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Turing Machines, 
Embodied Information, 

and Higher Type 
Computation
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Science involves talking about information

The way we do this is computionally limited, and 
comes with unavoidable mathematical baggage

In particular: The universe comes to us with 
unexplored (and unexplorable) logical and 
computational structure

The outcome is something relevant

Theme:
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The TURING 
Approach to 
COMPUTATION



... at heart more of an 
applied than a pure 

mathematician
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See A. Hodges 
in ‘Collected 
Works’



1936 - Turing’s  machines

Hardware trivial

Computes ‘anything’ 
computable

All the computing power lies 
in the program ...
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Computation seen as  
DISEMBODIEDA 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
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Computation seen as  
DISEMBODIED



Turing, 1936: Build a UNIVERSAL TURING 
MACHINE, which can simulate ANY other machine
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Universality, and 
Programs as Data

 Can computably code, and so list, the 
Turing programs, giving:



Turing, 1936: Build a UNIVERSAL TURING 
MACHINE, which can simulate ANY other machine
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Universality, and 
Programs as Data

Depends on TYPE 0 description of eth Turing machine 



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

An anticipation of the stored program computer

And ‘program as data’ key to the first computer ...
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Universality, and 
Programs as Data



First Draft of a Report on 
the EDVAC, 1945

“The General and Logical 
Theory of Automata”, based 
on talk at the Hixon 
Symposium, Pasadena, 
September 1948

Universality, and 
Programs as Data

John von Neumann
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The omnipotent computer -  

Functionalism and AI - stress what a 
computer does as something realisable 
in different hardware - Hilary 
Putnam: “Minds and Machines”, 
1960

Hilary Putnam

A New Computing 
Paradigm ...

I am building 
a brain ...
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  There's no logical 
reason why a disembodied 

fanatical mathematical 
researcher should not be created 
all ready to go: as long as it has 

the right architecture to support 
the process. 

Virtual Machines & 
Functionalism

From Aaron Sloman Sat Apr  5 22:11:21 BST 1997
Newsgroups: comp.ai.philosophy



Successful reduction of “natural” examples to the 
Turing model - e.g. quantum computation (David 
Deutsch)

13
Question and Answers with David Deutsch, on 
New.Scientist.com News Service, December, 2006

I am sure we 
will have [conscious computers], I 

expect they will be purely classical, and 
I expect that it will be a long time in 

the future. 

A New Computing 
Paradigm ...
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PHYSICALITY of 
Real World 
Computation ...



Modelling how the 
World  Computes

Newton onwards - mathematics rules science                                                    
- we look for computable natural laws ...                                    
- theories which computably predict ...                                        
- try to capture truth via proofs ... 

When we say that 
we understand a group of  natural phenomena, 

we mean that we have found a constructive 
theory which embraces them

Albert Einstein: P.54, `Out of My Later Years’, 1950
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The first electronic digital computer 
- John Atanasoff (1937-42)?

First stored program computer that 
worked - Manchester ‘Baby’ (1948)

First commercial computer - EDSAC 
in Cambridge (Maurice Wilkes, 
1949), or Eckert and Mauchly’s 
UNIVAC (1951)

If ‘Program as data’ key to the first 
computer ... out go Babbage; Zuse, 
1930s; Colossus,1944; ENIAC,1946 16

Programs as 
Data Embodied

Konrad Zuse 
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Turing Bombe Rebuild at Bletchley Park

Pilot ACE, May 10, 1950 - small 
version of plan contained in
Turing’s ACE Report of 1945

Programs as 
Data Embodied
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Turing and the Ferranti Mark 1

Dietrich Prinz and 
Computer Chess

See: http://www.turing.org.uk/bio/oration.html

Programs as 
Data Embodied

http://www.turing.org.uk/bio/oration.html
http://www.turing.org.uk/bio/oration.html


... INCOMPUTABILITY 19

EMBODIED 
COMPUTERS and



Unsolvability of the Halting Problem for U:           
No computer can tell us, for each given input x, 
whether U will compute - where, remember - we 
allow an input to include a coded program!
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The Discovery of 
‘Incomputability’

Turing(1936): Take a Universal Turing machine U:

‘Church’s Theorem’:                                                  
No computer can tell us, for each given sentence, 
whether it is logically valid or not.



