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WE LIVE IN AN EXPONENTIALLY
EXPANDING SOCIO-ECONOMIC
UNIVERSE!!

1800 < 4% THE US POPULATION WAS URBAN
2014 > 80% URBANISED

2006 > 50% WORLD’S POPULATION
URBANISED

2050 >75% URBANISED



EQUIVALENT TO URBANISING
MORE THAN A MILLION PEOPLE
EVERY WEEK FROM NOW TILL
2050

OR....... TO ADDING A NEW YORK
METROPOLITAN AREA EVERY TWO
MONTHS FROM NOW TO 2050
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BRIDGE CAPITAL

Bridge funding, as its name
implies, bridges the gap between
your current financing and the next

level of financing.

MEZZANINE CAPITAL

Mezzanine capital is also
known as expansion capital, and is
funding to help your company grow to the
next level, purchase bigger and better
equipment, or move to a larger faclility.

STARTUP CAPITAL
Start-up, or working capital is the funding
that will help you pay for equipment, rent,

supplies, etc. for the first year or
so of operation.

: ; SEED CAPITAL
2% 28 *® Seed capital is the money you need
to do your initial research and planning
for your business.




China fuels resource boom

September 11 Terrorist Attack on the World Trade Center
Energy and Metal shares boom : ;fq
Industrial and Property boom. First labour government since 1949 \ Iraq War war
0Oil, mining & Poseidon booms lation
World
economy
slows
World Share price

Strongovetseaslnvestmmt.saipshoﬂageandpropeﬂyboom\
Korean war starts 1950 0il found in l
o
N BassStait | gank credit fuels
1960 credit pfopenyboom

1929 Crash
British lending ceases  1939-45 war
Do pices collapes s %0 e
Many businesses dose\ Commodity prices

om recover,
\ new mineral discoveries
Pearl Harbour Industrial rationalisation
USA enters war

Start of 1914-18 War

Strong inflow of overseas capital TIME - 130 years
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FATE OF THE PLANET

FATE OF OUR CITIES
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EARTH'S ENERGY BUDGET

. Reflected by Reflected Reflected from
atmosphere by clouds earth's surface
6% 20% 4%

Radiated to space
from clouds and
atmosphere

Incoming
solar energy
100%

Absorbed by
atmosphere 16%

from earth

Radiation
absorbed by
atmosphere
15%

Absorbed by land
and oceans 51%




SOCIO-ECONOMIC
ENTROPY!!
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London After Climate Change?
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“What is the city but the
people?”

William Shakespeare
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CITIES ARE THE PROBLEM,;

CITIES ARE THE SOLUTION!!



URGENTLY NEED A QUANTITATIVE,
PREDICTIVE SCIENCE OF CITIES

RESILIENCE
EVOLVABILITY
GROWTH

SCALABILITY



NEED A SCIENCE OF CITIES

COMPLEMENT TO TRADITIONAL
(QUALITATIVE) THEORIES AND MODELS

WHAT CAN WE LEARN FROM BIOLOGY AND
PHYSICS?



‘POPULATION, HEALTH, WELL-BEING,.......

‘ENERGY, RESOURCES, FOOD,......
THERMODYNAMICS, METABOLICS,......

*SOCIAL, POLITICAL, CULTURAL,.......
ORGANISATION, STRUCTURE,......

‘ECONOMY, FINANCE, DEVELOPMENT.,......
RISK, INFORMATION, INNOVATION, ......

‘ECOLOGY, ENVIRONMENT, CLIMATE,......



THESE ARE NOT INDEPENDENT

THEY ARE ALL HIGHLY
COUPLED, INTER-RELATED,
MULTI-SCALE COMPLEX
ADAPTIVE SYSTEMS



ENERGY & RESOURCES
(METABOLISM, INFRASTRUCTURE)

VS.

INFORMATION
(GENOMICS, INNOVATION)



COARSE - GRAINED DESCRIPTION

WITH INCREASING RESOLUTION
AND GRANULARITY

STATISTICAL/PROBABILISTIC

QUANTITATIVE, PREDICTIVE



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 MOLECULAR TIME-
SCALES OF GENES AND RESPIRATORY
ENZYMES?



WHY DO WE NEED TO SLEEP ABOUT EIGHT
HOURS EACH NIGHT?

WHY DO MICE HAVE MANY MORE TUMOURS/
GRAM OF TISSUE THAN WE DO AND WHALES
HAVE ALMOST NONE?

