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E-Science and the data deluge

David Casacuberta and Jordi Vallverdú

This paper attempts to show how the “big data” paradigm is changing science through

offering access to millions of database elements in real time and the computational power

to rapidly process those data in ways that are not initially obvious. In order to gain a

proper understanding of these changes and their implications, we propose applying an

extended cognition model to the novel scenario.

Keywords: Big Data; Computational Physics; Data Deluge; E-Science; Extended

Cognition; Proof

1. Introduction

E-science implies huge databases containing hundreds of millions of items that

scientists cannot analyze directly, but which have to be pre-screened by complex

statistical algorithms. Those algorithms are charged with discovering patterns that

scientists then study. This way of working is common in molecular biology and

genetics, but it can also be found in many types of engineering, computer science,

nuclear physics, cosmology, and even mathematics. Is this phenomenon compatible

with the way traditional science is performed or does it signify a radical departure

from the logic of traditional scientific discovery (Vallverdú, 2009)? In order to clarify

new scientific processes, we will present a general framework within which to

understand e-science, based mainly on computational physics. We will then devote

some time to analyzing the computational proof of the mathematical conundrum

known as the four color theorem, using an extended cognition approach.

Our aim in this paper is not to argue in favor of the extended mind hypothesis, as

other papers in this volume do. Rather, we aim to show that the extended mind

hypothesis can be of use in the philosophy of science to show how a number of

paradoxes in e-science evaporate when computers are not considered as external

devices whose intrusion into the mathematical world needs to be explained, but as an

example of external cognition; not very different from the pencil and paper used to
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arrange a visual proof of a theorem. More specifically, based on the general description

proposed in Rufener (2011) and on some of the arguments in Devlin (1997), we want

to show—against Tymoczko (1979) and Tymoczko (1981)—that the mathematics

community did not change their attitude towards accepting empirical proofs after the

introduction of computers, but that its members still consider mathematics to be

formal knowledge within a new extended cognition computational framework.

The structure of the paper is as follows: the next section introduces what we call “the

radical view of e-science,” which argues that a radical transformation of our

understanding of the scientific method is needed in order to understand the way

research is carried out today within the e-science paradigm. Section 3 then

recapitulates some ideas on extended cognition that are needed for our argument.

Section 4 presents the main philosophical problems associated with the mathematical

proof of the four color theorem; and section 5 delivers our arguments that, by using

the so-called second wave of extended cognition, we can accommodate at least some e-

science practices within the standard scientific methodology.

2. The Radical View of E-Science

2.1. Computational Physics as an Example

The use and implementation of computational resources in physics research is, for

obvious historical reasons, very recent. Beyond its evident benefits for the several

different branches of physics that require intense numerical calculations, there is a

deeper and more basic change: computers allow us to picture new worlds and to check

huge amounts of data (“the tidal wave of data,” as it has been called); tasks that could

not be performed accurately by individual people or even teams working together.

We consider two basic uses of computers in computational physics (Vallverdú,

forthcoming):

(a) Simulations. These are computer programs that attempt to recreate a quantitative model
of a particular system, which can be deterministic or stochastic. In such cases, all the data
we obtain come from the computer system that runs the simulation: it is a closed internal
computing process which we use to implement our models.

(b) Data processing. Once data are obtained from the “real world” or from narrowly restricted
experimental conditions, they are processed by computer programs. This process can
comprise several steps, not always followed sequentially or necessarily interconnected: data
mining; visualization; verification; etc. In this case, there is open exchange between reality
and our physical or virtual instruments; a two-way checking process. We exemplify these
ideas via two different projects in computational physics that provide insight into the
processes.

