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Part |: Examples of
dynamical systems which

exnibit chaos

® {he Lorentz system

x [he logistic map

x [he A

SC flow

hall of fame

x [he Standard map
= [ he guadratic map

x [he Newton method

® Billlard maps



N a second part, we ook

closer at connections to other
flelds

= propabllity theory

® QuMmber theory
® geometry

x chemistry
® gstronomy

® mechanics
® SOCIology

®x christallograpy
x disaster prevention

x cryptology
® MUSIC composition

® choreography

x poetry
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| orenz Attractor
1963, Edward
Lorentz

(studied math at Harvard)



The Lorentz flow Is dissipative, the
attractor has zero volume. The
attractor Is a prototype of a “strange
attractor”.

| ets look at an
volume preserv
which also exh

example of a
ng dynamics,
pits “random

motion”.




.z =csiny+bcos X

X =asSinz+CCosy
Yy =DbSiNX+acosz

system

B Ar}iéld-BeItrami-ChiIdress
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from differential
equations to
maps.

—

\_

Polncare
surface

S

The return map
of the ABC flow
IS an area
preserving map

®
dime

h

h

{
S

ne two

ional torus






This motivates the study of area preserving
Maps In general. The simplest examples are
maps of the form

)

n+1 nN-1 n

T[§]=[ f(X)('y ] X 4+ X = f(x

\Viileigle
f(x) polynomial; Henon type maps  Henor

f(x) trigonometric polynomial:  Standard type maps

'

Chirikov, Taylor,
Frenkel Kontorova
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One can not talk about maps
without mentioning complex maps
ike T(2) =z2 +c, where c=u + iV

IS a complex parameter. One can
rewrite this without complex
numbers as

bl

One can look for given (u,v), how fast (0,0),T(0,0),
T(T(0,0)) escapes to infinity. If the orbit stays bounded,

(

one gets the Mandelbrot set.

Brooks, Matelski,Mandelbrot, Douady Hubbard)
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Historically, complex dynamics has

been studied mu
French mathe

1]

Systematically by ¢

U

atic
laa

ch earlier by

dlsS.

h

d Fatou.

A particular system, the Newton
method has been of interest already
to Cayley in the 18°th century.
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Billilards

historicallly one of the earliest
encounters with Chaos are billiaras.

Boltzmann (1844-1906) hard sphere gas

Artin (1898-1962) 1n 1924, billiard in hyperbolic plane
Hadamard (1865-1963)-Hedlund-Hopf, geodesic flow
Birkhoft (1884-1944) in 1927, model for 3-body problem



[T 7/ /\
T\

[ 1117177777722 SSSSS LYY LV

Sooaa A\ VvV |
7777777711111

| [ 7777777277
AR RRRR R

7777771111
2222727777777 11 ]




T Y Y Y Y Y Y YT Y Y YYYYY Y Yy

T I I I N T N Y Y Y YN Y YNTYYTY
JJJJJJJJJJJJJJaz444444144‘
LR R LRRRRRRRRRARRRARRN
JJJJJJJJdac...-.....
K JJJJJ,JJJ'Jd.:.c-:-
JJJJJJJJJ14444441444...1¢..¢—,
MJJJJJJJJA;-‘:t....,,

L)
’Q.

.
..

DO _S_B_ S _V_»_
soetetetaletst

SN _ P B _ P _N_W_
et etetetetetst

o

Tl

=
4

o
-

<
-




Y T T Y T T T Y Y YT Y YIYY Y Yy Yy
JJJ444444444444444444.44 R R EEEEEEEE R R R R R R R
) J/ AR RRRRR AR R AR R R EEREREREER
JJ/JJJJJJJJJJ(;{a-..-...-...-....-..
AR ARARRRAR R R R R IE I I I] y
J 222222 AR EREEEREEEEEEIEEEEEE
Y T Y T T T T T T T T T T YT NN OYNOYNOYNIOYNYNYNYYIYIOYIOYIOYIOY Yy
r 2R EEREREEREREEREREREREEEI I N R R ]

T O Y N Y YT O Y Y Y Y YN Y YNNI YYYYYNYSY

.............4441444444JJJ444J
N N N N N N N N N N N Y Y Y Y Y Y Y Y Y Y Y Y Y YT YR YN YNYNYNYYYY Y Y

TR R Y Y YN YN YRR YY Y Y Y Y Y Y 444441444.4.4JJ.J. J-//

4444441‘44‘44444444444444JJ4JJJJJ/. -» N

Y Y T T T YT I YT YTYIYYYYY Y +

T O T R I I I I I T IYIOTYTIITIIIIIIYI I YT YY ‘ L LrrY)

T T T T YT T T TYY YT Y TN YT YNYYYNYYY .f . v RSN RRRRRRRRRRRRRRRRRRRRRRRRRR RS

T T T T T T T Y T T T T T YT YN Y Y YT YN YYYNYYTY b . :
AR

A AAALALAALL I AL A L A A A L))







<]
s
=l

S
ﬂdmlﬂl.mmﬂl’ S
TS
AMMM,/‘PWI

Tt =

i

I
I

A
% m.\:




N

(/

£ 4 . R T =
g ‘ 'L 3 '. n _;" _4: ;v._ : -
. < - N N T

' ‘;

i

et
AN
3

.

