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PREFACE

I shall be telling this with a sigh
Somewhere ages and ages hence:

Two roads diverged in a wood, and | {
I took the one less travelled by,

And that has made all the di erence.

from The Road Not Taken, Robert Frost (1916)

They say that writing a dissertation is a journey along a lonely road. When travelling
alone, with no one holding you back, you are more likely to head far into unknown
territory. However, as you get lost, there is no one you can turn to for help. You are

out there on your own.

It can be like that, at times, when you choose the road less travelled by. Yet, whenever
I turned for help, | found people around me who would. At those dark moments when |
was ready to give up writing a dissertation, there were people around me who convinced
me to continue. When | was in need of critical re ection, there were people around
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me who gave their sometimes harsh but always honest opinions. And when, at other
times, | proclaimed the exceptional genius of my work after a cryptic fteen-minute
monologue that nobody could possibly follow, there were people around me who smiled
patiently.

To Tom, my supervisor, who did all of the above. You welcomed me into your group,
0 ering me academic shelter despite the eccentricity of my research topic. | thoroughly
enjoyed our meetings, and | cannot adequately express how thankful I am for the op-

portunity you gave me, and how much this opportunity has changed my life.

To Terry, my mentor. | remember vividly how, after arriving in Berkeley for the rst
time, | was blown away by the audacity of your investigations. Now, almost nine years

later, it remains my main source of inspiration.

To John-Jules, who stimulated me to pursue a PhD. You have been there when | needed
you on every step of the way, for the past thirteen years; | cannot imagine a better pro-
fessor. To Liane, you accompanied me on the rst legs of my journey, and showed how
science can be more than a profession. To Jeremy, Ty, Julie, Hajime, Spyridon, Jay,
Bob, Alok, Josh, Rodrigo, and the other Pirates, you have made Berkeley my academic
home away from home, and showed me that science can sometimes be as beautiful and

enjoyable as a good conversation.

To Mireille Hildebrandt and Simon Colton, for meticulously reviewing the original
manuscript and giving many excellent comments. To Palmyre, for helping me nd my
way to Nijmegen, and for the many occasions we could share ideas. To Pim, for the
interesting discussions and joint work. To Pieter Adriaans and Marc Slors, whose work

I admire, and who were willing to take part in the opposition.

To my former and current research colleagues in Amsterdam, Nijmegen, Boston, Kelow-
na, Berkeley, Liverpool and Utrecht. In particular to Anders Bouwer, Tom Claassen,

Daniel Dennett, Joris Dormans, Stephan van der Feest, Tiha von Ghyczy, Jelle Herold,



PREFACE

Daniel Karavolos, Carl Lipo, Nicole Messink, Joris Mooij, Apara Ranjan, Kees Rijsen-
brij, Riemer van Rozen, Janos Sarbo, John Searle, Manuela Ungureanu, and Tomas
Veloz. To the excellent colleagues at the game development department, for the enthu-
siasm, support, and fun you bring to the workplace every day.

To the friends who walked beside me on this remarkable journey, and made it far from
lonely. In particular to Lars Andeweg, Lieke Bartelds, Willem-Bart Bartels, Wouter
van Berkel, Lars Blaauwbroek, Arno Bode, Lubbert de Boer, Paul Brinkkemper, Michel
Crevecoeur, Martin Deen, Marcel van Dijk, Alex Drapers, Tim van Erven, Janneke
van Es, Wouter le Fevre, Rene Gelens, Joost van der Hagen, my Hardslag teammates,
Jasper 't Hoen, Cornelis Huizinga, Merlijn Hurx, the sta of Cafe Marktzicht, Martijn
Huttenhuis, Geert Jonker, Wouter van Keulen, Stijn Kieft, Matthijs Kloosterboer, Bart
Koopman, Vinod & Bharati Mittal, Eric Lai, Sieuwert van Otterloo, the eternal legends
of Pangster’s Paradise, Rutger Rietveld, Eric Roefs, Eric Sillekens, Bram Snel, Sophia,
Garry Sotnik, Eduard Storm, Erik Tillema, Jan ‘Tjibbe’ Veenstra, Remon te Velthuis,
Daan Vrieler, Silvain van Weers, Erik ‘Wobbe’ Wesselius, and Mark Westerbeek.

To my parents, Puck and Rina, for your encouragement in every phase of my life.

