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Now we only see models,

like reflections in a mirror;

but then we shall see face to face.
Now | only know partially;

but then | shall know as fully as

I am myself known.
St. Paul, 1%t letter to the Corinthians, 13:12

Plato : shadow of reality; Kant : phenomenon and
underlying noumenon.

We only see reality through models!!
Mathematical Model is a representation and analysis

of reality through mathematical symbols and
concepts.

False facts are highly injurious to the
progress of science, for they often
endure long; but false views, if
supported by some evidence, do little
harm, for every one takes a salutary
pleasure in proving their falseness.
Darwin, The Origin of Man, chapter 6
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Bode’s Law of Astronomy 1778
0 3 6 12 24 48 96 192 384
47 10 16 28 52 100 196 388

040710 16 28 52 10 196 388

Mercury 0.4 (0.39) Venus 0.7 (0.72) Earth 1.0 (1.0)
Mars 1.6 (1.52) Asteroids 2.8 (2.77) Jupiter  5.2(5.2)
Saturn 10 (9.54) Uranus 19.6 (19.19) Neptune 38.8 (30.07)

Pluto fails (39.60)

“Plutoed”

Fovell, 2008 [‘ﬂ(J'ZVE’

This model will be a simplification and an
idealization, and consequently a falsification. It is
to be hoped that the features retained for
discussion are those of greatest importance in
the present stage of knowledge.

Turing The Chemical Basis of Morphogenesis 10
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Rate of Change

Pefh = B

the Mathematics of Change

THEAE . Chain Rule(i 4 &)
N — ()

du  OJudr  Jdudy

T ordl oyt

df
|“ z - pa N
A0 glds)  dg it i 2
P 2

. ey .
i sine Ty 2
im = :
0 dy

Ty R s o 7o xRl

“Six monkeys, set to strum unintelligently
on typewriters for millions of years, would
be bound in time to write all the books

in the British Museum.” Huxley
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Resistance: R=0C—

2 Ap . .
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Mt~ - The Resistance is Minimized when:
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pol 13 ! 14
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Power = Force x velocity J
Forcex= Density x velocity"2 x Area
YRR, SArET i A A R IR 91,548, BIHEY
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= FE wer x tlimne = energy
Yo | power e CNCTEY -
{E .
—= =0 0k y
Ju? ut ;
t——=U0=u==v
u—v  (u—wu)® 2
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Hamilton’s principle

Fermat's principle

Minimization

T(a) = Jiz = n‘|’l‘+y.‘ L (£ —n‘_I; +yf]t

=m=a) 1 6 (e=m) 1
ltzs —aP +35]F Vi * [(ma - +3)F W&

=0

This is the Snell's Law. 17
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Apparent
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FIGURES.13 Therefraction of light as it passes fron the water into the
less-dense air causes a fish to appear closer o the surface than it

actually is.
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(2) #i Ao = 2E &
(3) 58 Bl R
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food per visit

t .
4(t) = —— nectar collection rate = -
: +7 time
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Function y = f(x)
Commonly Occurring Functions

Polynomials: approximate with a high degree
of accuracy, almost any existing function

IVDWIG

Trigonometric functions cos sin BOLTZMANS

W

Exponential functions e

Logarithmic function log In
s=k log w

- BP0 - ARE??
p’nﬂ?Function 4‘

(BED)
y y = f(x)
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dx dx?
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Exponential functions are both man’s
best friend and worst enemy.

;
dr et=1+4+1+4
— = -
dt

2(t) = z(0)e! A

20.
rz ?.i 5

J_r— — — — —
e =1 I‘+‘21 CTR !

e eua Lo
e-folding time e
G )

Exponential Growth
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dN _ kN Finding k from two
dt observations

N(t) = N{tg)e =t N(t) = N(ty)e *01—to)
_\'“3] — _\-””]r Kty —to)

_ N(t1) — o klti—tz)
Nitz)

N(t) N’(fg} k tO

Exponential Decay k=
Dating &=

Half life 5 Fei]

25

Ui(t) = U(¢)
Ta(t) = 7335 ()