P 7
' L
(17777,

11T
T
N/ /

5
3

X
: "'
%

WAL
/ ,'0::“\\\\\\\\\\‘“

- -
A
”
, 2
o -
; ‘

'o’”&%“
d '0‘0’0‘6 \‘
XN
N

!

)

88
A AL L L L L L L Ll f

X

s '
~ ~ ' .
‘ T ;' '
“,“ SRS RRROC 5
U S WVE W TN T
” 8 '.-’.‘r.-'. At
y -~ - -

AN
A
"

e

- ARARMANNY A
_'.‘.':“‘.“‘."‘.‘““\\\\\\“v

149
l.‘

YA\ LN\

’
5
4

AT




T Y Y Y Y Y Y Y Y Y YN Y Y Y Yy
TP I I T N Y YT YYYYY Y

J ..JLJJ PR RARRRRAR R R R R R R R ERERE

TYYYYIYYY Y Y Y Y

Y Y Y YYYYYYYY Y Yy

TYIYT YT YY Yy Y Y
J44J44.44444,,.,

THYYYYY Y Y Y Y

TYYTYYYIYYNY Y

) | JJJ JJJ 444444.414J
Y999
Rk

TNYNYYNY YN S

.

JJJJIa-..‘.-..
. fJJJJJJz;4JA;444,..
AR R AR R ERERE
' JJJdaaaa.....
- PR RRRRARN
_....' J 4 TY YT Y Y Y Yy Y Yy Yy
R R R R R R R R R R R N N A N Y Jf. P 2222 R R RRRE
. y

e AL ﬂ/ﬂﬂﬂ.,, RAAR
Y Y JJ/1414J444,,
JJJJttat-.. \

.

.
. "
P

T Y Y Y Y Y Y Y Y Yy
TYYYYYYY Yy
TYIYTYYIYI1YYY

thJJJJJJJ...
T I OI999 9y
TYYYYIYYY Y

M
o
."

e
i

.,..44JJJOJ
Y Y YYYYYYYH
Y Y Y Y Y Y Y Y YYS

3
Y Y YYYHYH™
1YY Y)Y ¢4444J4JJJLJJ

Y S Y YNNI

Y Y Y Y YYYNYNYNY Y ,J

YT YTYTYIYYYYYY™Y

Y Y Y Y YT YYYYYY Y J J
Y YYYYNYYYY

,,441‘444J4444J
YT T Y I IIYIOYY Y)Y

....,4444444Jb4.

YT T T Y Y Y T YT YT YT T Y Y Y YYY Y'Y
YT YT YYYYYYYS

YT T Y YT YT YT YT YYYYYYY
..-44444/.JJ

F YT YS
YL
I T YT YTYIYIYYYY Y )
T I Y T YYYY Y
YT Y YT YYYYY YY
.,4,.‘,‘444444444JJ
N YT Y YYYYNYYYYYYYS

D .,._. TITYIIYYYTYNYY .
8

.ﬂ.....44‘444J44ﬂﬂf. \

LI LY EIIYIYIYNY Y




every
orbl
bounded?




— e

N

N\

=

L7

: e
/P
IS %

—

L aand 11
i

\ S

T

k‘:‘-g‘\\ \\\\\\ ‘é \ \ \.
N
\\\\%
N






T Y Y Y Y Y Y Y Y Y YN Y Y Y Yy
TP I I T N Y YT YYYYY Y

J ..JLJJ PR RARRRRAR R R R R R R R ERERE

TYYYYIYYY Y Y Y Y

Y Y Y YYYYYYYY Y Yy

TYIYT YT YY Yy Y Y
J44J44.44444,,.,

T T YITITYIYNYYYY

THYYYYYYYYYN Y

) | JJJ JJJ 444444.414J
Y999
Rk

YTYYYYNYNYY Y

JJJJ.Ia-..‘.-..
fJJJ4444,4J‘,,,,,i
R RRRARAR R R R R
TYYYYYYYYY YN Y

fngJJJJJ,..
T Y YT Y Y Y Y Y Y Yy Yy Y
: ﬁa YYYYYYYY Y Yy Yy

RSB ARRRRRRAR
TYYYSYS Y Y Y Y Y Y Yy
TYYY Y YYYY Y Yy
YTYYYYY Y Y Y Y Y

TYYYYYYY Y Yy
TYYYYYYY Yy
TYYTYYYYNYY Y

JJ“/JJJJJJ:...
FTHYYYYYY Y
YTYYYYYYY Yy

N

JJJ
.1¢ll.ll.JJJ
Y YTYYIYNNYY YTY
...,,4J4J/uf
YYYYYYY
1YY Y)Y ¢4¢44g4 JJJ Y

ARRRRRRRR AR A"\

a4444J/JJJ,J,J

Y YYYYYYY
IRRRRRRRRRR AR N

YT Y Y YYYY
" Y Y NYS NN

11T Y111%11Y 3

.

