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PREFACE

This dissertation has three main aims. One aim is to explore the relation-
ship between evolved cognitive biases and the formal bodies of knowledge
of mathematics and science. How are humans able to obtain this knowl-
edge given inherent limitations in their cognition? Are features of the
evolved human cognitive architecture continuous with concepts in math-
ematics and science? A second aim is to examine the role that external-
ized cognition plays in the development of such bodies of knowledge. As
will be argued, the relationship between the human mind and the exter-
nal environment is not a one-way tra�c from preconceived concepts to
external storage of information through symbolic notation systems, but
rather, a two-way interaction, where symbols and artifacts can be seen
as constitutive of mathematical and scientific concepts. A third aim of
the dissertation is to explore the implications of a naturalistic philosophy
of science for the justification of scientific beliefs. If scientific beliefs are
indeed subject to cognitive biases, are we at all justified in holding them?

I will concentrate on two aspects of systematic knowledge acquisition:
the relationship between our intuitive understanding of numerosities and
culturally developed mathematical concepts, such as number theory and
algebra (chapters 2, 3, 4, and 5), and the tension between evolved cog-
nitive biases and scientific understanding, especially in the life sciences
(chapters 6, 7, 8 and 9).

The introductory chapter 1 reviews the implications of cognitive sci-
ence for naturalistic approaches to mathematical and scientific knowledge
acquisition. I start with two puzzling observations. First, mathematical
and scientific practice are both far more intricate and e�cient than the
experimental evidence on human cognition would lead one to believe.
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How is it that scientists seem to be able to overcome the biases that peo-
ple normally are subject to? Second, mathematical and scientific practice
do not square well with norms on proper reasoning that have been put
forward in philosophy of science. Next, I review attempts to characterize
scientific beliefs. The final part of the chapter surveys theories of discon-
tinuity and continuity between scientific and everyday reasoning. I argue
that mathematical and scientific practice are forms of cognition in the
wild, i.e., human cognition as it occurs outside of the laboratory, that is
to say, extended and collective.

The remainder of the dissertation consists of two parts. Part I con-
siders mathematical practice, focusing on number theory, its relationship
with our intuitive number sense and the role of the extended mind in
the development of mathematical concepts. Chapter 2 begins our quest
for the naturalistic origins of mathematical concepts by considering in-
nate knowledge. Many ancient and early modern philosophers have relied
on the concept of innate knowledge in order to understand the origin of
mathematical concepts and to justify them. Indeed, the earliest discus-
sions of nativism, such as Plato’s Meno (ca. 380 B.C.E. [2000]), rely on
mathematical examples. Yet the concept of innateness has not fared well
in contemporary philosophy of mathematics. This chapter will examine
the concept of innateness as it is currently being employed in developmen-
tal psychology. Focusing on the case of infant arithmetic, we will see how
developmental psychologists infer innateness by attempting to rule out
explanations in terms of learning. In other words: they infer that basic
arithmetical skills in infants are innate, because there is no plausible ex-
planation for this ability as a result of learning. However, we will also see
that the relationship between innate numerical skills and mathematical
knowledge is less straightforward than early philosophers proposed: the
numerical capacities that infants exhibit do not easily map onto formal
numerical concepts.

Chapter 3 attempts to flesh out the relationship between intuitive nu-
merical cognition and culturally transmitted numerical concepts. As will
be suggested in this chapter, there is solid evidence for evolved, domain-
specific numerical skills that humans share with other animals. Relying
on the epidemiology of representations (a model of cultural evolution
developed by the cognitive anthropologist Dan Sperber, 1985, 1996), I
will argue that this unlearned number sense constrains and guides the
cultural transmission of numerical concepts, focusing on the positive in-
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tegers, zero and the negative numbers. The upshot of this examination
is that although positive integers do not map exactly onto intuitive nu-
merical representations, they are nevertheless more intuitive and easier
to represent than zero, and especially than the negative numbers.

In chapter 4, I consider the role of external media in the construction
of natural numbers. I consider two versions of the extended mind thesis.
The first, proposed by Clark and Chalmers (1998), argues that represen-
tations need not be stored internally in order to be involved in cognition.
In this view, much of human cognition is hybrid, involving an interplay
between the brain and external resources. Important in this version of
the extended mind is the parity argument, i.e., the claim that there is
a functional isomorphism between internal and external representations
(e.g., a notebook would be functionally isomorphic to long term mem-
ory). The second, proposed by Merlin Donald (1991), goes a step further
by arguing that external cognitive resources not only complement, but
also alter our cognitive architecture. Here, there is no parity required
between internal and external cognition. In this chapter, I apply both
models to an examination of the development of natural numbers. The
use of external resources such as number words, body parts, tallies and
tokens, numerical notation systems and gestures influences the way we
internally compute natural numbers, indicating a strong interaction be-
tween internal and external resources in the representation of numbers.

