the rest of the year. However, users maintain control over the choice of applications
they use.

Platform as a service provides
ready-to-use APIs to programmers.

API

Servers

Programmer

Programming
interface
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Infrastructure as a service

Programming
interface

Customer

Development

Middleware

Storage

What’s next?
If 25% of the cars in San Francisco were self-driving, the
annual quantity of data they would generate would equal
the production of about 300 million internet users for the
same duration. Generally speaking, data production by
connected objects and the numerous sensors around us
will be colossal. The challenges for tomorrow’s cloud are
environmental and logistical. They are environmental
because estimates suggest that in 2025 the internet could
consume 20% of power generated worldwide. But they are
also logistical because abundant data from different sources will have to be routed quickly, and in a sufficiently reliable way, toward platforms able to collect, store, and analyze it in order to extract its full potential. The answers
might lie in edge computing, in which data is processed
close to its source before being sent to data centers farther
away. This would allow distributing processing power and
speeding up results to client devices—very necessary for
self-driving cars, for instance, which need instantaneous
information to avoid potential catastrophes.
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Computing
power
Blockchain
Definition from Merriam-Webster: (1) A digital database containing information (such as records of financial
transactions) that can be simultaneously used and shared
within a large, decentralized, publicly accessible network.
(2) The technology used to create such a database.
Our definition: The blockchain is a decentralized, peer-topeer database used to track and record over time any
operations, such as transactions, in a secured framework
that uses cryptography and is based on a trusted and
transparent protocol.
History and etymology
Blockchain technology was first described in 2008 by the
anonymous person (or group of people) named Satoshi
Nakamoto to serve as a public transaction ledger for the
cryptocurrency Bitcoin. Originally used for cryptocurrency
exchanges, blockchain technologies are now developed
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and used for a broad variety of cases, such as insurance
contract performance, voting processes, or the identification, tracking, and tracing of food sources in the supply
chain.
How do transactions work today?
Today, most financial transactions, such as money transfers and payments, are made within a centralized network
and are secured by a centralized institution. For instance,
when an amount of money is transferred from France to
the United States, the central bank of France ensures that
the bank sending the money is creditworthy.
How does blockchain work?
Blockchain technology comprises a decentralized set of
computers called nodes; a blockchain object and a computer program validate the transactions of a new block to
the chain. A blockchain is a chain of blocks containing at
least one transaction, which are linked to one another by
the cryptographic hash (the value or values generated by
applying a mathematical function to a string of characters)
of the corresponding previous block, called a parent block.
When a new transaction or set of transactions is proposed,
a block is created and needs to be added to the chain. This
requires the cryptographic hash of the new block to be
calculated with a process called mining, which is done by
the nodes of the blockchain. Because it is impossible to
predict which node will validate any given transaction, it is
almost impossible to accept an invalid transaction in a
blockchain.

In more detail, when a block contains more than one transaction, the block is hashed using a Merkle tree (or hash
tree) that contains the hash of each transaction connected
to one another with binary branches. Therefore, when adding a candidate block to a chain containing a parent block
that has multiple transactions, the miners have to analyze
the entire Merkle tree of the parent block to find the root
hash code that will allow linking it to the candidate block.
This process is also called proof of work because it takes
effort to calculate the proper hash. There are also consensus
algorithms that use other processes with higher efficiencies.
In addition, a new computer protocol that facilitates the
execution of contracts has been added to the blockchain
technology. These smart contracts are pieces of code that are
part of a block and that can be implemented when the block
is added to the chain. This code executes the rules explicitly
defined in the contract when a set of conditions is met.
Note that it takes more and more energy (or computer
power) to calculate the hash of the parent block in order to
add a new block to the blockchain. Indeed, the key’s complexity increases over time with each block added to the
chain because the key of a current parent block is the key
of the previous block added to a new key.
Blockchain technologies can be public or private. Private
blockchains were developed for specific groups of nodes, such
as the ones used by banks, corporations, and governments. In
February 2019, the American bank J.P. Morgan announced its
intent to launch its own digital coin (the JPM Coin) along with
the associated private blockchain that will ensure safe and
instant money transfers among J.P. Morgan clients.