\ 3 3

....4,444444JJJ :
I T T I I I ITITTYTYYY Y

.‘,‘444444444JJ

YT YN NYYYYYYYYYS

... T YT Y Y Y IYYYYYY JJJJJJJ . \

ARRARAARARARARRR AN




Transcript: Chaotic scene at zoo NEW: Polics spokes
NEW: Zoo personne

NEW: For several m
Attack kills teen Carl

Next Article in U.S. »

k' EXPLAINER

SAN FRANCISCO, California (AP) — Police radio transcripts from the night of a deadly tiger attack revealed
a chaotic scene atthe San Francisco Zoo, as zookeepers struggled to sedate the animal and medics
refused to enter until they knew they would be safe.

Zoo employees also initially questioned whether
early reports of the December 25 attack were
coming from a mentally unstable person,
according to an 18-page log of communications
from police dispatchers to officers and emergency
responders at the scene.

Police spokesman Sgt. Neville Gittens declined to
comment beyond the transcript released late
Friday. Authorities have never indicated their
response was hindered by any delays, and the
police chief has praised officers for their quick
action and collaborative work with the zoo staff.

Zoo officials on Saturday did notimmediately
return messages seeking comment.

The attacks Killed 17-year-old Carlos Sousa Jr.,

whose throat was slashed while he tried to scare
away the tiger. Two of Sousa's friends suffered bite and claw injuries. Paul Dhaliwal, 19, and Kulbir
Dhaliwal, 23, were released from the hospital Saturday. "="" Watch what investigators are looking at »

The first rennrt nf an attark — a male hleadina fram the head —came inat 5" NR nm
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PAKISTAN IN CRISIS
Pakistan 'in grip of chaos and anarchy'

Hopes for Jan. 8 vote dim
as electoral offices
torched, opposition
renews call for boycott

Dec 30, 2007 04:30 AM

BILL SCHILLER
ASIA BUREAU

ISLAMABAD -~ Pakistan slumped

deeper into chaos and

recrimination yesterday as the

death toll climbed and the

prospects for a decisive Jan. 8

election in this blood-soaked

country appeared to grow ever 39 ALy

more remote. " ED WRAY/AI
Supporters of Benazir Bhutto's Pakistan People’s Party light candles during a

Officials said at least 46 people ceremony in Lahore, yesterday. Some 10,000 people chanted anti-government

have now died in riots, looting slogans while holding prayers for slain Pakistani opposition leader.

and shooting following the

Thursday night assassination of charismatic opposition leader Benazir

Bhutto. E! Email stor y

Early today, two suspected suicide bombers prematurely detonated BH print

their bomb near the residence of a senior leader of the ruling party in = g & Choose text size
Bahawalnagar in eastern Pakistan, police said. The men were not far

from the residence of Ijazul Haq, a senior leader of the Pakistan Report typo or correction
Muslim League-Q party, when their bomb exploded and Killed them, E2 Email the author
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Kenya faces chaos after disputed Kibaki
victory

By Bamey Jopson in Nairob
Published: December 30 2007 18:37 | Last updated: December 30 2007 18:37

Kenya was on the brink of chacs and its democratic credentials in tatters on
Sunday night after Raila Odinga, the country's main opposition leader, lost a hotly
contested presidential election that both his party and independent observers said
was not credible.

The east African country has been regarded as one of the continent's most stable
and open democracies, but its reputation crumbled over the weekend as the
results of the poll were delayed, reports of irregularities multiplied, and violence
flared.

~ EDITOR'S CHOICE

Kibaki re-elected as president
of Kenya - Dec-30

The electoral commission said on Sunday that
president Mwai Kibaki secured 46.7 per cent of
the vote versus 44.3 per cent for Mr Odinga.
Minutes later, as the president was sworn in for
a second term in a hurried ceremony, riots
broke out and killings were reported in Nairobi
and other towns.

Post-election chaos in Kenya
worsens - Dec-30

Opposition leads in Kenya
polls - Dec-28

Odinga aims to rise above
tribal allegiances - Dec-26

Earlier in the day Mr Odinga said: “Kenyans will
not accept the results of a rigged election. No
force will stop Kenyans attaining what they
want. The river Nile is unstoppable. It must flow
to the sea.” The government, which accused
him of inciting violence, blocked the broadcast
of an opposition press conference held after results were announced.

