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“What Is 
Computation?”

The concept of computation is arguably the most dramatic 
advance in mathematical thinking of the past century

Church, Gödel, and Turing defined it in terms of 
mathematical functions ... They were inclined to the view 
that only the algorithmic functions constituted 
computation

I'll call this the "mathematician's bias" because I believe it 
limits our thinking and prevent us from fully 
appreciating the power of computation

- ACM UBIQUITY SYMPOSIUM: Computation Is Process by Dennis J Frailey:
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Taming 
Information



I have spent my entire life 
studying randomness, 

practicing randomness, hating 
randomness. The more that 

time passes, the worse things 
seem to me, the more scared I 
get, the more disgusted I am 
with Mother Nature .....  The 

more I think about my subject, 
the more I see evidence that the 
world we have in our minds is 
different from the one playing 

outside. Nassim Taleb
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Learning to
Respect 
Information

An analysis of the 
paradoxes to be avoided shows that 
they all result from a kind of vicious 
circle. The vicious circles in question 

arise from supposing that a collection of 
objects may contain members which 

can only be defined by means of 
the collection as a whole.

 Alfred North 
Whitehead and 

Bertrand Russell, 
Principia 

Mathematica, Vol.1
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By the theory of simple types I mean the doctrine which 
says that the objects of thought ... are divided into types, 
namely: individuals, properties of individuals, relations 

between individuals, properties of such relations, 
etc. ... , and that sentences of the form: " a has the 
property φ ", " b bears the relation R to c ", etc. are 
meaningless, if a, b, c, R, φ are not of types fitting 
together. Mixed types (such as classes containing 

individuals and classes as elements) and therefore also 
transfinite types (such as the class of all classes of finite 

types) are excluded. That the theory of simple types 
suffices for avoiding also the epistemological paradoxes 

is shown by a closer analysis of these.
(Kurt Godel: Russell's mathematical logic, 1944)

Learning to Respect 
Information
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LEVELS of 
ABSTRACTION

A level of abstraction (LoA) is a finite but 
non-empty set of observables. ...  

The introduction of LoAs is often an 
important step prior to mathematical 
modelling of the phenomenon under 

consideration ... Use of LoAs is effective ... 
where a typed theory would be 

effective ... [but] analysis ...may be 
conducted at different levels of 

epistemological levelism. 
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Logic versus
Information

Re ‘what we compute’, 
Turing took traditional mathematical objects, real

numbers, functions etc. as the things to be computed.
In subsequent work in Computer Science, 

the view of computation has broadened enormously. 
In the work on concurrent processes, the behaviour is the 

object of interest. There is indeed a lack of a clear-cut 
Church-Turing thesis in this wider sphere of 

computation - computation as interaction, as 
Robin Milner put it.

 Samson 
Abramsky, 

private 
communication, 

March 2011
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“Giving a program + data logically                  
implies  the output (leaving aside non-determinism 
or randomness), so why bother computing the result!

“... Can information increase in computation? 
Information theory and thermodynamics seem to tell 
us that it can't, yet intuitively, this is surely exactly 
why we compute - to get information we didn't have 
before.”

Logic versus
Information
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Samson Abramsky  —
“TWO PUZZLES 

ABOUT COMPUTATION” 
pp. 53 - 57



Semantics and 
Information  
Re-emergent



Computational Semantics 
of Natural Language:
what (if anything) does it 
have to do with logic?
“The essential idea behind the computational models 

is that language is modelled using language. For 
instance, in a distributional model, the meaning of a 
word is modelled by the contexts in which it appears 
in some corpus of natural language. Both in terms of 
practical results and volume of current research, this 

tradition has been far more successful than the 
logic-based approaches ...”

Ann Copestake
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From website of the 
Biological Modeling 
and Visualization 
research group, 
Department of 
Computer Science 
at the University of 
Calgary:

See http://www.swintons.net/jonathan/turing.htm

1950s - Alan Turing 
proposes a simple 
reaction-diffusion 
system describing 
chemical reactions 

and diffusion to 
account for 

morphogenesis, i.e., 
the development of 
form and shape in 
biological systems. 
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Language 
& form in Nature?

http://www.cpsc.ucalgary.ca/
http://www.cpsc.ucalgary.ca/
http://www.cpsc.ucalgary.ca/
http://www.cpsc.ucalgary.ca/
http://www.ucalgary.ca/
http://www.ucalgary.ca/
http://www.ucalgary.ca/
http://www.ucalgary.ca/
http://www.swintons.net/jonathan/turing.htm
http://www.swintons.net/jonathan/turing.htm
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Language 
& form in Nature?
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Early champions of the role of causality - Roger Penrose, 
Rafael Sorkin, Fay Dowker, and Fotini Markopoulou

It is not only the case that the spacetime geometry determines what the causal 
relations are. This can be turned around: Causal relations can determine the 

spacetime geometry ... 
It’s easy to talk about space or spacetime emerging from something more 

fundamental, but those who have tried to develop the idea have found it difficult 
to realize in practice. ... We now believe they failed because they ignored the role 

that causality plays in spacetime. These days, many of us working on quantum 
gravity believe that causality itself is fundamental - and is thus meaningful even at 

a level where the notion of space has disappeared.

