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INTRODVUCTION

REDUCTIONISM - UNDERSTANDINA THE PARTS HELP UNDERSTAND THE
WHOLE = HAS HELPED Sclenc€ FLOURISH SINCE THE DAMS DOF

DESCARTES AND  AALILEO-

ALON4 COMES ANOTHER IDEA THAT SOMETIMES UNDERSTANDINA THE
PARTS DO NOT HELP IN WORKIN4 OUT THE WHOLE.

FOR EXAMPLE: THE WATER THAT MAKES THE WEATHER , THE CELLS
THAT JTOIN UP TO CREATE LIFE FORMS 0OR THE SHOPS THAT

BUILD THE ECONOMY.

THIS 1S COMPLEXITY, A NEW SCIENCE THAT HAS THE AUDACITY TO
BRING SNOWFLAKES, PENDULUMS AND VIRUSES INTO THE SAME
CONVERSATION.

WE STEP THROUAH THE ULANDMARKS THAT HAVE BUILT THE JSCIENCE

AND THE PROBLEMS IT SEEKS TO TACKLE, KNOWINA THAT THERE ARE
SOME THINAS THAT (AN NEVER BE PRECISELM MEASURED DR PREDICTED.
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THE PLACE T0 START

vel oa’fy

LAWS 0F MOTION

D thertin happens

2) Force = mngs X Acee/erafiy,
accelevahon drrplaamml:

3) Every achion hag
an uals o/ypost*e, gl ¥3
viathon.

THE UNIVERSE ISARC NEWTON HIS ERVATIONS
1S WAS ONE AMONA PERFECTLY DESCRIBE
A MANY WHO HELPED MOVEMENT ON EARTH
COMPLEX PLACE MAKE SENSE OF IT. AND IN THE SKIES

THIS DETERMINISM WAS S0 APPEALINA THAT PHMSICIST PIERRE- SIMON
LAPLACE 1S THOUGHT TO HAVE DelCRIBED AN AlLL- kNOWINA DEMDN .

"An intelleck which ok any glven moment knew all

of the forces that animate matuve and positions of
the betngs - . - gor such an infelleck nofhing
could be uncertain and future just lke past would

be  present before its Lges.”



EXCEPT...

NOT EVERMTHINA IN THE UNIVERSE CAN BE EXMAINED THIS WAY,

FOR EXAMPLE

QRUANTUM MECHANICS

THE SUBATOMIC WORLD DEFIEC IDEAS OF CERTAINTY  AND MEASUREMENT
UNLIKE CLASSICAL  PHYSICS

PREDICTINA THE WEATHER

THE NOTION OF CHAOS WHERE APPROXIMATE MEASUREMENTS DO NOT PREDICT
APPROXIMATE, BUT WILDLY DIFFERENT DUTCOMES.

UNDERSTANDING NATURAL PHENOMENON (|LE THE WEATHER , SWARM

BEHAVIDUR OF CREATURES LIKE ANTS LED TO A NEW SCIENCE.
THE SCIENCE OfF COMPLEXITY



THE SCIENCE

COMPLEXITY (AN BE THOUAHMT OF AS ASkING THE DOPPOSITE
QUESTION TO REDUCTIONISM.

AIVEN THE INTERACTING PARTS
WHAT MAKES THE WHOLE WORK ?

THIS QUDTE SuMS T UP FOR EXAMPLE
the whole s more than arte Y &V id
the ¢tum of (f¢ rts m Jb L " o'dw
um_of P cso*PYjkhy

WHOLE

ARISTOTLE

ALSO KNOWN AS HAS APPLICATIONS IN

® COMPLEX SYSTEM SCIENCE INFORMATION THEORY
atoLonY
NEURODSCIENCE
PLECTICS o ECONDMICS
BloLoay . .- - . .

TME EIELD ToOk OFF IN THE 1980s WITH THE OEVELOPMENT OF
COMPUTERS TD PROCESS NUMBERS AND WITH ENOVAH ARAPHICS TO

VISUALISE EXPERIMENTS



THE ESSENCE

EVERY QDISCIPLINE HAS A OIFFERENT NOTION OF COMPLEXITY AND
MEASURES IT DIFFERENT(Y. HERE WE WILL TRY AND UNDERSTAND WHAT

COMPLEXITY IS  ALL ABOUT.



COMPLEXITY : DEFINITION

IT IS QUITE A DIFFICULT TASk To DEFINE COMPLEXITY A A SCIENCE.

COMPLEXITY TO COMPUTER SCIENTISTS IS NOT WHAT COMPLEXITY S

To BIOLOAISTS.
A DICTIONARY DEFINITION ot ‘COMPLERITY
" the ctate of Aaving many parts and

being digficult to undevstand or find
an answer fo’
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A PAPER BY SETH L(LOYD LISTS THREE QUELTIONS THART HELP T0
MEASURE COMPLEXITY OF THE SUBJECT

MEASURES BASED ON HOW HARD TO DESCRIBE S: klogW
INFORMATION soltzmann’s
Entro py
ENTRDPY

MEASURES BASED ON HOW HARD TO CREATE

COMPUTATIONAL (OMPLEXITY
COST

MEASURES BALED ON DEAREE OF ODRGANISATION

HIERARCHICAL COMPLEXITY
FRACTAL JDIMENSION




COMPLEXITY & ORDER

ALTHOUAH VARIOVS SCIENTIFIC FIELDS MEASURE (OMPLEXITY N DIFFERENT
WAYS UNDERSTANDING THE COMPLEXITY OF THE TOPIC MAY NEED

ANODTHER MEASURE OF COMPLEXITY IS:

the (cng th of

a Concice descvipbion of RANDOM UNIFORM

an U\Hftd's Ytauﬁo\rd'f(f "o rcgu[arih‘c; 7!““3 "_3“[4,/
533 360 635 00000000
618 378 132 00000000
537 429 1/8 00000000
068 149 613 00000000

[a E{fcd'l'vc com plcxt'fg —7 2ERD (/l

MURRAY AELL-MANN

THUS, COMPLEXITY OCCURS BETWEEN

TOTAL ORDER AND TOTAL DISORDER



COMPLEX SYSTEMS

SYSTEMS WHERE A SI2EABLE NUMBER OF EACTORS
ARE INTERRELATED INTO AN ORGKANIC WHOLE

- WARREN WEAVER



THE avesmus

PROBLEMS THAT CANNOT BE SOLVED EITHER

BY MANAQINA THE RELATIONSHIPS BETWEEN
A HANDFUL OF VARIABLES

OR

3¥ EMPLOVINA STATISTICAL METHODS TO (OPE
WITH MILLIONS 0F VARIAALES

WARREN WEAVER

__WEAVER DESCRIBRES THESE RUESTIONS AS THE SUBJECT OF CcOMPLEXITY

WHY DOES SALT WATER

2
FAIL TD SATISFY THIRST ¢ D0 COMPLEX PROTEIN MOLECULES ENOW

HOW TO ODVPLICATE THEIR PATTERN?

IS A VIRVUS

ON WHAT D0ES TH
R LIVING DRAANISM? i :

PRICE OF WHEAT DEPEND?