Kibaki faces tough test in
Kenya poll - Dec-27

Business backs Kenya's
separation of powers - Dec-24

Koki Muli, head of the Institute of Education in Democracy, said: “This is the
saddest day in the history of democracy in this country. It is a coup d'etat. The
process does not have integrity and credibility. Do these people not care about




{OME NEWS MOVIES ™ DVD REVIEWS AWARDS THE LOUNGE Bl

THE ULTIMATE OSCAR PREVIEW

Studio: Lionsgate Home Entertainment
Rating: R
Genre: Action / Thriller

REVIEW

NEWS

TRAILERS

BUY THE POSTER

SYNOPSIS:

ON DVD The film is described as a bank heist tale of a rookie and veteran cop, played by P
bank robber (Snipes) who knows too much about the inner workings of the police
has a personal connection to one of the cops. ~ The Hollywood Reporter

PHOTOS:
THERE ARE NO PICTURES AVAILABLE FO

TRAILERS & CLIPS:
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POssIbly

he simplest

demonstrationr

of “chaos” IS an

experiment with interval maps.

change C



T(X) = 4x (1-X)
e S(X) = 4x-4x°

we start with the same point!



difference
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In the rest of the talk, we look at examples which
lead to other fields.

x probabllity theory x number theory
= geometry x chemistry

® gstronomy X mechanics

® SOclology. x christallograpy
x disaster prevention ® Ccryptology

® MUSIC compaosition = choreography

x poetry



orobabllity: random walks

dependence
and
iIndependence









olanimetry: the pedal map

/Q

4

A dynamical system on
the set of triangles

Kingston and Singe,
analyzed by P.D Lax
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the barycentric
description
of a triangle /%
IS a point inside

an equliateral
triangle. A
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AP Associated Press

Go to Google News

In this photo made by the Mars
rover Opportunity and released in
this Oct. 2006 file photo, by NASA

shows a view of the "Victoria crater”

looking southeast from "Duck Bay."
A newly discovered asteroid has a
1in 75 chance of slamming into the
Red Planeton Jan. 30, 2008,
scientists said Thursday, Dec. 20,
2007. If the asteroid does smash
into Mars, it'll likely aim near the
equator close to where the rover
Opportunity has been exploring the
Martian plains since 2004. (AP
Photo/NASA, JPL, CORNELL)

Related News

Asteroid Could Strike Mars in Early
2008
Voice of America - 5 hours ago

Asteroid heads for Mars
Telegraph.co.uk - 23 hours ago

Asteroid could hit Mars next month:
NASA
AFP -Dec 21, 2007

Full coverage »

The Catalina Sky Survey opens the 80-inch Mount

Asteroid May Hit Mars in Next Month

By ALICIA CHANG - 1 day ago

LOS ANGELES (AP) — Mars could be in for an asteroid hit. A newly discovered hunk of
space rock has a 1in 75 chance of slamming into the Red Planet on Jan. 30, scientists
said Thursday.

"These odds are extremely unusual. We frequently work with really long odds when we track
... threatening asteroids," said Steve Chesley, an astronomer with the Near Earth Object
Program at NASA's Jet Propulsion Laboratory.

The asteroid, known as 2007 WD5, was discovered in late November and is similar in size
to an object that hit remote central Siberia in 1908, unleashing energy equivalent to a
15-megaton nuclear bomb and wiping out 60 million trees.

Scientists tracking the asteroid, currently halfway between Earth and Mars, initially put the
odds of impact at 1 in 350 but increased the chances this week. Scientists expect the odds
to diminish again early next month after getting new observations of the asteroid's orbit,
Chesley said.

"We know that it's going to fly by Mars and most likely going to miss, but there's a
possibility of an impact," he said.

If the asteroid does smash into Mars, it will probably hit near the equator close to where the
rover Opportunity has been exploring the Martian plains since 2004. The robot is not in
danger because it lies outside the impact zone. Speeding at 8 miles a second, a collision
would carve a hole the size of the famed Meteor Crater in Arizona.

In 1994, fragments of the comet Shoemaker-Levy 9 smacked into Jupiter, creating a series
of overlapping fireballs in space. Astronomers have yet to witness an asteroid impact with
another planet.

"We estimate such impacts occur on Mars eve




riday FebrL.Jrary 2007 TU24 (610 m diameter) zooms
1, 2008: by In a distance of 550000 km,
comes back in 2027
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Asteroid To Make Rare Close Flyby Of Earth January 29

clenceDaily (Jan. 24, 2008) — Scientists are

momtor mg the or b|t of astel oid 2007 TU24.
The asteroid, believed to be between 150

meters (500 feet) and 610 meters (2,000 feet) |_—
N size, is expected to fly past Earth on Jan. s
29, with its closest distance being about Tl S ) - '
537,500 kilometers (334,000 miles) at 12:33 s S (B0 g .0
a.m. Pacific time (3:33 a.m. Eastern time). It R - T L. o o
should be observable that night by amateur S

astronomers with modest-sized telescopes.

© 2007 TU24
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January 30, 2008: 5007 WD 5 (610 m diameter) zooms

oy Mars.

@ NowPublic 132,878 contributors in 5,684 cities I
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Technology News

(V) Asteroid: MARS ATTACK

by Barry Artiste | December 21, 2007 at 09:40 am | 6551 views | 3 comments

it will be interesting to view this as a televised asteroid attack if scientists
J | | bets oad Photos & Video
are proven correct in their assertion that an asteroid impact on Mars P

would be on a scale of 15 megaton nuclear bomb.

