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

230 A. M. TorRING [Nov. 12,

ON COMPUTABLE NUMBERS, WITH AN APPLICATION TO
. THE ENTSCHEIDUNGSPROBLEM

By A. M. TURING.
[Received 28 May, 1936.—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 subject of this paper is ostensibly the computable numbers,
it is almost equally easy to define and investigate computable functions
of an integral variable or a real or computable variable, computable
pre_d_icabes, and so forth. The fundamental problems involved are,
however, the same in each case, and T 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 numbers,
functions, and so forth to one another. This will include a development
of the theory of functions of a real variable expressed in terms of com-
putable numbers. According to my definition, a number is computable
if its decimal can be written down by a machine.

In §§9, 10 I give some arguments with the intention of showing that the
computable numbers include all numbers which could naturally be
regarded as computable. In particular, T 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 r, e, etec. The computable numbers do not, however, include
all definable mumbers, and an example is given of a definable number

- which is not computable.
A an I url 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.

(1912 1954) In § 8 I examine certain arguments which would seem to prove the contrary.

By the correct application of one of these arguments, conclusions are
20 reached which are superficially similar to those of Godelt. These results
09-5-21

+ Godel, ‘< Uber formal unentscheidbare Satze der Principia Mathematica und ver- 6
wandter Sy e, 1, M tshefte Math. Phys., 38 (1931), 173-198.




John von Neumann
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Mathematician: Game Theory, Quantum Mechanics,
Theory of Computing...
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Practical Implementation of Turing Machine

Repeat
Central Processing Unit * Fetch an instruction
¥ 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 \\Until...
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System
(64 cabinets, 64x32x32)

Cabinet
(32 Node boards, 8x8x16)

Node Board
(32 chips, 4x4x2)
16 Compute Cards

\AARAARARA

Compute Card T
(2 chips, 2x1x1) - 180/360 TF/s
— 316 TB DDR

Chip
(2 processors)
- 2.9/5.7 TF/s

256 GB DDR
90/180 GF/s

8 GB DDR

4 MB

—_———e o~ —— A~ L o NEd Y T v e -



BlueGene/L System Software
Architecture AHEALE
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e User applications execute
exclusively in the

e avoid asynchronous events
(e.g., daemons, interrupts)

e The outside world interacts only
with the 1/0O nodes, an offload
engine

e standard solution: Linux

e Machine monitoring and control
also offloaded to service nodes:
large SP system or Linux cluster.

2009-5-21 SRR R 12
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|:| Mimicolumn |:| Hypercolumn
@ Basketcell § RSNPcells A Pyramidal cells

& [Inhibitory connections o Excitatory connections
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The History of Neuroscience
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INSTITUTE OF COMPUTING
TECHNOLOGY

ctionism from the pa
popularizing the back-propagation algorithm for multiplayer .
feed-forward networks

End of Perceptron era:
Work “Perceptron” by Minsky and Papert

Frank Rosenblatt invented the modern
“perceptron” style of NN, composed of
trainable threshold units

by puts the idea that intelligence
could be created by the use of
“homeostatic” devices which learn
through a kind of exhaustive search

_Minsky’s builts the first actual neural network learning
system

Hebb hypothesis that human and animal long-term memory is
mediated by permanent alterations in the synapses.

Notion of Wiener about key role of connectionism and feedback loops
as a model for learning in neural networks

Jr%ﬁdeas of analyzing neural 16
activity via thresholds and welghte$ sums 16
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Deandrites

A L ET)]
% ‘ L3R
s

Terminal

T

2 /\

Axon {insida/ o (R

myelin sheath) ‘7_" =, L L

Direction of

messages M2-6 WETHERY

B

Soma .-f“"f

(cell body) Ve Myslin sheath

MM RN HREZERGEREARRNEN, BB AMET. —REHRE
LA BE{K (soma) « 3H13E (axon) FAHZE (dendr i tes) =EF 4
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Basic biological neural operatior@

i ¢4 86

INSTITUTE OF COMPUTING

ﬂ 59H5ﬁ§§ Incoming S|gna|s modiied By synapses

dendrite (become PSPs) before being combined at
the soma. If combined signal exceeds a
threshold then a new signal (action
potential) is produced

Qutput IS

‘ ‘ ‘ ‘ Stream of
hort pulses
‘ threshold shor
_ (action
\ Signal potentials)

integration

~

/» Input (from other neurons)

Transformed input
(post synaptic potential PSP)

=» Qutput
P L
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1943 - First artificial neuron
model

Warren McCulloch
(neurophysiologist) Walter
Pitts (mathematician)
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N %A [Donald 0lding Hebb =
1904. 07. 22 —1985. 08. 20], ImERL
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AT LA #kA#E” (Hebbian Rule)
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R Ak E

=5 pm diamelsr

.