Chapter 5 continues the investigation of the interaction between in-
ternal and external cognitive resources by considering the epistemic role
of mathematical symbols. In this chapter, we will see how mathemat-
ical symbols are more than a way to externalize internally represented
concepts; rather, they are to an important extent constitutive of math-
ematical concepts. Historically, this is especially the case for concepts
that are not easy to grasp or that were regarded as unintelligible, such as
negative or complex numbers. This chapter concludes by examining the
role of symbols in the development of algebra in three di↵erent cultures:
the medieval Islamic world, imperial China and early modern Europe.
This examination suggests that the way algebraic ideas were expressed
symbolically was more than a mere format to represent internally held
mathematical thoughts—rather, these notation systems did exert a pro-
found influence on the subsequent development of mathematical ideas
within these cultures.

In part II, I shift my attention from mathematics to scientific prac-



xx PREFACE

tice, with a focus on the life sciences. Chapter 6 discusses the role of early
emerging, stubborn, intuitive ontological assumptions in scientific under-
standing. After a brief review of the developmental and neuroscientific
evidence for intuitive ontologies that structure human understanding, we
will see how these assumptions continue to play a role in folk knowledge.
Historical evidence of the development of physics and biology will indi-
cate that intuitive ontologies have played a significant role in fostering
intuitions that lie at the basis of past theories in these disciplines. This
chapter looks at recent theories in paleoanthropology and comparative
psychology. As will be argued, intuitive ontologies continue to inform
concepts and ideas in these disciplines.

Chapter 7 discusses the role of intuitive ontologies in scientific cre-
ativity, and considers the productive role of analogies and metaphors as
a way to surmount their constraining e↵ects. This chapter begins with
an outline of the cognitive psychological literature on structured imagi-
nation, indicating that human creativity is constrained by prior expec-
tations, generated both by existing concepts and more deeper-lying in-
tuitive ontological assumptions. Such assumptions played an important
role in historical scientific practice, as is exemplified, amongst others, by
the role of intuitive vitalism in classical and medieval physiology. It will
be shown that distant analogies, in which target and source domain are
widely divergent, play a crucial role in scientific creativity. Examples
from early modern physiology, evolutionary biology and theories in evo-
lutionary psychology and cognitive archeology will illustrate the role of
distant analogies in scientific understanding.

The next two chapters discuss the implications of naturalistic philos-
ophy of science for the justification of scientific beliefs. In the light of
stubborn intuitive ontological assumptions and human cognitive limita-
tions, are scientific beliefs at all justified? In chapter 8, we will argue
that even if intuitive biases were to play a detrimental role in scientific
theory formation, these biases can be mitigated through collective scien-
tific practice. Drawing on a game theoretical model, we will show how
a rich diversity of inferences within a community of interacting scientists
increases the probability that theories that are more truth-approximating
will be chosen over time. The historical example of models on the trans-
mutation of species, formulated during the late 18th century and the first
decades of the 19th century, illustrates this model in a quantitative man-
ner. In this chapter, as in the previous one, it also becomes clear that
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scientific progress is not inevitable, but that it depends critically on the
right cultural circumstances.

Chapter 9 provides a broad, theoretical analysis of evolutionary ar-
guments, which justify beliefs through their evolutionary origin, and evo-
lutionary debunking arguments, which cast doubt on such beliefs on the
same grounds. We will see how subtle di↵erences in assumptions about
the connection between truth and e�ciency in mental representations can
account for the radically di↵erent conclusions reached by evolutionary
arguments and evolutionary debunking arguments. This chapter reviews
and extends responses to criticisms of earlier evolutionary arguments. Fi-
nally, we consider the role of external media in scientific practice, which
has hitherto been neglected in evolutionary arguments. The case of tem-
perature will illustrate how justifiable knowledge can be obtained through
a judicious use of external media, even though human thermoreception is
biased and inaccurate.

Chapter 10 discusses some tentative conclusions that can be drawn
from the research presented here. It will argue that a naturalistic philos-
ophy of science should not be a “philosophy of the gaps”, where philoso-
phy is a mainly descriptive activity that is subservient to furthering the
knowledge we already obtained through science or mathematics, or that
merely speculates about what science has not yet uncovered. Rather, I
will conclude that philosophy enables us to obtain knowledge about the
nature of our scientific beliefs that are not easily discovered through sci-
entific investigation alone, and that it allows us to draw conclusions that
are further-reaching than would be possible within a strictly scientific
framework.