Asteroid could collide with Mars in late January: astromomers

This image provided by NASA's Hubble Space Telescope shows a
close-up of the red planet Mars when it was closest to the Hubble
- just 88 million kilometers away from Earth on
)ec, 18, at 11:45 p.m. Universal Time (6:45 p.m. EST). (THE
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Cosmology: blackhole collision

partial differentia
equations, mucr
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Numlber theory: Dickson system

T(n) = sum of proper factors of n
1O) = 1+24+3 =6 fixed point of T

A dynamical system on
the set of hatural numbers
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Number theory: Collatz system

A dynamical system on
the set of hatural numbers




Collatz system
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Sociology: spatial dynamics

Does It pay off to
cooperate”? The May-Novak
CA



3

3

3 3
/ !
7/ 8b
! /!
3 3

3

3

3

every person changes to

becomeas the guy with the
pbest payoft
00d.

N Its neighbort

or:le
good

X: number of
bad neighbors

Vi-numloer of
good neighibors

10 | X ®
o O |V ®

O: payoff for good guy
g: payoff for bad guy



for
ne

0 O o /

or:le
good

50 3b 5b 6 X number of
bad neighbors

Ol i Baldts B

Vi-numloer of

good neighbors

50 3b 5Bb g 1

o

o O o /

O] | X ®
O] |y Q

o>1, It has payed off to become bad in the

ighbbornood of the bad guy. We
BSadness spreads

nave a gang.
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Music: structure

Dynamical systems 1o
generate or vary
narmonies.




Bifurcation diagram of the logistic map

n=100000; £ = Compile[{x,t},Evaluate[(2.9+1.1*t/n) x (1 - %x)11;
ListPlay[FoldList[f, Random[], Range[n]], SampleRate -> 5000]

205




CellularAutomaton S0

nlzs]= Sound[SoundNote[DeleteCases|[3 Range[31] Reverse[#], 0] -48, .1] & /@
Transpose [CellularAutomaton[90, ({1}, 0}, 30]1]]




random melodies




random accoras




Phillipp Fischer

fractal music 2

inspired by Martin Gaertner and
Diana Debby (Tufts)




Improvisation principle:

there are certain
transitions which
Wwork, others which do
Nnot work. Just
take a random choice
of a good transition.




A=10> ¢ d d* € F 2 g g gath U LD IBE F F# L GEATAEH x)

EV))El’ 0’ 0' 0’ 0’ 1’ 0’ 1’ 0' 0’ 0’ 0’ 0’ 0’ 0' 1’ 0’ 0’ 0’ 1’ o’ 0’ 1’ 0%’ [ | | [ |
»c#%){0, 0, 0, 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 0,0, 0, 0,

(<) {0, 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,00 00 0 0 0 0}, / TranSItlon I I Iatrlx
(>ie){0, 0, 0, 0, 0,0, 0,0, 0,0,0,0,0,0,0,0,0,0,0, 0,0, 0,0, 0},

(xex) {0, 0,0,0,0,0,00,0,0,00,0,0,0,0 00,00 0,0, 0, 0},

(fx) {1, 0,0, 0,0,1,0,1,0,0,0,0,0,0,0,0,0,0,0,1,1, 0, 1, 0},

(>f#x){0, 0, 0, 0, 0, 0,0, 0,0,0,0,0,0,0,0,0,0,0,0,0,0, 00, 0},

(>gx) {1,0,0,0,0,1,0,1,0,0,0,0,0,0,0,0,0,0,0,1, 0,0, 0, 0}, . .
(g#<){0, 0, 0,0, 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 0},

{xa%) {0, 0,0,0,0,0,0,0,0,0,00,0,0,0,0 00,00 0, 0,0, 0},

(%a#%){0, 0, 0, 0, 0,0, 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 00, 0,

(dp<) {0, 0,0,0,0,0,0,0,0,00,00,00000 0 0 0 0 0 0},

(xCx) {0, 0,0,0,0,0,00,0,0,00,00,0,0 00,00 0,0, 0, 0},

(xC2%){0, 0, 0,0, 0,0,0,0,0,0,0,0,0,0,0,0,0 0,00 0,0, 0, 0},

{(xDx) {0, 0, 0,0,0,0,00,0,0,0,0,0,0,0,0,0,0,0,0 00,0, 0},

(>Dee){1, 0, 0,0, 0,1, 0,0,0,0,0,0,0,0,0,0,0,0,0 1,0, 0 0, 0},

() {0, 0,0,0,0,0,0,0,0,0,00,0,0,0,0 0000 0 0 0, 0},

() {0, 0,0,0,0,0,00,0,0,00,000,00 000 0 0 0, 0},

(F2<){0, 0, 0,0, 0,0,0,0,0,0,0,0,0,0,0,0,0 0,0, 0,0, 0,0, 0},

(0) {1’ 0' 0' 0’ 0’ 1’ 0’ 1' 0' 0’ 0’ 0’ 0’ 0' 0' 0’ 0’ 0’ 0’ 1' 0' 0’ 1’ 0}’