Incomputability and 
randomness

Quantum randomness is a familiar               
experimental and theoretical phenomenon

Calude: “It passes all reasonable                             
statistical properties of randomness”

Cris Calude/Karl Svozil: It is Turing incomputable

Open question: How random is quantum 
randomness ? Maybe not random

It passes all reasonable statistical 
properties of randomness



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



Co-operative 
phenomena

1970 - Georg Kreisel 
proposes a collision 
problem related to the 
3-body problem, which 
might result in “an 
analog computation of 
a non-recursive 
function” 

23



24



“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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PROBLEMS 
with 
PHYSICS ...
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A.H. Guth, The 
Inflationary Universe 
- The Quest for a New 

Theory of Cosmic 
Origins, Addison-

Wesley, 1997  

Peter Woit: Not Even Wrong - The Failure of String Theory and  the Continuing Challenge to Unify 
the Laws of Physics,  Jonathan Cape, 2006

One way of thinking 
about what is unsatisfactory about the standard 

model is that it leaves seventeen non-trivial 
numbers still to be explained, ....

Causality Beyond 
Computation?

If the creation of the
 universe can be described as a quantum process, 

we would be left with one deep mystery of 
existence: What is it that determined the laws of 

physics?



From A. Einstein: “Autobiographical Notes”, in “Albert 
Einstein: Philosopher-Scientist” (P. Schilpp, ed.),   
Open Court Publishing, 1969, p.63

... I would like 
to state a theorem which at present 

can not be based upon anything 
more than upon a faith in the 
simplicity, i.e. intelligibility, of 

nature ... nature is so constituted 
that it is possible logically to lay 

down such strongly determined laws 
that within these laws only rationally 

completely determined constants 
occur (not constants, therefore, 
whose numerical value could be 

changed without destroying 
the theory) ...
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Roger Penrose: Quantum physics and conscious thought, in 
Quantum Implications: Essays in honour of David Bohm 

(B.J. Hiley and F.D. Peat, eds.), pp.106-107  

Strong 
Determinism
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[According to 
Strong Determinism] ... all the complication, 
variety and apparent randomness that we see 

all about us, as well as the precise physical 
laws, are all exact and unambiguous 
consequences of one single coherent 

mathematical structure.



David Gross, quoted in New Scientist, Dec. 10 2005, 
“Nobel Laureate Admits String Theory Is In Trouble”:

The state of 
physics today is like it was when 

we were mystified by 
radioactivity ... They were 

missing something absolutely 
fundamental. We are missing 

perhaps something as profound 
as they were back then. 
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Metaphysics of 
Many Worlds

31
Hugh Everett III 

(Nov.11, 1930- July 19, 1982)

Bryce DeWitt

John Wheeler
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Mark Oliver Everett -  
lead singer/guitarist of EELS

Bryce DeWitt

Hugh Everett III 
(Nov.11, 1930- July 19, 1982)

John Wheeler

Metaphysics of 
Many Worlds
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Complexity,  
Emergence, 
Approximation -
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WHAT IS  interesting 
about ...

... the Mandelbrot Set ?
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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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TYPES & LEVELS of 
ABSTRACTION

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)
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How Does Nature 
Compute?



Emergence of 
patterns in Nature  

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 

James D. Murray

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

Philip Maini

http://www.swintons.net/jonathan/turing.htm
http://www.swintons.net/jonathan/turing.htm
http://www.cpsc.ucalgary.ca/
http://www.cpsc.ucalgary.ca/
http://www.ucalgary.ca/
http://www.ucalgary.ca/


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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Emergence of 
patterns 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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How Nature 
Computes



Simple Rules ...

... Complex Outcomes ...

... Computational Framework

... Emergent Forms ...

42



Morphogenesis - in 
same world as ...