Complexity follows an exponential curve
over time in a blockchain.
Complexity

Time
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An example of blockchain technology: changing
the legal name of a company
Traditionally, when a company wanted to change its name,
it needed to contact a notary or a legal representative to
both confirm the identity of the person requesting the
change and verify the history of the company’s identity. But
with blockchain technology, a company’s owner could
change the name of the company without a notary or legal
representative. The owner would simply log in to a platform with a unique combination of username and password and ask for the name change. The request would
then be conceptualized as a block in the blockchain and
would be added by solving the consensus algorithm and by
decrypting the hash code of the parent block. The consensus algorithm could ensure, for instance, that the proposed
company name is not already held by another organization. This method accelerates and facilitates the process by
automatically and safely checking the history of the company’s identity.
The future of blockchain
While blockchain technology is best known for cryptocurrency exchange, it has high potential for use in supply
chains to track and trace provenance and to prevent counterfeiting. For example, the company De Beers uses blockchain to ensure that diamonds can be traced through their
lifetimes—from rough rocks to polished stones. First, the
key characteristics of each stone are identified in order to
create a digital fingerprint; 3D geometry even illustrates
the stone’s inclusions. This fingerprint is then used within
a blockchain to store the stone’s characteristics, enabling
diamond holders to ensure the authenticity and traceability of any given gem at any time.
It also has potential in insurance to accelerate contract
performance with smart contracts. This would be particularly helpful in the case of natural disasters, for instance.
When such a disaster strikes, claims could be decided
automatically as soon as a list of conditions are met on the
basis of public data (such as the locations of fires and
storms) and people’s profiles (such as the location of a
residence and the identity of family members).

Quantum Computing
Definition from Merriam-Webster: A computer that
takes advantage of the quantum properties of qubits to
perform certain types of calculations extremely quickly
compared to conventional computers.
Our definition: A computer that uses quantum particles,
such as photons and electrons, to make calculations on
qubits.

65

History and etymology
At the beginning of the 20th century, scientists discovered
that matter is composed of subatomic elements known as
electrons, neutrons, and protons, and that light consists of
photons. However, they were surprised to find that some of
the phenomena they observed in this miniature world,
such as electromagnetic radiation, contradicted the laws of
conventional physics. A new theory was necessary to explain those divergences, and thus, quantum physics was
born.
It took time for this vanguard of theoretical physics to enter
the domain of computing, however. Renowned physicists
have argued over quantum theory for decades—and still
do. In the 1970s and 1980s, computers using binary logic
boomed with the arrival of microprocessors and desktops.
However, their computing power was very limited and
remains so, in particular for the simulation of quantum
phenomena. A quantum system with n dimensions evolves
in a space that grows exponentially with n (a quantum
system can evolve in several simultaneous states; see the
detailed explanation of the superposition principles below).
For example, a system of n spins that can take two values
evolves in a space of 2n dimensions: for 3 spins, where
each spin can be up or down, you could have a system
consisting of (up, up, up), (down, down, down), (up, up,
down), and so on. A conventional computer needs so much
time to simulate quantum systems that it is almost not
worth the effort.
In 1980, the Russian mathematician Yuri Manin suggested
developing computers on the basis of quantum elements.
In 1981, the brilliant polymath Richard Feynman echoed
this idea, proposing to simulate the intrinsic properties of
quantum systems over reasonable periods. He said, “Nature isn’t classical, dammit, and if you want to make a
simulation of nature, you’d better make it quantum mechanical, and by golly, it’s a wonderful problem because it
doesn’t look so easy.” The concept of a quantum computer
was born, but the theory, its advantage over other computers with binary logic, and its technical feasibility were still
to be proven.
In 1985, British physicist David Deutsch theorized quantum computing through his description of a universal
quantum computer. Yet, while he succeeded in theoretically proving that a quantum computer has an advantage over
a conventional one, the advantage of building an extremely
complex quantum computer was still to be confirmed,
especially since computers using binary logic were becoming more and more capable every year. (See the section on
“Digital Revolution,” later in this chapter.) What was needed was theoretical proof that there were practical problems
that only a quantum computer could solve.
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In 1994, the first of these was discovered when the American mathematics professor Peter Shor developed an algorithm to factor prime numbers exponentially faster than
conventional computers could manage—even in the case
of very large numbers, such as those used in the RSA
encryption system that secures banking cards. Then, in
1996, Indian-American computer scientist Lov Grover
discovered a search algorithm to find the element(s) that
meet a given criterion among n unsorted elements. By
using the quantum superposition of all the states of the
qubits, the Grover algorithm drastically reduces the required computing time.
Imagine, for example, that you have 1,000 bags, and that
you have to find the only bag that contains blue marbles.
Our current technology would force us to look at the bags
one by one until we found the bag with blue marbles; even
the best probabilistic algorithm would only enable us to
look at half of the bags. Quantum physics, however, enables us to look at all the bags simultaneously! Even if
obtaining the right answer requires a bit more work, the
speedup to find the answer is very important; it is, in fact,
quadratic.