WHAT’S THE DIFFERENCE BETWEEN
GROWING BABIES IN YOUR BODY AND
GROWING TUMORS (OR ORGANS)?



ARE CITIES AND COMPANIES JUST
VERY LARGE ORGANISMS
SATISFYING THE LAWS OF BIOLOGY?

WHY DO ALL COMPANIES DIE
WHEREAS ALMOST ALL CITIES
SURVIVE?
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CAN THERE BE "NEWTON'S
LAWS OF COMPLEX ADAPTIVE
SYSTEMS "?



GEOMETRIC SCALING

ISOMETRIC — KEEP THE SAME SHAPE

) AREA ~ LENGTH x LENGTH

A~L?
i) VOLUME ~ LENGTH x LENGTH x LENGTH

V ~L3

VOLUME INCREASES MUCH FASTER THAN
AREA



i) V~A% SUPER-LINEAR SCALING
ii) A~ V%3 SUB-LINEAR SCALING
IF DENSITY IS FIXED, MASS ~ VOLUME:

i) M~V LINEAR SCALING
SO A~ M3

NON-LINEAR

POWER LAWS EXPONENTS



GAILILEVS
GAILILEVS
MATHVS!
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GALILEO

i) STRENGTH OF A LIMB OR BEAM
~ CROSS-SECTIONAL AREA ~ L?

ii) WEIGHT SUPPORTED ~ L3

AS SIZE INCREASES WEIGHT WILL
EVENTUALLY EXCEED STRENGTH LEADING TO



GALILEO

i) STRENGTH OF A LIMB OR BEAM
~ CROSS-SECTIONAL AREA ~ L?

ii) WEIGHT SUPPORTED ~ L3

AS SIZE INCREASES WEIGHT WILL
EVENTUALLY EXCEED STRENGTH LEADING TO

COLLAPSE AND LIMITS TO GROWTH



TO AVOID NEED:
I)CHANGE DESIGN
iI)CHANGE MATERIALS

ii)OR BOTH



TO AVOID NEED:
i) CHANGE DESIGN
i) CHANGE MATERIALS

i) OR BOTH

—> INNOVATION
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ATTENDANTS, UNAWARE THE cmuas

PHYSICAL STRUCTURE WAS MILLIONS

OF YEARS ADVANCED OF THEIR

OwN, WERE ASTOUNQED AT WIS
EATS OF

A Passing
MOTORIST,
DISCOVERING
THE SLEEP-
ING BABE
WITHIN,

AS A DISTANT PLANET
WAS DESTROYED BY OLD
AGE, A SCIENTIST PLACED
HIS INFANT SON WITHIN
A HASTILY DEVISED
SPACE -SHIP, LAUNCHING
IT TOWARD EARTH /

LEAP 4§ TH OF A

MILE ; HURDLE A

TWENTY - STORY
BUILDING . . «

PENETRATE |
HIS SKIN /

-INCREDIBLE ? MO/ FOR EVEN TODAY ON OUR
WORLD EXIST CREATURES wWiTH SUPER- STrnENGTH’

= THE LOWLY ANT CAN THE GRASSHOPPER UEAPS
THE PHYSICAL MA‘RVEL WHO SUPPORT WEIGHTS WHAT TO MAN WOULD |
HAD SWORN TO DEVOTE HIS P HUNDREDS OF TIMES BE_THE SPACE OF SEvV-
IEXISTENCE TO uELPNs T ITS OWN ERAL CITYy BLOCKS
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Our Solar System

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

Select a Solar System body to learn more.



Neptune

Saturn

e,
Pluto
&
Charon

Jupiter

Mars

Venus

o
Moon Earth



%

Cube of semimajor axis (AU

1

'/Pluto

50,000
Neptune
10,000 Uranus
1.000 CQ Saturn
100 Jupiter
10 The straight line expresses
. Kepler's Law of Periods
Mars
1 Earth
* Venus
-“Mercury 10 100 1000 10,000

| | 1 | 1

Square of orbital period (yr ?)
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POWER LAW WITH EXPONENT b:

Y(X) = Y, X
Y, =Y(1)



THE GREAT EASTERN (1858)

Isambard Kingdom Brunel



Sir Winston Churchill

Isambard Kingdom Brunel

Diana, Princess of Wales

Charles Darwin

William Shakespeare

Sir Isaac Newton

(1874-1965) Politician

N l'
"1:]\‘,\;4‘\ [

(1806-1859) ,', _""f" B Engineer

!