Age of the Solar System

ol .
= —M 0
ot P
dlls
= —Aalis
et -

A _ Im2 /44T yr
A ) T In 2/0.707
L7y () f'|(“Jr[,\. Ag)t
Ua(t)  Uz(0)

We do not know the initial

U238 and U235 at the beginning Ta(ry — 1378
of our solar system, but the nuclear -
Synthesis theory suggest that the ratio Ly )
is approximately equal to one. a1 -
37.8
- 137.8) 5.07TCGyr 2

» — Ay

Radiocarbon Dating
leby Nobel Prize for Chemistry in 1960
C14 half life ~5700 years:

Ratio of C14 to C12 is constant for living matter,
Begin to decay when dead.

In2

5700

2 1,216 w1074

Noe™%1/2 = N,

Nt ='.' Assumed to be ™
{1) . the same as present R “

pN(tg) = N(t1) = N(to)e 1)

incroasing viral divarsily
Acute Chronic AIDS

Bg B O @ ool @
2%fo0 S5
Plasma veaomia

I = CD4* T ymphocytes

Virad sat-point

Prirmary
Infaction

Weaks Years
Dormant Phase

i

Inp
to=t1+— )
HIV Modeling - . The profound study of nature is the
Pereleon and Nel g ] most fertile source of mathematical
erelson and Nelson (1999) . .
By - discoveries.
dv B EECEC

dl - .
o - TV — ol

P = NaT.

Plte) = eV(ty) ~ 2 x 3 % 10° (1/(day - ml))

V: number of virions Early and aggressive therapeutic
p: rate of production of new HIV virions
c: clearance rate for the virions in the plasma
T: infected target cells in unit volumn
- non-infected cells in unit volumn
ik XN TV EE Y S I . A
R R " P x-SR PR

clinical impact is to be achieved.

intervention is necessary if a marked

29
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Fourier, Jean Baptiste Joseph

1768-1830
1807 at age 39; argued with Lagrange and
Laplace on the representation of a triangle

Heat emission or diffusion (by IR) wave with cosine and sine functions.

His calculations showed a very cold f(x) does not have to be analytical,
surface (No green house effect) f(x) does not have to be periodic®
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10000 " - T " ) Feedback g
A 4 "1 = Lions
iti dback i dback
8000 ¢ I :| : . - =(Gazelles Positive Feedbac Negative Feedbacl
£ 6000 \ 1! do oy
= I =Y T
‘—'E‘ 1 ] dt dt
£ 4000 ! dy _ dy _
dt dt
2000
HETF % CaEing
) . ; ; B S mVERR
% 5 10 15 20 25 s 3002 5T SR e e
& L "
Time (yr) CEES S ;ﬁpwj i
Example 8-11 31 * f 32
30

Periodic phenomena are actually
everywhere in the biological world.

What else can you think of?

33

Negative Feedback Oscillators
P KPS TR

CHEYE A dy
SVESREES TS RTE g

/\ dx

f\/‘( o

What can X and Y be? X Cost Y Sint

34

NF- x B and | k B Model

X: nucleus NF-g B

Y: kB
d
—X=S—ax—
dt e
d
output ayzﬂ_é‘y
35

Science 298: 1241-1245.

Summary of
NF- £ B and | £ B Model

2=0.3,5=0.3
a=0,6=0

By controlling @ and &, acell can

decipher the same stimulus in
different ways.

What controls @ and §?