These two discoveries heralded the great potential of
quantum computing and attracted the investments required to fund the next phase of quantum computing:
building a practical quantum computer.
How conventional computers work
The heart of a conventional computer using binary logic is
its processor. A processor is composed of several parts: its
memory or register, calculation units, and a control unit.
Current computers are notably characterized by the number of bits of their register (64) and their frequency (about
3GHz). This means that a computer can process information of a 64-bit size (264) at each clock cycle (that is, 3x109
times per second). It is possible to process larger volumes
of data, but doing so would require using several memory
spaces and processing the information over several clock
cycles, which takes more time.
Information stored on bits is then computed through logic
gates. As we have already shown, in binary logic, several
gates enable the computer to run operations, such as AND
and OR.

Are we using the quantum computer at its full potential?

Please ﬁnd
my keys
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Let us go back to our example of searching for blue marbles among 1,000 bags. Schematically, a conventional
computer will perform k number of operations to define
whether a bag contains blue marbles (1,000 if the bag with
blue marbles is the last one!). Therefore, for the number of
bags, n, a computer will run n x k operations, and for 2n
bags, it will run 2n x k operations. We say that this problem
is of n complexity because the number of operations required to solve this problem evolves in proportion with n.
How is a quantum computer different?
While conventional computers use semiconductor technology to process bits, quantum computers use quantum
particles to make calculations on qubits. And whereas the
bits on a conventional computer are binary—for example,
white or black—qubits can leverage the power of superposition and entanglement to represent all shades of gray at
once. Freed from the constraints of operating in a binary,
serial order, quantum computers thus have the potential to
dramatically reduce the number of operations required for
calculations that are probabilistic rather than deterministic
in nature. The main idea is that a quantum computer can
apply a single operation to a number of qubits, similar to
the way a conventional computer applies an operation to
bits. However, the advantage comes from the fact that
qubits exist in many possible states at the same time
(quantum superposition) and therefore the quantum computer applies the operation to all the different states of the
qubit simultaneously. The ability to act on many different
states simultaneously allows, in combination with other
effects of quantum physics, for potentially much faster
processing of data—and therefore of computation. The
resulting exponential acceleration is thought to reduce
costly computational challenges in simulation, optimization, and machine learning, which has implications in
industries as varied as pharmaceuticals, aerospace, automotive, and financial services.

The formal representation of this quantum superposition
is as follows:

1 quantum system >= a|0> + ß |1>
In this system, during measurement, we will have a probability |ß|2 to observe the state 0 and |ß|2 to observe the
state 1.
The second quantum property leveraged in computers is
known as entanglement. This property enables quantum
objects to be in a similar quantum state without being
strictly identical, for instance in their spatial location. This
means that, strange as it may seem, a particle may have
an instantaneous effect on another particle, even if they
are kilometers away from each other. The consequence is
that a measurement of one qubit will have an immediate
effect on another entangled qubit.
The third quantum property leveraged is quantum interference. This property arises from the fact that and ß can
both be complex numbers—that is, the square of the
numbers can be negative (since for a complex number i,
the square i^2=-1). This allows the amplitudes of these
quantum systems to interfere with each other and sometimes to cancel each other out. For example, if the right
solution of the algorithm is |1>, then we would like to
design an algorithm that cancels out the amplitude of the
|0> state.
How does this translate into a quantum computer?
While conventional computers use bits powered by a transistor, quantum computers use qubits powered by the spin
of an electron, the polarization of a photon, or the state of
an ion (research to determine the best physical support of
a qubit is still underway).

A quantum computer exploits three main properties of
quantum physics.
The first is the superposition of states. In quantum physics,
the characteristics (such as position and speed) of one
particle may be in an undetermined state. Such a particle
will have a probability of being in position A and a probability of being in position B.