2.1.1. Simulations: The Millennium simulation

The Millennium simulation was a project undertaken by the Virgo consortium—an

international grouping of computational cosmologists—that, at the time, consisted of

the largest and most realistic simulation of the growth of cosmic structure and the

formation of galaxies and quasars. By applying sophisticated modeling techniques to
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the 25 terabytes (25 million megabytes) of output data, in 2005 Virgo scientists were

able to recreate evolutionary histories of the universe; the first step of the project. They

used the Millennium simulation to study the early growth of black holes. In 2009, the

same group ran the Millennium II simulation, which incorporated some technical

differences. By comparing such simulated data to large observational surveys, Virgo

scientists were able to clarify the physical processes underlying the creation of real

galaxies and black holes.

Although this is a clear use of a simulation as an assistant/checking tool for real

observational data, at the same time it is the only way to understand some natural

events that would otherwise be completely out of our sensory and cognitive range. Is it

voodoo science or a more honest way to consider the epistemic value of our

conceptual ideas about the world? If we recognize the ontological distance between the

world and our models (linguistic/numerical, static/dynamic, in mind/in silico), there

is no significant difference between conceptual entities and, therefore, this is as real

and experimental as traditional science.

2.1.2. Processing

There is a second physics research framework that is within the scope of our current

interests, namely: particle physics. The world’s most advanced instrument is the

European “Large Hadron Collider” (LHC), which has performed several experiments

that have demanded massive computer calculation power (Brock and Schörner-

Sadenius, 2011; Datta, Mukhopadhyaya, and Raychaudhuri, 2011). The LHC can

produce one petabyte of data per second on experimental particle collisions; while

after filtering, it is estimated that it will produce nearly 25 petabytes of useful data each

year. The analysis of such a mass of data is, again, completely beyond the reach of any

unaided human or group of humans. LHC detectors register particle events and then

researchers have to trace and piece together dozens of clues in their analysis. The flood

of data is so great that no single supercomputing center could process it, and for this

reason a distributed computing infrastructure was created to provide the production

and analysis environments for the LHC experiments: the Worldwide LHC Computing

Grid (WLCG). Besides being stored and processed, data must also be available to every

researcher around the world. The WLCG is a collaborative project between more than

170 computing centers in 34 countries and uses both theOpen Science Grid (OSG) in

the USA and the Enabling Grids for E-Science (EGEE), the largest grid in Europe.

Several steps in the processes are automated and/or use expert systems. The role of

software is crucial, because it:

(a) filters data coming from the detectors (there are four different experiments running at the
LHC);

(b) monitors the performance of the detectors;
(c) calibrates and aligns the detector components;
(d) simulates detector responses from known physics processes; and
(e) carries out user analysis leading to physics results.

That is, the software is at the same time our eyes, hands, brains, and even thought,

because it governs all the (partially automated) cognitive steps towards the acquisition
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and understanding of information. Going even further, the real instrument was

designed following the results of computer simulations, just to prevent failure or avoid

an inability to perform the activities necessary to solve some of the remaining

problems (the existence of the Higgs boson or supersymmetry (SUSY), etc.). Other

important points to be considered include safety and the reliability of the data.

2.2. The Epistemology of Computational Physics

It would be wrong to claim that current computational physics works with reality itself

or that it is directly observable (maybe we should even add “or thinkable!”). From the

two examples of computational physics considered above, we can infer certain claims:

(a) The facts analyzed are not directly observable.
(b) In both cases, the reality from which the data originate must first be created ex novo.
(c) Once collected, the raw data cannot be handled by a “natural mind.”
(d) There is no actual separation of our models of reality from reality itself; at least no clear

demarcation line (since if there were, we would have achieved the ultimate and closest
possible model of reality; an absurd notion if we take into account the impossibility of
even a local description of existence).

What are the main philosophical implications of the position delineated by such

claims? Without intense computing facilities, data could not be created, collected, or

analyzed; and that amounts to the whole process of the generation of scientific

knowledge. It is clear that symbolic-intelligent machines are (still) not doing all the

work alone, but neither could the work happen at all without them. Such a historical

moment indicates a new context in which humans are not able to think by themselves

about the reality that they are creating or analyzing; they need to look through the lens

of a computer to do so. So, the radical view goes, we are producing theories that

cannot be truly understood by small computing units such as us, and this leads us into

the realm of non-human science. There would be an ontological gap between reality

and natural minds that computer resources can fill.