... the Mandelbrot set 43



Morphogenesis - in 
same world as ...

... the Halting Problem



Morphogenesis - in 
same world as ...

45



Morphogenesis - in 
same world as ...

... Mental Supervenience?



Descriptions and 
Emergent Structure

Notice - It is often possible to get descriptions of 
emergent properties in terms of the elementary actions 

E.g., this is what Turing did for the role of Fibonacci 
numbers in relation to the sunflower etc.

In mathematics, it is well-known that complicated 
descriptions may entail incomputable phenomena

A potential source of surprise in emergence ...
47



Intuition: Natural phenomena not only generate     
descriptions, but arise and derive form from them . . . 

... so - connecting with a useful abstraction - that of 
mathematical definability - or, more generally,  
invariance (under the automorphisms of the   
appropriate structure) ...

... giving precision to our experience of emergence as a 
potentially non-algorithmic determinant of phenomena  

48

Definability in 
the Real World

Alfred Tarski

Hans Reichenbach
(1891-1953)
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Definability in 
the Real World

“The world is 
everything that 

is the case”



Definability as Higher Order 
Computation Embodied ...

Aim to describe global relations in                                     
terms of local structure  ...

...  so capturing the emergence of                                   
large-scale formations ... 

Mathematically - formalise as definability -                     
or as INVARIANCE under automorphisms -                   
over basic computational structure 

Or ... as higher order computability
50
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Human Brains 
& Higher Type 
Computation ...
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... with 
mistakes       



But what is intelligence?  “... if a machine is expected 
to be infallible, it cannot also be intelligent. There are 
several theorems which say almost exactly that.”

“The results which have been described in this article 
are mainly of  a negative character, setting certain 
bounds to what we can hope to achieve purely by 
reasoning. These, and some other results of 
mathematical logic may be regarded as going some 
way towards a demonstration, within mathematics 
itself, of the inadequacy of ‘reason’ unsupported by 
common sense.”

- A.M. Turing, talk to the London Mathematical Society, February 20, 1947, 
 quoted in Andrew Hodges, p.361

- final paragraph of Alan Turing,  Solvable and Unsolvable Problems, 
Penguin Science News 31, 1954, p.23 
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‘Having reached Coutances, we entered an omnibus to go some place or other. 
At the moment when I put my foot on the step, the idea came to me, without 
anything in my former thoughts seeming to have paved the way for it ... I 

did not verify the idea ... I went on with a conversation already commenced, 
but I felt a perfect certainty. 

On my return to Caen, for conscience sake, I verified 
the result at my leisure.’     “ 

from Jacques Hadamard [1945], ”The Psychology of Invention in the Mathematical Field”,  Princeton Univ. Press

“At first Poincaré attacked [a problem] vainly for a fortnight, attempting 
to prove there could not be any such function ... [quoting Poincaré]:
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Emergence and 
Mathematical 
Intuition 



Supervenience ’represents the idea that mentality is at bottom physically 
based, and that there is no free-floating mentality unanchored in the 

physical nature of objects and events in which it is manifested’     

                                                            from Jaegwon Kim: ”Mind in a Physical World”,  MIT Press, 1998, pp.14-15
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“A set of properties A supervenes upon another 
set B just in case no two things can differ with 
respect to A-properties without also differing 
with respect to their B-properties.” 

Stanford Encyclopedia of Philosophy

Supervenience



How can mentality have a computational role in a world that 
is fundamentally physical? 

And what about ‘overdetermination’ - the problem of 
phenomena having both mental and physical causes?

... the problem of mental causation is solvable only if 
mentality is physically reducible; however, phenomenal 

consciousness resists physical reduction, putting its causal 
efficacy in peril.

- Jaegwon Kim: Physicalism, or Something Near Enough, Princeton, 2005

Supervenience



Paul Smolensky [1988] (recipient 2005 David E. Rumelhart Prize), 

      On the proper treatment of connectionism, in  Behavioral and Brain Sciences, 11, pp. 1-74              

  There is a reasonable chance 
that connectionist models will lead to the development of 

new somewhat-general-purpose self-programming, massively 
parallel analog computers, and a new theory of analog parallel 

computation: they may possibly even challenge the strong 
construal of Church's Thesis as the claim that the class of well-

defined computations is exhausted 
by those of Turing machines.
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Connectionist 
Models? 