Member of the British Royal

(1961-1997) . - -
. \ family. Philanthropist.
\
(1809-1882) | Naturalist
(1564-1616) Poet and playwright

Physicist, mathematician,
astronomer, natural
philosopher and biblical
scholar

(1642-1727)




William Froude

MODELLING, SCALE-INVARIANCE

...... by which the results of small-scale tests could be
used to predict the behaviour of full-sized hulls.



Osborne Reynolds

Lord Rayleigh (John Strutt)
(1842-1919) -

R = 2L

u
MODELLING, SCALE-INVARIANCE
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THE COMPANIES

u.s. CANADA AUSTRALIA JAPAN KOREA EUROPE
M Boeing M Boeing M Boeing M Kawasaki M KAL-ASD M Messier-Dowty
M Spirit M Messier-Dowty M Mitsubishi M Rolls-Royce
M Vought M Fuji Latecoere
M GE Alenia
M Goodrich Saab
FIXED ENGINE CENTER FORWARD FUSELAGE
TRAILING EDGE NACELLES FUSELAGE Nagoya, Japan
s Nagoya,Japan i Chula Vista, CA Grottaglie,ltaly
WING TI
N , FORWARD FUSELAGE
Korea agoya,Japan Wichita, Kansas
MOVABLE TRAILING EDGE
Australia
ENTRY [;;OESRS
CARGO/
TAIL FIN France ACCESS
Fredrickson, DOORS
Washington Sweden
WING/BODY FAIRING
S LANDING GEAR DOORS
Winnipeg, Canada
MAIN LANDING GEAR ‘
gomzoumL x‘v:g%E: V};%n
TABILIZER ya,
: ENGINES
Foggia, Italy GE-Evendale, Ohio
CENTER WING BOX Rolls-Royce-Derby, UK
Nagoya, Japan FIXED AND MOVABLE
AFT FUSELAGE — LANDING GEAR LEADING EDGE
Charleston, S.C. Gloucester, UK Tulsa, Oklahoma



5F
50%% I
" OOOO 0% Came
E e ¢ . o
” wg §» Dog
£ |+ l. |
g" .
- 0O5F
()]
2
N
0-2fF o
] o
01k H Gerbil
< | i
05 I 2 )

Speed v (m/s)

Fig. 1.17(a) Graphs of stride length (s) against speed (u)
relative stride length (s/!) against Froude nuraber (u?/gl),

Relative stride length, s/(

Froude number, gl

length). The data are from films taken by the author and his associates.

(b)
N
At
5 alle—
O g’f .
038580
00 2 o9
i 8 . |
O | 10

for several mammals. (b) Graphs of
based on the same data ([ is leg




’

o

provide a record of stride length and
may have pursued a larger sauropod

carmvore i

Bird at Paluxy Creek in 1944.
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SCALABILITY

RESILIENCE

EVOLVABILITY

GROWTH
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10000 : I I ] I
Elephant.

1000 3
©
E 100 Man i
'9 Chimpanzee\ N
CCE Dog \

Sh
= WIGRIS Goose Ggat eep
S N assowary
3 10 Hen\ N Condor |
© Macaque
Y Guinea pig %Cat
o N . Rabbit
= Marmot
T \\ Rat Giant rats a
Small birds Pigeon and dove
O
/@use
0.01 0.1 1 10 100 1000 10000

Body Mass (kg)
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



log (Metabolic power, W)

-10 -

-12—1

Mitochondrion

WEST, BROWN & WOODRUFF, PNAS 2001

Unicells

Mammalian
cell

-14 -
-16 —
-18 —
onyeee’
-20 —
T | T T T T I T T
20 -18 -16 -14 -12 -10 -8 -6 -4

log (mass, g)



Aboveground respiration ( umol s™)

PLANTS/TREES

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

Aboveground plant mass (kg)

0.780 + 0.037
BoM



SINCE N, ~ M NAIVELY MIGHT EXPECTB ~M

HOWEVER, B ~ M 3/4

OVER 27 ORDERS OF MAGNITUDE
SPECIFIC METABOLIC RATE (PER UNIT MASS)

