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 SEQ CHAPTER \h \r 1
TWENTY-FIRST CENTURY EPISTEMOLOGY* 


For over two thousand years, humans – or at least Europeans –  thought of themselves as being at the centre of the physical universe. The publication in 1543 of Copernicus’s De Revolutionibus Orbium Coelestium, with some essential later help from Galileo,  ruined that conceit and the resulting sense of displacement  was threatening enough that it took until 1992 for the Vatican to finally acknowledge its error in condemning Galileo for publicly advocating Copernicus’s theory.


Shortly after its move from the University of Pennsylvania in 1946, a one-dimensional computer simulation of a nuclear explosion was conducted at the Aberdeen Proving Grounds in Maryland by ENIAC, the world’s first general-purpose programmable digital computer. That quiet development will eventually produce as large a shift in our self-image as did the Copernican revolution in astronomy. For in many areas of knowledge, but especially in science, the descendants of that primitive simulation and other computer assisted techniques will destroy our position at the centre of the epistemological universe. We have already lost our status as the ultimate authorities in some everyday areas of knowledge. In many criminal courts, eye witness testimony identifying a suspect will be rejected if it conflicts with DNA evidence. In tennis, line judges rely on electronic sensors rather than on their own eyes to determine whether a ball was in or out. In these cases, the instrument’s evidence is still delivered to humans, but something far more radical is afoot. It is the possibility of a purely automated science, a science conducted entirely without the intervention of humans.
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The Copernican Revolution and computational science are, in a curious way, linked by 

Immanuel Kant’s work. Kant called his own philosophical position a `Copernican Revolution’  because, in analogy to Copernicus’s theory in astronomy, it forced us to take our own position in the epistemological universe into account.  According to Kant, there is no conceptually unmediated access to the world and all evidence is inescapably filtered through human cognitive capacities. These capacities place insurmountable barriers on our knowledge of the world because all sensory experiences are conceptually organized by the categories of understanding. But in a different sense, Kant’s choice of the name `Copernican Revolution’ is entirely inappropriate. By arguing that the human mind lies at the center of the epistemological universe he was, unlike Copernicus, insisting upon a privileged role for humans.


Kant has not been alone in advocating the primacy of human abilities to epistemology. Empiricists have always maintained that human sensory experiences lie at the heart of knowledge. The creators of early scientific instruments adopted that focus on humans quite literally by ensuring that optical telescopes and microscopes were designed so that their outputs were directly accessible to human vision. Even when a device such as the radio telescope was invented in 1937, a major task was to take data collected from regions of the electromagnetic spectrum that are inaccessible to unaided human vision and to transform those data into  graphical, or sometimes aural, output so that humans could understand them. Indeed, there has always been a tension within empiricism  between the desire for objectivity that many instruments give us and the need to retain contact with the often subjective processing of our own senses.


Many contemporary scientific instruments are different from these older devices in an important way. The data produced from instruments is now often in digital form and this output is processed computationally before being converted into a format usable by humans.. Anyone who has had a medical scan performed by computer assisted tomography will, unwittingly or not, have experienced this. The data collected from the physical imaging device is, for the moment, transformed by computer algorithms into an image viewable by humans because humans are currently the only authorized consumers of that data. In principle, however, data generated by these devices could easily be analyzed in many different ways by other instruments and could produce medically useful information that was  not directly comprehensible by humans.


In a different realm of knowledge, rationalists have, at least since Descartes, insisted that  mathematical proofs and formal reasoning must be accessible to human understanding. Yet there are now many computer-assisted proofs that are widely accepted as correct by the mathematical community, even though many of those proofs cannot be fully verified by human abilities alone.  The four colour theorem, which asserts that any two dimensional map can be prepared with just four colours so that no two adjacent regions have the same colour, is one well known example of a mathematical result that was first proved with the help of computers.
 Such computational help is by no means restricted to mathematics. In astrophysics and climate modeling, to take just two examples, computer simulations now form the basis of most published papers and the research involved would be impossible without them. As with computer assisted proofs, humans simply cannot follow in detail the calculations involved in these simulations.