WHY (S ONE CHEMICAL SUBSTANCE A POISON
WHILE ANOTHER WITH THE SAME ATOMS

REARRANAED IS LOMPLETELY HARMLESS?

HOW CAN CURRENCY

B8F STABILISED? HOW CAN WE EXMAIN THE BEHAVIOUR

PATTERNS OF A LABDUR UNION ¢

WHAT SACRIFICES OF SELFISH INTEREST
WILL MOST EFFECTIVELY CONTRIBUTE TO
A STABLE, DECENT AND JPEACEFUL WORLD?



EXAMPLES DF COMPLEX SYSTEMS

SOCIAL NETWORKS ECONOMIES
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SOME COMMON FEATURES

(OMPLEX SYSTEMS HAVE SOME
COMMON FEATURES. THEY HAVE:

SIMPLE (COMPONENTS

WATER
SIMPLER THAN THE

INTERACTIONS

THE PARTS ARE INTERDEPENDENT

AND INTERACT WITH EACH O
BASEN ON  SIMPLE RULES

R RGN NO CENTRALISED CONTROL

;( ‘.

o
“qH\ﬁHEﬁot
i&if% FORMSY THEY ARE SELF ORGANISING

gy 7}’\"%

f
;A2

) N §
R\

fhd

EMERAENT BEHAVIOUR

CELL

@) THE COLLECTIVE BEHAVIOVRS

ADAPT AND EVOLVE AND ARE

tVEN CHAOTIC
AS THE SMSTEM LEARNS

FROM 1TSS ENVIRONMENT

MAKINA THE WHOLE
ANT ANT COCONY GREATER THAN THE PARTS



EMERGLUENCE

EMERGENT RBEHAVIOUR IS AN ESSENT/IAL REAQVIREMENT

FOR CALUINA A SHSTEM (OMPLEX
-JOHN HOLLAND

WETNESS IS A PROPERTY OF WATER - NOT ITS (ONSTITUENTS
THIS EMERGENT PROPERTY SHOWS UP AT THE 'HIaHER' LEVEL.

THVS EMERAENCE AND HIERARCHY ARE CLOSELY LINKED.

e

¢ y e we b ?

| 2

P T : P o —7 B Hydrogen X

e prygen . X

e ,-M}a{’CY Y

WSIBLE’
HYDROAEN OXYAEN WATER ?TRANSMP-ENT.'

EACH LEVEL HAS ITS DWN INTERESTINA BEHAVIDURS, BUT /S
DRIVEN BY THE RULES OF THE PREVIOUS LEVEL.

EMERGENCE 1S ALSD NOT EASILY  DEEINED
Where Ehe whole

Not possible fo
(s ‘7”4}0 than bmy (F down fo
the parks ! .. inkerackion of parts!

EXPERTS

TECHNIQUES T0 STUDY EMERAENT BEHAVIOURS COME FROM MANY
DISCIPLINES. HOWEVER, THE CHALLENAE REMAINS THAT THE RVLES/PATTERNS
OBSERVED WNEED T0 BE CONSISTENT ACROSS MANY (OMPLEX SYSTEMS.



TWO PATHS

THERE ARE TWO DIFFERENT KINDS OF EMERGENCE STUDIED -
THROU4H EXAMINING :

l — T

COMPLEX . LOMPLEX

PHYSICAL SYSTEMS | ADAPTIVE SYSTEMS |

CPS | cas . |
4RID LIKE STRVCTURES BIOLDAICAL , SOCIO-CULTURAL
DR INANIMATE DBJECTS OR ECONOMIC SYSTEMS

o
GOVERNED BY PHYSICAL LAWS BEHAVIOUR DEPENDS ON
SPELT OUT BY RULES/ERVATIONS DTHER  ELEMENTS
TME PARTS STAY THE SAME THE PARTS -(CALLED ARENTS-—
LEARN AND ADAPT
MOST INTERACTIONS ARE BETWEEN AGENTS INTERACT WITH EACH
NEAREST NEIGHBDURS DTHER FORMING NETWORKS
AND FEEDBACK LODOPS.
00 THE POSITION [STATE  CHANAES {0 THE ADAPTATION OVER TIME

RESULTS IN DIVERSITY

THE NON-ADDITIVITY OF EMERAENCE PRESENTS A MATHEMATICAL OIFFICULTY
AND THERE 1S NOT VMET AN DOVERARCHINA THEORY OF (cOMPLEX SYSTEMS



NETWORKS - |

NETWORK SCIENCE HAS GROWN AS A FIELD OF ITS OWN.IT STUDIES
THE PROPERTIES OF A NETWORK % RELATIDNSHIPS BETWEEN THE NODES.

THE INTENT 15 T0 USE A COMMON (ANAVAAGE TO DESCRIBE ODIFFERENT
NETWORKS AND  SHARE LEARNINAS

DEAREE [FANOUT HUB

THE NUMBER OF A NODE WITH

CONNECTIONS OF A NODE A HiaH DE4REE
V N

| |
\ /

PATH (LENGTH CLUSTER
NUMBER OF (ONNECTIONS S A MOSTLY SEPARATE
IN THE SHORTEST PATH INTER ONNECTED

BETWEEN TWQO NODES SET OF NODES



NETWORKS - 2

!
SMALL WORLD NETWORK “B"::fn’l”“ A POWER GRID INFLVUENCERS

A SMALL NUMBER DOF = D
HIAH DEAREE NODES AND % §/ —

HiaH CLUSTERINAG

THIS ENSURES A SHORT(ISH) AVERR4AE DPATH LENATH AND ENABLES
INFORMATION Tp TRAVEL GQUVICKER AND CHEAPER.

SCALE FREE NETWORL

A TYPE OF SMALL WORLD NETWORK
FOR EXAMPLE, THE WORLD WIDE WEB.

) FeAToRe
SMALL # oOF REMOVINA A NODE  (COMPUTER |PRAE)
HIAH DEAREE NODES DOESN T AFFECT ITS ODPERATION

NODES WITH A
WIDE RANAE OF DEAREES

. FAILURE

REMOVING ONE OR MORE HUBS
WILL HAVE BI4 CONSEQUENCES

SELF SIMILAR

EVERYDAY EXAMPLES OF NETWORKS

O O
—
O
NEURAL NETWORKS FOOD WERS TRANSPORT NETWORKS

THIS STUDY wILL HELP VS BETTER UNDERSTAND THE STRENATHS ¥
VULNERARBILITIES OF OUR OWN NATURAL AND ORAHKANISED NETWORKS



BUILDING
THE SCIENCE

LET US TAKE A Lpok AT THE JSCIENCES THAT (OME TOAETHER
IN THE RQUEST FOR A  UNIFIED THEDRY ofF C(OMPLEXITY.



4O0ALS

COMPLE XITY SCIENCES STUDY BOTH COMPLEX PHMSICAL SYSTEMS

AND COMPLEK ADAPTIVE SYSTEMS. THE INTENTION S TO VSE
LEARNINGS FROM ONE TO RBETTER UNDERSTAND THE OTHER.