A gl = B0—210 mM
/ ,

ERSP

or IPSP Y
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Je#k (Erwin Neher) FIF=5¢2 (Bert Sakman), B AMATIHIE RAH-—-
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FE FHRZEIE, 4R E Xl iE 550 AT Y RAS ) . X
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o 19724F: Wilson—Cowan J7 FERFhik ThEEFT

e 1990%4F: ShusterZs

NBEFURR S 2 A B [R) 25 93

e 19934F: Jansen%E AFEH T & D REAF A 2 P~ A2 T 2REEG

TR K LA

o« 19944 : Fukaiievh 1 ThHERT 2K R 28 A5 R RAR SN 0 P4

FERIERE

o 19974 : HanselZ& AMRPEAL R ERA AR gty & T —14
TR, oy o R R0 PE AR AR P, FE0 5l ) 3G ¢
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Rose-Hindmarsh /7 72 K i 1A J 41 28 I

Xx=y+ax’—bx*—z+1g, +]I

stim

y=Cc—dx’—vy
7 =r|s(x—x,)-z]

x: AR AT,

v RN R B HR,
z: FHIR 1SR4 P VA B L
I, RANRMLE,
Smﬁ%T%ﬁiﬁﬁ)\
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IE (mind) ZXBEVFS1H
,EBJJEI’J BFR, SER R
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Model Name

Acronym/

Pew and

Ritter, Shadbolt et al.

Present

Abbreviation Mavor (1998) (2001)
Atomic Components of Thought ACT Yes No
Adaptive Resonance Theory ART No No ufﬁﬁ-j}
Architecture for Procedure Execution APEX No Yes T esnoLo
[T e T A TV OT RS i —— ANNS
Business Redesign Agent-Based Holistic Modeling System Brahms No No Yes
Cognition and Affect Project CogAff No Yes Yes
COGnition As a NEtwork Of Tasks COGNET Yes No Yes
Cognitive Complexity Theory CCT No No Yes
Cognitive Objects within a Graphical EnviroNmenT COGENT No Yes Yes
Concurrent Activation-Based Production System CAPS No No Yes
Construction-Integration Theory C-l Theory No No Yes
Distributed Cognition DCOG No No Yes
Elementary Perceiver And Memorizer EPAM No Yes Nob
Executive Process/Interactive Control EPIC Yes No Yes
Human Operator Simulator HOS Yes No Yes
Belief-Desire-Intention architecture BDI No Yes Noc
Man-machine Integrated Design and Analysis System MIDAS Yes No Yes
Micro Systems Analysis of Integrated Network of Tasks Micro SAINT Yes No Yes
MIDAS Redesign Yes No Yesd
Operator Model ARchitecture OMAR Yes No Yes
PSI PSI No Yes Yes
Situation Awareness Model for Pilot-in-the-Loop Evaluation SAMPLE Yes No Yes
%%%%éé%stributed Memory B ﬁﬂmé%\ﬁl No Yes No3°
State, Operator, And Result Soar Yes No Yes
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Y
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Herbert A. Simon