\ a=1,6=1

time

36




NF + FS + Multiple equilibriums
NF + Fast and Slow

Negative Feedback “’_" = — 1'3 +q
Romantic Romeo and Fickle Juliet  (strogatz 1988) I dt ’ v
g _ dr
dt 4 P {
R _ Al dt w_ .,
dt T 7 dt T dy _ dy i dt
dt E = &k y
27 PR i | f
/ costsintdt =10 Vv /T\ /—l_\ \/
0 N P * _ X
i T i
: N, N li
o =10
X =sint, y = cos t y y
Cos #! Sin %ﬁlﬁﬂ"?\pﬁ! t u \/ y>0
T i) . % ]
=0
S 7 v B\ Vo
Cautious Romeo and Juliet
Arm Races Henri Poincaré
iR
o =—aR+hJ ) I ——————
! dr French
— = —afr —x { ~ - .
] IR dt a(r = o) + by (1854~1912) Mathematician & Physicist
— =i+,
dt dy ) }
M\ (- _ﬁ') P —aly —yo) +ba Chaotic deterministic
" - ~a+h, system
H.‘ 25 . 1 e X, y war potential s b -
I - | r +h 1 r 1l/a<1/b Truce &—s— ;}-ﬁ G ;’:ﬂ,ﬁ‘/w ‘A ih
) w as ! 3% rp R
(Peace?) e 4 /;‘g %o
Fallingin Love b>a 1/b <1/a . i 2
mw,u\gjwﬂx (;ﬁ@ﬁﬁrﬁﬂg) s Science and Hypothesis # o
T
Edward Norton Lorenz American

1917~2008 M

athematician & Meterologist

o =10, r=28, b=§

6.
. 24, 412, 0. 12. 24. 36,
X

Time Series — Initial Condition Slightly Difference

(xy.2)=(0.1,1)

(x,y,2)=(0,1.001,1)

(xY,2)=(0,0.999,1)

42




sz Butterfly Effect Chaos i

me o map y=x® e

Bt
x=0.99 y~0.74
0.02 0.61
x=1.01 y=~1.35

FEARAN A4 ek | |
“Sensitivity dependence on initial condition.”

H Poincare s

T
Thomas Robert Malthus
[T Wikipedia |
(1766~1834)

English demographer and political economist

44

Malthusian Model

Population Growth

Im& dx dp I
A0 AL dt @ P = pEp

i

Logistic Effect

Time Series (F5 & & 71])

in 5 i i) He o
e =ap— 4p° =ap(l — ftJ 4
i 5| = mma gk
Logistic effect
25 .
—p=05
—p=1.0
2 —p=1.5
—p=2.0
a.1.5:
1.
05 50 700 150

Lotka-Volterra Model
e

A Predator-Prey Model

Humberto D’Ancona
1926

World War One  {fi ¥ - fy/m-+

Port 1914 | 1915 | 1916 | 1917 | 1918 | 1919 | 1920 | 1921 | 1922 | 1923

Predator | Fiume | 12% | 21% | 22% | 21% | 36% | 27% | 16% | 16% | 15% | 11%

Prey Trieste | 14% | 7% | 16% | 15% - 18% | 15% | 13% | 11% | 10%

i dy

— o4 T,
T i ry pr o ry

47

Vito Volterra

(1860~1940)

Italian
Mathematician & Physicist

Contribution:
1) Mathematical biology

2) Volterra-Lotka equations

48




dx/dt = x(1-y)

i

ot

r =y

dy

4 xr,
t oy

dy/dt =y (x-1)
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W2 1 15 ] 25
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dx/dt =
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i

ot

-

iy

dy
ot

oy

dy/dt=y

B

(x-1)

T
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Phase Diagram iy )
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dr
A
dy

h=0.5

Phase Diagram

Harvest effect
Hiza ¥ 2akdn o
e BFIE T BT
VoA Y
AR RRIRE

B o

1960 DDT # i

REEER
kFE AT
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d.r_ll _ ;
”_—f—.l{ —x)—=h

h: constant rate of population harvested.

x|

ol

.

' EESN

EEET g
14

Figure 1.7 The bifurcation diagram for
fylx) = %1 - x1 - h.

