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EQUIVALENT TO URBANISING
OVER ONE MILLION PEOPLE
EVERY WEEK FROM NOW TILL
2050

OR....... TO ADDING A NEW YORK
METROPOLITAN AREA EVERY TWO MONTHS
FROM NOW TO 2050
OR....... A SANTA FE EVERY 12 HOURS!

OR........ A FINLAND EVERY MONTH!
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World population growth L5 i

Fertility rates are declining, the United Mations says, but not
fast enough to stop population growth. The LLN.'s . :
medium-level projection is for the world's population to 8 billion* —#
reach 9.2 billion by 2050 but still more than 2 billion higher 7.3 hillion* 1,, ;
since the turn of the century. Population activists say that's ! _
too much for the world to handie. 6.7 billion —¢ 2007

& billion—¢ 2000

5 billion-¢ 1987

4 billion -4 1975

3 billion-¢ 1560
2.5 hillion—¢ 1950
£ billion -4 1930

5 million 10,000 B.C. 1 billion-¢ 1800
250 million 1 A.D, —
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B Rocket snip B Hotcempany [l Sow Burnes £ BRIDGE CAPITAL
Bridge funding, as its name
Growth History by Company Implies, bridges the gap between
your current financing and the next
S2EOMm level of financing.
- MEZZANINE CAPITAL

Fevaiue [Infkatian Aduslad)

Mezzanine capital is also
known as expansion capital, and is
; | funding to help vour company grow to the
£160m | I J next level, purchase bigger and better
i equipment, or move to a larger facility.

S100m

STARTUP CAPITAL
Start-up, or working capital is the funding
% i : : that will help you pay for equipment, rent,
S50 oo ] ; e -y : supplies, etc. for the first year or
i . : so of operation.

SEED CAPITAL

o 2 4 5 ] 10 12 14 18 18 20 2 24 25 28 B Seed capital Is the money you need
Year Mumbier to do your Initial research and planning

Growth rates of 100 software companies from IPO Dashboard




Long-term real growth in US GDP
GDP adjusted for inflation (2005 dollars) 1871-2009
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FATE OF OUR PLANET IS

the fate of our cities =~
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EARTH'S ENERGY BUDGET

Reflected by Reflected  Reflected from
atmosphere by clouds earth's surface
6% 2086 4%

Incoming Radiated to space

solar energy from clouds and
10005, atm osphers —

Absorbed by

atmosphere 1 6% Radiated

directly
Lo space
from earth
Absorbed by
clouds 3% — Hadiation
absorbed by
at maspher e

15%

Conduction and
rising air 7%—.

Absorbed by land
and oceans 51%




SOCIO-ECONOMIC
ENTROPY!!
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London After Climate Change?




“What is the city but the
people?”

William Shakespeare
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ENERGY & RESOURCES
(METABOLISM, INFRASTRUCTURE)

VS.

INFORMATION
(GENOMICS, INNOVATION)



CITIES AND UBANISATION
ARE THE PROBLEM



CITIES AND UBANISATION
ARE THE PROBLEM

BUT THEY ARE ALSO THE
SOLUTION!!



URGENTLY NEED A QUANTITATIVE,
PREDICTIVE SCIENCE OF CITIES

RESILIENCE
EVOLVABILITY
GROWTH

SCALABILITY



Social,
political, cultural,...
Organization,
Structure,...

Energy,
resources, food,...
Thermodynamics
metabolics,...

Population, health,
well-being,...

Economy, finance,
development,...
Risk, information,
innovation,...

Ecology,
environment,
climate,...
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THESE ARE NOT INDEPENDEN’R

They are all highly coupled, inter-related,
multi-scale complex adaptive systems.

\
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CAN THERE BE “NEWTON'’S
LAWS OF COMPLEX ADAPTIVE
SYSTEMS”?



Our Solar System

From our small world we have gazed upon the
cosmic ocean for thousands of years. Anclent
astronomers observed points of light that
appeared to move among the stars.

Select a Solar System body to learn more.



NEWTON’S LAWS OF MOTION:
d2

F=ma=m—

dt’

NEWTON’S LAW OF GRAVITATION:

jol Gmm2

I"



NEWTON'’S LAWS OF MOTION:
d2

F=ma=m—

dt’

NEWTON’S LAW OF GRAVITATION:

jol Gmm2

I/'

ENERGY!!
ENCODES AN “INFINITE” AMOUNT
OF DATA



MAXWELL’S EQUATIONS

UNIFICATION OF ELECTRICITY AND MAGNETISM

Name "Microscopic" equations "Macroscopic" equations
P
Gauss's law ?-EZE— V-D=ps

0

Gauss's law for magnetism V-B =

Maxwell-Faraday equation B JB

(Faraday's law of induction) VxE= ot

Ampére's circuital law JE JdD

]?;{B j_LgJ—I—j_LgEgd— V xH= Jf—l—

(with Maxwell's correction

ot



MAXWELL’S EQUATIONS

UNIFICATION OF ELECTRICITY AND MAGNETISM

Name "Microscopic" equations "Macroscopic" equations
P
Gauss's law T-EZE— V-D=ps

0

Gauss's law for magnetism V-B =

Maxwell-Faraday equation B JB

(Faraday's law of induction) VxhE= _E

Ampére's circuital law JE JdD
(with Maxwell's correction) V X B = pod + #DEUE VxH=J¢+ ot

ELECTROMAGNETIC WAVES!!