was born in 1916 in Milwaukee,
Wisconsin. He began his career
at the Cowles Commission. In
1978 he was a Nobel Laureate Iin
Economics. He is currently
serving as a Richard King Mellon
University Professor of Computer
Science and Psychology at
Carnegie Mellon University.
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o HKMNBAFR—NEEMILEAG, FTHEDERFTE2%. ADERFTE
%2R IBPATARLGT FZRZ—NBREGWT &%, it EAGHE A
%, ANMZE%. XKIERMWEAF., FiFTshAEX; EM—4 4
Ko REZERFLCEIXMARA, EHRE—NIFT. RRAGEIFEH®
RAREF T, S/ T HATBRER RS F T HATILE, B3R R/~ 248
RS, MMINERRNHE T, DESTEAANEARMES A
HAMEF T RIS IR NFT. FTHRTUEMEAHFT, LT
RKBF AR ARFT, TUALTENFTHETFTEFHEX, KTUALK
PR AN EMEHFTX., REWXFRWERT 2%, 2X2—
MNRZENYERFTE%, BACHARARGHET, FRFREE
Kl NTENKFTEGLEEZA EZ G4,
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o THILIL. —HBAME. FH . A EMHR., €Y
BN T AL BAR; E W5 b R 3 b B4R
ISR REL, BHFILTHEMALETRN. R4,
CHINIRAT AR dH B A, CN1H AN S
3., KOAIRKZ % L MBS S Z 5300 w3 H 2
%, B AHEZIREREBEBMATIK, REHRE
AN ZAR, MEHF T ARG AFRRESHE 11T
Fadz B RS AR EHAIHATAH A XA RRES
AT M R,
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o iTlLAH—4 G 54M (E1l, B2,..., Em} Ak, A%
ANEE 2 EKRERASERZT/E, FT4HH
AR ERERE, AT XS TEMA L —HIER
%5 (S1, S2..., Sn}., A FTLEMIEELALEY
KR Fa—b RE GGYEA R1, R2, ...}, HFEA G
F—NF5., RARXRERTTAE R (Type: T RI:
S1 R2: S2, ..., Rn: Sn) ZEARBRXET, NEAR:

o (S182, ...Sn
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AR (Allon Newell) HLE T 10FF 4. B—/NNEB TR T—3k. X105

BEFII T

(1) BALM T (Assign a symbol): BIFTERZINMMHERXEZ ., STRBAE, A&
Z AR, HFETUBRLR, MABRLEAX., FR—NBEHXEREHFIK
CHEIAN. BB iE, FRAZEARGER EREFBEANSS, X
TR RS TR R RAXA X, HEIRFERBAF AT,

(2) A# & ZE X (Copy expression): FREAXFFTMEZAAE, FHHREAXL
AR BXEHRGES, PESFERATEA LR GEE G T,

(B) HERAX (Write an expressiotn): BEIAMMZARNEREAXN., EHFEL
AEATH g R A X, MASKE WIMAKRIAX.

4) B (write): ELTHEREZEL—/NFT.

(5) i (Read) : A ZAEH Fief45.
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(6) #ATH %] (Do sequence): 1% R GiHT 6 7| PATIEATS)
1E.

(7) &AFiR otk s (Exit-if and Continue—if): %A%
ATAR EHBERIT—ANFF], IAPIERE.

(8) 3145 (Quote a symbol): 54| f B EITE KL
E W

(9) $M3R4T#4 (Behve externally): &5 Z A TIRMINIRITH
oA,

(10) #E#H A (Input from enuironment): F|FTICFHES
R IE XA IMATIANI R AT,
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BT A ES T R LRI 67, Bp:
(1) A5

Q) B B 455

(3) At 4T 5 .

4) 2% 45,

G)EIFTLEM: BFRINSHFTZINGXE,
ERTEZAFTHRATEM.

(6) 5tk3t#%: WwRAERNTELLEHET —2WHF5 4
%, B ESrREEA, HTAERETRATH.
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o 1976 FAMARAd] LRRE THEST RLEMMIK, HAHE
FTEREHNRKT. T2BEAZT:

o MBI T EHABIR, MERGRIVFRITHLE
HEHRER—NMBEFTERL%.

o %o B Eok A RINE RGIEITHE 2GR — /D EH
5 Z %ty B

o AoH=E %%&ﬂ%ﬁﬁ%%%ﬁTuﬁ~*mmim

HRATA .
o B AT ARRAL T A GGARFPAT 48 A2 3k 2o 4 32 P4
T, EFREPTAAMNELSZS%E WFiE N IREERGITH.
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History of the ACT-framework* sz

Predecessor

Theory versions

Implementations
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HAM

ACT-E
ACT*
ACT-R
ACT-R 4.0
ACT-R 5.0

GRAPES

PUPS

ACT-R 2.0

ACT-R 3.0

ACT-R 4.0

ACT-R/PM

ACT-R 5.0

Windows Environment
Macintosh Environment
ACT-R 6.0

SOk SRR

TECHNOLOGY

(Anderson & Bower 1973)

(Anderson, 1976)
(Anderson, 1978)
(Anderson, 1993)
(Anderson & Lebiere, 1998)
(Anderson & Lebiere, 2001)