Turing, 1948: ‘Unorganised  machines’= neural nets

Beginnings: Warren McCulloch and Walter Pitts,1943 

Connectionist 
Models? 
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Steven Pinker, 

      How the Mind Works, W. W. Norton, New York, 1997              

We humans can 
take an entire proposition and give it a role in some 

larger proposition. Then we can take the larger 
proposition and embed it in a still-larger one. Not only 
did the baby eat the slug, but the father saw the baby 
eat the slug, and I wonder whether the father saw the 

baby eat the slug, the father knows that I wonder 
whether he saw the baby eat the slug, and I can guess 
that the father knows that I wonder whether he saw 

the baby eat the slug, and so on.      

Connectionist 
Models? 



Capturing and 
Recycling 
Emergence

 - 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.” 



Solomon Feferman, 1988: “Turing in the Land of O(z)”, in 
“The Universal Turing Machine: A Half-Century 
Survey” (Herken R., ed.), Oxford University Press, pp.131–2:

“Turing, as is well known, had a mechanistic 
conception of mind, and that conviction led him to 
have faith in the possibility of machines exhibiting 
intelligent behavior.”
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Intelligent 
Machines?



Rodney Brooks in 
Nature, 2001:
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... neither AI nor Alife 
has produced artifacts 
that could be confused 
with a living organism 

for more than an 
instant     



Rodney Brooks in 
Nature, 2001:
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AI has 
been brain-dead 

since the 
1970s     

 Marvin Minsky at 
Boston University, May 
2003:
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Computational 
Host for 
Information



 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

Computation also 
about Information
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Phyllis, Emil and Gertrude Post

The Mathematics of 
Relative Computability

 1939 - Turing’s oracle Turing machines 

Provide a model of computable content of structures, 
based on p.c. functionals over the reals

1944 - Post defines the degrees of            
unsolvability as a classification of                        
reals in terms of their relative computability 

Giving a landscape with a rich structure



Hartley Rogers’ 
Programme 

Fundamental problem:  Characterise the Turing  
definable/invariant relations

Intuition:  These are key to pinning down                      
how higher order relations on the real world                    
can appear to be computed

So: The richness of Turing  structure discovered so far 
becomes the raw material for a multitude of definable - 
and hence visibly computable - relations
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Physical Computation, Turing 
Landscape and Emergence ...

Can describe global relations                                               
in terms of local structure  ...

...  so capturing the computation                                             
of large-scale formations

Mathematically  - formalise as                         
definability over structure based on oracle computations

More  generally  - as Invariance under automorphisms
68



Determinism and 
Supervenience

69

... the most venerable of all the 
philosophical definitions [of determinism] 
holds that the world is deterministic just in 

case every event has a cause. The most 
immediate objection to this approach is that 

it seeks to explain a vague concept - 
determinism - in terms of a truly obscure 

one - causation.

John Earman in “A Primer On Determinism”, D. Reidel/Kluwer, 1986, p.5



70William Hasker, ‘The Emergent Self’, Cornell University Press, 1999, p.175 

And: Downward 
Causation Revisited                      

The “levels” involved are levels of 
organisation and integration, and the 
downward influence means that the 

behavior of “lower” levels - that is, of the 
components of which the “higher-level” 

structure consists - is different than it 
would otherwise be, because of the 
influence of the new property that 

emerges in consequence of the higher-
level organization.
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Entropy At 
Higher Type? 

Formally, giving a 
program + data logically implies the 

output, so why actually 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.

 Samson 
Abramsky, 

private 
communication, 

March 2011
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Complexity,  
Emergence, 
Approximation -
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And         
HIGHER TYPE 
Computation



“Some things 
happen for no 
reason ...” 

-  Robin Gandy (1919-95)
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Thank You !