QUANTUM ELECTRODYNAMICS
1

L= L‘TJ(?:’IH“DH — m) — EF“E,F“H

FEYNMAN DIAGRAMS

ﬂ,ﬁO\m '_,u—"'_\"'l_\ >

MAGNETIC MOMENT OF THE ELECTRON

Quantum field theory

THEORY g9/2 = 1.001 159 652 177 60 (520) [4.4 ppt]



QUANTUM ELECTRODYNAMICS

_ 1
L = (i Dy — m)y — 7 Fu P

FEYNMAN DIAGRAMS

Quantum field theory

MAGNETIC MOMENT OF THE ELECTRON
THEORY g9/2 = 1.001 159 652 177 60 (520) [4.4 ppt]

EXPERIMENT g/2 =1.001 159 652 180 73 (28) [0.28 ppt]
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Six of the particles in the Standar
guarks (shown in purple). Each of
columns forms a generation of ma
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Interaction in the subatomic world: world lines of &

- i &
point-like particles in the Standard Model or a world ‘:a',a“'t,‘*'ﬂ“ manifold (30
sheet swept up by closed strings in string theory projection)



Major Internal Parts of the Human Brain

Cingulate
Sulcus

Corpus
Callosum

Diencephalon

Anterior
Commissure

Temporal —"
Lobe ;

Midbrain .
Pons -~ _-
Medulla ="




chromatin

S nuclear envelope

" # nuclear pore
s/ nucleolus

nucleus

Golgi complex

FS0me

. plasma membrane

’4 rough ° “ smooth
endoplasmic - endoplasmic
reticulum ribosomes reticulum
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China fuels resource boom —___

September 11 Terrorist Attack on the World Trade Center m

Energy and Metal shares boom
S

Industrial and Property boom. First labour government since 1949 "
0il, mining & Poseidon booms =-.___h,._\"

)

speculation

Waorld

_ . economy
Strong overseas investment, scrip shortage and property boom . ; :‘\ A slows
~Ti L cf: o “" B 1 |": P . T 1
1929 Crash Korean war starts 1950 i . Oil found in | Wor ::ﬂ":ullal.ipr.ce
British lending ceases  1939-45 war_ \“‘%&" \ Bass Strait | oo m.-li'.'-,ri”,,;.,
Export prices collapse ' ' a " 1960 credit \ property boom

Industrial activity falls ™—_ /\k j‘ cquesze |
Many businesses close Ty / &4
A/ . Commuodity prices recover,
Start of 1914-18 War - -~ st - new mineral d"'\t"u:-'.'?r.l{"i
Lart o G110 PHal = :r"uf\/ L:;;rglﬁirk*trr Industrial rationalisation
e AT Vil

-\P"-'-‘
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-~ Strong inflow of overseas capital TIME - 130 years




SOME CHARACTERISTICS OF COMPLEX
SYSTEMS

‘MANY COMPONENTS

‘MANY INDIVIDUAL ACTORS / AGENTS

*MULTI SPATIAL AND TEMPORAL SCALES
*STRONGLY COUPLED /INTERACTING
*NON-LINEAR

*SENSITIVITY TO BOUNDARY CONDITIONS (CHAOS)
*MORE IS DIFFERENT

‘EMERGENT PHENOMENA / MULTIPLE PHASES
*UNINTENDED CONSEQUENCES

*ADAPTIVE / EVOLVING

*ENERGY/INFORMATION

*HISTORICALLY CONTINGENT / PATH DEPENDENT
*‘ROBUST / RESILIENT

*NON-EQUILIBRIUM

*UNDERLYING SIMPLICITY

*COMPLICATED vs COMPLEX



*SEARCH FOR UNDERLYING LAWS AND
PRINCIPLES LEADING TO A QUANTITATIVE
(MATHEMATISABLE) PREDICTIVE
CONCEPTUAL FRAMEWORK

*CAN THERE BE “NEWTON’S LAWS OF
COMPLEX ADAPTIVE SYSTEMS”?



COARSE - GRAINED DESCRIPTION

WITH INCREASING RESOLUTION
AND GRANULARITY

STATISTICAL/PROBABILISTIC

QUANTITATIVE, PREDICTIVE



WHY DO WE STOP GROWING?

WHY DO WE LIVE ~100 YEARS AND NOT
1000, OR 2-3 YEARS LIKE A MOUSE?

WHERE DOES A TIME-SCALE OF 100
YEARS COME FROM?

HOW IS IT GENERATED FROM
FUNDAMENTAL MICROSCOPIC
MOLECULAR TIME-SCALES OF GENES
AND RESPIRATORY ENZYMES?









WHY DO WE SLEEP ~8 HOURS A DAY AND
NOT 15 LIKE MICE AND BABIES OR JUST 3

LIKE ELEPHANTS?

WHY DO CITIES KEEP GROWING WHEREAS
ALL COMPANIES EFFECTIVELY STOP?

WHY DO (ALMOST) ALL COMPANIES
EVENTUALLY DISAPPEAR - LIKE WE DO -
WHEREAS (ALMOST) ALL CITIES SURVIVE?
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WHY DOES THE PACE OF LIFE CONTINUE
TO GET FASTER?

IS ANY OF THIS SUSTAINABLE?

IS THERE AN END TO (SOCIO-ECONOMIC)
TIME?