E o M~V

M

SO METABOLIC RATE OF AVERAGE CELL

B o MV

cell



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
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1 06 = Rissa’s dolphin -~ -
3 Human ~.  Elephant 3
r Bottienose dolphin . ™~ Pilot whale
i Horse i
L Harbor porpoise  ~. -
5 Chimpanzee \‘\. o
- Sea lion =
10 - Comchi . Olive baboon ~ ™ Cow E
. uchin monkey . 1
~ I P ervet monkey Lar gibbon :
™ [ Red colobus ~. Pig i
£ Rediail monkey~oy . & < Macaque monkey
= 104 - Howler monkey ~. ™~ Sheep _
—_ 3 Squirrel monkey Ca’\ Woolly monkey 2
g " White sifaka . ™~ Fox .
- White-fronted lemur > I Aye-aye :
o - Owl monkey~. _2'®. =~ 1o ’
E i Slow loris ~ Mara )
= 4 03 u Tufted—ear marmoset _ Marmoset -
(=] 3 Rabbit ~_ “~ E
2 - . Woolly lemur :
[ , . Red—tailed sportive lemur )
2 Everett's tupaia -_ = Pygmy oapadingiy. 4 )
i) West European hedgehog ° Flying fox
% 1 02 . Algerian hedgehog - D»_;-‘arf bushbaby -
= 3 Fisherman bat ~ . Treeshrew " ]
é " Tenrec ~ " Lesser mouse lemur .
L Large Madagascar heﬁ;ﬁf\ - o~ Long—eared desert hedgehog R
1 Wazter shrew
10 F  Sowth African giant shrew E
F Small Madagascar hedgehog ~=® ]
- \ -1
i . Streaked tenrec i
Asian house shrew
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1 00 | Pygmy shrew . = Common shrew -
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log (genome length, bp)

D vependaence of Frokaryotc
Genome Length on Cellular Mass
7.5+ o Non-photosynthetic Prokaryotes
e Cyanophyta
7.0 -
6.5 -
6.0 -
¢ Slope = .24 +/- .02
5.5 — Intercept = 9.4 +/- 0.2
9.0 -
[ [ | I | |
-15 -14 -13 -12 -11 -10

log (Cellular mass, g)




L\FESPAN

T ~ m'*
\F HEART-RATE (NUMBER of BeATS PeR sSec))
o M4
= TOTAL NUMBER OF WRART-BEATS \N A
THALAL L\ECE-TWME \S INDEPENDENT ofF S12¢!l
~ \.‘S'x\oc’
TACH AN IMAL SPEAUES REGaAADLESS ©ofF S\
HAS APPROXWMATELY “THE SAME NUMBER €F REALT -

BEATS 1IN ITS LAEE-TME  (RCUGHLY | BiLiex)



MORE FUNDAMENTALLY, ACROSS AEROBIC METABOLISM:
THE NUMBER OF TURNOVERS IN A LIFETIME OF CytO
ENZYMES (RESPIRATORY COMPLEX) IS AN APPROXIMATE
INVARIANT (~ 1076)

10°¢

® Whale
,a " p—

® Elephant

10° - o Giraffe

® Whale
® Horse
Weight, Kg
10¢ e Tiger
Ass % Lion

® Man

Dog »
10 —

Cat 'Monkey
1 — Marmot e

* Hat

e Hamster

107 T ] T T I T

10¢ 10 10° 10* 10™ 10 %
Beats / lifetime




LIFE 19 TWE MoST (aMPLEx SYSTEM
SCALING LAWS AR REMAAUABLE DBECAULSE.

V) Teey EXGT

DPeoMm INANCE oF

W) THeY Afe VERY S\WMPLE
i \/q. PoweR

W) THEY AMe UNWEASAL
W) = BIGEER 15 Mefe EFRCIENT

V) FE auadTiTATE ‘LAwS' IN BibLeGy



NETWORKS!!!