2.3. How Computational Physics Creates Important Exceptions to the Scientific Method

We have argued elsewhere (Vallverdú, 2009) for a new epistemology for e-science; a

new set of research techniques that involve a true extended-mind science in which

computer resources are not just mechanical/procedural/sequential extensions or our

minds, but external parts of our minds. Such a change is necessary because computers

represent the only current way to deal with huge amounts of data by trying to find

patterns in them, visualize them, check the whole experimental process, disseminate

and share this information, and so on.

First of all, no single human mind or even a large team of human experts can run

and process the most advanced experiments in contemporary physics without

computational instruments (and the same is true of some mathematical proofs, as

seen and analyzed in Vallverdú, 2009).
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Second, in some cases, there is an epistemological black-box situation. This occurs

when there is no possibility of thinking about reality, but only of inferring things from

certain processed data, and always through the filter of computational resources

(Vallverdú, 2011a). Moreover, that filter is neither a mere nor a minor technical aspect,

but it is the very core of the research. Furthermore, the epistemology of humans,

deeply reliant on visualization processes as it is, introduces a bias into data processing,

simply because that is how we are (bodily); not because it is the best way to acquire

information (Vallverdú, 2010).

Third, independent replication of experiments is almost impossible because in most

cases the infrastructures (LHC, supercomputers, etc.) are unique, incredibly expensive

devices of massive complexity. While at the same time, the computing grid adds a

dynamic concept to the selection, storage, analysis, and evaluation of data (Vallverdú,

2011b).

Fourth, the process of sequential verification, review, and debugging is very

complex and always involves further machines to control first-step machines. It is a

scalable, but only computational, way to obtain knowledge.

Fifth, the ways of recognizing, evaluating, and rewarding scientists have traditionally

been focused on individuals or very small teams of experts. That must now change as

real contributions to knowledge come from very large teams of researchers.

So far so good, just as a general description. Our proposal, though, is that when

developments in e-science are examined in more detail, one can see an alternative and

less radical proposal based on the idea of the second-wave extended mind hypothesis.

We will demonstrate it by analyzing one of the first and most debated examples of

e-science (at least in philosophical circles): the mathematical proof of the four color

theorem. In order to do so, we first introduce some specific concepts related to the

extended mind hypothesis in the next section.

3. Principal Concepts in the Extended Cognition Hypothesis

Since the original description of the concept by Clark and Chalmers (1998), there has

been a great deal of discussion as to precisely what the extended mind thesis entails,

how it should be read, and what its main implications are for philosophy of the mind.

Considering the scope and focus of this paper, we will follow Sutton’s approach when

he states that “external symbol systems and other ‘cognitive artifacts’ are not always

simply commodities, for the use and profit of the active mind: rather, in certain

circumstances, along with the brain and body that interact with them, they are

(part of) the mind” (2006, p. 190).

Following Sutton further, we can distinguish between a first and second wave of the

extended mind hypothesis. The first wave is based on the parity principle, and aims to

show that “inside the head” and “outside the head” processes can be rendered as

equivalent:

Cognitive states and processes extend beyond the brain and into the (external) world
when the relevant parts of the world function in the same way as do unquestionably
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cognitive processes in the head. If “exograms” act as engrams do, then for
explanatory purposes they can be treated as engrams. (Sutton, 2006, p. 193)

The second wave is not based on the parity principle, but on the complementary

principle. There is no longer a need for isomorphism between mental processes and

cognitive artifacts, and “out of the head” processes can play different roles to produce

more flexible and efficient cognitive processes. We will adhere to this second-wave

hypothesis for two main reasons: first, we consider that the arguments of Sutton

(2006) and Rowlands (2010) are sound and powerful enough to show that the parity

principle is not needed and makes things too complicated for it to function as the basis

of a coherent and efficient extended cognition paradigm. More importantly, the first

wave is clearly not an adequate framework within which to tackle our problem,

because the main role of e-science is precisely to present new results in science; results

that could not be produced using the human brain alone. We do not want to consider

the computer-aided proof of the four color theorem as epistemologically equivalent to

a purely human proof. Instead, we want to state that the nature of the former type of

proof is different from that of one generated within the head. As Sutton argues:

Parity fails to explain or motivate the interest shown by cognitive anthropologists,
developmental psychologists, sociologists of science, and historians in the different
effects which different cognitive artifacts may in turn have . . . . The parity principle,
in short, fails directly to suggest study of idiosyncratic or peculiar features of
particular external symbol systems, or of particular ways of interfacing with them.
(2006, p. 200)

Besides the extended mind hypothesis, another key element in our argumentation is

Menary’s idea of cognitive integration. According to Menary, we have cognitive

integration when external resources are integrated into an extended cognitive system

by way of a process of coordination, which thus enables the human to perform

cognitive tasks that it would not otherwise be able to do, or are integrated in a way that

transforms and consequently improves the human’s cognitive abilities (Menary,

2010a, p. 563).

There are two main ways in which cognitive integration can come about: one

involves integration through sensorimotor activity; the other is through the

manipulation of external representations. Based on a detailed analysis of how people

play Tetris, Kirsh and Maglio (1994) proposed the concept of epistemic action. An

epistemic action is a type of action in which we change a relevant element in the

environment in order to obtain a cognitively relevant result. A mathematical proof

made via diagrams is an example of an epistemic action. Epistemic actions are

undertaken for a variety of purposes, from facilitating a calculation to improving the

speed of a cognitive process, as well as to simplify a complex problem.

Another interesting concept is “extended enterprise.” Following Menary and

Kirchhoff (forthcoming), we can define this as the view of expertise, not as something

that is just in the head, but as something that is learned in a situated manner; and

environmental resources (people, their surroundings, and tools) necessarily play a role

in the process of both acquiring and also deploying such expertise.

6 D. Casacuberta and J. Vallverdú
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One of the main mechanisms though which cognitive integration arises is

manipulation. According to Menary, we transform the environment, its physical

structure, either by hand or with tools and artifacts in order to complete a cognitive

task. To this end, we develop cognitive norms to give value to the process. We create,

maintain, and manipulate cognitive niches. These explanations must be located within

the normative, social, and semantic structure of the cognitive niche. Cognitive

manipulations are bodily engagements with the niche that are regulated by norms

(Menary, 2010b, p. 563).

Both cognitive integration and extended enterprises require a sort of teleoseman-

tics—to borrow Millikan’s (1993) term. That is, the symbols have to be interpreted

according to some consumer who needs them to perform a specific function in order to

solve a particular problem (Millikan, 1984). That way, “representational systems arise

out of complex patterns of such production: consumption/interpretation relations

across a community of communicators” (Menary and Kirchhoff, forthcoming, p. 6).

Therefore, in order to be a representation that forms part of an instance of cognitive

integration, it is not enough to be salient or to be an affordance; it is necessary that the

representation is also part of a cultural practice, in which the meaningful properties are

established within a teleofunctional framework.

4. The Four Color Theorem

4.1. What is The Four Color Theorem?

The four color theorem is just one example among many of an important

mathematical proof in which computers have been involved. Others include: the non-

existence of a finite projective plane of order ten; the Robbins conjecture; the Kepler

conjecture (still not completely resolved); the so-called Happy Ending problem in its

17-point case; and the NP-hardness of minimum-weight triangulation (McEvoy,

2008). One can even become a mathematician and prove a new theorem just by paying

some money to the University of Edinburgh, letting a computer generate the proof,

and then adding one’s name to it (Aron, 2010).