ACCORDING To MELANIE MITCHELL,
AT SANTA FE  INSTITUTE

THE TWO0 AOA(S OF COMPLEXITY ARE:

MELANIC MITCHELL

. CROSS DISCIPLINARY  INSIGHTS FROM DEVELOPINGA MATHEMATICAL

AND LOMPUTATIONAL TooLS

MATHEMATICS STATISTICS (OMPUTATION

APPLM THESE T0 A  COMPLEX PH‘{SICAL/ADAPTNE SYSTEM  TO

© QET  INSIQHTS
COMPARE WITH ANOTHER (OMPLEX SYSTEM

O R QLENERAL THEDRY OF C(COMPLEXITY

T0 UNIFY THE  SCIENCES THAT MAKE UP COMPLEXITY

(THE HOLY  ARAIL + CONTROVERSIAL ADAL)



CORE DISCIPLINES

COMPLEXITY BRINAS TOAETHER ASPECTS OF OTHER SCIENCES

DYNAMICS INFORMATION

SIANALS EXCHANAED
WITHIN THE SYSTEM

HOW AND WHY THINAS
CUANAE OVER TIME

COMPUTATION EVOLUTION

&

How THE INFORMATION HOW SYSTEMS ADAPT AND LEARN
IS PKOCE.CSED/WTERMETED FROM THE CHANAINAQ ENVIRONMENT



DYNAMI(S

HELPS TO DESCRIBE THE INATURE OF
CHANAE IN A C(OMPLEX SYSTEM



ALL ABOUT DYNAMICS

DYNAMICS 1S  ABOUT HOW THINAS CHANAE OVER TIME

ORBITS STOLk PRICES

THERE ARE MANY
KINDS OF DYNAMICS
UNDER STUDY

WHILE THERE RARE MATHEMATICAL TOOLS

To STuDY CHANAE AND MAKE  PREDICTIONS,
NOT ALL DYNAMICAL SMSTEMS ARE ERSY TD PREDICT.

. Caleulus  Algebra Topology  Digferential Equattons .. __

COMPLEX BEHAVIOURS IN DYNAMICAL SYSTEMS (COULD BE THE RESULT OF

ITERATION NON - LINEARITY CHADS
r
v
REPEATING THE WHERE THE WHOLE SENSITIVE
SAME  BEHAVIDURS IS NOT THE SUM DEPENDENCE ON
ODVER AND DVER OF THE PARTS INITIAL CONDITIONS

WE WILL NOW LOOk AT EACH OF THESE COMPLEX BEHAVIOURS



ITERATION

REPEATING THE SAME BEHAVIOURS PRODVCES COMPLEX PATTERNS.

HERE IS A LINE

REMOVE THE MIDDLE
ONE THIRD SEAMENT

FILL TME &AP WITH
TWO LINES SO EACH..

..1S THE LENATH ©OF
THE REMOVED JSEAMENT

REPEAT FOR EACH JSEAMENT

N\
— — = —

- e -

THIS IS A KOCH (URVE, A SELF SIMILAR PATTERN — A FRACTAL



NON LINEARITY

A SIMpLE PENDULUM

A SMSTEM WITH
A STRING FIXED ON ONE END AND
A WEIAHT ATTACHED TD THE OTHER.

THE MOTION [S PREDICTABLE
EVERY RUN

THE ERUATIONS Peviod T- .zn\féz ...AND PERIOD OF

To CALCULATE ITS MOTION ARE
frequency £ = L 19,

THE FREQUENCY ... 2TV L. SOLVABRLE B8Y HAND

A DOUBLE PENDULUM IS C(HAOTIC

PATH- |
\ THE PATH TRACED

A JECOND RUN
LOOKkS RANDOM TRACES OUT A

AND UNPREDICTARLE

A PENDULVM VERY DIFFERENT PATH
WITH A PENDULUM — ‘weeps a  COMPUTER SMALL DIFFERENCE IN
ATTACHED TO IT To SOLVE ERUATIONS WITIAL  CONDITIONS

THE NON  LINEARITY OF DYNAMIC SYSTEMS CAN BE THOUAHT OF AS:

MOTION OF 2 CLIMPLE PeENDLULUMS #: MOTION OF 1 J0VUBLE PENDULUM



CHAOTIC OR FRACTAL?

DRAW THREE DOTS A, 8 AND C. MAR A RANDOM PoINT P
FROM WHERE T0 START. VSE A ODIE T0O PLOT OTHER POINTS

o A
. P (1;2) —> MOVE HALFWAY To A
(3,4) —> MOVE HALFWAY To 8
.c (5,6) —» MOVE HALFWAY To C
0O r(1 Z)
WHAT STARTS OFF AS
RANDOM  DOTS  BEGINS TO

LOOk. MORE STRUCTURED
WITHIN A FEW HUNDRE)D

ITERATIONS

THIS SET OF RULES TENDS
TOWARDS A PATTERN CALLED
AN ATTRACTOR. THE PATTERN

IS A FAMOVUS ERACTAL :
THE SIERPINSK) TRIANALE




CHAOS & POINCARE

NEWTDN'S tQUATIONS DESCRIBE THE MOTION OF PLANETS ACCURATE(N
ON(Y IN THE CASE WHERE THERE ARE EXACTLM TWwWOD BODIES.

IN THE (ATE 1I1800s .

| /
MATHEMATICIAN HENR] POINCARE ATTEMPTED TO0 DESCRIRE THE MOTION
OF 3 BODIES USINAG NEWTON'S LAWS OF MOTION AND G4RAVITATION
FROM THEIR NITIAL PoSITIONS AND VELOCITIES

POINCARE DIDN'T SUCCEED

. { a
My work had [ Aad o .-+ paying
33?.?1‘005 exror  Wifhdraw my huge amoun b
) paber... of monty

BUT HE C(AME T0 THE REALISATION THAT

WE CAN KNOW THE EMALL DIFFERENCES

INITIAL  CONDITIDONS IN THE INITIAL (ONDITIDNS

OF ANY EVENT PRODUCE VERY KREAT DNES
bl i) ONLY APPROXIMATELY  IN THE FINAL PHENDMENA
POINCARE

POINCARE 'S WORK (AID THE FOUNDATION OF CHADS THEQRY



UNPREDICTABLE AS WEATHER

—

L METEDROLOAIST EDWARD LORENZ s
' un
WAS SIMULATING ON HIS COMPUTER,

A SIMPLE MODEL OF THE ATMOSPHERE

(n on[y b weve timaHD'\S.’

EDWARD ON THE SECOND RUN, HE FOUND THAT
LORENZ THE RESULTS WERE VERY OQIFFERENT

THE SECOND RUN HAD A DIFFERENT INPUT VALUE IN ONE OF THE
DECIMAL PLACESC ODVE T0 ROUNDINA .

Temperature :-27. 08421/° Temperature : 22. 084"

SMALL CHANAGES AMPLIFIED IN THIS DETERMINISTIC SYSTEM RESULTINA
IN CHADTIC BEHAVIOUR

1963
debermin (stec .
Non pcn‘oo(t'c ,){{ow
&y
Edward odorene
FETTER b

LORENZ pyrsve) THIS RESEARCH WITH HELP FROM HAMILTON AND FETTER
AND PUBLISHED HIS OBSERVATIONS IN A PAPER



THE BUTTERFLY EFFECT

CHAOS 1S THE JSENSITIVE DEPENDENCE ON INITIAL CONDITIONS

APPARENTLY CAPABLE DF SETTINA OFF

A TORNADD IN TEXAS
BY THE FLAPPINA OF
A BVUTTERELYS WINAS IN BRASIL

THIS PHENOMENON THAT (ORENZ WROTE ABOUT CAME TO BE
POPULAR AS THE BUTTERFLY EFFELT.