The Bloch sphere
Bit
0

Qubit
0

1

1

This superposition of states will be maintained until the
observation (or measurement) of the particle, which will
“force” the particle into one of the two positions. Moreover,
only one quantum characteristic may be observed at a
time (one cannot know both the speed and the position of
a quantum particle, for instance). This observation entails
a loss of information, which is called the wave-packet
reduction.

State: 0 or 1
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The qubit will have a superposition of state 0 and state 1
and is generally represented by the Bloch sphere below,
with | |2 and |ß|2 being the probabilities that the qubit
value is 0 and 1, respectively.
By superposing n qubits, we obtain 2n simultaneous configurations and information with a maximum size of 2n. In
binary logic, however, the bit exclusively takes a value of 0
or 1. Indeed, for n bits, only one configuration is possible,
and the information has a maximum size of 2n.
While conventional computers have bits that are independent from each other, the entanglement principle enables
a computer to leverage a single quantum system rather
than several independent systems. Let us take the example
of a 3-qubit system. Without entanglement, we would have
three independent qubits as follows:

With entanglement, a system of three entangled qubits
looks like the following:

|entangled system> = a |000> + b |001> + c |010>
+ d |011> + e |100> + f |101> + g |110> + h |111>
Remember the Grover algorithm that could help us find
the bag containing blue marbles? Imagine three qubits and
eight possibilities. This results in the following system:

a |000> + b |001> + c |010> + d |011> + e
|100> + f |101> + g |110> + h |111>
bag1 = |000>

bag5 = |100>

|qubit 1> + a0 |0> + a1 |1>

bag2 = |001>

bag6 = |101>

|qubit 2> + a2 |0> + a3 |1>

bag3 = |010>

bag7 = |110>

|qubit 3> + a4 |0> + a5 |1>

bag4 = |011>

bag8 = |111>

Quantum computing allows for superposition.

Quantum

Binary
1 Qubit = 2¹ = 2
2 Qubit = 2 = 4
3 Qubit = 2 = 8
1 Qubit = 2 =16

1

1
0
1
0
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1
0
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1
0 10

1
0
1
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2nb qubit possibilities
at a time
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Only one combination possible
at a time among 2nb bits
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With this system, we can create a function to evaluate
whether the bag has blue marbles. To do this, we associate
a coefficient with each bag, and we create a circuit composed of quantum gates (the equivalent of the logic gates
for a logic circuit), which increases the coefficient associated with the bag that contains blue marbles. Theoretically,
whereas a standard computer will run a number of operations proportional to the number of n bags (here, eight
possibilities), a quantum computer will solve the problem
with a number of operations equivalent to the square root
of n.
However, because quantum algorithms are probabilistic,
the answer given will be a probable answer, and not necessarily the right answer. The challenge of algorithms is to
give the right answer with a probability close to 100%. This
challenge is included in the algorithm complexity.
D-Wave Systems developed a specific category of quantum
computers that uses quantum annealing. Currently, they
are not called “universal” quantum computers because
they function on the basis of a different principle and
cannot run all quantum algorithms (such as the Shor
algorithm). These computers were initially designed to
solve optimization problems by simultaneously testing the
optimization of a large number of parameters to more
quickly find the minimums of these functions. New developments may enable us to extend their field of application.

What are the limits of quantum computers?
While quantum properties offer advantages to quantum
computers, they also introduce serious limitations. When
measurements are based on a quantum system, it suffers
from the wave function collapse phenomenon and instantly
loses its superposition and entanglement properties. Furthermore, quantum systems are very versatile, and even the
slightest unwanted external influence can lead to errors in
computation. This has several direct consequences.
First, a quantum system cannot be cloned, rendering
traditional error correction impossible. New modes of error
correction must be invented to stabilize quantum computers for long enough periods to make meaningful calculations beyond the reach of conventional computers.
Second, unlike with a serial, conventional computer, we
cannot access the intermediary computational steps without destroying the ongoing calculation. The outcome of a
calculation with n qubits will be contained only in n bits,
the 2n instantaneous configurations of n qubits serving
only as intermediaries for the calculations. This means
that we cannot preserve an intermediate readout of the
calculations within the system.
Third, classical algorithms, which are designed for a computer with binary logic, aren’t as efficient on quantum
computers. In fact, not only do they not provide an advantage, but they may even be slower because a whole new
logic applies.