The four color problem was first formulated in 1852 by the mathematician Francis

Guthrie, who had the intuition that four colors were enough to color any map in such a

way that no two adjacent regions had the same color. In 1878, the London

Mathematical Society issued a general call to prove the conjecture and the problem

became a major theme in the world of mathematics (Devlin, 2001). Then we have to

wait until 1977 for Kenneth Appel, Wolfgang Haken and John Koch to be able to prove

the general conjecture. They converted the topological problem into one concerning

graphs, considering each zone of the map as a point in a graphed network where, if two

points were connected, it implied that they shared a common frontier, so they had to be

colored differently. Once transformed in this way, the theorem is proved by supposing

there is a graph that needs at least five colors, in order to deduce a contradiction.

More specifically, the argument works with such a map that has the smallest

number of points or nodes. The next step is to find a particular node that can be
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removed without changing the overall number of colors needed. This graph will be

smaller than the former one, so we have a contradiction. Appel and his team found

1,500 different ways to remove a node from the graph. This is where the computer was

needed. From 1972 to 1976 the team worked on the computer generated proof after

using 1,200 h of computer analysis plus manual analysis of 10,000 portions of graphs.

It became really difficult to follow this brute force computation; actually there is no

simple way for a human, or even a human team, to check the calculations by hand.

Most mathematicians accepted the result, while others were not so sure.

Next, in 1994, another team produced a different computer proof with the same

result, and later another team checked the 1994 proof using a mathematical assistant

called Coq as an aid for manual checking. Coq is an interactive system that humans

use to check the reliability of hardware and software, but it can also be used to check

mechanical steps in a proof. The human adds ideas and possibilities and the

computers generate all the possible combinations and checks for reliability.

4.2. Philosophical Implications

The computer-aided proof of the four color theorem readily invites philosophical

reflection. The general impression is that we are almost moving to postmodern

mathematics, where the final decision on whether a theorem is true or false rests on a

type of experiment in which we are totally dependent on the results coming from a

machine. Also, we have a second team of scientists that replicates the experiment, and

the fact that they obtained the same result makes the proof more acceptable to the

community. This is too close to the way experimental sciences function not to raise a

few eyebrows. Rufener (2011) gives a detailed and comprehensive analysis of the

dispute, which is older than the particular proof we are examining. Kripke states that:

No one has calculated or proved that the number is prime; but the machine has
given the answer: this number is prime. We, then, if we believe, that the number is
prime, believe it on the basis of our knowledge of the laws of physics, the
construction of the machine, and so on. We therefore do not believe this on the
basis of purely a priori evidence. We believe it on the basis of a posteriori evidence.
(1972, p. 261)

More focused on the four color theorem affair is Tymoczko (1979, 1981), who

postulates a contradiction between the classical and computational ways of doing

mathematics: “computer proofs bridge the great gap philosophers have seen between

mathematics and natural science. If traditional philosophy is right, then

mathematicians should not accept computer proofs” (Tymoczko, 1981, p. 123).

That author considers that this philosophical intuition should prevail against these

new ways of doing mathematics: “if we accept the 4CTas a theorem, we are committed

to changing the sense of a ‘theorem’, or, more to the point, to changing the sense of the

underlying concept of a proof” (Tymoczko, 1979, p. 58). Computer-aided proofs

further transform mathematics into an empirical business: “use of computers in

mathematics, as in the 4CT, introduces empirical experiments into mathematics,”

which “raise again for philosophy the problem of distinguishing mathematics from the

8 D. Casacuberta and J. Vallverdú
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natural sciences” (Tymoczko, 1979, p. 58). Another important problem concerns the

mistakes the computer can make: “the computer proof of the combinatorial lemma is

subject to error: computers can make mistakes” (Teller, 1980, p. 798). Of course,

humans can make mistakes too, but another human can detect them and show that a

supposed proof is no longer such. However, what happens when—as in the case of the

computer-aided proof of the four color theorem—the calculations are too long and

tedious to be revised by a human? The problem has also interested the philosopher of

science Philip Kitcher: “[computer-aided proofs] are so long that they cannot lead us to

a priori knowledge” (1983, p. 46), if you consider that computer-aided proofs cannot

warrant a priori knowledge because humans do not have the cognitive capabilities to

recall each individual step. Following Resnik (1997), there is an extra problem, one that

Kripke has also pointed out. In order to accept that a computer-aided proof is right, we

need first to understand how computers work, as well as to be sure that the specific

computer we are using to check a proof is really working as it should, otherwise the

proof will not be acceptable. Resnik observes that in order to do that, we need empirical

knowledge on how computers work and when they are reliable.