(FRACTAL - LIKE)






FUNDAMENTAL PRINCAPLES (NATURAL SELECTION)

T. AT ALl SCALES OARGANISMS ARE SUSTAINED RBY TRE
TRANSPORT OF ENERGY AND ESSENTIAL MATERIALS
THAOUGH HWIERARCHICAL DRANUMNG NETWORK
SYSTEMS N ORDER To SUPPLY ALL WOLAW PARTS

OF THe ORGAN\sM
T, THESES NETWOAKS ARE SPACE-FULING

THE TEARMINAL DRAANCHES ©oF THE NRTWORK

A

AGE  INVARIANT UN(TS
W, ORGANISMS HAVE EVowWED BY NATUAARL SELECTION
Seo As o
1) MIIMISE ENERGY DISSIPATED IN THE NETWOAKS
Woler ) MAXIMISE THe SCALING OF THER AREA oF

INTBAFACE WiTH THEIR RESOUACE. ENVVRONMENT

West, Brown & Enquist, Science 1997, 1999,...., Nature, 1999, 2001,
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SINGE THE FLU\D (BL00D) TRANSPORT S OXYGEN,
NUTRENTS ETc FROM “TME AOCKTA TO T™Me
CAPCWLARES

METABULIC RATE o¢ VOLUME FLoW RATE

B x G,

BUT THE (ONSERVATION OF FLUID (BLoeD)

> &, = N, &
ToThAL NUMBER VoLUME ©.0w RATE N
OF CACILARIES ANERAGE CAPIMLARY

CREILLARY 15 AN \NNARANT UNVT
( Ge 15 SAME TR ALL MAMMALS)
= NUMBER oF cAflLLaA®ES (N MusT scate 1N SamME

WAY AS THE MeTADLC RATE (B o Q)

>
S0, 1F B M ven

==

N, M ( NoT N ~ ™)



TOTAL NUMRER OF CEWWS
Neew ~ ™M (HINEARD)
TOTAL NUMBER OF CAPLLLAR\ES
Ne ~ M’H
MismaTOR |
= NUMBER OF CeEws FED BY A SNGLE
CAPILARY INCREASES AS M e

( ANSTHEA, MANIFESTATION THAT EFFIUENCTY
INCREASES WITH S\ 2E )

IMP o TANT IMELACATIONS Feh GASWTH AND DeaTH .
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Now VARY MASS : M iMISE ENERGY 1LeSS (B, CRANGES)

F oo ,n, M) = EM) + [ T Tf\, fen® — N )
*M \ ‘V\k

LY
& ‘é LT Ol PERVATY S W)
ENQLE“’MQ

Fo FIRED M, As AGoVE

2F W am* Dbmt +"ﬁ M) am
M



N 4 DMENS\oNS

B = M’A’T

e
WE LVE W 3 SPATIAL DIMENSIONS So B ™M

> 3" RELARIENTS DIMENSICNALITY OF SPACE

-
"4 increAse w DIMENSIONALITY DUE ToO
FRACTAL-LIKE SPACE BuwLiNe

LUFE HAS TAYEN MVANTAGE oF THE PosSSIBILITY of
USING SPACE-FILLING FRACTAL-LIKE SUREACES

(WHesE. BAERGY AMD RESOVACES Ade BXCHANGED)

To MMIMISE ENERSY TAANSFER Faom THE

TNV oN Me T AREA
e DIMERSIONALIYY OF
NON ~PAACTAL - ™M Seace (Norumed
e

BIOLOGAAL (FRACAL) ™M

BY ANALOLY ¢ L\Fe EFFEXWELY oPferATES N
FOUA, SPATIAL THOWWMEA S1oNS

LFWE * mMe s meLupets]



Cardiovascular

Exponent
Variable
Predicted Observed

Aorta radius r, 3/8 = 0.375 0.36
Aorta pressure Ap,, 0= 0.00 0.032
Aorta blood velocity u, 0= 0.00 0.07
Blood volume V, 1= 1.00 1.00
Circulation time 1/4 = 0.25 0.25
Circulation distance / 1/4 = 0.25 ND
Cardiac stroke volume 1= 1.00 1.03
Cardiac frequency o —-1/4 = -0.25 —-0.25
Cardiac output £ 3/4= 0.75 0.74
Number of capillaries N 3/4= 0.75 ND
Service volume radius 1/12 = 0.083 ND
Womersley number a 1/4 = 0.25 0.25
Density of capillaries —-1/12 = —-0.083 —0.095
O,, affinity of blood P, —-1/12 = —-0.083 —0.089
Total resistance Z -3/4 = -0.75 —-0.76
Metabolic rate B 3/4= 0.75 0.75