A qubit at work

a = 0.354
b = 0.354
c = 0.354
d = 0.354
e = 0.354
f = 0.354
g = 0.354
h = 0.354
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The qubit is sent
into the computer

The qubit is measured
on its way out of
the computer

a = 0.001
b = 0.001
c = 0.999
d = 0.001
e = 0.001
f = 0.001
g = 0.001
h = 0.001
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Why aren’t quantum computers available yet?
Several technical challenges must still be solved before
commercial-grade quantum computers are broadly adopted. Chief among these is the problem of coherence time.
For the qubits to stay in a superposition of states (called
state coherence), they need to remain in a state of low disturbance. But a quantum gate does the exact opposite: by
enabling us to perform operations on the qubits, it introduces disturbances into the system. Hence, the more
operations are performed, the less coherent the system
becomes. Currently, universal quantum computers max
out at roughly a handful of qubits remaining entangled for
a few dozen microseconds, far below the coherence times
required for quantum advantage.
Quantum computers have transformative potential, and
several companies have begun a race toward the development of these new computers with different technological
options: Google, IBM, Microsoft, Alibaba, Rigetti …. Who
will succeed first?

Deep Tech
Definition from Wikipedia: Deep tech, or deep technology, startup companies are based on substantial scientific
advances and high-tech engineering innovation. They often
require longer term, large investments, substantial research, and can take longer for possible commercial success. Because of this, they tend to be much harder for
competitors to replicate.

Our definition: Deep tech, as opposed to shallow tech,
refers to the activity of startups that are very much high
tech. Those high-tech startups innovate by conducting
deep development and research in science and technology
to serve their applications. As a consequence, their applications are often derived from academic laboratory research.
History and etymology
In 2014, Swati Chaturvedi, who is the CEO and founder of
the angel investing platform Propel(x), based in San Francisco, coined the term deep tech to refer to the high-tech
startups in which she and her firm invested. To Chaturvedi,
deep tech better captures the fact that those companies
invest in technological innovations and are at the root of
scientific breakthroughs. In 2019, being defined as deep
tech is a real differentiator among high-tech startups.
From shallow to deep startup
The vast majority of ventures are not deep tech; rather,
they are shallow tech startups because they mostly apply
already developed technologies to new fields in order to
create innovative solutions to large-scale, significant problems. There are obviously several levels of shallow startups.
Some only apply already-proven solutions to new applications, whereas others modify current technologies to adapt
to new sets of problems or even develop new technologies
(sporadically).

A comparison of startups

Shallow tech

Regular tech

Deep tech

Deep tech startups, however, usually need huge amounts of
money to investigate, explore, research, prototype, and industrialize—and they cannot guarantee the success of their
work. (Also, the time scale is longer than for regular startups,
which innovate without proper R&D, and shallow startups.)
But along with the greater risk comes the potential for greater reward. In three years, from 2015 to 2018, private actors’
investments into deep tech companies have doubled. This
emphasizes the importance of deep tech ventures in the
field of technology investment and development.

History and etymology
Fire, agriculture, the wheel, tools, the compass, printing,
the steam engine, electricity, and the internal combustion
engine obviously have been notable technological disruptions that have taken place over thousands of years. All
have deeply transformed the world, and all come from a
fundamental revolution initiated by a discovery or an
invention. The steam engine, electricity, and information
theory have driven three such industrial transformations.
Today, we name the third one the digital revolution.

The emergence of deep tech startups could underline
multiple phenomena. Historical barriers—such as cost and
knowledge accessibility—to access the latest technological
platforms are now falling by the wayside. Computers are
now powerful and cheap, and cloud computing is easily
available from well-known players, such as Microsoft and
Amazon. In biotech, the cost of DNA-sequencing technological platforms has fallen. Knowledge is more and more
open-sourced, thanks to the internet. All these trends have
eased the development and growth of heavily tech-led
startups.

The first industrial revolution was triggered by the invention of the steam engine, which fundamentally changed
the metal and textile industries in the United Kingdom in
the 19th century. It was triggered by a conjunction of technological novelties, including the invention of the steam
locomotive by the British inventor Richard Trevithick in
1803. It also led to the exponential development of railways in Europe and in the US, which changed transportation for both goods and people.