Small changes in harvesting rate can lead to disastrous changes
in population has been observed many times in real situations on earthy,

Epidemics

« Epidemics: epi “upon” and demos “the people” ,

i.e., “upon the people”

« An epidemic is the occurrence in a community
or region of cases of an illness, specified health
behavior, or other health-related events clearly
in excess of normal expectancy; the community
or region, and the time period in which cases
occur, are specified precisely (Last JM, ed. A
Dictionary of Epidemiology. New York: Oxford

University Press, 1995)

The “Black Death" of 1347-51




s _ o SIR Model
dt o |
dI

o= +381 — el = (35 — o)

dR
= +1ef

1+ Recovery Rate

(3 Infection Rate

1
L—1 Jine
No Death in the model - ] A null clin

Forecast and control of epidemics in a

globalized world  PNAS vol.101 no.42
Hufnagel®, Brockmann, and Geisel
AR RA e P 2007/12/18 4 W FOME X

Use the SIR model with the stochastic forcing from international
aviation network to simulate the spread of the SARS, and to

explore the strategy for the disease control. s

Synchronization Fast and Slow

df, N

we L :
dt or _ o _ _j,.s@
ot

=w+asin(d, —0)

dt dy _
dt

alt) =0 —0 7=anot

de

dod . . B
=d—smgp —TE=Oo=T

dr - 56

London Millennium Bridge

London's Millennium Bridge is the first pedestrian
river crossing over the Thames in central London for
more than a century.

It is a 325m steel bridge linking the City of London at
St. Paul's Cathedral with the Tate Modern Gallery at
Bankside.

“Nice” lateral vibrations (20 cm S shape wobble, 1cycle
per second) like on Tacoma Bridge developed on the day
(June 12, 2000) of the opening......

58

Letter to the Guardian on June 14, 2000 (2 days later)

The Millennium Bridge problem (Millennium bug strikes again, June 13)
has little to do with crowds walking in steps. It is connected with what
people do as they try to maintain balance if the surface on which they are
walking starts to move, and is similar to what can happen if a number of
people stand up at the same time in a small boat. It is possible in both
cases that the movements that people make as they try to maintain their
balance lead to an increase in whatever swaying is already present,

so that the swaying goes on getting worse.

Is it true “the bridge never going to fall down”, or any rate get damaged, as a
result of swaying? That has been said about the bridge before, and those
Responsible for this one need to understand, before making such
pronouncement, that the problem involves more than engineering principle.

Prof. Brian Joesphson

Department of Physics
University of Cambridge

59

Nothing like this had been predicted by computer
simulations, the safety assessments,
the wind tunnel experiments.

“Nice” lateral vibrations 20 cm S shape wobble
developed by shaking machine with 1cycle per second
frequency. [where the hell does it come from?]

People walk at a pace of about 2 strides per second,;
these repetitive footfalls is to create a vertical forces.

The culprit is the small sideway force with each step;
1 cycle per second. Shouldn’t the no coordination
cancel out the force? No bridge standard code on this.

Synchronizations; just like people stand up in the boat.
Sync may be accidentally trigger when enough people on
the bridge. 60
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Boosting immunity by antiviral
drug therapy: A simple
relationship among timing,
efficacy, and success

Natalia L. Komarova, Eleanor Barnes, Paul Klenerman, and
Dominik Wodarz

A ¢ 2 L R
i) - g
2007/03/06

PNAS

Boost immunity with drug

therapy
 Drug efficiency: stronger efficiency is
better?

e Treating duration: longer is better?

* Simulate the treatment with mathematical
model

62

Virus suppress

Boost immunity with drug

Immunenity therapy
* Some virus, such as HIV, HBV, and HCV,  Structured therapy
have ability to suppress immune response interruption
« Human Immunodeficiency Virus (HIV, * ’F?E ‘
R ) | —
- About 40 million people who have been HIV « Single phase therapy interruption
infected
¢ Hepatitis B Virus (HBV’ Bf{’lﬁj j\;yﬁ%) » Drug efficiency: stronger efficiency
— 2 billion people who have been HBV infected is better?
. Hepatitis C Virus (HCV, CfvaqI j\;gﬁ%) » Treating duration: longer is better?
— 1.8 millon people who have been HCV infected
63 64
— : b Py
The mOd Logistic growth Y sl dt =K;p( c) a,pq
X 2F '
| ' da_
« Assumption: AT
— Virus growth is vy @ o
. Bt g
density dependent =
_ Immunity is viral replication rate /
£ p
saturated growth =3 3;: _ le(l,él,y)
— Virus has abilit a,
Y , ) oo W,
to suppress z q K, - KyeD
. . y=-
immunity K
Immunity suppressed a