To Natalie, for the way you see the good in everyone and everything.

To Emma, for all the love and happiness you bring to my life, and for supporting me

these years past. | could not have done this without you.

Thank you.

Stefan Leijnen, Utrecht
October 10, 2014
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In the beginner’s mind there are many possibilities, in the expert’s
mind there are few.

Shunryu Suzuki, 1970
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1

INTRODUCTION

The word creativity has held di erent meanings and connotations over time. Tracing
back its etymological roots to ancient India, Greece, and Rome, to create means \to
make, produce™ (Sanskrit kriya; Greek ktidzo; Latin creare) and is related to \to arise"
and \to grow" (Latin crescere). Creation, it was thought, involved the production of
artifacts in a physical sense { with observable results { through imitation or emulation.
Cognitive activities such as discovery, insight and guessing formed a separate domain,
in the same sense that private activities do not fall within the public domain [71].

Plato regarded learning as an act of remembrance (anamnesis) with the teacher
acting as a midwife for knowledge, rather than an instructor [1]. The origins of cognitive
activity were attributed to divine nous; a theological connotation that was carried over
to the Middle Ages, where creation ex nihilo was explained by divine inspiration, a
meaning re ected today by the word ‘creationism’ that arose around 1880 as a reaction
to Darwinism.

During the humanistic revolution of the Renaissance, and later, the Enlightenment,
the causal locus of creativity shifted from the immaterial to the physical domain. Imag-
ination as the origin of ideas bridged the dualistic gap between physical and cognitive
production, made famous by Descartes’ \Cogito ergo sum". Some early 20th century
scientists would report on their creative process through introspection [65]. One often

mentioned introspective report has German organic chemist August Kekule accounting
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for his invention of the benzene ring:

\I was sitting writing at my textbook but the work did not progress; my
thoughts were elsewhere. | turned my chair to the re and dozed. Again
the atoms were gamboling before my eyes. This time the smaller groups kept
modestly in the background. My mental eye, rendered more acute by the re-
peated visions of the kind, could now distinguish larger structures of manifold
con rmation: long rows, sometimes more closely tted together all twining
and twisting in snake like motion. But look! What was that? One of the
snakes had seized hold of its own tail, and the form whirled mockingly before

my eyes. As if by a ash of lightning | awoke.”™ [135]

In this succinct account, several aspects of creativity are brought to light. Kekule
describes how his insight nally emerged when his thoughts diverged away from the
problem at hand (‘my thoughts were elsewhere’) after a period of preparation (‘again
the atoms’; ‘repeated visions of the kind’). He also describes how cross-domain transfer
helped him conceive his idea: the ames are associated with twisting snakes that are,
in turn, associated with con gurations of atoms. And nally, the * ash of lightning’

refers to the sudden insight he acquired in a relatively short timespan.

1.1 Science and Philosophy of Creativity

Early in the 20th century, as psychology grew into an academic discipline, imagina-
tion, preparation and other aspects of the creative process became subject to scienti ¢
scrutiny. Introspective accounts of scientists’ and artists’ creative processes were col-
lected and analyzed, culminating in a general theory of creativity that consisted of ve

subsequent stages [164]:

preparation: knowledge of the problem domain is acquired
incubation: acquired knowledge is (unconsciously) internalized
intimation: new insights indicate that the problem may be solved soon

illumination: a possible solution emerges

o & W bdoPE

veri cation: the solution is validated by applying it



1.1 Science and Philosophy of Creativity

In Wallas’ ve stage model, creativity is equated with scienti ¢ discovery { and under-
standably so, considering the inspiration for his model. Yet, creativity \[...] a particular
form of taxation, a particular style of painting or dancing, a way of building a bridge or
skinning a cat, a millinery design [...]" [14]. It can be argued that, indeed, some level
of creativity is necessary for many everyday activities. How can people write grocery
lists without using their imagination? Shakespeare is believed to have added over 1700
new words to the English language, but someone engaging in a casual conversation is
also constructing new sentences on the vy, some of which may never have been uttered
before. Both eminent grandmasters and less talented chess players had to learn the
rules of the game, although they may use a di erent level of creativity to use them.