Mammals vary in size by
8 orders of magnitude

Blue Whale "
200,000,000g9g -
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SLOPE =% < 1 SUB-LINEAR ECONOMY OF SCALE



Whole-organism metabolic rate (B)

scales as the 3/4 power of body mass (W)

Metabolic Rate (kcal/hr)

Hemmingson 1960



WEST, BROWN & WOODRUFF, PNAS 2001
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Aboveground respiration { pmol 5'1}

107

10°

10° 10° 10™ 10° 107 10" 10" 10" 10° 10° 10* 10°

PLANTS/TREES

Aboveground plant mass (kg)

B

0.780 = 0.037
M




SINCE N

cells

HOWEVER, B ~ M 3/4

~ M NAIVELY MIGHT EXPECTB ~M

OVER 27 ORDERS OF MAGNITUDE
SPECIFIC METAB%IC RATE (PER UNIT MASS)

= M21/4
M

SO METABOLIC RATE OF AVERAGE CELL

21/4
Bcell M



EXTRAORDINARY SYSTEMATIC
ECONOMY OF SCALE (THE BIGGER
YOU ARE, THE LESS NEEDED PER
“CAPITA”)

SIMILAR SCALING HOLDS TRUE
FOR ALL PHYSIOLOGICAL
PROCESSES AND LIFE HISTORY
EVENTS OVER THE ENTIRE
SPECTRUM OF LIFE



Metabolic rate sets the pace of life

Small animals live fast and die young

Guinea

Pig

=102

Heart Rate (beats/min)

heart rate scales as T by

e

-1/4 power of body mass  Hesd
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WHITE MATTER VOLUME (MM?)

WHITE AND GRAY MATTER OF BRAINS

107 -
PILOT WHALE
108 4
BOTTLENOSE DOLPHIN S erkat
CHIMPANZEE HUMAN
{08 = SEA LION HORSE
cow
H HOWLER MONKEY e
CAT % SHEEP
FOX
RABBIT
10° - OWL MONKEY
i FLYING FOX
10' -
PYGMY
p SHREW
1079 COMMON SHREW
10'1 T T T T T T 1
10° 10! 102 10° 10° 10° 10° 107

GRAY MATTER VOLUME (MM?3)



log (Genome length, bp)

8.0+

19

1.0

6.5+

6.0+

i

5.0+

DEPENDENCE OF GENOME LENGTH
ON CELLULAR MASS

® Non-photosynthetic Prokaryotes
® (Cyanophyta

Slope = .24 +/- .02
Intercept=9.4 +/-0.2

-15 -14 -13 -12 -11 -10

log (Cellular mass, g)
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Slopes (exponents) are typically
sub-linear and simple multiples of V4

‘quarter-power scaling”
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PEcaLL SPRue\C METABODLIGL RATE
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Fig. 2. Relationship between the total metabolic energy per life span per unit body mass (A,=PT,/M
kl/kg) and the body mass (M, kg) for 86 terrestrial mammals in captivity (Prototheria, Metatheria
and Eutheria). The 95% confidence limits are shown by dashed lines.

A. T. Atanasov, Bulg. J. of Vet. Med. (2006), 9, No 3, 159-174
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EXPLAINED BY THE GENERIC
MATHEMATICAL AND
PHYSICAL PROPERTIES OF.......









Large vessels
branch into
smaller ones

Beating heart

Pulse wave
propagates
through elastic
vessels




: 5 A slice through the cerebellum showing the progressive branching structure
vhite matter is distributed throughout the cerebellar volume. The geometric

ity of these structures provides for rapid dissemination of information (or

3) via a large surface area in a compact space. This feature is a hallmart
tructures which maximize the surface area within a finite volume.
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Fig. 1. Mitochondrial network in a
mammalian fibroblast. A COS-7 cell
labeled to visualize mitochondria
(green) and microtubules (red) was
analyzed by indirect immunofluo-
rescence confocal microscopy. Mito-
chondria were labeled with antibod
les to the [3 subunit of the F,-
ATPase and a rhodamine-conjugated
secondary antibody. Microtubules
were labeled with antibody to tubu-
lin and a fluorescein-conjugated sec-
ondary antibody. Pseudocolor was
added to the digitized image. Scale:
Tcm = 10 pm.

From M. P. Yaffe, Science, 283, 1493 (1999).







FUNDAMENTAL PARINCIPLES (NATURAL SELECTION)

T. AT ALl SCALES OAGANISMS ARE SUSTAINED RBY THE
TRANSPORT OF ENERGY AND ESSENTIAL MATERIALS
THARAOUGH WIERARCHICAL DRANUMNG NETWORK
SYSTEMS N ORDER To SUPPLY ALL WOCAW PARTS
OF THE ORGAN\sM
THESC NETWOAKS ARE SPACE-FUWLLING
THE TERMINAL BDRANCHES OF THE NRTWoORK
AQE  INVARIANT UN\TS

ORGANISMS HAVE EVoWED BY NATURAL SELECTION
So As o

D) MINIMISE ENERGY DISSIPATED IN THE NETWOAKS

Wole ) MAXIMISE THe SCAKNG OF THER AReA oF

INTEAFACE WiTH THEIR RESOUACE ENVVRONMENT

West, Brown & Enquist, Science 1997, 1999,...., Nature, 1999, 2001,
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THE VASCULAR CIRCUITRY
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SINCGE THE FLU\D (BL00D) TRANSPORT S OXYVGEN,
NOTRENTS  ETC FROM “™ME AOCKTA TO “™ME
CAPWLARIES

METABULIC RATE o VOLUME FLoW RATE

B x G,

BUT THE (ONSERNATION OF FLUID (BLooD)

'.? &0 r— N° Go
ToTh L WNUMBER VoLUME FL0w RATE N
ofF CACWLARIES ANERAGE CAPMLARY

CARPILLVARY 1S AN INVARANT UNVT
( Ge 15 SAME R ALL MAMMALS)
= NUMBER 0F cAflLaArEs (N MusT Scate 1N SaAME

WAY AS THE METADLC RATE (B % Q&)

-
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TOTAL NUMRER OF CeEw.S
Neew ~ M (R INEAR)
TOTAL NUMBER OF CAPLLLARI\ES