And so we have the confluence of two new modes of doing science. Computer simulations and computer assisted mathematics have broken through the epistemological barriers imposed by the limited mathematical and conceptual abilities of humans. Computer processing of data from sophisticated scientific instruments removes the last reason for the human senses being necessarily involved in the production of knowledge about the world. Together, they open the possibility of scientific representation, calculation, and verification being carried out without any intervention by humans.


This confluence is well advanced in areas of science where the quantity of data produced makes it impossible for humans to process it unaided. It is now common in astrophysics for both ground-based instruments and instruments mounted on satellites to collect data automatically and to transmit them directly to computers for analysis. In mapping the human genome, most of the mapping was carried out by automated processes and billions of data points were involved in the final product. This shift in method is also entrenched in areas where mathematical difficulties have prevented advances, often for many centuries. Non-linear mathematics and chaos theory are  famous examples of this but equally important is the new ability to model complex social, biological, and economic phenomena using agent based models. Within such models, there is usually no single comprehensive model of the system for a human to understand. Instead, the members of the system, whether they are humans, businesses, insects, or other agents, interact repeatedly according to simple rules and the dynamic evolution of the system is tracked by the computer in a way that is usually impossible for humans to follow directly.


Such developments may well seem to be just another addition to scientific methods. So let me explain why  they require a radical shift in epistemology. Advances in knowledge are now, more than ever, essentially dependent upon advances in technology. This has always been true in the area of scientific instruments – bigger accelerators, more powerful microscopes – but this has now affected the area of theory through the rise of computer simulations and computer assisted mathematics. As the speed, memory capacity, and even the architecture of computers develops, the boundaries of what is accessible by mathematically formulated theories are continually pushed outward. The need for creative ideas is being reduced by automated procedures such as non-interactive genetic programming. Genetic programming runs a set of programs to carry out a task and then eliminates the least successful programs from that set, just as the least fit individuals and species are eliminated by natural selection. Some of the surviving programs are then combined (`mated’) or mutated and the resulting programs run again on the same task. After many repetitions of this process, one or two of the surviving programs often do remarkably well at carrying out the task.  For example, genetic programming methods can simulate an analog computational circuit that squares, cubes, and obtains the square and cube roots of, inputs.
 In this way, a purely automated discovery process for modeling parts of the world can be achieved.


These methods raise important questions about the role of the human mind in acquiring knowledge of the world. In particular, they force us to consider why we need intensional representations in science. Intensional representations use compressed routes to understanding, usually by appealing to humans’ grasp of meanings. For example, the expression `is even’ applied to positive integers can be defined and immediately understood via the definition `is divisible without remainder by 2'. The alternative, an extensional representation of the expression `is even’, simply lists all of the even integers  – a specification by brute force. Digital computers operate entirely on an extensional basis. They have no need to understand what the expression `is even’ means and in any case almost certainly are not capable of grasping meanings. They operate entirely on sets of symbols and the beautiful computer graphics that are often used to represent the output of a computer simulation are useless to the computer that produced them. It uses only numbers; images and meanings are for us. This raises the larger philosophical question of what concepts an automated science would use to represent the world and whether they would be unintelligible to humans. Already, a great deal of what goes on in computer simulations cannot be followed by humans. Although this is often because of the enormous number of steps involved in a calculation, it can also be because the styles of reasoning and representation involved in lower level programming languages are different from those of traditional mathematics. What is directly intelligible to a computer may make little or no sense to humans. Similar issues have arisen within connectionist or brain-style models of cognition and they suggest that the so-called `sub-conceptual’ schemes used by human brains in perceptual representation, such as edges, light gradients, and so on, are very different from our everyday perceptual concepts such as `is a table’. For expository purposes, I have used examples of sub-conceptual schemes that humans can understand but the really interesting cases are those in which the computer models formally classify things in ways that correspond to nothing in our existing conceptual schemes and we have no words to describe them. It is here that Kant’s restrictions on what is conceptually possible become far too rigid for the new scientific epistemology.