To summarize, the two main problems that computer-aided proofs present are:

(a) verifiability (proofs are so long and complex that they are almost impossible for humans to
follow); and

(b) empiricism (when computers are introduced into mathematics, we need empirical
sciences, such as physics, which can really confirm that the computers are working
properly).

In the next subsection we want to show how these two problems can be solved if we

move towards an extended cognition framework.

4.3. The Four Color Problem within an Extended Cognition Framework

The main aim of this paper is to show how the extended mind hypothesis can have

applications outside ontological research into the nature of the mind. We follow

Clark’s lead on how the extended mind hypothesis can be used to analyze cultural

production, those “cognitive and computational architectures whose bounds far

exceed those of skin and skull,” in which we “biotechnological hybrids” are primed to

participate (Clark, 2001, p. 138; but see also Clark, 2003). E-science is a fortiori a clear

case of such architecture.

Our subject is e-science and, more specifically, computer-aided mathematical

proofs. It sometimes happens in the philosophy of science that some problems are

highly intellectualized, generated by a conception of a science that is too abstract or

oversimplified. This is particularly true in mathematics, where the view that

philosophers have of proofs corresponds to only one of the multiple ways in which

mathematics works. Before tackling that problem, though, let us consider the worry

about computers making mistakes. This fits in well with a hyper-intellectualized view

regarding how proofs are generated; a view in which mistakes are seen as impossible.

Nevertheless, if we pay attention to the history of mathematics, we will see hundreds

and thousands of possible theorems that were not correctly proven, and in many cases
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nobody noticed for quite some time—sometimes, a very long time—that the proof was

incorrect. In fact, this happened with the four color theorem (Wilson, 2003). A year

after the LondonMathematical Society’s call was issued, one of its members, a barrister

named Alfred Bray Kempe, published a paper that claimed to prove the conjecture.

However, 11 years later, Percy JohnHeawood pointed out a significant error in Kempe’s

argument (Devlin, 2001, p. 227). Thus, the fact that mistakes can go unnoticed should

not worry us; mistakes, by themselves, cannot turn mathematics into an empirical

science. Errors, and our not being able to detect them at first sight, were part of

mathematics long before computers were invented. So there is nothing special about

mathematics now, in this respect, just because of the introduction of computers.

Devlin argues for a similar position: “strictly speaking, many of the points raised

about computer-aided mathematics are not restricted to mathematics done on a

computer.Most of the points apply, to some extent, tomathematics done in the fashion

familiar to ancient Greeks” (1997, p. 235). Therefore, the problem is not located on the

side of mathematics, but on that of philosophy: mathematical logic deals almost

exclusively with a highly idealized kind of “reasoning” that is not the reasoning

mathematicians actually employ. Devlin (1997) also argues that, despite what

philosophers of mathematics preach, there is not one, but are at least three different

types of mathematical proofs, namely:

(1) Proofs for the records. These are the proofs that mathematicians give in their
published research papers.

(2) Pedagogical arguments. These are the arguments mathematicians use in order
to explain and to convince their colleagues or their students of the truth of a
particular assertion.

(3) Action arguments. These are the arguments mathematicians use in the course of
solving a problem.

According to Devlin, type 1 is neither the only nor the main way in which

mathematicians develop proofs. Devlin uses the other two styles of proof to argue that

mathematics has always been closer to the natural sciences than philosophers believed.