Respiratory

Exponent
Vanable

Predicted Observed
Tracheal radius 3/8 = 0375 0.39
Interpleural pressure 0= 0.00 0.004
Air velocity in trachea 0= 0.00 0.02
Lung volume 1= 1.00 1.05
Volume flow to lung 3/4 = 0.75 0.80
Volume of alveolus V, 1/4 = 0.25 ND
Tidal volume 1= 1.00 1.041
Respiratory frequency -1/4 = -0.25 —0.26
Power dissipated 3/4 = 0.75 0.78
Number of alveoli N, 3/4 = 0.75 ND
Radius of alveolus r,, 1/12 = 0.083 0.13
Area of alveolus A , 1/6 = 0.083 ND
Area of lung A_ 1112 = 0.92 0.95
O, diffusing capacity 1= 1.00 0.99
Total resistance —-3/4 = -0.75 —-0.70
O, consumption rate 3/4 = 0.75 0.76




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

Variable Plant mass Branch radius
Exponent Symbol Symbol Exponent
predicted

Predicted 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 Ris: 1 Fas 1
R, n'~2 e A2
Space filling Lis 1 by 1
L, n'? Iy AL
Biomechanics R? = [3 r2=p
Size distribution* AN, o R72 oc M3 Any = rp? o« mp
Energy and material B; = R? = N* = M¥* By o r? o nk o m
flux*
Predicted stem radius, .LT;J
Stand property based scaling function
Size class neighbor separation i = rg
Canopy scaling rgn o rg
Canopy spacing e\ 12
di*" = c,rk[1 - (r_) ]
Ak
Energy Equivalence AngByg = 12
Total forest resource use Brot = SANE =R
Mortality rate pk =~ Arg2?
Size distribution R

_2
N = k¥ b '™



INTERSPECIFIC SIZE DISTRIBUTION
All species in a Malaysian Rainforest

log number of trunks

1947

1981

N =62 D297

N =55 D195

0.5

0.5

25

log trunk diameter (cm)

Manokaran and

Kochummen (1987)






HYDAODINAMIC GESISTANCE OF THR NETWORX

~ \
M+

TOTAL AESISTANCE DECAEASES WITH SI1%E o

SMALL MAY BE BEAUT\EUL BRUT LARGE S
MORE. BRM aeNT U

L]
BLOOD PRESSURE. ~ ™M
\NYARANT |

NOARTA BLooD VELOOTY ~ M°

RADIUS oF A WHALE'S ASATA ~ DCaem

AADWS OF A SHREW'S ACRTA ~ 1. wmwm
\o



Ths Deceeast of B, Wi S1te (S DARWEN

VY THE HE GEMONY oF THE wNETWORW

(CONTROLS FUNDAMENTAL Blecnuu e,
RATES)

N \F THE NETWOAK WERE KREMAVED S0 cCeEL.sS

REeCoME FREE (W VATRY) B, SHOULD BEGLME
IND EPENDENT OF WHRAT MAMMAL THEY DAICINMED

N e PREDCKX

A A
B. 610 WATTS /

IN VIV
kg MJH

N VTR




log(power per cell, Watts)

e Data from Brown, et al.
-10- M = Cultured cells
l_ e . in vitro, B o« M°
N
-11 -
-12 -
Cells in vivo, B « Vi
-13 -
I I I T
0 2 4 6

Log (mass of organism, g)



NETWORK GEOMETRY AND DYNAMICS
CONTROLS THE PACE OF LIFE AT ALL
SCALES LEADING TO AN EMERGENT

“UNIVERSAL " TIME SCALE

B
Bcell x M _BOM_l/4

THE PACE OF LIFE SYSTEMATICALLY
SLOWS WITH INCREASING SIZE







Energy and human life

Chemical waste
- Carbon dioxide

Chemical energy
- Carbohydrates
- Fats

- Others

Heat




INCOMING METABOLISED ENERGY

v/

MAINTENANCE
(of existing cells)

+

GROWTH
(of new cells)



dN

_ cell
B = N cellsB cell + E cell d /
IN TERMS OF MASS AT AGE t

dm

— =am’'* —bm
dt

where q = Bym,
EC

B

b=—°
EC

SolLuT\oN

\
(:.«_ oy L\- f_‘;j‘*] e -t ian
™M M

WHERE ™o = MASS AT GIATH (Mz™M, wwen £=90)



Guinea pig
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Dimensionless mass ratio

(m/M)VA

0.75

0.50

0.25

0.00

Swine
Shrew
Rabbit

Cod

Rat
Guinea Pig
Shrimp

Salmon

Guppy
Chicken
Robin

Heron

Cow

i 1 " | i 1

4 6 8
(at/AM/2) - In[1-(mo/M)V/4]