Ne ~ M’h

MLIsMmaATORY |
= NUMBER OF CgLLS FED BY A SNGLE
M 4
CAPLLARY INCREASES AS

( ANSTHEA, MANIFESTATION THAT EFFICUENTY

INCREASES WITH S\ 2E )

IMP ot TANT IMELACATIONS Fek GAOUWTH AND DeaTH .
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Cardiovascular

Exponent
Variable
Fredicted Chserved

Aorta radius r, 38 = 0375 0.36
Acrta pressure Ap 0= 0.00 0.032
Aorta blood velocity u, 0= 000 0.07
Blood volume V), 1= 1.00 1.00
Circulation time 1/4 = 0.25 0.25
Circulation distance | 1/4 = 0.25 MND
Cardiac stroke volume 1= 1.00 1.03
Cardiac frequency w —1/4 = —-0.25 —0.25
Cardiac output £ 34 = 0.75 0.74
Number of capillanes N_ 34 = 0.75 MND
Senice volume radius 112 = 0.083 MDD
Womersley number o 1/4 = 0.25 0.25
Density of capillaries —1/12 = —-0.083 —(0.085
O, affinity of blood F_, —1/12 = —0.083 —(0.08Y
Total resistance 2 —3/4 = -0.75 —0.76
Metabolic rate B 4= 0.75 0.75




Respiratory

Exponent
Varable

Predicted Observed
Tracheal radius 3/ = 0.375 0.39
Interpleural pressure 0= 0.00 0.004
Alr velocity in trachea 0= 0.00 0.02
Lung volume 1= 1.00 1.05
Volume flow to lung 34 = 075 (.80
Volume of alveolus V), 1/4 = 025 MND
Tidal valume 1= 1.00 1.041
Respiratory frequency —1/4 = -0.25 —0.26
Fower dissipated 34 = 0.75 0.78
Number of alveoli N, 34 = 0.75 MND
Radius of alveolus r, 112 = 0.083 0.13
Area of alveclus A, 1/6 = 0.083 MND
Area of lungA_ 1112 = 0.92 0.95
O, diffusing capacity 1= 1.00 0.99
Total resistance —3/4 = —=0.75 —0.70
O, consumption rate 34 = 0.75 Q.76




Table 1 Predicted values of scaling exponents for physiological and anato-
mical variables of plant vascular systems.

Variable Flant mass Branch radius
Equnent Symbol Symbol Exponent
predicted

Fredicted  Observed
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PLANTS

VERY DIFFERENT
EVOLVED
ENGINEERING
DESIGN (NON-
PULSATILE FIBRE
BUNDLES) BUT
SAME NETWORK
PRINCIPLES



Table 1. Similarity of predicted scaling relations for branches
within a tree [quantities denoted by uppercase symbols and
subscripts i (20)], and for trees within a forest (denoted by
lowercase symbols and subscripts k)*

Scaling quantity Individual tree Entire forest
Area preserving Riiy 1 Fit 1
R, ni? e A2
Space filling L, 1 lesn 1
L. T Iy R
Biomechanics R = [} r2=p
Size distribution* AN, o= R oo (73 Any = gt mp
Energy and material B = RY = N* = M By = ry = ny o= my*
flux*
Predicted stem radius, -I??_—J

Stand property based scaling function

Size cdass neighbor separation dy = rg

Canopy scaling ren o« g

Canopy spacing i\ 2

ditt = -:lrk[1 — (—J }
T

Energy Equivalence AngBg = r}

Total forest resource use Brot = AN = R

Mortality rate i = Arg3

Size distribution R

- —2
N = KT )by '™



INTERSPECIFIC SIZE DISTRIBUTION
All species in a Malaysian Rainforest

log number of trunks

O 1947
N = 62 D207

< 1981
N = 55 D15

0.5

0.5

1
5
2
2.5

log trunk diameter (cm)

Manokaran and

Kochummen (1987)
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log(power per cell, Watts)

e Data from Brown, et al.
*10] . Cultured cells
s . in vitro, B = M°
|
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NETWORK GEOMETRY AND DYNAMICS
CONTROLS THE PACE OF LIFE AT ALL
SCALES LEADING TO AN EMERGENT
“UNIVERSAL” TIME SCALE

B
Bcell T BO]\421/4
M

THE PACE OF LIFE SYSTEMATICALLY
SLOWS WITH INCREASING SIZE



ALL RATES ~ M

METABOLISM
GROWTH
EVOLUTION
LONGEVITY
DIFFUSION
FLUXES

ALL TIMES ~ M4

LIFESPANS
TURNOVER TIMES
TIMES TO MATURITY
CIRCULATION TIMES



TEMPERATURE DEPENDENCE

METABOLIC RATE IS THE SUM OF ALL CONTRIBUTING
REACTION SUB-PROCESSES (IN PARALLEL):

B=C P
l
P.~ (CONCENTRATIONS) x (FLUXES) x (KINETICS)

(CONCENTRATIONS) x (FLUXES) ~ NETWORK ~ M4
(KINETICS) ~ BOLTZMANN - ARRENHIUS ~ e&kT
E = AVERAGE ACTIVATION ENERGY FOR RATE-LIMITING

PROCESS IN RESPIRATORY COMPLEX
(PRODUCTION OF ATP) ~ 0.7 eV ~ 2x10-% cal



ALL RATES ~ M

METABOLISM
GROWTH
EVOLUTION
LONGEVITY
DIFFUSION
FLUXES

ALL TIMES ~ M4

LIFESPANS
TURNOVER TIMES
TIMES TO MATURITY
CIRCULATION TIMES



TEMPERATURE
REACTION RATES GOVERNED BY STATISCAL
PHYSICS (BOLTZMANN-ARRENHIUS)

ALL RATES ~ M"e®kT - ALL TIMES ~ M'"4eFkT

METABOLISM LIFESPANS
GROWTH TURNOVER TIMES
EVOLUTION TIMES TO MATURITY
LONGEVITY CIRCULATION TIMES
DIFFUSION .............