LORENZ NOTICED THAT THE JSOLUTIONS To A JSET OF 3 OF THOSE EGQUATIONS
TAKE THE SHAPE OF CURVED LINES LOOPINA AROUND TwoO "CENTRES'.

THE CHADS

NEVER RETRACES CALLED THE

THE SAME pATH LORENZ ATTRACTOR

LOOKS LIKE THE FORMS AN
WINAS OF A BUTTERFLY ORDERLY PATTERN

TWO PATHS STARTINA NEAR EACH OTHER (AN DIVERLE, ONE SEPARATINAG

OFF TO THE RIAHT HALF AND THE OTHER TO THE LEFT, CAUS/IN4 THE
UNPREDICTABILITY BETWEEN THE TWD RUNS



ODETERMINI|STIC CHAOS — [

Amy) = )\x'n (1—%m)

1)

OM A paper
POPULATION m+] = NEXT VYEAR  _ f prp

o’ >
A = GROWTH RATE 7N = THIS VYEAR 63 Rober€ Ma\y

"

THIS 1S AN ERUATION THAT MODELS POPULATION AROWTH

IF THE AROWTH RATE S BETWEEN 0-]

THE PDPULATION

2 +
° —
<! DIES OUT OVER A
S | FEW GENERATIONS
=%

/ TIME

e e
FOR SOME QROWTH RATES AROVE |

FIXED POINT ATTRACTOR
i THE POPULATION

STABILISES oOveER A
FEW GENERATIONS

POPULATION

0 TIME

e et
FOR HIAHER G4ROWTH RATES ARODUND 3-2

PERIODIC ATTRACTOR WITH PERIDD = 2
THE POPULATION OSLILLATES
BETWEEN 2. STAB(E VALVES
EVERY ALTERNATE AENERATID

e e e B s

POPULATION

0 TIME



DETERMINISTIC CHAOS — 2

PERIODIC ATIRACTOR WITH PERIDD = &

AS A INCREASES BY FURTHER

2 i
S
SMALL AMOUNTS, THE PERIDD ‘g:
S ]
W0ES TO 4,8 16, 32 ETC. S -
0 TIME

FINALLY, AT 4 CERTAIN VALUE OF GROWTH RATE, CLOSE TO &, THE
POPULATION DOES NOT SEEM To BE C(YCLING THROVAH ANY PREDICTABLE

SET oF VALUES AT ALL

PERIDD =00 DR STRANAE ATTRACLTDR

e B an

POPULATION

0 TIME

A RERUN OF THE POPULATION MODEL NOW WOULD VARY SIANIFICANTLY

AN EQUATION WHICH USED TO MAKE ACCURATE PREDICTIONS S NOW
IMPOSSIBLE TO PREDICT. THIS 1S CALLED DETERMINISTIC CHADS .

UNIVERSALITY IN  CHADS

ROUTE To CHAODS RATE OF PERIOD DOVBLING

This peviod doubling voute to  The period doubles 4.669201.-.

chaos (s alco seen in othey  times faster than (ask time
thaofic systems This 1s the Feigenbaum Clonstant



INFORMATION

HELPS US BETTER UNDERSTAND <LELF DRAANISATION

IN A COMPLEX SMSTEM



A HISTORY

INFORMATION THEORYM HAS TS ORIAINS IN THERMOdDYNAMICS, A
BRANCH DF PHMSICS DEALING WITH HEAT, WORK AND MOTION

THERE ARE SOME FUNDAMENTAL (AWS OF THERMDOYNAMICS

Energy cannot be
created oy dectoyed

LAW | ENERAY IN THE UNIVERSE /
IS FIXED —

INCREASES THE ODISORDER 0OR unlese work is done
ENTROPY poF THE UNIVERSE

OUR. FOCUS IS THE SECOND (AW WHICH S [INVIOLABLE

ENTROPY [S CONNECTED

ENTROPY TELLS VS THAT
To PRORABILITY

TIME HAS A DIRECTION

THERE ARE MORE WAYS 70 IN THE DIRECTION DF
ACHIEVE DISORDER THAN THERE

INCREASINA ENTROPY
ARE TO ACHIEVE ORDER

JAMES CLERK MAXWELL WONDERED /N A FAMOVS THOUAHT EXPERIMENT
IN 867 INVOLVINA A DEMON, IF THE SECOND (AW COULD BE VIOLATED



MAXWELL'S DEMON

MAXWELL kKNEW THAT HEAT wAS THE MOTION OF MOLECVLES.
HOTTER MOCECULES MOVED FASTER AND (OOLER ONES MOVED SLOWER.

MAXWELL IMAGINED THAT IT

MIAHT BE PpSSIRLE To CEPARATE
THE €o0C AND HOT AIR JUST

WITH INFORMATION ABOUT IT

Just a fr:cnd(y demon who
can open a pom‘ufton with

mgbgtb/e. effor k-

A DEMON IN (HAR4LE OF
A PARTITION WOULD OBSERVE
AND REMEMARER THE SPEEDS

OF ALL MOLECULES

from [t to right and fast may pass
from  right fo et and slow may g0

ORDER WOULD BE CREATED
WITH JUST INFORMATION

AND NO WORK DONE

WHAT S INFORMATION AND DOES IT VIOLATE THE SECOND (AW?



WHAT 1§ INFORMATION 2

AN ABSTRACT MASS- NOUN VSED To JENDTE ANy

AMOUNT OF JDATA, LtODE OR TEXT THAT IS STORED,
SENT, RECEIVED Ok MANIPULATED IN ANM MELHIUM
— PLATO.- STANFORD.EDV

THE RESOLUTION 0OF UNLERTAINTY
— WIKIPEDIA

ASIOE FROM THE SPOKEN WORD, HUMANS HAVE [INVENTED MANN
WAMS  TO EXCHANAE INFORMATION

.—,.mmmmg

ot
¥ % 3 &
Tha o

z &
: ~'»w.-..‘sw"~i" .
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TELEGRAPH

COMPUTERS



MEASVRING INFORMATION

CLAUDE SHANNON, MATHEMATICIAN, WAS INTERESTED /N THE EFFICIENT

TRANSFER OF &IANALS THROUAH TELEPHONE WIRES.