Dimensionless Time

10



Colonies

Vespa orientalis

Polistes fuscatus

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

Unitary organisms
00 T T T T T T | ! I .
0 2 4 6 8

Dimensionless time

Dimensionless colony or unitary organism mass
o
(o))
|

C. Hou, M.Kaspari, M.H. vander Zanden, J.F. Giloolly, PNAS (2010)
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Dimensionless mass ra

0.2

0.5 0.5 15 25 5.5 6.5 7.5

35 45
Dimensionless time, ©

Ficurge 5. Plots of dimensionless ratio versus dimensionless time
as defined by Eqgs. (29)-(30). Data in grey are for ontogenetic
growth from 13 species of animals (see [90] for original data
sources ), ranging from guppy to cod to guinea pig, and data in
color with square symbols are for tumor growth trajectories for
C3H mammary carcinoma (dark blue), EMT6 mammary carci-
noma (dark red), KHJJ mammary carcinoma (light green), NCTC
(dark green), Flank (yellow), Primary fibroadenoma (red), Primary
Osteosarcoma (light blue), and Walker Carcinoma (purple) tumor

Herman A.B., Savage V.M., West G.B. (2012) PLoS ONE; 6: €22973
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Rat i

| l | I l |
0 60 120 180 240 300 360

Age (day)

SUB-LINEAR SCALING (SLOPE < 1)
LEADS TO BOUNDED GROWTH
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LENGTH 350 ft
WEIGHT 1.7x10" Kg =1.7 x 104 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



JAMES BROWN (UNM/SFI)
BRIAN ENQUIST (U. ARIZONA)
WOODY WOODRUFF (LANL)
VAN SAVAGE (HARVARD)
JAMIE GILOOLLY (U. FLORIDA)
DREW ALLEN (UCSB)
MICHELLE GIRVAN (U. MARYLAND)
ALEX HERMAN (UCSF)
CHRIS KEMPES (MIT)



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(AN)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(AL.N)Y(N)
RENORMALISATION GROUP

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



iii) 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

f Y(N)dInN
b(N) = InN
dZ(1,N
WITH () = 24N




Y(N) = Y,N*®



iv) THE “NATURAL” VARIABLE IS 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
>WHEN Z(A,N) IS INDEPENDENT OF N:
Y(AN) = Z(A)Y(N)

SELF-SIMILAR (FRACTALITY)



GENERALISE TO “DYNAMICAL”
REPRESENTATION

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

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

y(g) ~ dg

Y(N)=Y[N,g(N)]=Y(Nye e ")

WHERE Ble) = ﬁggi]\’)

(FIXED POINTS)




LUIS BETTENCOURT (SFI - PHYSICS)

JOSE LOBO (ASU - URBAN ECONOMICS)

DEBORAH STRUMSKY (UNC - ECONOMICS)

HYEJIN YOUN (OXFORD - PHYSICS)

MARCUS HAMILTON (SFI/UNM - ANTHROPOLOGY)
NATHANIEL RODRIGUEZ (SFI - COMPUTER SCIENCE)
CLIO ANDRIS (SFI - GEOGRAPHY)

MARKUS SCHLAPFER (MIT — ENGINEERING)
CARLO RATTI (MIT — ARCHITECTURE)

DIRK HELBING (ETH ZURICH - TRANSPORT/PHYSICS)
ERICH RAUCH (PHYSICS/BIOLOGY - MIT/PRINCETON)

DAVID LANE (U. REGGIO - STATISTICS/ECONOMICS)
SANDER van der LEEUW (ASU - ANTHROPOLOGY)
DENISE PUMAIN (PARIS - URBAN GEOGRAPHY)
SPYROS SKOURAS (ECONOMICS - U. ATHENS)



SUPPORT:

NATIONAL SCIENCE FOUNDATION

GENE & CLARE THAW CHARITABLE TRUST

BRYAN & JUNE ZWAN FOUNDATION

ROCKEFELLER FOUNDATION

McDONNELL FOUNDATION

TEMPLETON FOUNDATION



WE LIVE IN AN EXPONENTIALLY
EXPANDING SOCIO-ECONOMIC
UNIVERSE!!