FLUXES



MASS AND TEMPERATURE ARE THE MAJOR
DETERMINANTS OF THE MEASURABLE TRAITS OF
ORGANISMS

IF THE MASS AND TEMPERATURE DEPENDENCIES ARE
ACCOUNTED FOR THEN:

(TIMES) x M-"4gExT
(RATES) x M"4gEKT

ARE INVARIANT, IMPLYING A “UNIVERSAL” RATE OF
LIVING, DYING, GROWING, REPRODUCING, EVOLVING,
....... GOVERNED BY JUST TWO PARAMETERS:

1/4 AND E ~ 0.7 ev



Evolution: measuring
nucleotide substitution rate (S)

descendent 1 descendent 2 PN SU bstitution

present

t
8 substitutions

in 2 million years

2 million

years S =8/(2 X 2) =2/my

_1

ancestor

dated fossil or biogeographic event



Rates of molecular evolution

temperature 4]
dependence =

o
1

1
N
]

1N

A mtDNA

In(aM™) (% substitutions/site/my g “

A

Gillooly et al. 2005
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Temperature (1/kT)




Rates of molecular evolution

body SizZze 30 1A miDNA
dependence
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Rates of molecular evolution: size correction

reconciles molecular clock with fossil dates

o after Kumar and Subramanian 2002

47 () e after correction for body size
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In(LM " (days/g")

8.0 -

=i
L

5.0

invertebrates 3

y = 6.50x - 15.91
o cladocerans

+ rotifers
A copepods

¢ amphipods
u fish

fish
y = 6.37x - 15.87
o r=0.71

3.2

35 38
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Energy and human life

Chemical waste
- Carbon dioxide
4

- Water
- Carbohydrates | F
- Fats ATP - Heat
- Others - body's "energy currency"
Heat

metabolism g




Growth

Incoming
Metabolized Energy

2

Maintenance
(of Existing Cells)

+

New Growth
(of New Cells)



dN ,
B = N ellSB cell T E cell !

) dt

IN TERMS OF MASS AT AGE t
dm
dr

B,m,

EC

b 5.

E

C

3/4
= am 2 bm

where a9

SoluTion !

1«
(= A (- (e ""*] ety
™ "

WHERE  ™s = MASS AT QIATH (M2 M. Waen £=29Q)
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SUB-LINEAR SCALING
LEADS TO BOUNDED GROWTH



GROWTH CURVES OF ANIMALS

Guinea pig
T I T

’4
1
!
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UNIVERSAL COLLAPSED GROWTH CURVE

RESCALED MASS VS. RESCALED AGE
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Colonies

\Vespa orientalis

Polistes fuscatus

Apis mellifera
Rhytidoponera metallica
Leptothorax curvispinosus
Pogonomyrmex barbatus
Solenopsis invicta
Macrotermes bellicosus

Unitary organisms
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'in vivo' data
(patients)

10

' breast (ref10)
' prostate (ref11)

— Eq(2)




'in vivo' data
(rodents)

= Fibro (ref8)

x  Walker (ref8)

e KHJJ (ref8)
C3H (ref8)

' EMT® (ref8)

+ NCTC2472 (ref8)

= Osteo (ref8)

-~ C33 1SS (ref9)

—Eq(2)
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Dimensionless mass
=
B

0.2

0.5 0 0.5 1.5 2.5 35 4.5 55 6.5 1.5
Dimensionless ime, T

Ficure 5. Plots of dimensionless ratio versus dimensionless time
as defined by Egs. (29)-(30). Data in grey are for ontogenetic
growth from 13 species of animals (see [00] for original data
sources ), ranging from guppy to cod to guinea pig, and data in
color with square syvmbols are for tumor growth trajectories for
C3H mammary carcinoma (dark blue), EMT6 mammary carci-
noma (dark red), KH]J mammary carcinoma (light green ), NCTC
(dark green ), Flank (yvellow), Primary fibroadenoma (red ), Primary
Osteosarcoma (light blue), and Walker Carcinoma ( purple) tumor

Herman A.B., Savage V.M., West G.B. (2072) PLoS ONE; 6: €22973
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LENGTH 350 ft
WEIGHT 1.7x10"Kg =1.7 x 10* tons

BASAL METABOLIC RATE 2 x 107 calories a day = 1 megawatt

WEIGHT OF HEART 10° Kg = 100 tons
RADIUS OF HEART 30 ft
HEART RATE 2.5 times a minute

VOLUME OF BLOOD 2 x 106 litres
DIAMETER OF AORTA 10 ft
SLEEP <1 hour aday

LIFESPAN 2000 years



GENERALISED SCALING

i) SUPPOSE THE POPULATION SIZE
CHANGES BY A FACTOR A:

N — AN

ii) THIS INDUCES A CHANGE IN SOME
METRIC FROM Y(N) TO Y(AN):

Y(N) =Y(AN) = Z(AL.N)Y(N)



GENERALISED SCALING

i) SUPPOSE THE POPULATION SIZE
CHANGES BY A FACTOR A:

N — AN

ii) THIS INDUCES A CHANGE IN SOME
METRIC FROM Y(N) TO Y(AN):

Y(N) =Y(AN) =Z(A,N)Y(N)
RENORMALISATION GROUP

M. Gell-Mann & F. E. Low (1954) Physical Review 95 (5): 1300-1312



iil) FOR ARBITRARY Z(A,N) THIS CAN BE
SOLVED TO GIVE THE GENERAL SOLUTION:

Y(N) = Y,N"®

WHERE THE GENERALISED EXPONENT, b(N),
DEPENDS ON N AND IS GIVEN BY:

InN

[y(N)dInN
0
e
dZ(1,N
WITH Y(N) = )

oA



iv) THE “NATURAL” VARIABLEIS In N

v) WHEN DO WE GET SIMPLE POWER LAWS
WITH EXPONENTS b(N) INDEPENDENT OF N?