Saturated

by virus
growth Y

65

66
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dx
— =K X(1-x-a
pm 1X( y)
dy
= =K,y@l-y-bx
m Y-y -bx)
y
1 a<l &b<1
a \
AY
\
\
\
Y
N »
1N
Y
SN
\ So
\\;| \\ \\‘\\ Stable point
\\‘ ), \\\\
1 X
b
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dx
— =K Xx(1-x-a
pm 1X( y)
dy
=K,y(l-y-bx
a = <yd-y-bY)
y
1 a>1&b>1
\\
\
\\\ B p4p £
l \\\ S\ !éﬂi;}‘rﬁ'i%
a ~\\//\\} ERRS |
Rt s 9
W \\ //\\‘ ~o Saddle point
\\‘ \\\\
1 1 X
b
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t=0hr 1=6hr
Scale free )

Mathematical elegance and analysis O .

Important parameter(s)

t=12hr

Buckingham’s Pi Theorem

n variables can always be combined to form
Exactly (n- r) independent nondimensional variables, where

R is the rank of the dimensional matrix.

T,M, L, g are the 4 variable in the simple pendulum problem
kg, m, s are the rank 3 dimensional unit

-
II r

~ A\l
4-3 =1 nondimensional vé \‘- g

Similar result can be derived from Newton’s mechanics or
from the fact that the difference of potential energy and kinetic energy over
a period will be minimized; the Hamilton principle.

200 km
FRREE AN o 6
s L)
To see aworld in a grain of sand MetabO“C rate vs size
And heaven in a wild flower
Hold infinity in the palm of your hand
And eternity in an hour.
William Blake
-W-ER
- -2 ¥ <" .
i (‘ iﬁﬁl‘ 'Q o ar Im‘:-[;: SO0 10000
j*‘lj‘?[s E"F{’;( ‘};‘i TR ————— | - W T ) ot  serien of 15 and bisds as & fud

Scale free

v

gt i 4 b of s 1 4] ettty of mams (in kgl the scale is logarithmic and exemplies the 3/4-powsr scalid
g o 18 o mubmd fiscoversd by Kleiber {2, 22, 27, 26]

Hemmingsen (1960) Reports of the Steno Memorial
Hospital and Nordisk Insulin Laboratorium 9, 6-110 44

Kleiber (1932) Body size and metabolism. Hilgardia 6, 315-353.
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“Metabolic rate vs size” down to
molecule

log (Metabolic power, W)
a

Fig. 8.9. Vortices trailing form the wingtips of a Boeing 727. Figure courtesy
of NASA.

Mitachondricn
-
=15 =
-
-20 - Pespinory
T T T T T T 1
-20 -15 -10 5 0 5 10
log (mass, g) 7
West, Woodruff, Brown (2002) PNAS 99, 2473-2478
Biomath fe| ——
Time, or tonce =

- Lift distribuation

Wi 1184 The vortces in the wake of an scllating wing. biealised uader the

8088 v i s e very small L vhe B i he wagle o atvach.

Z Tralling vortex e e =l

¥ 3% e ed %%
I I Ry s 4 —
—t £
Lanchester % pe Sl R

/— Lify distritmtion
4
Elliptic wing
In

i
Traiting vortices Rollieg up

L) Y. C. Fung
Fumar 1102 daj A horse-shoe vorses reprrsenting & wing with & uniform lift dntrite- 81
fiom. [ Lift distribation on an elliptic wisg.