Actually, he offers a view of a mathematical proof that is closer to Popper’s than to

Bertrand Russell’s, because Devlin defends the notion that in the everyday world of

mathematics, a proof is nothing more and nothing less than an argument that: (a) has

been declared correct by a number of mathematicians that the mathematical community

acknowledges as capable of making such judgment; or (b) has not (yet) been refuted.

Our aim is not to check if Devlin’s assertion is true, but to highlight a very interesting

detour he makes while constructing his argument: how important visual reasoning is in

real mathematics. Diagrams are common in proofs of types 2 and 3, and were the most

common way of doing mathematics in classical Greece, as Devlin refers to them: “the

ruler and compass constructions of the ancient Greeks, where the diagram was the very

focus of the argument” (Devlin, 1997, p. 14). The main function of the diagrams is to

facilitate a more interactive way of generating a proof; a proof facilitates the interaction

of the mathematician with the surroundings and the answering of the query.

According to Devlin (1997), the nature of the problem, or the general mathematical

analysis associated with it, does not change. The only thing that really changes is the

10 D. Casacuberta and J. Vallverdú
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representational medium; we accumulate enough information to feel safe enough to

make the next step in the proof. Also following Devlin (1997), interactive graphics can

enable the mathematician to draw not just one but a whole series of graphs and

diagrams, to enlarge part of a graph and zoom in on regions of particular interest, to

rotate or reflect a surface, etc. These changes in the representational/reasoning

medium do not change the problem; it remains a single problem, and the entire

process results in an accumulation of a single body of information about that problem.

What changes during the course of a proof is the medium in which the information is

represented and processed.

These representational frameworks are not some anecdotal use for specific events;

they are very common, almost omnipresent in day-to-day mathematics research.

Their uses have been systematized several times, notably by Barwise and Etchmendy

(1994) in their research on heterogeneous reasoning using the software Hyperproof.

The general view of what a mathematical proof is from Devlin’s account is coherent

with what we say in section 2 above, about cognitive integration and epistemic actions.

Mathematics is not performed purely in the head, but resources located within the

environment allow the manipulation of diagrams to form an important part of the

argumentative process.

The two main problems with computer-aided proofs that we highlight above are

now more easily understood. As regards verifiability, we mentioned that classical

mathematics is not immune to mistakes, so the use of computers introduces nothing

new in that sense. As for empiricism, we now realize that the problem does not have to

do with converting mathematics into an empirical discipline, but with realizing that

the proof we are creating includes elements from the environment; that is, from

outside the mathematician’s head. Of course, we need to ensure that the whole system

is working properly, but only in the same way that a mathematician needs to show that

the diagram is really generic and, therefore, that it does not lead to a false impression

that may lead to a flawed proof (see double checking explained by Szpiro, 2003).

Computers can malfunction, but a ruler or a compass can also become defective. Of

course, an interactive proof on a computer can go wrong in many more ways than a

diagram can, but here we are facing just a question of degree, not a radical

transformation of a discipline.

We do not need to defend a transformation of the nature of mathematics if we want

to produce computer-aided proofs. We just need to realize how close computer-aided

proofs are to interactive graphics, and defend a natural transition from interactive

systems made by humans to more complex ones generated by computers. We are just

witnessing a gradual evolution of interactive styles of proof; the inclusion of new

elements able to generate epistemic actions in a cognitive integration process, not the

birth of a whole new discipline called empirical mathematics.

We also want to point out that in order to dismiss the radical view, something as

robust as the extended mind hypothesis is needed. So, for example, mere appeals to

embedded cognition are not enough. In e-science, the type of computer on which a

simulation is performed, or what type of sensor is giving us our huge amounts of

data, is not relevant. Therefore, e-science implies not just a mere causal relationship
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between the physical actions of actual computers, but the development of a

functionalist account of cognition, in which those computational processes can be

multiply realizable. There should be no difference in scientifically relevant results if a

computation is performed with a supercomputer or on a peer-to-peer network

consisting of thousands of PCs.