ANSWER: WHEN y(N) IS INDEPENDENT OF N
5> WHEN Z(A,N) IS INDEPENDENT OF N:
Y(AN) = Z(A)Y(N)

SELF-SIMILAR (FRACTALITY)



GENERALISE TO “DYNAMICAL”
REPRESENTATION

Y(N) 2 Y[N,g(N)]

g(N) “STRENGTH OF INTERACTION?”
THEN RG SOLUTION IS

g

Hg) ° dg

)% \ 5P

Y(N)OY[N,g(N)]=Y(N,)e F[Ne ]
(N
WHERE /‘Qg)ﬁéiy)

(FIXED POINTS)



BIOLOGY (LIFE)

a) DOMINATED BY SYSTEMATIC, PREDICTABLE,
NON-LINEAR (UNIVERSAL) SCALING LAWS

b) ECONOMIES OF SCALE (THE BIGGER YOU ARE,
THE LESS YOU NEED PER “CAPITA”) -
SUBLINEAR

c) PACE OF LIFE SYSTEMATICALLY SLOWS WITH
INCREASING SIZE

d) GROWTH IS SIGMOIDAL REACHING A STABLE
SIZE AT MATURITY

e) FINITE LIFESPAN



ARE CITIES (AND COMPANIES)
SCALED VERSIONS OF EACH
OTHER?

DO THEY MANIFEST
“UNIVERSALITY”?






Tirwa i i Tirmains St iy iy Tommasly Tirmaiin
FHa . Flamzraed Liman ‘Wepbwyr Gacden Oty Hea g Wy (= ST OTET
|
1
i i 'Ihrntlutﬂ-rr-nld | i e 1 Trew HIl r.r ey B
5
waattamd ige Bremi 4| | o ‘“[.,-,m",:w —T :
Crais
. 1 gk B o M Raward Trrmnad o StEet L :
| ) — i
Caparainry Farit 1 | A AT e WL Eemdibbmry
1 el g Py o e [ | {{
, P e o |
sz | r— ] Pabmeey Treen -
o 1 L] el | e J '
4 Berasmap
AR | e ! . s i Remrmipn Gonen i
o e B
I Corworn Fasty Pk e Pni:l I'
Tl Gk Py Cantra I l ]
1 DhidsPiLary Biaprtn Fabios " Waed Dreen H 1
1 [ Eayk; Finciiay o Wi e [ P
i S et -——T 1
i — Higrgrin o b Tarruien Lars 1
, ey P [re— L= .13 fre— l
AT ¥
g iniag ey s i
I .;‘ iy = . T P "_n.n';lltll. Elur_uul.f
.l LT . W 1 N
I Hudar 5 Gomr BT M o
- o -
K ks | Gonprl Gl
et H‘-ﬁ-l: ey S | 1
HiTan Bam ] . H-mw Ewtl i T IJM:-III'rl.ﬂ-lﬂl'\-'lnI
Tirmriigr Bare | . \ L] ' [ I
Tomrr FatE R 1 ] [T —
. I-w::h-'r Wk arpeiesd  BEiOE = Firghary Pasi
WHE L& PO i
H1zE
Bexpd )
L e ey D'I::
| ra™
L
i Fererm I Banc b a et B
e S e A SR SRS RN
. . 4 —— . Pl
S— e
-
\ —
R [ ME Larn [ kb Bged
B i B [ ",E’d
oyl h\H: B s o iz oy Ligion
Liverpmol Bt o Mgying  Fedt  Emi Hem
Wi Bypnll Prast
- Ciamige - drascince
LEw Fermw Hagr St "}
i fa==r Flarih M Hgiiieg = LEwEi®  foad Cptord Crarwary Husrgeta' Srmpreig Grean o i ey
vy Pur Lo HE Gue ails e Gree Hak-oan Lis P————
“ i3 [r———— [T R TT— Ly L Pt “h“u. Lol
- ACTE W L Tea= Ramd Sl ThRemmling LiP o Fars. e Ly
- At | L [rrr— Sarvinr - [reeres i
Eandrel [ e e Graas Pl L [ = Cwaiy  Raysdl  Cprine Fome
Hauis
:':: Lotk M' Vel Park Carrae H:S,.!.r Py BLiltiin
e £ "
e Ceidbaa Boa - RriT 2, Srery i R o T
L= Lo
v ¢ [P - R | Faral Ba'c St
b Sadi® L emcria WRLITOIE Wapping
T = L . e Wani Thpmes
Ssriaw Samices & M | i imasl = -
e [F [ Fart [ et 2 -
Baermgrihay
s . = i
Boowgnan ‘ Lok - [T Swasdn Wb
- — WAtk
P a— + = T
e ] okt Ak WEACE Loddan
i ke by B 4
lliﬂ- PFerik -.“ T .
. v mama il Borough
4
- -
g - Diaprairt i Caithe
Fasr Garcand S B
Rarmp Bricye
- Coee(d ol Facaras
kot LIS T
¥
vl .
L r— SaRCTR v Wil AT Hire Crena Saiw
- Frceaes By Sy













NUMBER OF PETROL STATIONS
VS. POPULATION INFRASTRUCTURE

| Stations

5
-4
k]
]
z

SUB-LINEAR SCALING

ECONOMY OF SCALE




SUPER-LINEAR SCALING

B=1.12 R%=0.97
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LN[Supercreatives USA MSAs 2003]

10 11 12 13 14 15 16 17
LN[Population] LN[Population]

Total wages per MSA in 2004 for Supercreative employment per MSA in 2003,
the USA vs. metropolitan population. for the USA vs. metropolitan population.