These new methods are not without their dangers. Experiments conducted in the real world, whether in the laboratory or in the field, are increasingly being replaced by simulations. Simulations are cheaper than real experiments, they are easier to control and to replicate,  they are free from ethical objections, and in many cases they simply cannot be carried out physically. This is changing the culture of science and engineering in some fields. Laboratory technicians are no longer needed for simulated experiments whereas computer programmers wield a great deal of power. Because computer simulations are relatively cheap to run, the barriers that `big science’ throws up by requiring expensive accelerators or telescopes can be avoided. Of course, nothing can replace real world data in terms of evidence and it is here that the potential dangers in these developments can most clearly be seen. It is exactly because of their lack of transparency that computer simulations are open to serious misuse and unless stringent precautions against error are taken, they can produce very misleading results because of programming errors, number truncation errors, the use of scientifically implausible idealizations, and other sources of error.


As the mathematical difficulties involved in various models are explored, some new limits on science are being exposed. It is now important to know not just that a function is computable in the traditional logical sense of `computable’ as defined by Alan Turing and others, but to know the degree of difficulty involved in computing it. For example, an algorithm is called `intractable’ if the number of computational steps or the amount of memory required for an output is an exponential function of the length of the input.( One example of an intractable problem is to decide the truth value of a statement of Presburger arithmetic, which is ordinary arithmetic without the multiplication operation). If a scientific model requires the use of an intractable function, that model will be unusable over large areas of its domain of application. One other consequence of these developments is that the emphasis on computer simulations is leading to a significant re-organization of the sciences. Rather than science being organized in terms of various subject matters such as physics, biology, and sociology, it is now common for areas such as evolutionary biology and economics to share models because the modeling methods transcend the subject matter. 


We should be aware of where these trends are leading. The two cultures so memorably described by C.P. Snow, the cultures of science and of the arts, are inexorably separating as science has less and less need for humans. If we are intelligent enough and various competing political forces can be reconciled -- and our record in these areas does not induce optimism – then we can retain control over the direction of scientific research and indulge our creative aspirations in other areas. But there is a possibility in comparison to which even Copernicus’s banishing of humans from the centre of the universe pales. Our discussion has taken for granted that human observers are physically separate from their instruments and computers.  In the future this may not be true and here we need to sharply separate the kinds of inessential changes, such as providing artificial organs for humans, some of which have already occurred, from changes that will affect the core of epistemology, changes that involve our perception and cognition. For the human species could transform itself, using genetic engineering and information-based prostheses into a new, artificial, species that regains direct access to the expanded domain of scientific knowledge I have described. What that knowledge would consist in is impossible to describe with our current scientific languages, which for all their objectivity are constructed from the limited perspective of the human species. How the world would appear from the internal perspective of a supercomputer linked to a gamma ray detector is something that would have to be experienced to be known. At that point, the conceptual constraints that Kant imposed on us, the inescapable imprisonment in particular linguistic frameworks that was suggested by Wittgenstein and by Carnap, the restrictions on evidence imposed by empiricists  to that provided by human sensory experience, and the limits of the a priori noted by the rationalists; all these barriers will have been transcended and epistemological freedom drastically enhanced. But there will be a strange and terrible price to pay, for we shall have lost our identity as humans.
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*Conversations with Peter Galison, Paul Teller, Tiha von Ghyczy, and members of the Institut d’Histoire et de Philosophie des Sciences et des Techniques, Paris were helpful in preparing this essay.

	�The most recent proof of the four colour theorem, although still computer assisted, has a transparent logic behind the proof (See Georges Gonthier `A Computer Checked Proof of the Four Colour Theorem’ � HYPERLINK http://research.microsoft.com/~gonthier/$colproof.pdf��http://research.microsoft.com/~gonthier/4colproof.pdf� ).


	� See Chapter 47, Genetic Programming III: Darwinian Invention and Problem Solving, J. Koza et al. Morgan-Kaufmann, 1999.