Without external symbolic systems and algorithms, and rules for manipulating

them, mathematics cannot go very far. According to Menary and Kirchhoff

(forthcoming) and Saxe (1981), cultures which have only a very limited symbolic

system to represent numbers, such as the Oksapmin culture of Papua New Guinea or

the Piraha culture in the Amazon, cannot produce mathematical results beyond basic

arithmetic. It is these external systems and rules that are the most relevant elements

when it comes to understanding mathematical representations and manipulations. In

the mathematical case, there are norms for manipulating mathematical inscriptions,

and those inscriptions are interpreted as having some kind of significance for some

purpose (Menary and Kirchhoff, forthcoming).

Neither should we forget that inevitably a major role is always played by the human

brain. It is the brain that is responsible for giving meaning and purpose to the

functions that the mathematical inscriptions are playing; it is the brain that decides

what can be done “in the head,” what can be done with pen and paper, and what needs

computer algorithms in order to be solved. It is likewise the brain of the

mathematician that decides whether a proof is sound and whether to submit it for

publication. Computers do not perform proofs by themselves; intentionality is needed

in order to talk about proof.

We can see now how mental processes, the more diagrammatic development of a

proof, and the computer-aided proof finally come together in a series of epistemic

actions of symbol manipulation arranged as a full cognitive integration. As we argue

above, the way mathematical inscriptions are processed needs a normative

dimension: the representations are not manipulated at random, but following a

procedure which is learned as a cultural practice and has a very specific purpose.

In the case of the mathematical computer-aided proof, instead of learning the

procedure and applying it personally, the mathematician encodes the procedure in a

programming language and then runs it; but it is just another epistemic action which

forms part of an instance of integrated cognition and uses the same type of rules and

procedures. Nothing prevents us theoretically from performing the same process

manually; it is only the drive for efficiency that leads the mathematician to use a

computer instead.

Returning to the distinction we made above between a first and second wave of the

extended mind hypothesis, we can see now that the main metaphysical reason behind

the radical view of e-science is precisely the parity principle. We have a strong

chauvinistic approach to internalism and consider that thinking—and therefore

science—has to take place inside the head. If we allow for the possibility of science to

be performed outside, we still expect that the external process will be something that

we can see as equivalent to a procedure inside the skull. Otherwise, we chauvinistically

consider that it is not really thinking and, therefore, not real science.
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We have certainly not shown that every endeavor in e-science can actually be shown

to be a part of a more general cognitive integration; to do so would require an exhaustive

case-by-case analysis. We have, however, shown an instance in which such analysis can

be performed and applied to one of the oldest and most philosophical debates in

e-science: the computer-aided mathematical proof. We expect that e-cosmology and

e-protein unfolding, for example, can be usefully reframed along similar lines.

5. Final Remarks

Since the end of twentieth century, the use of intensive computational resources in

order to deal with problems that were previously intractable due to their complexity

has been shown to be the true beginning of the externalization of our minds, not just

the extension of our bodies. Such new computational approaches affect all the stages

of the scientific project: data production, filtering, storage, analysis, and

communication; and human beings cannot do the job alone at any level of knowledge

production. Complex cognitive integration is absolutely vital in many cases.

Furthermore, humans cannot check or perform such activities without the aid of

computers, as we have seen in the case of computer-assisted mathematical proofs and

physics simulations. It seems clear that the next generation of scientific problems will

be intractable without computers, while at the same time it will not be possible for

human beings alone to entirely verify those problems. We have needed to extend our

minds into machines and we know that from now on, natural minds will not be able to

perform science without their help; we also know that the computational extensions of

our minds are not dumb programs or blind software. When we increase the

complexity and autonomy of our scientific tools, we face an extension of our minds

and at the same time an extension of the thinking process itself. This is the dawn of

computational resources in scientific performance. The second (or even a third) wave

extended mind hypothesis is a very useful tool for making this fact manifest, and

finding a coherent framework within which to analyze it.
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