Lee Smolin, The Trouble With Physics, p.241 
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Language 
& form in Nature?
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Definability of  
form in 
Mathematics



Reconciling 
Computation 
& Definability



 Turing, 1939 - Oracle Turing Machines ...

Provide a model of how we compute using data given 
to us from unknown sources

A model within                                                      
which Newtonian                                        
computability etc                                                      
comfortably fit ...
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A familiar picture:

0 0 1 1 0 0 0 . . .. . .

reading head which is
in internal state q and

obeys Turing program P

tape, infinitely extendable
in each direction

Computing Basic 
Interactivity
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Semantics of Turing 
Computation?

Turing, 1936: Can build a UNIVERSAL TURING 
MACHINE, which can simulate ANY other machine

Can use NATURAL LANGUAGE to DESCRIBE 
simple (type-1) information which our so-called 
“Universal” Computer CANNOT COMPUTE ...

The process can be ‘relativised’ to any oracle -  
inductively iterated, producing  a landscape of type-1 
variously computable information



23Phyllis, Emil and Gertrude Post

Computation & 
Naturally Arising 
Information?

EMIL POST (1940s): There is 
COMPUTATIONAL 

STRUCTURE underlying 
information described via 

natural arithmetical 
language 



24Phyllis, Emil and Gertrude Post

Computation & 
Naturally Arising 
Information?

EMIL POST et al: And - this 
computational structure - 
the TURING DEGREES (of 
unsolvability) - is hugely 

complex, matching the real 
world it potentially models



Modelling Real 
Definability 

Fundamental problem (Hartley Rogers, 1965):  
Characterise the Turing  definable relations

Intuition:  These are key to pinning down                      
how higher order relations on the real                  
world can appear to be computed
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Hans Reichenbach
(1891-1953)



Where: Conjecture rules out there being                                
non-trivial Turing automorphisms ...

While: Partial results underpin observed certainties ...

Bi-interpretability 
Conjecture(Harrington):  The Turing 
definable relations are exactly those with 
information content describable in 
second-order arithmetic
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Modelling Real 
Definability 



 “Some things 
happen for no 
reason ...” 

... Robin Gandy (1919-95)
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Semantics, 
Definability & 
Computation



 It is ... clear that very many approaches to 
defining higher type computability are possible, 
but it is not obvious a priori whether some 
approaches are more sensible than others, or 
which approaches lead to equivalent notions of 
computability. In short, it is unclear in advance 
whether at higher types there is really just one 
natural notion of computability (as in ordinary 
recursion theory), or several, or no really 
natural notions at all. 
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Computing Higher 
Type Information?

          - from John Longley: ”Notions of Computability at Higher Types I”,  in 
‘Logic Colloquium 2000’, Lecture Notes in Logic 19, ASL (2005), pp.32-142



  The world of the left hemisphere, 
dependent on denotative language and 
abstraction, yields clarity and power to 
manipulate things that are known, 
fixed, static, isolated, decontextualised, 
explicit, disembodied, general in nature  

  The right hemisphere by contrast, 
yields a world of individual, changing, 
evolving, interconnected, implicit, 
incarnate, living beings within the 
context of the lived world, but in the 
nature of things never fully graspable, 
always imperfectly known - and to this 
world it exists in a relationship of care 



... the evidence is that the primary effect of 
callosal transmission is to produce functional 

inhibition.
... it turns out that the evolution both of brain 

size and of hemisphere asymmetry went hand in 
hand with a reduction in interhemispheric 

connectivity. And, in the ultimate case of the 
modern human brain, its twin hemispheres have 
been characterised as two autonomous systems.
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... a harmonious 
partnership?

          - from Iain McGilchrist: ”The Master 
and his Emissary - The Divided Brain and 

the Making of the Western World”,  Yale 
University Press, 2009, pp.18-19:



Physical Computation, Turing 
Landscape and Emergence ...

Emergence of semantics hosted                                               
by interactive infrastructure ...

... as embodied computation of                                          
large-scale neural formations

Formalised as definability or higher type computation 
relative to a relativistic computational base

Iterable using type reduction via sampling, language etc 
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 Antonio Damasio [1999], 
The Feeling Of What Happens, p.170:            

“As the brain forms images of an object - such as a face,                           
a melody, a toothache, the memory of an event - and as                       
the images of the object affect the state of the organism, yet another 
level of brain structure creates a swift nonverbal account of the events 
that are taking place in the varied brain regions activated as a 
consequence of the object-organism interaction. The mapping of the 
object-related consequences occurs in first-order neural maps 
representing the proto-self and object; the account of the causal 
relationship between object and organism can only be captured in 
second-order neural maps.  ... one might say that the swift, second-
order nonverbal account narrates a story: 
that of the organism caught in the act of representing its own changing state 
as it goes about representing something else.” 
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 - Alan Turing: “Lecture to the London Mathematical Society 0n 20 February 1947” 
in “Alan Turing - His Work and Impact”, Elsevier, 2013, p.497



Thank 
you!
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