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Alan Turing
(1912-1954)
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Z Alan M. Turing

*On computable numbers with an application
to the Entscheidungsproblem (1936)

230 A. M. TorRING Nov. 12,

ON COMPUTABLE NUMBERS, WITH AN APPLICATION ©FO
. THE ENTSCIEIDUNGSPROBLEM

By A. M. TURING.
[Reacived 28 May, 19368 — Read 12 November, 1936.]

The <“computable’™ numbers may be described briefly as the real
numbers whose expressions as a decimal are calculable by finite means.
Although the subjcct of this paper is ostensibly the computable nurmbers,
it is almost equally easy to define and investigate computable functions
of an integral variable or a real or computable wvariable, computable
predicates, and so forth. The fundamental problems involved arc,
however, the same in each case, and I have chosen the computable numbers
for explicit treatment as involving the least cumbrous technique. I hope
shortly to give an account of the relations of the computable mumbers,
functions, and so forth te one another. This will include a development
of the theory of functions of a real variable expressed in terms of com-
putable numbers. Acscording to my definitionn, a number is computable
if its decimal can be written down by a machine.

In §§9, 10 T give some arguments with the intention of showing that tho
computable numbers include all numbers which c¢ould naturally be
regarded as computable. In particular, 1 show that certain large classes
of numbers are computable. They include, for instance, the real parts of
all algebraic numbers, the real parts of the zeros of the Bessel functions.
the numbers o, e, cte. The computable numbers o not, however, include
all definable mumbers, and an example is given of a definable number

= which is not computable.
an I u rI ng Although the class of computable numbers is so great, and in many

ways similar to the class of real numbers, it is nevertheless enumerable.

In § 8 I examine certain arguments which would scem to prove the contrary.
(1912-1954) By the correct application of one of these argumecents, conclusions are
reached which are superficially similar to those of Godelf. These results

1 Godel, *<iTber formal unentscheidbare Sttze der Principia Mathematica und ver- 6
wandter Systemne, L, Monatshefte Math. Phys., 38 (1931}, 173-125.



John von Neumann

Mathematician: Game Theory, Quantum Mechanics,
Theory of Computing...
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Von Neumann % #, £ #

Practical Implementation of Turing Machine

Repeat
e Fetch an instruction

Central Processing Unit

and any associated
Write Read data from memory
data ' data e Execute the instruction

Memory store e Store the results in

memory

‘fetch-execute-store’ cycle wntil...
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Artificial Neural Network Chips

» Early neuromorphic architectures were
artificial neural network chips

« Examples:

— ETANN : (1989) Entirely analog chip that
was designed for feed forward artificial
neural network operation.

— Ni11000 : (1996) Significantly more powerful
than ETANN, however has narrower
functionality

2014-04-14 Y T S 12



SYNAPSE-1 System

SYNAPSE-1is a
modular system
arranged as a 2D
array of MA16s,
weight memories,
data units, and a
control unit
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Neurogrid

* (2005) Neurogrid Is a multi-chip system
developed by Kwabena Boahen and his
group at Stanford University [9]

— ODbjective Is to emulate neurons
— Composed of a 4x4 array of Neurocores

— Each Neurocore contains a 256x256 array
of neuron circuits with up to 6,000 synapse
connections

2014-04-14 Y T S 14



The FACETS Project

(2005) Fast Analog
Computing with Emergent

Transient States
(FACETS)

— A project designed by an
International collective of
scientists and engineers
funded by the European
Union

— Recently developed a
chip containing 200,000
neuron circuits connected
by 50 million synapses.

Image from [9]

2014-04-14 Y T S 15



Torres-Huitzil: FPGA Model

* Torres-Huitzil et. al (2005) designed an
hardware architecture for a bio-inspired
neural model for motion estimation.

— Architecture has 3 basic components
which perform spatial, temporal, and
excitatory-inhibitory connectionist
processing.

— Observed approximately 100 x speedup
over Pentium 4 processor implementation

2014-04-1IOr 128)(128 in@%e%ﬂéélﬁlﬁ% 16



CMOL based design

* Developed by Dan Hammerstrom

nanodevices ( a)
| |

and

nanowiring
nanodevices

} interface pins
} upper wiring

level of CMOS
stack

2014-04-14 Y T S

17



HTM on FPGAS

* Implemented on a Cray XD1

Level 2

Level 1
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Large Scale Simulations

* [BM:
Blue Brain Project: IBM & EPFL (Switzerland)
IBM Almaden Research Center

* Los Alamos National Lab
 Air Force Research Laboratory (Rome, NY)

* Academia:
Portland State University
Royal Institute of Technology (KTM, Sweden)
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For more information

* Visit Institute of Neuromorphic
Engineering:
— http://www.ine-web.org/
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X EBMHZIT R
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