60”-!5:’\!01 Teeh Jomynal 1948
Vol 27 pp 3M-423 623-6%

A Mathemafrea(
%corg 0f }
Communicahroy

N 3] C-€-Shannon

CLAVDE SMANNON
BELL LARS

THROUAH THE PAPER HE WROTE, SHANNON :

INTRODVCE D QUANTIFIED
THE SMALLEST UNIT HOW WE CAN
0F |NFORMATION MEASURE INFORMATION
A BIT- SAY FOR A (COIN TOSS

OF S 1A = PT) = Y2

=~ [ ren) log, P(H) + P(T) (0g p(-rﬂ
- ["z' log 3 + % [ogz-g
I bit

THE B!IT UNDERPINS

MOJERN COMPYTATION

il



ON INFORMATION CONTENT

INFORMATION CONTENT A MESSAGE WITH
IN A MESSAAE HIGHER INFORMATION CONTENT

f requency INFORMATION CONTENT

THE AND 15 THE

0PTIMAL BITS

E @ ! ' NEEDED TO ENWODE

IS RECATED 70 THE

PROBABILITIES OF TS IS LESS COMPRESSIALE
SYMBOLS OR OUTCOMES

THE MEANING THE QWANTITY THUS THE ROLL
OF INFORMATION OF A DIE

’—/.I ¢hannhon
_/.‘ u\fYOf’s

v
| IS ), HOW HAS MORE SURPRIS
1§ I[RRELEVANT U :
UNEXPECTED T IS THAN A coIN TOSS

WITH THIS, SHANNON HAD (A!D THE FOUNDATIONS FOR A NEW BRANCH
OF STUDY CALLED INFORMATION THEORY



WHAT OF THE DEMON?

MAXWELL'S DEMON HAD TROUBLED SCIENTISTS FOR NEARLY A CENTURY

THERE WNQW SEEMED To Bt A
VALID EXPLANATION THAT MAXWE (L's LEON BRILLOVIN

DEMON d1D NOT VIOLATE THE SECOND ROLF LANDAUVER

(AW OF THERMODYNAMICS
CHARLES BENNETT

IN THEORY .

DETECT MOLECULE VELOCITIES

DPEN PARTITIONS

STORE INFORMATION ) &

ERASE  INFORMATION X

All information needs

fo be carried 6y @
physicad "thing”...

THE ODEMON LEARNS ABOUT THE
HOT AND COOL AIR MOLECULES

THE KNOWLEDAE ALTERS THE
STATE OF 178 MEMORY

THE DEMON REDUCES

..A thought, a book, DISORDER IN THE BOX
sounds or picfures..

/TS OWN MEMDRY HAS
NOW INCREASED ENTROPY

ERASING OR RESETTINAG
MEMORY RELEASES ENTROPY




INFORMATION ¥ COMPLEXITY

THE EXPLANATION T0 MAXWELL'S THOUAHT EXPERIMENT SHOWS US

THE PROFOUND LUINE BETWEEN ENTROPY AND INFORMATION

POSSESSINA
INFORMATIDN

INCREASES AETS SOME
ENTRDPY WORK  DONE

INFORMATION (S PART OF THE PHMSICAL
WORLD AND IT O0BEYS THE LAWS OF PHYSICS

JUST LIKE EVERYTHING ¢ELSE
= JM Al- EHALIL]

R O O e O s
e e T S S S P
INFORMATION IS AS KEY TO COMPLEXITY

AS ENERAM IS TO PHMSICS
= JIM CRUTCHFIELD

THE NEW AREAS OF RESEARCH

BUILD ON (HANNON [NFORMATION

INVESTIAATE OTHER KINDS OF INFORMATION

INFORMATION PROCESSING IN NATURAL SUSTEMS



COMPUTATION

THE IDEA THAT COMPLEX SYSTEMS CAN
FIND AND (ONSUME [INFORMATIDN



WHAT 1S COMPUTATION 2

A COMPUTATION IS A PROCESS THAT OAREVS

FINITELM DESCRIBABLE RULES
- RUDY RUVCKER

COMPUTATION 1S WHAT A  COMPLEX SYSTEM DOES WITH
INFORMATION  T0 SUCCEED/ADAPT IN IT¢ ENVIRONMENT

— ME(LANIE MITCHELL

ALL PHMSICAL SHSTEMS CAN BE THOVAHT OF AS
REGISTERINA AND PROCESSINA  INFORMATION.

HOW ONE WISHES To DEFINE C(OMPUTATION WILL DETERMINE
Vour VIEW 9 WHAT (COMPUTATION  CONSISTS OF

- SETH LLOYD

TME  PURPDSE OF COMPUTATION 18 INSIAHT,
NOT NOUMBERS
“ RICHAKRD HAMMINA



IDEAS IN COMPUTATION

WE ARE FAMILIAR WITH o
THE IDEA THAT COMPUTATION .
IS THE STEPS CARRIED DOUT Y ‘4{ g

BY A TURING MACHINE NAUNNONNNONLY NONTNN NN AN VN AN NN N

FROM THIS MODEL OF (¢OMPUTATION STEMMED THE IDEA OF
COMPUTATIONAL COMPLEXITY - THE RESOVRLES NEEDED TO RUN A PROGRAM

Read 'The Story of fQuantum Compwting’ fvom thoughtworks. com for wore dehail

ANOTHER POIANANT I1DER THAT CAME AROUT WAS THE (LONCLVSION
OF THE DECUDARILITY PROBLEM

1S THERE A TURINA MACHINE
TO DECIDE IF A TURINK4 MACHINE

WOULD HALT OR RUN EDREVER?

IN SHORT, THE ANSWER TO0 THE DECIDABILITY PROBLEM IS nNO, LEAVINGA VS
TO CONCLUDE THAT THERE ARE SOME ANSWERS WE (AN NEVER COMPUTE

Read ‘A Trbute to Tuving' from  thoughtworks.com for wore dehail
PROCESSES IN  NATURE

CAN ALSO BE THOUAHT
OF AS COMPUTATION

SYSTEM IN PLANTS IMMUNE SNSTEM



WHAT D0ES NATURE COMPUTE !

CELLS HAVE THE ABILITY TO STORE AND PROCESS [NFORMATION AND
IN THIS RESPECT CELLS AND COMPUTERS ARE OFTEN COMPARED.

CELL OR ANT, HAS  RECEPTORS e = 4

CelL

IT CAN SENSE THE ENVIRONMENT
WITH THIS

R %

"
™

PATHOAENS FooD
WHEN THE RECEPTOR ENCOUNTERS \"/\/
AN INTERESTING OBJTECT, IT EMITS N7\
A SIANAL CYTO LINES PHEROMONES
THE OTHER UVING BEINAS [N THE PRODVCTION OF SCENT TRAIL
VICINITY SENSE THE SIANAL AND MORE CELLS 7O AATHERS A
REACT TO IT FIAHT LARAE GROUP

INTRUDERS

OF ANTS

THE INFORMATION IS THE WHITE BL00D ANTS IN
DISTRIBUTION OR CONCENTRATION OF CELLS THE TRAIL



PROCESSING INFORMATION

THE INDIVIDVAL 1S To0 (MALL 70 g0 IT TAKES IN RANDOM SAMPLES

UNDERSTAND THE WHOLE SYSTEM
X
{ 4 o ° O

SAMPLINA BECOMES (€SS RANDIM THE INFORMATION (AN BE THOUQHT

A SIANALS AET MDRE FREBVENT DF AS FEEDBACK LOOPS
MOVE
@‘ ® o REPEAT /
@ SENSE

SIaNAL

/

COURSE v FoLLOW
CORRECT TRAIL

FEEDBACK (O00PS ACT LIKE A FEEDBACK LOOPS RECIRCULATE
THERMOSTAT SIANALS & RESOURCES

NEGATIVE FEEDRACK

MORENNANTS) -

POSITIVE FEEDBACK MORE JSCENT TRAILS




INFORMATION

MEANINA4 OF

EXPLORING THE NOTION OF

THE MEANING OF INFORMATION

IS ALSO AN EXPLORATION

OF C(ONSCIDVSNESS

ANT- SELF
DR THE SELF

T0 WHO INFORMATION

s
D
L assere s 5]
SR ———,
Porv s

MUST MAKE SENSE CELL- SELF

THIS TOoPIC 1S BEYOND THE ScOPE DF THIS BOOK.