NUMBER OF PATENTS IN CITIES

L
4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

> POPULATION
= s,




TOTAL CRIME (JAPAN)

[+1]}
E
e
J 5.0
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e]

7.0
Population

Slope = 1.21 [1.08, 1.39]
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LN[Supercreatives USA MSAs 2003]

LMN{Total Wages USA MSAs 2004]
®

UNIVERSALITY OF URBAN SCALING

" . = ¢
p=1.12 R°=0.97 / 1 : ; . Netherlands
‘ usa

Patents -4 Restaurants
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THE GOOD,
THE BAD,
THE UGLY



ON AVERAGE DOUBLING THE SIZE OF
A CITY

SYSTEMATICALLY INCREASES



ON AVERAGE DOUBLING THE SIZE OF
A CITY

SYSTEMATICALLY INCREASES

INCOME, WEALTH, PATENTS,
COLLEGES, CREATIVE PEOPLE,
POLICE, AIDS & FLU, CRIME, SOCIAL
INTERACTIONS............



ON AVERAGE DOUBLING THE SIZE OF
A CITY

SYSTEMATICALLY INCREASES

INCOME, WEALTH, PATENTS,
COLLEGES, CREATIVE PEOPLE,
POLICE, AIDS & FLU, CRIME, SOCIAL
INTERACTIONS............

ALL BY APPROXIMATELY 15%
REGARDLESS OF CITY






SAVES APPROXIMATELY 15%
ON ALL INFRASTRUCTURE
(ROADS, ELECTRICAL LINES,
GAS STATIONS,........)



Universality of Social Networks
(clustering hierarchies)

it it




POSITIVE FEEDBACK MECHANISM IN
SOCIAL NETWORKS

!

SUPERLINEAR SCALING & INCREASING
PACE OF LIFE



UNIVERSALITY

Collapsed Income, GDP, Crime (binned), and Patents (binned)




UNIVERSALITY

Collapsed Income, GDP, Crime (binned), and Patents (binned)

SOCIAL CONNECTIVITY

(Cell Phone Data)
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A | arger Urban Zones
B Municipalities
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MOVEMENT IN CITIES

~ People on average minimize travel time and distance.

“Theorem”: the number traveling to any location in any
city from a distance » away f times a month is:

S,
q (7”f) (7”f)2




© Boston,f=1 e Lisbon,i=1
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NETWORK DYNAMICS DETERMINES
THE PACE OF LIFE

IF THE SLOPE IS < 1 PACE OF LIFE
SLOWS DOWN

IF THE SLOPE IS > 1 PACE OF LIFE
SPEEDS UP



Pace of biological life vs.
Pace of social life
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R=gn Y(N)=C r,+—C ¢,

i=1 j=1 j=1

n = NUMBER OF “DRIVERS” Y, CONTRIBUTING TO
THE CITY “METABOLISM”

r,= RATE AT WHICH THESE RESOURCES ARE

USED BY THE jt" INDIVIDUAL (MAINTAIN HIS/
HER/ITS LIFE-STYLE, ETC)

c;= COST OF ADDING A NEW INDIVIDUAL TO THE
CITY POPULATION



SCALING LAWS TELL US THAT EACH i
SCALES AS Y,(N)=Y,()N"

WITH )| N|1.15
APPROXIMATELY THE SAME FOR ALL |,

S0 R(N)= RAN"
INTRODUCE AVERA GE COSTS:
R, ﬁ g 7,
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SOCIOECONOMIC METRIC

UNBOUNDED
GROWTH
REQUIRES

CYCLES OF
INNOVATION TO
AVOID

TIME

" COLLAPSE



1982 1997
1.2 million

Registered
genetic pairs
(75% in last 2 yrs)

o4 |Singularity is near

?
/ Internet (3 yrs)

/ PC (6 yrs)

Cable TV (25 yrs)

Telephone (40+ yrs)

>

Years to reach 10 million customers
(US) Time






UNBOUNDED GROWTH LEADING TO
“FINITE-TIME SINGULARITY” & COLLAPSE

UNLESS INNOVATIONS (SYSTEMATICALLY)
OCCCUR FASTER AND FASTER
CONTINUOUS TENSION BETWEEN:

INNOVATION & WEALTH CREATION vs
ECONOMIES OF SCALE
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Countdown to Singularity
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Average “idealised, universal”
characteristics of cities and companies of a
given size (constrained by underlying
principles and dynamics of network
structures) as manifested in scaling laws

VS.

