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Natural Computing and International 
Journal of Unconventional Computing). 
Few of these forms of computation 
were even envisaged at the time of the 
1930s analysis of computability—and 
yet the ideas forged then are still typi-
cally regarded as constituting the very 
basis of computing.

So here’s the elephant in the room. 
Do the concepts introduced by the 
1930s pioneers provide a logico-math-
ematical foundation for what we call 
computing today, or do we need to over-
haul the foundations in order to fit the 

T
he theory of computability 
was launched in the 1930s, by 
a group of logicians who pro-
posed new characterizations 
of the ancient idea of an algo-

rithmic process. The most prominent 
of these iconoclasts were Kurt Gödel, 
Alonzo Church, and Alan Turing. The 
theoretical and philosophical work that 
they carried out in the 1930s laid the 
foundations for the computer revolu-
tion, and this revolution in turn fueled 
the fantastic expansion of scientific 
knowledge in the late 20th and early 21st 
centuries. Thanks in large part to these 
groundbreaking logico-mathematical 
investigations, unimagined number-
crunching power was soon boosting 
all fields of scientific enquiry. (For an 
account of other early contributors to 
the emergence of the computer age see 
Copeland and Sommaruga.9)

The motivation of these three revolu-
tionary thinkers was not to pioneer the 
disciplines now known as theoretical 
and applied computer science, although 
with hindsight this is indeed what they 
did. Nor was their objective to design 
electronic digital computers, although 
Turing did go on to do so. The found-
ing fathers of computability would have 
thought of themselves as working in a 
most abstract field, far from practical 
computing. They sought to clarify and 
define the limits of human computabil-
ity in order to resolve open questions at 
the foundations of mathematics.

The 1930s revolution was a critical 
moment in the history of science: ideas 
devised at that time have become cor-

nerstones of current science and tech-
nology. Since then many diverse com-
putational paradigms have blossomed, 
and still others are the object of current 
theoretical enquiry: massively parallel 
and distributed computing, quantum 
computing, real-time interactive asyn-
chronous computing, hypercomput-
ing, nano-computing, DNA computing, 
neuron-like computing, computing 
over the reals, and computing involv-
ing quantum random-number genera-
tors. The list goes on … (for example, 
see Cooper et al.,3 and recent issues of 
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21st century? Much work has been de-
voted in recent years to analysis of the 
foundations and theoretical bounds 
of computing. However, the results of 
this diverse work—carried out by com-
puter scientists, mathematicians, and 
philosophers—does not so far form a 
unified and coherent picture. It is time 
for the reexamination of the logico-
mathematical foundations of comput-
ing to move center stage. Not that we 
should necessarily expect an entirely 
unified picture to emerge from these 
investigations, since it is possible that 
there is no common thread uniting the 
very different styles of computation 
countenanced today. Perhaps investi-
gation will conclude that nothing more 
than ‘family resemblance’ links them. 

A question pressed by foundational 
revisionists is: How are the bounds of 
computability, as delineated by the 
1930s pioneers—bounds that theoreti-
cal computer science has by and large 
simply inherited and enshrined in 
the textbooks—related to the bounds 
of physical computing? The famous 
Church-Turing thesis delineates the 
bounds of computability in terms of the 
action of a Turing machine. But could 
there be mathematical functions that 
are physically computable and yet not 
Turing-machine computable? Various 
physical processes have been proposed 
that allegedly allow for computation 
beyond Turing-machine computabil-
ity, appealing to physical scenarios that 
involve, for example, special or general 
relativity11,14,16,17,19; see Davis10 for a cri-
tique of the whole idea of super-Turing 
computation. The possibility of super-
Turing computation or hypercomputa-
tion is not ruled out by the Church-Tur-
ing thesis, once the latter is understood 
as originally intended, namely as an 
analysis of the bounds of what is com-
putable by an idealized human comput-
er—a mathematical clerk who works by 
rote with paper and pencil.5–7,21–23 The 
limits of a human computer don’t nec-
essarily set the limits of every conceiv-
able physical process (for example, see 
Pour El and Richards18), nor the limits 
of every conceivable machine. So it is an 
open question whether the Turing-ma-
chine model of computation captures 
the physical, or even the logical, limits 
of machine computability. 

The Turing machine has also tradi-
tionally held a central place in complex-

ity theory, with the so-called ‘complexity-
theoretic’ Church-Turing2 or ‘extended’ 
Church-Turing thesis1 asserting that 
there is always at most a polynomial dif-
ference between the time complexity of 
any reasonable model of computation 
and that of a probabilistic Turing ma-
chine. (A deterministic version of the 
thesis is also known as the Cobham-
Edmonds thesis.13) This traditional 
picture is today under threat, when 
some propose counterexamples to the 
extended Church-Turing thesis. Ber-
nstein and Vazirani2 gave what they 
called ‘the first formal evidence’ that 
quantum Turing machines violate the 
extended Church-Turing thesis. Shor’s 
quantum algorithm for prime factor-
ization is arguably another counterex-
ample.20 All this is highly controversial, 
but once again the signs are that we 
should take a systematic look at the 
foundations.

The most fundamental question of 
all is, of course: what is computation? 
Some will argue that the Turing-ma-
chine model gives an adequate answer 
to this question. But, given the enor-
mous diversity in the many species of 
computation actually in use or under 
theoretical consideration, does the 
Turing-machine model still capture 
the nature of computation? For exam-
ple, what about parallel asynchronous 
computations? Or interactive, process-
based computations?15,24 Now that 
such diversity is on the table, it may be 
that the Turing-machine model no lon-
ger nails the essence of computation. 
If so, is there any sufficiently flexible 
and general model to replace it? Some 
of the authors of this Viewpoint would 
bet on Turing’s model, while the others 
would not. Either way this question is 
central. 
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Turning to the mysterious comput-
er in our skulls … just as the limits of an 
idealized human clerk working by rote 
do not necessarily dictate the limits of 
computing hardware, nor do they nec-
essarily dictate the limits of the human 
brain. For example, do human beings 
qua creative mathematicians carry out 
brain-based computations that tran-
scend the limits of human beings qua 
mathematical clerks? The question 
is not merely philosophical: it seems 
highly likely that the brain will prove 
to be a rich source of models for new 
computing technologies. This gives us 
yet more reason to return to the writ-
ings of the 1930s pioneers, since both 
Gödel and Turing appear to have held 
that mathematical thinking possesses 
features going beyond the classical 
Turing-machine model of computa-
tion (see Copeland and Shagrir8).

In 2000, the first International Hy-
percomputation Workshop was held 
at University College, London. Now 
there is a growing community of hun-
dreds of researchers in this and allied 
fields, communicating results at con-
ferences (for example, ‘Computability 
in Europe,’ ‘Theory and Applications 
of Computing,’ and ‘Unconventional 
Computing’) and in journals (for ex-
ample, Applied Mathematics and Com-
putation, Theoretical Computer Science, 
Computability, and Minds and Ma-
chines). We hope this is only the begin-
ning. If it was important to clarify the 
logico-mathematical foundations of 
computing in the 1930s, when comput-
er science was no more than a gleam in 
Turing’s eye, how much more impor-
tant it seems today, when computing 
technology is diversifying and mutat-
ing at an unprecedented rate. Via the 
great pioneers of electronic computing 
(such as Freddie Williams, Tom Kil-
burn, Harry Huskey, Jay Forrester, John 
von Neumann, Julian Bigelow, and of 
course Turing himself) the 1930s anal-
ysis of computation led to the modern 
computing era. Who knows where a 
21st-century overhaul of that classical 
analysis might lead. 
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