EVOLVTION

THE ABILITY OF A SYSTEM TO0 LEARN, AROW,
ADAPT AND THRIVE IN A CHANA'NG ENVIRDNMENT



A NEW CPPABILITY

IN THE 1450, STARTINA FROM ALAN TURING, MANY PEQPLE WONDERED
ABOUT THE CONNECTION BETWEEN MIND AND MACHINE

CAN BIOLOGICAL PROCESSES BE TRANSLATED INTO A MECHANISTIC DNE ?

THE AIM, AS IT HAS BEEN FOR CENTURIES ACROSS MANY CIVILISATIONS,
WAS TD CREATE A SELF DPERATING MACHINE — OR AUTOMATON.

Want to build a e crusal like Cellmlay
x0bot-building vobo ‘-'iﬂ- (a:{‘trce Automata

UNIVERSAL

COPIER. &
CONSTRUCTOR

IMPLEMENTE)
AS AN

ALALORITHM

JOHN VON NEUMANN

STANISLAW UVLAM 19505

whether  self-veproduction s enough  to all a machine or
program  alive or consciovs ic a €opic for a whole other book

THE NEXT RQUESTION : CAN THE PROGRAM (EARN AND EVOLVE N
AN  ENVIRONMENT ¢



EVOLUTION

EVOLVUTION IS THE CHANAKE IN CHARACTERISTICS O A POPULATION
OVER TIME. THE CHARACTERISTICS THAT AGIVE AN INDIVIDUAL SDME

ADVANTA4LE ARE PASSED PN THROUAH THE PROCESS OF NATURAL SELECTION

T0 THE NEXT GENERATIONS

NATURAL EVOLVUTION. A REMINDER

Charles Darwin's  theory of
evdlution 5” nataral telection :

(_/\Iaria-m
@ Individuals have [arge
variattons for o characbercshic
Suyvival
Those moct Sucted Eo  the < o‘f. {hee
environment aqre  more dey ’f'““
to turvive and breed
gt Ht""h{"j
The characferictics that  helped , yando™

survival  will be pag,(cd on bo - u\,a!f(gns
the mnexk 5mem£'ran

THE BEST BEAK FOR THE JOR IS:




EVOW TIONARM ¢OMPUTATION

EVOLUTION COMPUTATION DRAWS IDEAS FROM EVOLUTION IN NATURE

IT VSES SIMILAR CONCEPTS SUCH AS SELECTION, REPRODULTION, CROSSOVER
AND MUTATION To EVOLVE NEW AENERATIONS' FROM RANDDMLY (HOSEN
POSSIBLE SOLUTIONS.

PIONEERS IN THE EIELD TECHNIQUES
DAVID FOhEL EVOLUTIONARY ALAOR ITHMS
JOHN H HOLLAND RENETIC  ALAOR ITHMS
INAD RECHENBERA AENETIC PROARLAMMING
HANS- PAUL SCHWEFEL ARAMMATICAL EVOLVTION
SUITABLE TO

EXPLORE A LARAKE SEARCH SPACE

SOLVE OPTIMISATION PROBLEMS

SOME  APPLICATIONS

‘:z;— — ’?;""‘?‘
TRAVELLINA DA/ AENE HARD WARE
SALESPERSON ANALYSIS iy
PROBLEMS
N T *
T
EEIEEEEE —
24 En
I N
ENCRYPTION L
tobE SREAKING MACHINE LEARNING SCHEDULING ROBOTICS

THIS 1S NOW A SUB-FIELD /N ARTIEICIAL INTELLIAENCE AS WELL.
LET US NOoW (DOt AT AENETIC ACGORITHMS-— A WELL ENOWN TECHNIQUE



WENETIC ALAORITHMS

HERE IS A PATTERN OF HOW THEY WORK

| ‘ .

Debermines the
gm.[:’fy 0f end resulf

Choose Q
vandom Stk of

candidate strate gies

_—

USE THOSE WITH A
HIGHER FITNESS SCORE

Form childven : -
Splt’[: pmnt: ot
yandom ;»oinf(s)

trossover the inoO
and ehsare COMple,h‘on

Mubate children
change 1 or more valnes

with tiny pobability

- [errcucare e

USE THOSE WITH A
HIAHER FITNESS SCORE




EXAMPLE :ROUTE PLANNING

PROBLEM FIND THE SHORTEST ROUTE BETWEEN A SET OF CAKE SHOPS
WHERE VYou VISIT EVERY CAKE SHOP ON(Y ONCE.

INITIAL POPULLATION CREATE NEXT AENERATION

SOME POSSIBLE ROUTES PAIRING @ AND ®) 4IVE

Pavent | ABCDE F q4

ABCDEF 4 é
C F
ACGBDF € Pavent 2 4D ACB E
BFAEAL D CROSSOVER - SWAP AT POINTS OF SPLIT
WADACBEF
Child | — —
FAEARDC i ”; 8
cht 2 ' ——_|C | -
CAEB ADC
FITNESS CALCULATION FILL NON-DVUPLICATE INFD OF ORIGINAL
cheld | — — A C B F G

THIS WILL BE THE TOTAL
TIME FROM START TD END

child 2 - o _ ¢cb € __F

FOR EACH ROUTE. ENSURE  CHILD INFO 1S (OMPLETE
child 1 p g Ac B F G
PAIR UP PARENTS child 2 4 3 CD E AF
PAIRING COUL NDIM
LN Bk &ANOY TERMINATE
Pavent | —A B CDE F 4 DEFINE CRITERIA FOR POPULATION

Pavent 24D ACB EF S12€, FITNESS SCORE ETC



SIMULATING COMPLEX SUSTEMS

AS WITH OTHER SCIENCES,
COMPLEX SYSTEMS ALSO RELY ON
MALINA REPRELENTATIONS OF
VARIOUS CONCEPTS IN CODE

THESE ARE CALLED MODELS.

THE RESULTS WHICH CAN BE REPLICATED ARE MORE  USEFUL  AND
CAN BE BETTER UTILISED To CHECK INFERENCES ©OF THE RESULTS.