(xG#<){0, 0, 0, 0, 0,0, 0,0,0,0,0,0,0,0,0,0,0,0,0, 1, 0, 0, 0, 0},

(>¢pe) {0, 0,0, 0,0,0,0,0,0,0,00,0,0,0,0, 00,000, 0, 0, 0}, .
(hm){1, 0, 0,0, 0,0,0,0,0,0,0,0,0,0,0,0,00,0 1,1, 0, 0, 0},

(<) {0, 0,0,0,0,0,0,0,00,0,00,0,00,0,0 00,0, 0 0,0}

AT = Transpose[A]: T[x_] := RandomChoice[Position[AT[[x]], 1]1[[1]]: n

markovchain[m_] := NestList(T, 1, nl:
cminor = 11, 4, 8, 13} cmajor = {1, 5, 8, 13}: e = {1, 1, 1, 1}; dim
CiSminor = cminor + e: cismajor = cmajor + e:

dminor = cminor + 2 e: dmajor = cmajor + 2 e:
disminor = cminor + 3 e: dismajor = cmajor + 3 e:
eminor = cminor + 4 g emajor = cmajor + 4 e: .

I
P
~+

fminor = cminor + 5 e: fmajor = cmajor + 5 e:

fisminor = cminor + 6 e: fismajor = cmajor + 6 e:

gminor = cminor + 7 e gmajor = cmajor + 7 e:

gisminor = cminor + 8 e; gismajor = cmajor + 8 e:

aminor = cminor + 9 g amajor = cmajor + 9 e:

aisminor = cminor + 10 e: aismajor = cmajor + 10 e

hminor = cminor + 11 e: hmajor = cmajor + 11 e:

minors = {eminor,[Eisminor, dminor, disminor, eminor, fminor, Fisminor, gminor, gisminor, aminor, aisminor, hminor}:
majors = {icmajor, cismajor, dmajor, dismajor, emajor, fmajor, fismajor, gmajor, gismajor, amajor, aismajor, hmajorl):

accordlist = Flatten[{minors, majors}]:

accords = Partition[accordlist, dim]: songlength = 30:

sn[{s_, £}] := Soumxlote[s, t]: chain = markovchain[songlength]:

aal = Table[sn[{accords[[chain[[K]]1]], 1}], {k, songlength-1}]:

uu2 = Flatten[Table[{RandonSample[ accords[[chain[[k]]]]], RandomSamplelaccords[[chain[[k]]1]]]},{k,songlenath}]]:
aa2 = Table[sn[{w@2[[1]]1,1/(2 dim)}],{1, Length[uu2]}]

uu3 = Flatten[ Table[ RandonSample[ accords[ [chain[[k]1]1]]1],{k,songlength}1]:

aas = Table[sn[{wB[[1]],1/din}], {1, Length[uu3]}]

markovsongl = San:l[.[aal, “Piano”]]; 881 = iarkousongl: M at h em at I Cda p rOg rarm

markovsong? $= Sode Eaa2, "Harp"]%i 552 = markovsong2:
markovsong3 = Sound aas, "Cello”]]: 553 = markovsong3: . .
g S e which generated this
Bxport[ “Riceaceands? nidi”, ss2, “NIDI"]
Export[“niceaccordss.nidi”, ss3, “NIDI"]



Musical variations from a chaotic mapping
Diana S. Dabby

Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139

(Received 27 March 1995; accepted for publication 15 February 1996)

A chaotic mapping provides a technique for generating musical variations of an original work. This
technique, based on the sensitivity of chaotic trajectories to initial conditions, produces changes in
the pitch sequence of a piece. A sequence of musical pitches {p,}, i.e., any piece ranging from Bach

(or earlier) to contemporary music, is paired with the x-components {x;} of a Lorenz chaotic
trajectory. Each p; is marked on the x axis at the point designated by its x;. In this way, the x axis
becomes a pitch axis configured according to the notes of the original composition. Then, a second

chaotic trajectory, whose initial condition differs from the first, is launched. Its x-components

trigger pitches on the pitch axis (via the mapping) that vary in sequence from the original work, thus

creating a variation. There are virtually an unlimited number of variations possible, many appealing
to expert and nonexpert alike. © 71996 American Institute of Physics. [S1054-1500(96)00502-7]
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Art intersects science:
Dabby creates music out of
chaos

March 18, 1998

Fifteen years ago, Diana Dabby was enjoying a flourishing
career as a pianist and composer, performing in New York's
Weill (Carnegie) Recital Hall and abroad. Then one day she
found a series of articles on computer music -- all written by
mathematicians, computer scientists or electrical engineers --
which led her back to college and into the field of engineering.
In 1987 she became a graduate student in MIT's Department of
Electrical Engineering and Computer Science (EECS) and in
1995 received the PhD for her thesis, "Musical Variations from a
Chaotic Mappina."
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Two poems. Can you fing
the author?



O mistress mine, where are you roaming?
O stay and hear! your true-love's coming

qumey S e
Every wise

What is love?:
Present mirth:hath present laughter;

Nd N lovers' 1w

eetl

man:s son dot

That can sing both high and low;
rp No further, pretty sweeting,

Ng--

N KNOW.