D’Alembert Paradox

1717-1783 t,=>t, —>> .o 1:? =Re << 1

D’Alembert Solution of the Wave Equation
[f(x + ct) and f(x-ct)] Re small viscosity important

Re large viscosity unimportant

Atmospheric Motion first expressed mathematically

(Won the 1746 Berlin Academy's Award; aqua-planet

Endorsement of Euler)

Solar and Lunar Force Cause the Atmopheric Motion 82

1/x
"
Fi
prRRE const Turbulence
1 T T T t
Wl oW @ oW e @
4
et e skem A = 224 The e
i o e e e -t e,

Fa  [MIL][T]? drag foree;

pe o (ML) density of fluid

R [L] radius of sphere

v [L)T]Y speed R R

vR
I “.].![T]_' kinematic \'ixc-osi[1'. te >> b, v - v o I =Re<<1

e wel gy
i zoal axk e : 84
eI s b
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F=Cp part® S v: speed
Vi volumn
W=p,Vg=p, 515 g S: area
F=W

G.l. Taylor 1950
I

- EY5t z/spo—l/s

Fmarr
[LE
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Dead-water near the coast

Wave drag problem

Kelvin wedge  deep water waves

[Courtesy of Aerofilms Ltd.]

2#sin(1)=2+19.5°

u*u/(g*H) ~ 1
UCOS) = ¢
A
Stationary waves T
Il Introduction Il Modeling
* James D. Murray
* Dr. John Gottman, Clinical Psychologist H unhappy H happy
* Drs. Julian Cook, W happy W happy
« Kristin Swanson,
* Rebecca Tyson,
» Jane White H unhappy H happy
W unhappy W unhappy
The Mathematics of Marriage; “MIT-Press 2002
93 94
Il Introduction I Introduction

* First Application of Mathematical Modeling
in Social-Sciences.

» Problem: The divorce rate for second
marriages is even higher! Why? Don'’t they
become wiser from their first experience?

» Based on mismatches in the couples
personality or modes of communication
seems NOT be too successful.

95

* “Men are from Mars, women are from
Venus"— a lack of understanding of
gender differences in communication
styles is at the root of marital problems.

« Another way approaching.

96
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Il Modeling

¢ Self-Interaction (uninfluenced steady state)

dx EE3
a T @) = u(o)e
Yoy WO VO

* Marital Interactions (influenced function)

Ii(z):{a'z if z>0

WS

dx
a: 1 (X = %)+ 1,.(y),

Il Modeling

» Five marriage types — different interaction
styles — related to interaction functions (l) in the
model

» Basic model fits empirical data to a two-slope
linear interaction function | (one each for the
Husband and Wife) 1, (H)

Y -+ hr M0 o Dvalatng :
0 + Il avoider  ----"~ 0 H
- 0 11 volatile i itivsi
. negativity positivity
Il Modeling Il Example

» Characteristics (stable and unstable
types):

Volatile (S) — romantic, passionate, have heated
arguments with cycles of fights and sex.

Validating (S) — calmer, intimate, value
companionate marriage, shared experience
rather than individuality.

Avoiders (S) — avoid confrontation and conflict,
interact only in positive range of their emotions.

Hostile (U) — (mixed) conflict-avoiding wife,
validating husband.

Hostile-Detached (U) — (mixed) volatile wife,
validating husband 99

An example of a Validating Couple

« For a validating couple, take for simplicity,

we have
ox_ (X, —X)+
FTamAY a,y,
d
dilt/: 1, (Yo = Y) +a,x.
Let (x,y") denote the equilibrium solution, then

100

Il Example

An example of a Validating Couple
nL(x-x)+ay =0,

rz(Yo - y*) + az)(* =0.
The solution is
alaz
1
I.

12

X =[x + 22y, ]/
Y1

Y =y, + 22 x, - 22,
AV rLr

(" u") = (wro.yo) i
Stable Marriage 101

H Conclusion

» New language for describing marital interaction
and social influence and rationale for the marital
experiments

+ Concept that marriages can be classified into
one of 5 types of marriage depending on the
couple’s interaction style:

+ Stable marriages have matched interaction
styles. Unstable marriages have mismatched
interaction styles