(Sauers & Farrell, 1982)
(Anderson & Thompson, 1989)
(Lebiere & Kushmerick, 1993)
(Lebiere, 1995)
(Lebiere, 1998)

(Byrne, 1998)
(Lebiere, 2001)

(Bothell, 2001)
(Fincham, 2001)
(Bothell, 2004?7?)
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Procedural vs
Declarative
Knowledge
BRid iz, PR Declarative
Aware of

Can describe to
others

Facts
Procedural

Display in

behavior

Not conscious of

e.g. language
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SOAR
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SOAR AHEATE
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TECHNOLOGY

Ti e
I mpasse North > East
.......... East ; South > East

North = South

Chunking creates
rules that create preferences
based on what was tested

Evaluate-operator =5

(East)
) :
Y

Chunking creates
rule that applies52

evaluate-operator
This slide borrowed from John Laird
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Conflict
Resolution

TECHNOLOGY

Procedural
Rule Memory Kr;’(fw.‘.jége

Long-term
Knowledge

Declarative

Working Memory Knowledge
Short-term

Knowledge
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Marvin Lee Minsky e REA T

INSTITUTE OF COMPUTING
TECHNOLOGY

o 1927: mA#ZZALH

o 1950: 3X8 St

o 1954: FEWBESPEHT

o 1959: ®IMITAILEFAERER

e 1969: &5S. Papert &3
,,Perceptrons®

e 1969: %32 ACM Turing Awards
e 1985: Y2k, The Society of Mind“

e 1990: 3% des Japan Preises
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Society Theory of Mind (STM)  s#Eass

OOOOOOOOOO

e Mind is made of many smaller processes,
called mental agents.

e Each agent can only do a simple (almost
mindless) task by itself.

e When agents are joined in special ways (in
societies) we get intelligence.
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Mental Agents

e Task: Make atower from blocks
e Some of the agentsinvolved in task:

2009-5-21

Builder
Begin
Add
End
Find
Get

SRR SMETHEAL

Put

See

Grasp
Move
Release
Find-Place
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Mental Agents in a
Bureaucracy FHRATE
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Constructing complex minds, online Jaeaia

OOOOOOOOOO

Ciaran O’Leary
Dublin Institute of Technology
22nd May 2003

Technology for automated assessment:
The World-Wide-Mind
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The Jolly Little Creature’s @
Mind AREATS

OOOOOOOOOO

e Multiple (massively diverse) modules

e Since, according to faculty psychologists, the mental
causation of behaviour typically involves the
simultaneous activity of a variety of distinct
psychological mechanisms, the best research
strategy would seem to be divide and conquer: first
study the intrinsic characteristics of each of the
presumed faculties, then study the ways in which
they interact
o Jerry Fodor — The Modularity of Mind, p1.
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Building JLC’s Mind AREAL

OOOOOOOOOO

e Requirements

o Architecture

o Standard/protocol to use to integrate components
e Requirement for protocol

e No barriers to entry

e Simple

e Not tied to any platform
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JLC’s Mind Online AHEALE

OOOOOOOOOO

| nternet
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Constructing complex minds, online Jaeaia

Mind
Server
Mind,,

>
World \\~<\\\;:::§ “’
Server
Mind

Client
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Service Methods AREATS
World Service Mind Service

e New un * New un

e getstate e getaction

e endr un
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World-Wide-Mind Protocol REALS

TTTTTTTTTTTTTTTTTTTT
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e “The term Web services describes a standardized
way of integrating Web-based applications using the
XML, SOAP, WSDL and UDDI open standards over
an Internet protocol backbone. XML is used to tag
the data, SOAP is used to transfer the data, WSDL
IS used for describing the services available and
UDDI is used for listing what services are available”

e Society of Mind Markup Language (SOML)
o Lightweight Web Services
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Sloman’s A Z0#l,
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perceplion

-

wariable
threshold

META-MAMAGEMENT
(reflective)

pProcesscs

P

DELIBERATIVE PROCESSES
(Planning, deciding,
sohaduling, etc.)

e A

attention
filter =

REACTIVE PROCESSES
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action

Long
term
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activation
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High Cognitive Function

| |

10

Conceptual
Memory

10

Long-Term
Memory

Belief
Memory

Short-Term
Memory

Perceptual
Bufter

Skill
Memory

Goal/Intention
Memory

Working
Memory

Motor Buffer
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Context
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Environment
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Thank You
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Intelligence Science
http://www.intscli.ac.c
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