To distinguish between the creative outburst of recognized geniuses like Kekule,
Shakespeare, Mozart and Picasso [144] and everyday creativity [131], the terms \big
C creativity" and \small c creativity" [94] are often used. These labels are sometimes
di cult to apply. For example, it cannot be ruled out that Albert Einstein ever wrote a
grocery list, and in doing so demonstrate a capacity for small c creativity. Vincent van
Gogh only became recognized as an eminent artist after his death { inspiring hope for
later artists that their presumed eminence will be recognized after their lifetime as well.
The phlogiston theory, providing a scienti ¢ explanation for combustion, was thought
to be an eminent discovery in the 17th century, only to become a prototype example
of science theories proved false since its 18th century demise instigated by Antoine
Lavoisier’s experiments. However, despite these and similar di culties in distinguishing
eminent from everyday creativity, psychometric and psychosocial research [72, 143]
shows that the origins of genius and the fruits of its labor can be categorized and
studied scienti cally.

A related distinction can be made between creative acts that are historically new to
society (H-creativity) and those that are merely new on a personal level (P-creativity)
[15]. From this de nition it follows that all H-creative acts are P-creative, but not
all P-creative acts are H-creative. Here, too, the distinction between individual and
society is more troublesome than it may appear at rst sight, as the di erence between
individuals and the societies dissolves when we regard people as the fabric of society
[49].

In these de nitions, a pivotal aspect of creativity presents itself. In considering the
relation between H-creativity and P-creativity, a hierarchical shift is necessary from the
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level of the individual to the level of a society that is composed of individuals. A similar
hierarchical shift is possible between individuals and the cells and molecules they are
composed of; at this biochemical level, it would be intuitively undesirable to attribute
creativity to, say, individual neurons. Unless some minimum requirement for creative
acts is adopted, we risk confusing creativity with pancreativity - the idea that every
event is principally unique, new, and therefore produced by a creative act. Therefore,
any scienti ¢ theory of creativity needs to adequately explain why atoms, molecules
and neurons are not creative, while humans and societies are. This fundamental idea is
captured in the distinction between unintended, purposeful, and original creative acts
[77] (see gure 1.1).

Creative acts

Unintended

Purposeful

Original

Figure 1.1: Venn diagram of three classes of acts. Unintended acts lack purpose, while
purposeful acts may or may not be original (i.e. new to a group), roughly corresponding
to H-creativity and P-creativity.

What separates purposeful and original acts from new but unintended acts is their
value and intelligibility [76] to the actor, or their compliance with an appropriateness
criterion [151]. Extrinsic independence (i.e. from environmental causation) and intrin-
sic independence (i.e. spontaneity) is required for purposeful novelty creation [99]. For
example, it would be a trivial exercise to make a computer print Marcel Proust’s \A
la recherche du temps perdu” on a display { it would constitute an unintended cre-
ative act that lacks intrinsic and extrinsic independence. Considering the mechanical
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computational process in isolation, the program’s execution lacks spontaneity; when
we consider the human programmer to take part in the creative process to allow for
spontaneity, the program itself is no longer extrinsically independent.

Purpose is embedded in every intended creative act. Goals, solutions, or (aesthetic)
values are a systemic aspect of every intended act of creation. The requirements for
purposeful creative acts can therefore be expressed in the following terms [15, 77, 120,
151]:

novelty: not existing previous to the creative act.
usefulness: being appropriate to the creative system’s goals, problems, or values;

surprise: the recognition that an act is both new and useful.

The ex nihilo production of observable artifacts, thought to arise from divine inspiration
many centuries ago, is re-presented here as purposeful novelty creation; the creator
recognizing both the newness and usefulness of its creative act. Many theories of
creativity re ect these minimum requirements in one way or another, as they explain
novelty as a combination of previously unconnected ideas through bisociation [96] or
conceptual blending [47], usefulness as a tness function over a set of random ideas

[22, 145], or surprise as learning optimization [24, 52, 138].

1.2 Arti cial Creativity

The invention of the universal computer, rst as a mechanical and later as an electronic
device, introduced an entirely new experimental facility for scienti c research: a theo-
retical model could now be put to the test by means of simulation and comparing the
calculated outcomes to what the model predicted. Many would argue that computers
are capable of typically human traits such as intelligent behavior, language use, and
creativity [160], cf. [139]. Or that, if not autonomously capable of human-like behavior,
they can at least assist us in these domains. Chess programs, for example, exhibit all of
these three types: they can autonomously play against human players, suggest moves
to human players, or provide insight into the cognitive e orts involved when people

play chess.
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