« Couple’s interaction data suggest specific
therapy

102
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Catastrophe The Spruce budworm problem

st fet]
R R

{
Hl_fﬂ {(nu )} 3

g(u) = r(l—%} h(u) = 1+uu2

u
=rl-—
g(u) ( j (64) Figure 6.1: Bud
q points of intersecti
h(u) = (65)
1+u
103 104
|
f i ‘\‘_ one solution
Lo~ N\ S \\\
. e = three solutions
. s . ™,
o e solution
Figure f.4: A cus 2 trfin i
ure 6.3 is projocted ¢
105 106
1 2 3 4 ‘
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Number of Students Perceiving
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== Ind Run

=+ 3rd Run
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5 A 6 8 Picture Number
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100 110
A coffee lover's dream:
The best part of waking up, is the vortex in your cup!
rage
N ) Palinstrophy ” -
DO _®  povp-wi Zaridi - -
Dt 2
|2 \ . -
C= 1]'?9 V0 dV 2
2 Is “ 3 g
dC 5 T ) |2 I
e j{:- VWD db -vj'(wa ydv % .
dt
Stirring Mixing = ea £
Coffee with white
fear
v measuzed by facial
1 112
Leonardo da Vinci (1452-1519)  Multiple Scale Interactions
Steady and Turbulent Flows dv
“Observe the movement of the surface of $E TR T (ER —~ tAv= 1
the water which resembles that of hair o ——— dt - A
which has two motions, of which one - €= 1
depends on the weight of the hair and the dv - o
other on the direction of the curls. Thus — + Av = fe™
water forms eddying whirlpools of which dt .
one part depends on the predominant dv . .
current and the other on the incidental P l]; FF + AV =1
motion and the return flow.” - (¥ ¢
= lﬁ]{,' Multiple time scales
A
Fast time/Slow time
Qdv* e
—\ F =6 Quasi-equilibrium Dynamics
o Fast transient
dv . "
€ dt* vt =e Boundary layer Dynamics
114
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.
Dt +20 0V = lV,p-p'\"v.

P
DV ) Y Geosgrophy )
ort fkxV = =Vpo + VoV, Rotation Dynamics

@ fk <V =-v0" }@‘2\".

N\

Boundary Layer Dynamics

Singular Perturbation Problems
Quasi-balanced Dynamics

i

C Vi .

t= er ¢
dV . o 1-cv
=G — Qo = — 5 -
dt b Qo ! dt* 1-t/n
dVC

" ‘_( c e MR =0 —x
o = QunCin = Quu

i

Nearly Invicid ) =0, V)=V, .: et
1/ f Vit) = Vp = 4Qt :: {47 |
€= L..-'f' Rotation time scale / Advective time scale |
Re = __ Diffusion time scale / Advective time scale u-_/
' 115 L — i [ S ER TR L)
¥
dpP P ~
— =~P -] = N B psiil {
dt 1 (I ‘\.) h o T ~ ‘;’II :l Vo % T Walking speed
P h Y R
P'=—=t'=qt I'=— me , .
o | [mE s
dP* h =\ mgr ™ gt ™
— =P {1-P) =N
dt* ( )
T [T I Runner speed is
N T~ \' ™ i independent of leg length
- I = Pm/3 the moment of inertia Force is proportional to muscle area
f < l/-l N Mass m is proportional to volume
1 —_— N T Py R N
]_/"; RPEE T~ e SR U /4 Lyar is the torque (force * length)
117 Lous ~ Ful ~ 121, 118
T g
A beautiful woman !
P
a_p ap _ 0 C:dpu AES E E3=)
at dp
g m, P o,
o 3 " N
P, .0 _ g b L
at c ox =0 p= f (X—Ct) :?;@rf” R :?;@rf”— Y%EEE 120
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An apple in the Big Apple Get down with the apple

10 centimeaters

i i #F
Touch the apple Getting under the apple's skin — apple cells

1 millimeter

L

DMA strands within a single cell's nucleus The double helix within a strand of DNA

100 nanome 1 nanometer (10 ang
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Electrons within a carbon atom The nucleus of that carbon atom

L 4

A proton in that nucleus Quarks in that proton

1 fermi

S
Physicists can’t detect anything this small... We're there! A string!
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We couldn’t resist.

0.0000000000

100000001 fermis
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