‘nis not he

reafter;

What's to come is still unsure:

In delay there lies no ple

Then come Kiss me, Sweet a

LY, --
nd twenty,

Youth's a stuff will not endure.



the mellow rose gave us the graceful misery
a happy flower gave you a burning desire
you desired a sad girl

a mellow gir
a sweet despal

a Spirit

the

E5S

the r

she cried kinaly

the rose danced
delicate flower felt me

KISS'S

ice gir

fondled us passionately
gl

ed from the spiritless girl

-/

rrendered passionately
danced burning



(*Mathematica by O. Knill, adapted from Java program by Nandy Millan *) AD AI\/I

Adjectives={placid,mellow,nice,sad,happy,noisy,cold,warm,beautiful,delicate,
sweet,soft,graceful,pretty,captivating,desiring,languishing,fragile,exquisite,
graceful,deafening,spiritless,heartbroken,stormy,carnal,frenetic,burning};
Adverbs={soon,late,desperately,passionately,slowly,softly,carefully,tenderly,gently,quickly,kindly};
Articles={the,a}; Ditverbs={gave,told}; Opronouns={me,you,him,her,us,them};Spronouns={l,you,he,she,we};
ltverbs={cried,fell,died,came,anguished,surrendered,shouted,whispered,danced,dreamedy};
Nouns={heart,girl, mouth,love,lover,flower,sun,breeze,rose,kiss,misery,despair,
passion,desire,warmth,fire,flame,fantasy};

Preps={from,for,with,in} Pronouns={l,you,he,she,it,we,they,me;him,her,us,themj;
Tverbs={loved,kissed,touched,felt,desired,cuddled,fondled,enjoyed}
Verbs={loved,escaped,sang,cried,hoped,fell,died,came;slept,shouted,kissed,touched,felt,
whispered,danced,desired,dreamed}

Adjective:=RandomChoice[Adjectives];Adverb:=RandomChoice[Adverbs];Ditverb:=RandomChoice[Ditverbs];
ltverb:=RandomChoice][ltverbs];Noun:=RandomChaoice[Nouns];Opronoun:=RandomChoice[Opronouns];
Prep:=RandomChoice[Preps];Pronoun:=RandomChoice[Pronouns];Spronoun:=RandomChoice[Spronouns];
OPronoun:=RandomChoice[OPronouns];Tverb:=RandomChoice[Tverbs];Verb:=RandomChoice[Verbs];
Article=RandomChoice[Articles]; Subject:=RandomChaoice[{{Article,Noun},{Spronount},{Article,Adjective,Noun}}];
Predicatelist:={{Adverb}, {Prep,Article,Adjective,Noun}, {Prep,Opronount,{Article,Adjective,Noun},
{Opronoun},{Article,Adjective,Noun,Adverb},{Opronoun,Adverb},{Opronoun,Article, Adjective,Noun}};
Verblist:={{ltverb},{ltverl},{ltvert},{Tverb},{Tverb},{Tverb},{Tverb},{Ditverb}};
Predicate:=RandomChoaice[Table[{Verblist|[i]],Predicatelist[[i]]},{i,Length[Verblist]}]];
Object:=RandomChoicel[{{},{Adverb},{Subject},{Opronoun},{Prepsubject}}];

Verbobject:={Verb,Object}; Prepsubject:={Prep,Subject}; Subjectpredicate:={Subject,Predicate};
Continuation:=RandomChoicel[{{},{"and",Subjectpredicate}}|;
Sentence:=Flatten[RandomChoice[{{Subject,Verbobject,Continuation}}]]; Poem:=Do[Print[Sentence],{10}];
Poem
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MIT news

advanced search

kol 'Father of Fractals' takes on
the stock market

e Seeing a snowflake pattern in the
events
archives N A SD AQ
e Katharine Stoel Gammon, News Office Correspondent Partial view of the
November 16. 2006 Mandelbrot set fractal.
subscribe R ' Enlarge image
podcasts Benoit Mandelbrot is world-famous for making mathematical
E-NEeWs sense of irregular shapes--clouds that are not round,
tech talk mountains that are not cones, coastlines that are not smooth,

and now, stock markets that are not as simple as previously

thought.

Mandelbrot, known as the "father of fractal geometry," spoke
services Nov. 8 to a crowd of more than 200 people in Room 10-250. His
quest images talk was the first in a series sponsored by the MIT Molecular
Frontiers Club. Molecular Frontiers is a new international
alliance of scientists, including several at MIT, intended to
inspire young people to get involved in science. The title of
Mandelbrot's lecture was "The Mandelbrot Set and Fractals in
Finance."

l-b':‘l
submit new:
promote news

media inquiries

about us
news office info Mandelbrot coined the term "fractals" in 1975 to describe
MIT backaround shapes that appear similar at all levels of magnification and are =~ Benoit B. Mandelbrot
) also called "infinitely complex." Examples of fractal-like
structures in nature include snowflakes, rivers, broccoli flowers
and systems of blood vessels, TOOLS




FRACTAL .z
market hypothesis.
MARKE I Instead of Brownian
motion (independence)

A-NAI_‘ ! SIS nave correlations.