Characteristics of specific cities and
companies as measured by their deviations
from scaling laws representing their
individuality and local environment and
conditions



2003 Patenting Rankings
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Scale Adjusted Urban Indicators
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DIVERSITY OF FIRMS AND
OCCUPATIONS
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GDP INCREASES
EXPONENTIALLY WITH DIVERSITY

AND

AS A POWER LAW WITH POPULATION SIZE



SINCE GDP SCALES WITH SIZE AS

G(N) = G, N®
~ 1.15)

THEN:
G(N) =G, e Px (X, ~ 211)

WHERE G,=G, N,

(b



IF NUMBER OF ESTABLISHMENTS OF TYPE j

SCALES AS
n, N
THEN ITS RANKING SCALES AS
(120,)/ B
X N
x. (12 /‘))IhN0

J
Xo

SO BUSINESS TYPES WHOSE ABUNDANCES
SCALE SUPER-LINEARLY (PROFESSIONAL,
SERVICE,.....e.g. LAWYERS, DOCTORS) INCREASE
IN RANK WITH INCREASING CITY SIZE WHEREAS

P o o R P P



2.9

y =0.8792x - 4.5786

2.7 29 6.1 6.3 6.5 6.7 6.9 71 7.3
Log(Population)
¢ (Glaeser & Kahn “ Vulcan & Brookings
=Linear(Glaeser & Kahn) =Linear(Vulcan) =Linear(Brookings)
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SOCIO-ECONOMIC QUANTITIES DEPEND ON
“TWO-BODY” INTERACTIONS (INFORMATION
EXCHANGE) AND THEREFORE NUMBER AND
DENSITY OF SOCIAL INTERACTIONS:

Y(N) N

Int

[UNLIKE BIOLOGY WHERE Y(N) ~ N]

IF EVERYONE INTERACTED WITH
EVERYONE ELSE, THEN

Y(N) N, ~N-

EFFECTIVE INTERACTION SPATIAL AREA
FOR AVERAGE INDIVIDUAL = &2



EACH INDIVIDUAL INTERACTS WITH AN OTHERS:
AN = p €2
TOTAL NUMBER OF INTERACTIONS = NAN = Np &2

SOCIO-ECONOMIC METRICS :
N
Y(N) « (NAN)Y, ~ (Npe*)Y, ~ I(eZYO)

2
E

Y(N)»—-(A]NK]

IF ROADS, CABLES, ETC ARE SPACE-FILLING
(THEY SERVICE EVERYONE) WITH TOTAL LENGTH
L, THEN

AREA A~Leg
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2009 Weekly Gross (resident)
10°

108 10% 107
Population

E. Arcaute, E. Hatna, P. Ferguson, H. Youn, A. Joahnason & M. Batty



From London to all the smallest ssttleme nks
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Em News Sport Weather Capital Future Shop TV

NEWS uk \

Home US & Canada Latin America i Africa Asia Europe Mid-East Business Health Sci/Enviro

England Northern Ireland Scotland Wales UK Politics Education

The Editors: Is London's success r
causing the UK a problem? l

The BBC's Economics Editor, Stephanie Flanders, visits London, Birmingham and

Manchester and discovers wide discrepancies between the capital's economy and the rest
of the country.

She says London's ebullient economy is subsidising other parts of the country but there is
a lot of resentment in other big provincial cities.
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1790 - 2003

Population growth of New York City MSA 1790-2003
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Successive cycles of superlinear innovation reset the singularity
and postpone instability and subsequent collapse. The relative
population growth rate of New York City over time reveals periods of
accelerated (super-exponential) growth. Successive shorter periods of
super exponential growth appear, separated by brief periods of

deceleration. (Inset) t_ for each of these perlods vs. population at the
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Net Income
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Net Income (0.79)

10°

Total Assets (0.86)

10°

Employees

10"
Employees

Sales (0.98)




o
o
(=
[=]
~
=
v
]
L]
v
©
@
!
L]
=
@
b=
(=4
-1

GROWTH OF FIRMS

1980 1990
year




log(revenue) [2009%]

Revenue with inflation deflator
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American and Chinese Companies Marmallized Data

American Companies
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WALMART, 1970-1994
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WALMART, 1970-2008
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Bankrupt or liquidation

<1 million $
—— 1-10 million $

10 - 100 million $

100 - 1000 million $
—— 1000 - 10000 million $

Probability of survival
Probability of mortality
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Number of Firms, Log Base 10
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We are equivalent to a

30,000 kg Gorilla
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Sales, $millions
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NEED A NEW PARADIGM, A NEW
INTEGRATED CONCEPTUAL
FRAMEWORK:

SYSTEMIC, HOLISTIC, QUANTITATIVE,
MECHANISTIC, COMPUTATIONAL,
PREDICTIVE

COUPLED WITH, INSPIRED BY,
MOTIVATED BY, INSPIRING AND
MOTIVATING,

“BIG DATA”



BUT MINDLESS BIG DATA IS
(PROBABLY) BAD AND EVEN
DANGEROUS

WITHOUT SOME CONCEPTUAL
FRAMEWORK

HOW MUCH, WHERE, WHEN, WHAT, WHY?



....... AND THERE IS NO VIRGIN
DATA



Big Data Needs a Big Theory to
Go with It

Just as the industrial age produced the laws of thermodynamics, we need
universal laws of complexity to solve our seemingly intractable problems
By Geoffrey West

See Inside

As the world becomes increasingly complex
' and interconnected, some of our biggest
challenges have begun to seem intractable.
What should we do about uncertainty in the
financial markets? How can we predict
energy supply and demand? How will
climate change play out? How do we cope
with rapid urbanization? Our traditional
approaches to these problems are often
gualitative and disjointed and lead to
unintended consequences. To bring

scientifie rigor to the challenges of our time,

Din it

we need to develop a deeper understanding
of Eﬂl‘ﬂplﬂ:ﬂt}? itself. Image: Eva Vazquez



Creative destruction is
the essential fact about
Capitalism
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Creative destruction is
the essential fact about
Capitalism

All successful people are
standing on ground that
Is crumbling beneath

their feet p
Joseph Schumpeter / ﬁ?




THE SINGULARITY IS NEAR!

The ever accelerating progress
of technology....gives the
appearance of approaching
some essential singularity in the
history of the race beyond which
human affairs, as we know them,
could not continue.

John von
Neumann

(1903 - 1957)
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