Digital Revolution
Definition from Wikipedia: The Digital Revolution, also
known as the Third Industrial Revolution, is the shift from
mechanical and analogue electronic technology to digital
electronics, which began anywhere from the late 1950s to
the late 1970s with the adoption and proliferation of digital
computers and digital record keeping that continues to the
present day.
Our definition: The transformation of consumers’ habits,
corporate management, social structures, and dominant
mental models resulting from digitization—the conversion
of information and information processing mechanisms
into bits—and of the use of available computing power to
reach a specific goal.

The second industrial revolution was a revolution in
energy. Electrical inventions came first, beginning with the
electric generator by the Belgian electrical engineer
Zénobe-Théophile Gramme in 1871 and the light bulb by
the American inventor Thomas Edison in 1879. Advances
in steelmaking, oil, automotive, and chemistry also arose
at the beginning of the 20th century.
The third industrial revolution is the one we are particularly interested in. We consider it to have started in 1948 with
the famous article “A Mathematical Theory of Communication,” by Claude Shannon. This paper had the effect of
an earthquake. It demonstrated that information could be
coded and transmitted between machines without loss.

Industrial revolutions are consecutive
but dissimilar.

1 st

71

2 nd

 rd
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The effects were not forthcoming
The effects of this revolution have been relatively slow.
Microprocessors in the 1970s were revolutionary, but they
could not run complex tasks. The relative simplicity of
computer science at that time may be an illustration of the
productivity paradox, also known as the Solow paradox. In
1987, the American Nobel Laureate Robert Solow said,
“You can see the computer age everywhere but in the
productivity statistics.” Indeed, while computing power
grew a hundredfold from the 1970s to the 1990s, productivity growth decreased—from 3% in the 1960s to 1% in the
1980s. This paradox is not universally accepted, but it does
show that the effect of digital transformation takes time.
As we have seen, computing power became considerable
very gradually. Erik Brynjolfsson and Andrew McAfee, MIT
researchers and the authors of The Second Machine Age,
observed that only recently—more than five decades after
the advent of computing—has digital transformation
become ready to be deployed to its full effect.
Three steps toward the digital revolution
In this new era, almost anything can be digitized—and at
an unprecedented rate. In 2017, IBM stated that 90% of
data had been created in the previous two years. Photos,
music, money, and videos are digitally processed without
ever having existed in physical form. Today, computing
power has enabled computers not only to defeat humans
at chess and Go, but also to drive cars in complex environments. These examples are just the tip of the iceberg, but
they would have been considered science fiction not too
long ago.
Dematerialization. Digital transformation started with
dematerializing information, such as by replacing the
typebars on a typewriter with the electronic switches in a
computer keyboard or by replacing human calculations
with computing operations. Everything is being transformed into bits today.