Fractal dimension
APPLYING as a measure of

CHAOS ‘ volatility

THEORY TO (standard deviation

AN [NVESTMENT of security prize
@& & ECONOMICS s

ERIG AR B FETERS

Author of Chaos and Order in the Capital Markets
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an Price and Mike Betar

M




YYYYYYYH

TYIYYIYYIYY JJJJJJ

L J
s
L ]
.0
L]
L J

.'
B
.
.
-
.
.
s
s

a"E
e
e
e
..‘
L e J

.o
MMM
o%s%:%:"
%%
esesesey
seeseses

**s%
soete

veses
ser
L J
%
L ]

".5
e
P

‘l
o
.'

e
.

Y Y YNYYYYS

1
) Y
Wy Y
YT YYYYS JJJJ‘
Y

'Y YY Y Y™ J

T Y Y Y Y Y YY Yy N NAaS

J~JJ.J¢4444444-444..
T T T T YT YT YT YT Y Y Y Yy Yy

AN

AR RARRRRRRRRRE
AT YT Y Y Y Y Y Y YY YNNI

)

TI T I T T I T

Jd JJ“JJJ/.JJ/zz...,.
Y

.J.JJJJ‘4444;;4/,.,.4¢,;

.

TITITTY Y Yy Yy
JJJJJJa;aa;.«-
T I T IIYIYTOYY Y

' BB R

200

JJ444444444..,.

YYYXY)
YYYYYYYYYYYY Y Y

4/44444z444.....

T I YY

O

TIIXIIYY Y

J.JJJJJJJ;;;;;;

L B

2%

TI I I I TV

e Y999 NN NN
fqbbeJJJ..

YT T T T T I I YIYTYYY Y Y

I IIIIYYYYY

.....44«41144JJJJ.

YT YTYTYYYYY Y Y

.,‘.‘44441444444

.‘,44444J4JJJ

X
b

' 'y .
Y Y Y YYYYYS

TR RIYIYIINY

v Y'Y L“JLJLJJJJJJJJJJJJJJJLJJ )

1111114414444JJJJ

Y Y T Y Y YT YT YYYYYYYY

I I T Y Y YT Y YT Y Y
IBARRRRARRRR R RN

YT YT YT I YTYTYYY Y YY
,..‘.‘4‘444J444444JJ4~JJJJJ,
\ RARRARREA RN RN

1YY YT IYYYYYYYYYS

Y T T I T T T T T T T T YT TYTYTYTYTYT Y Y

1T T YT YT YT YT YT YTYYYYY YN

'Y YN S
\

LANLY

AR

YYYYYYY YY1y

.JJ“J TYYYYYYIYSN Y Y

JJAJJJJJ,_1444..
Jszzlz..
J

JJJJlJIJa/.J,,

n

YT I T I T TYTYTCYTYTOCTOTOTYTTYTYTY
T T T T T T T T T T T T T T Y YT YT YT Y Y Y Y Y YT Y Y Y Y YYYYAYYYYNMY YN

Jd..._4.4.

FTEYYYYYYSY Y

AYY Y YY YN Yy Yy Y

YTYYYY YT Y Yy

JJ44444¢¢4.

N
TEL)

"

YT Y Y Yy Yy

T I YT Y Y Y Y Yy
PSR RRRRRRRRRE
Ty

Y'Y YY Yy

JJJ.JJaJ;/J,,,

JJdddttn..

JJJJ,JJJ«....

(.

SRS

PRRRRRRRRRRS
PR RRRRRARN

y
\

TIYYYYY
YYYYYYYS
TYYYY Y)Y
™ YYYY Y
TYIYYYYIY

THYNYNYYNYNNS
JJJJJ.;«za;;;;

T Y Y Y Y Y Y Y Y YT Y Y Y Y
T Y Y Y Y Y Y Y YYYYYY YN YY




Using Chaos to Generate
Variations on Movement Sequences

Elizabeth Bradley and Joshua Stuart’

Department of Computer Science

University of Colorado
Boulder, Colorado, USA 80309-0430
[1izb,stuartj]@cs.colorado.edu

Chaos, 8:800-807 (1998)

ey Abstract

iy Josh Stewart, UC Santa Cruz

Using Lorentz Using Roessler
attractor attractor
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Credits

CAS: mathematica
raytracing: povray

spider uses povray code of Rafael Ghiglia,
2001

mandelbrot: xaos fractal zoomer with
additional scripts

choreography sequence: bradley and
Stuart (Colorado)

trading sequence: Movie: “Trading-Places”

chaos sequence; Movie: “Jdurassic Park”

movie scene from “the bank”

movie scene from “Grease”

primes-on Ulam: spiral: movie “Code
conspiracy”

cellular automaton accord: wolfram
research

Blackhole - merger: NASA

Poem by William Shaespear

Poem generator A.D.A.M. by Nandy Millar
fractal paintings: Kelly Dietrich

3 body problem picture by Mathew
Holman and Joe Christy in forword by D.
Goroff to Poincare’s “Nouvelle Methods”.