AN EXAMPLE OF A METHDD OF SIMULATION

—

SIMULATES BEHAVIOURS
AND DYNAMI|CS OF

I$ MORE ART THAN AVTONOMODVS ARAENTS
A SCIENCE AS SOME

FACTORS CANNOT BE
ACLOUNTED FOR

ASSESSES AGENTS IMPACT
ON THE WHOLE SVSTEM

AN d




CELLVLAR AVTOMATA

A COMMON(Y USED MODELLING TOOL IN COMPLEX SYSTEMS



CELLULAR AVTOMATA -CA

CELLULAR.  AUTOMATA (AVTOMATON - SINAULAR +0RM) ARE (OMPLEX SYSTEMS
WHERE TIME AND JSPACE ARE DISCRETE.

one, two
A CELLULAR AVTOMATON oy more
CONSISTS  0F A GRID OF CELLS olimensions
twWo
EACH CELL IS IV A STATE or more
OUT OF MANY POSSIBLE STATES. Stafes

HERE , ON OR DFF

THE JSTATE OF EACH (ELL EVOLVES
CONTINVOUSLY DEPENDING ON RULES

VSUALLY, THE RULES ARE BASED ON
THE STATES OF NEIAHBOURING (CELLS.

THIS 1S THE VON NEUMANN
NEIGHBOURHOOD FOR THE BLACK CELL

THIS 1S THE MOORE NEIAHAOVRHOOD
FOR THE BLACKk CELL




ONE DIMENSION

ELEMENTARY (CELLULAR AUTOMATA ARE ONE DIMENSIONAL.

THE WNEXT STATE OF A CELL 1S DECIDED BY THE STATE OF THE CELL
ITSELF AND 1T¢ TWD [MMEDIATE NEIAHADURS.

8 POSSIBLE ARRANKEMENTS
FOR 3 CELLS —_

WITH 2 STATES

HOW TO DEfFINE A CELLULAR AUVTOMATON

§ LIST PossIBLE NEIGHBODURHODSIS FOR EACH CELL
@ DEFINE OUT(OME[NEXT STATE OF THE CELL IN THE MIDDLE

NEIAHBOVURHOODS NEXT STATE

] OFF
] OFF
I7] OFF
7] OFF
] OFF
] OFF

7] OFF
OFF

Ham A a8l

:
Aoy ool
{00 o
oo ety
NUMBER OF POSSIBLE ZAXKAXAXAX A XA XL XQ
ECEMENTARY &

= &
CELLULAR AUTOMATA
= q56



WOLFRAM & CA

) STEPHEN WOLFRAM, MATHEMATICIAN AND (OMPUTER
SCIENTIST, STUDIED ELEMENTARY CELLULAR AUTOMATA

IN  AREAT DETAIL .

HE PROPOSED A NUMBERINA SCHEME - WOLFRAM (CODE -
TO ASSIAN TO EACH OF THE 0- 255 RULES.

STEPHEN WOLFRAM

THE SCHEME 1€ DEFINED IN THIS ORDER

Bl BN Wl B (==
L] [] L]

N L]

0 0 0 0 0 [ 0 2

THE OVUT(OME 0O000DIDD0 IS CONUVERTED FROM DECIMAL T0 BINARY.
THIS STRING OF DIQITS 1S THE BINARY EQUIVALENT OF NUMBER &

THIS 1§ THE WOLFRAM CODE

WOLFRAM USED THESE SIMPLE
, RULES AND STUDIED THE
t .,-; ellnlay Anfomalfa .i. o
I\ . X7\ | FIXED
,gv,"% and Complexity 41 ¢
A _ .Aﬂ OSCILLATING @ PATTERNS |

. CHADTIC SCIENCE

:
A
1 »

-
S

R

.

THAT EVOLVED FROM THEM.

LET US (OOk AT JSOME OF THESE PATTERNS AND UNDERSTAND WHAT

MAKES THESE <STRVUCTURES POWERFUL ENOUVAH TO MODEL COMPLEX SYSTEMS



EMMPLE RVULE 31
Y TR

¢

'
.

LET V¢ START WITH A SINALE ON' CELL FOR ALL EGXAMPLES

THIS RULE VERY QUICKLY SETTLES

INTO A SIMPLE OSCILLATING PATTERN

SOME  RULES PRODUCE A FIXED PpoNT PATTERN
SVEH AS RULE TT

Search for 1D Elementary Cellular Awnkomafa' an

online  Scmulafor from elige -acu.giéhmb.io



EXAMPLE - RVLE 70
JL%?@@y@

illAAR l!llllll\l III II|IIIIII|IIIIIII\I
INIEEERRENENE ANEEEREEENENEN

IIII\IIII|IIIII IIIIIII IIII\I|IIIIII\I

|
|
|
|
1 | |
)
!
|
|
-

IlIAEER § ENEEEIEEEEEEE B EEENEENEE
I1IIEE NEN ENEREEEINEE EER EEEEER
AlIER B 0 B NENAEENER R R B EEREN

ilii EEEEEEE EEEEEEE EEEEEEE EEER
il § EEEEE § NEEEE B EEEEN B EEN

© IT FORMS A SIERPINSK| TRIANALE FRACTAL PATTERN

® THIS 1 ALco PASCAL'S TRIANALE Mod 2 /,

0 FOR EVEN NUMRERS
| FOR ODD NUMRERS

THE NEXT VAWE OF A CELL XY xev.
P i1, 0 | Xor
1S T X F T |
MEe DR OF ITS NBIGHUBDPURS 0 ? 0 D . Truth
L 10 I | table
XOR = © b I

EXCLUSIVE DR

NEXT VALVE OF 0= 10 =1
NEXT VALVE OoF | =080 =0
NEXT VALVE OF 0= 081 =1




EKAMPLE RVLE 30
= =D owm WD oo P OF OF

& DISPLAMS INON- REPEATING CHAOTIC BEHAVIOUR

USED AS A (Pswoo) RANDOM NUMBER GLENERATOR

PROPOSED VUSE IN PUBLIC KEY CRMYPTOGRAPHY

AIVEN THE RULES.
EASY TO WORK QUT THE NEXT STEP

HARD TO WORK OUT THE PREVIOUS STEP

O DISPLAMS  SENSITIVE DEPENDENCE TO INIT/IAL CONFI4

® "CeNTRAL TO HOW COMPLEAITY A4ETS MADE IN NATURE

(REE TO  SIMPLE RULES 4IVING COMPLEX BEHAVIOUR)
- STEPHEN WOLFRAM  WRITINAGS.



EXAMPLE - RVLE 124

TR R O QP O

¥

IS THE  MIRRDR IMAGE OF THE MORE FAMOUS RVULE 110

1S

PROVED TO BE  TURING COMPLETE (ALSO RULE 110)
SEARCH ONLINE FOR A DEMO OF
RULE 110 MARBLE COMPUTER

DISPLAMS STRANDS OF LON4- LIVED (OMPLEX STRUCTURES.

* [ 4
Rule 124 was wmove of A Pusoml chocce



TWO DIMENSIONS

CELLULAR AUTOMATA IN TWO DIMENSIONS NEED

CALIN:]

Dol
il Var <N

AN INITIAL STATE RULES A DEFINED NEIAHBOURHOOD

HERE ARE SOME Two DIMENSIONAL CELLULAR AVTOMATA

BRIAN'S BRAIN RAKE IMMIARATION
SEEDS SEHIMENTAL GAME OF LIFE
SR BOMBERS HIAH LIFE WIREWORLD

INTERESTINA (Y, THE ARIDS ¢coULD BE NON-SQUARES. THEY CoULD
BE TRIANALES, PENTAAONS oOR HEXAAONS. (EVEN ON PENRDSE TILES !