BOSTON CONSULTING GROUP

Sharing. The rise of the internet in the 1990s accelerated
digital transformation. Dematerialized information can
now be shared more easily than ever before. We are entering an era where abundance prevails, unlike the scarcity of
matter well-known by classical economists.
Paradigm shift. For a long time, matter played a dominant role, and information was secondary; we navigated in
a world of matter to which we attached information. To
sell, we segmented our customers; to drive, we calculated
itineraries, and so on. Digital transformation has inverted
that combination. Increasingly smaller sensors and increasingly numerous smartphones provide such an abundance of data that they are changing the game. This has
caused a total paradigm shift in the world of telecommunications, which currently connects us with our relatives
almost permanently and free of charge. We live in a world
of information according to which we organize matter.
Consider the automotive industry, for instance. Historically,
it was firmly rooted in the world of matter. But digital
transformation has allowed the creation of more precise
dashboards, more efficient gearboxes, parking assistance,
and automated braking systems—all of which have
changed the automotive industry. Nevertheless, they did
not constitute a paradigm shift, strictly speaking.
According to Brynjolfsson and McAfee’s logic, only today,
beyond the booming point of this exponential evolution,
can real disruption occur, where information becomes the
differentiating factor for automotive manufacturers. As
such, the real digital transformation of the automotive
industry is not a succession of improvements but rather
the tipping point at which automotive manufacturers
become digitized companies active in mobility.
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As digital transformation is adopted more broadly, it will
transform our habits, our companies, our social structures,
and our vision of the world. Thomas Khun, an American
historian and philosopher of science, had a name for this
kind of metamorphosis: paradigm shift. In his book The
Structure of Scientific Revolutions, Khun describes the notion
of a paradigm shift as “a universally known scientific discovery that, for a while, provides the researcher community
with typical problems and solutions.”
Note that Kuhn himself specifies, however, that this paradigm shift lasts only for a while; then time makes way for
other unseen paradigms. When the digital transformation
is finalized, it will always leave more new tracks in the form
of data different in nature and level than those previously
known. The data is of a different nature because it informs
us about information that could not have been measured
before (such as a pedestrian’s pattern of travel or the time
when we drink coffee). And it is of a different level because
the quantities are huge when compared with what existed
before.
This new paradigm will allow AI to run at full power. Its
ability to process unstructured forms of knowledge—such
as videos, texts, and any type of machine-generated content—will make it ever more imperative to strive for these
new types of data. It simulates the process of human
reasoning, which will allow it to simulate more and more
complex phenomena in a virtual world. The impact for
companies will be tremendous: it will allow streamlining
processes, developing new products and services, revolutionizing operations, and much more.
What will not be digitally transformed?
Several years after Garry Kasparov was defeated by Deep
Blue, he made the following observation about its successor and the most powerful computer designed for chess to
date: “Hydra…was no match for a strong human player
using a relatively weak laptop. Human strategic guidance
combined with the tactical acuity of a computer was overwhelming.” A medium-level chess player helped by a basic
computer would be able to defeat the most powerful computer ever designed. This reminds us that although digitization is certainly a tremendously powerful tool, it is no
substitute for the genius of the human spirit. And creativity—our capacity to conceptualize in an original and unprecedented way—will never be the subject of digital transformation. It is up to us to invent our future, supported by
our digital tools.

73

How BCG helps its clients in their digital
transformation
A company that is not a pure digital player might think
that its legacy prevents it from leveraging the value of its
data and the power of technology. But DigitalBCG, with its
15 key digital programs, can help such companies navigate
through the different components of a digital transformation: from understanding their starting point, defining their
roadmap to implementing a digital transformation at scale,
and changing their ways of working to accelerate digital
upskilling and adoption, building the right ecosystems, and
becoming agile companies, ready to transform and compete in fast environments.
We help companies digitize their core businesses, from
marketing and sales to operations and support functions,
by implementing digital end-to-end customer journeys and
leveraging the power of data and technology (such as
blockchain and the Internet of Things), as well as by innovating and disrupting the market. We make the power of AI
real for businesses, identifying and supporting the implementation of the most impactful AI use cases at scale. Our
Data and Digital Platform program helps our clients get
past their burdensome legacies and build a platform to
power data and digital and to support the transformation.
For instance, we worked with the French car manufacturer
Renault to help the business transform into a digital company. We cobuilt a new and dedicated business unit, called
Renault Digital, which is responsible for the implementation of our Data and Digital transformation program. The
project has been ongoing and has had a major impact on
Renault’s strategy. The French manufacturer is now a
data-driven company. The model changed from B2B, where
Renault had relationships with car dealers that had relationships with the end users, to one that was more B2C,
where Renault has a direct reach to retail customers and
can leverage their data, which allows the company to tailor
its offers more closely to its clients’ needs.
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Conclusion

The Last Leg
of the Journey
Toward Data
and Digital
Transformation
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his is not really a conclusion. Rather, it’s the last leg
of a long journey to explore the universe of data and
digital transformation. And as this universe is immense and evolving, it is of course impossible to grasp the
entirety of it. We have thus left plenty of unexplored concepts that would have deserved a section in this book, such
as genomics, new energy sources, the internet, and technology singularity. However, we want to keep the conversation going. Get in touch with us, and we’ll pursue our quest
together.
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Boston Consulting Group partners with leaders
in business and society to tackle their most
important challenges and capture their greatest
opportunities. BCG was the pioneer in business
strategy when it was founded in 1963. Today, we
help clients with total transformation—inspiring
complex change, enabling organizations to grow,
building competitive advantage, and driving
bottom-line impact.
To succeed, organizations must blend digital and
human capabilities. Our diverse, global teams
bring deep industry and functional expertise
and a range of perspectives to spark change.
BCG delivers solutions through leading-edge
management consulting along with technology
and design, corporate and digital ventures—
and business purpose. We work in a uniquely
collaborative model across the firm and
throughout all levels of the client organization,
generating results that allow our clients to thrive.
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