WORK BY PROF SUSAN  STEPNEY)

AVAVAVAVA
NNV YN\
NNV N NN

THE WHOLE ARID IS UPDATED AT ONCE FOR EACH TIME STEP.



THE AAME OF LIFE

THE M™MOST WELL KNOWN OF CELLULAR AUTOMATA

HAS T0 BE THE GAME OF LIFE DESIANED BY
JOHN CONWAY IN [470.

IN THE 4RID, tELLS ARE IN DONE of

ALIVE I:l STATE

DEAD [ ] STATE

JOHN CONWAY

GAME oOF LIFE : RULES

BIRTH © 4 DEAD CeLL wiTH 3 LIVE NE[AHBOURS COMES ALIVE

e

DEATH o A LIVE CELL WITH L OR O LIVE NEIGHBOURS DIES

=S R=ES

O A LIVE CELL WITH & OR MORE LIVE NEIAHBDURS DIES

==

&

& A LIVE CELL WITH 2 pR 3 LWE NEIAHBDURS STAMS ALIVE

=

SURVIVAL




THE COMPLEXITY

THE GAAME OF LIFE IS A VERY WELL THOVAHT OUT SET OF RULES
THAT CAN EVvoLVE MANY TYPES OF PATTERNS-

OB
R IR ¢
- (- FER R
- B

THIS  SHAPE  ALIDED ACROSS THE GRID PROMPTINA A
SEARCH FOR MORE SUCH ‘CREATURES.

MORE COMPLEX SHAPES AND VUNPREDICTABLE PATTERNS [INTERACT AND

UNFOLD , ALL DEPENDINA ON THE INITIAL STATES OF THE CELLS.

THE EMERAENCE AND JSELF ORAAN|SATION THAT C(ONWARY INTENDED TD
DEMONSTRATE - THE UNPREDICTARILITY — 1§ NOT RANDOM BECAUSE UIFE
DREMS CERTAIN RULES.

UNSURPRISINGLY, LIFE HAS TS OWN LEXICON AND (OMMITTED A4ROUPS
OF ENTHUSJACTS.

cheek oub plawamcafl'fe-com



THE LEGAACY

ARME OF LIFE CONTINVES To BE PODPULAR SINCE IT WAS FIRST
PUBLISHED IN MARTIN AARDNER'S CDLUMN IN  SCIENTIFIC AMERICAN
ABOUT 50 MEARS AaD.

THERE ARE PATTERNS ON THE QGRID THAT C¢AN EMULATE COUNTERS
AND LOAIC 4ATES IN PROARAMMINA,

THE GAME DF UIFE IS PROVED AS TURINA COMPLETE & UNDECIDABLE

LIFE 1S A VERY EARSY TO UNDERSTAND EXAMPLE OF EMERAGENT
LOMPLEXITY

DR BTyt

LIFE HELPS VS UNDERSTAND HOW PATTERNS IN NATURE CAN DEVELDP

AND THAT IT 1S POSSIBLE THAT (OMPLEX FORMS (AN ARISE FRDOM THE
SIMPLE  WITHOUT BEINGA EXPLICITLY PROARAMMED Tp D0 So.




CA ARE |IDEAL FOR:

AS WE HAVE SEEN EARLIER, LIKE ANY
DTHER COMPLEX SYSTEM, CELLULAR AUTDMATA
ARE  ALSO

(oMPLE X SYSTEMS HAVE SOME
COMMON  FEATURES. THEY HAVE:

SIMPLE  COMPONENTS

SIMPLER THAN THE WHOLE

INTERACTIONS

THE PARTS ARE INTERDEPENDENT

AND INTERACT wiTH EACH OTHER
BASED ON SIMPLE RULES

ﬁJMPLE INTERACTING (OMPONENTS

wae PRPUE. . NO CENTRALISED CONTROL.
COHWAHER |

SLIPE © FORMS THEY ARE SELF ORGANISINA
adhl vg\e V"?:"J
ﬂ PA BLE DF PROCESS,NA 'N FDzMA T'ON s y EMERAENT BEHAVIDUR
CELL : ) THE COLLECTIVE BEHAVIOURS
ADAPT AND EVOLVE AND ARE
ccccccccccc
AS THE SYSTEM LEARNS
FROM TS ENVIRONMENT
WITH NO CENTRAL CcONTROL %
% MAKING THE WHOLE
ANT ANT  COLONY GREATER THAN THE PARTS

\Alsnm{ COMPLEX BEHAVIOUR  FROM  SIMPLE RULES

CECLULAR AUVTOMATA CAN BE VUSED To:

CREATE AUDIOf GWENERATE  PSEUDD BUILD
VISUAL CONTENT RANDDM  NUMBERS PARALLEL  COMPUTERS
q b/g/d]D
(@’ ° Vo (3(2]1(?]7 ]9
2/ 96 0 2|8
$1/2/s/4l4 4|7
&g 8] 15]g
& 1[0V [0,
BUILD SIMULATE

MOLECULAR COMPUTERS BIOLOAICAL PROCESSES

® o
2

L ‘::o
” &




A BRIEF OUTLOOK

COMPLEXITY IS A VERY Mouna SCIENCE STILL TRMINAQ TO ESTABLISH
ITS ROOTS.

ON ONE HAND, THERE IS RESEARCH AND COMPUTING RESOURCES
BEING INVESTED IN (OMPLEKITY SCIENCES. IT HAS GENERATED

MUCH INTEREST THROUAH IDEAS IN ARTIFICIAL INTELLIAENCE,
CELLULAR.  AUTOMATA, ARTIFICIAL UFE ETC.

PN THE OTHER, THERE IS SKEPTICISM AND DOUBT ABOUT THE &DALS
AND THE BASIC BUILDING BLOCKS FOR THIS ScCIENCE.

COMPLEXITY HAS APPLICATIONS SVUCH AS DESIANINA EVACUATION ROUTES
AND MODELLINA TRAFFIC PATTERNS.

IT IS FULL OF POSSIBILITIES — DEVELOPING A COMMON VOCABULARY
T0 ACCURATE(M DEFINE THE PHENOMENA, A NEW T9PE OF
MATHEMATICS To DEPICT THE INTERACTIONS . AND  IMPORTANTLY, THe
CYCLE OF  HYPOTHESIS AND TESTING.

WILL COMPLEXITY MELP US QAIN SQIGNIFICANT INSIAHMT INTD 0QUR
WORLD? WILL A DIFFERENT NEWTON CLOME ALDNG AND INVENT A
HMPERCALCULUS TO BUILD A UNIFIED THEDORY?

ONCLY TIME  WILL TELL.



MORE TO EXPLORE

THIS 1S BY WND MEANS AN EXHAVSTIVE LIST. COMPLEXITY SCIENCE
HAS AFFECTS MANY FIELDS. IT 1S GROWING AND 1T EMBRACES
NUMEROUS (CONCEPTS.

HERE ARE A HANDFUL

GAME THEDRY, PRISONERS DILEMMA
MANDELBROT SETS (FRACTALS)
NORBERT WIENERS (YBERNETICS

ALAN TURINGS MORPHOGENESIS

NOAM CHOMSKYM'S UNIVERSAL GRAMMAR

ANALDAIES AND LEARNING - M- MITCHELLS COPYCAT PROGRAM
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