1800 < 4% OF THE US POPULATION WAS URBAN

2011 > 80%

2006 > 50% WORLD’S POPULATION URBANISED

2050 >75%

EVERY WEEK FROM NOW TILL 2050
OVER ONE MILLION PEOPLE ARE BEING
ADDED TO OUR CITIES



URGENTLY NEED A QUANTITATIVE,
PREDICTIVE SCIENCE OF CITIES

RESILIENCE
EVOLVABILITY
GROWTH

SCALABILITY



NEED A SCIENCE OF CITIES

COMPLEMENT TO TRADITIONAL
(QUALITATIVE) THEORIES AND MODELS

WHAT CAN WE LEARN FROM BIOLOGY AND
PHYSICS?



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

DO THEY MANIFEST
“UNIVERSALITY"?
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“What is the city but the
people?”

William Shakespeare

CORIOLANUS
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No. of Petrol Stations

No. of Petrol Stations
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C. Kuhner, D. Helbing, G.B.West Physica A 363 (1) 96-103



LN[Total Wages USA MSAs 2004]

LN[Supercreatives USA MSAs 2003]

26 p=1.12 R®=0.97 .
| Example of scaling
g | relationships
23
i a) Total WAGES per MSA in 2004 for the
USA vs. metropolitan population.

21 .
20 : : : : : :

10 11 12 18 14 15 16

LN[Population] b) SUPERCREATIVE employment per

14 : . ' , . : jl—SA in 2003, for the USA vs. metropolitan
18t p=1.15 R?=0.91 opulation.

12
11

10

SUPER-LINEAR
SCALING

9 10 11 12 13 14 15 16
LN[Population]

L. M. A. Bettencourt. J. Lobo. D. Helbina. C. Kiihnert. and G. B.West 104. 7301-7306 (2007)



Innovation measured by Patents

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

@ @ |ncome
® ® Crime
20He ® Patents
® ® GDP

Lo}

10F

log(Y/Y)

0.0

-1.0}

-15F

_2(; I 1 1 1 i L 1
—-2.0 -1.5 ~1.0 ~0.5 0.0 0.5 1.0 L5 2.0

log(N/N)

UNIVERSALITY

L. M. A. Bettencourt & G. B. West (2010) Nature 467: 912; (N. Rodriguez)




THE GOOD, THE BAD & THE UGLY

DOUBLING THE SIZE OF A CITY

ON AVERAGE 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)



log(Y/Y)

CoIIapsed Income GDP Crlme (binned), and Patents (blnned)
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SUPER-LINEAR

SCALING
SLOPE ~ 1.15 > 1



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

@ @ Income

oiie = wae UNIVERSALITY

® ® GDP

log(Y/Y)
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log(N/N)

M. Schlapfer, L. M. A. Bettencourt, S. Grauwin, M. Raschke, R. Claxton, Z. Mrd&a G. B. West

and C. Ratti. P. Roy. Soc (tbp)

SUPER-LINEAR

SCALING
SLOPE ~ 1.15 > 1

, SOCIAL NETWORK
\: SCALING
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FINANCIAL MARKETS,
ECONOMIES,

GLOBAL WARMING,
ENVIRONMENT,
URBANISATION,
HEALTH,

CRIME,
POLLUTION.,..........

ARE NOT INDEPENDENT

THEY ARE ALL HIGHLY COUPLED, INTER-
RELATED COMPLEX ADAPTIVE SYSTEMS



NETWORK DYNAMICS DETERMINES
THE PACE OF LIFE

IF THE SLOPE IS < 1

IF THE SLOPE IS > 1

PACE OF LIFE
SLOWS DOWN

PACE OF LIFE
SPEEDS UP



LN[Mammalian Heart Rate (beats/min)]

Pace of biological life vs.
Pace of social life
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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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L. M. A. Bettencourt, J. Lobo, D. Strumsky and G. B.West (2010) PLoS ONE 5(11): e13541




Scale Adjusted Urban Indicators
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DIVERSITY OF FIRMS AND
OCCUPATIONS
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IF NUMBER OF ESTABLISHMENTS OF TYPE ]
SCALES AS

nJ.OCNﬁj

THEN ITS RANKING SCALES AS

(1-6.)/
,XjOCN Pi)ly X; < X

X] oC (1—[3)111]\] )(j>)(0

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

SUB-LINEARLY (e.g. AGRICULTURE, MINING, FISHING,
.....) DECREASE IN RANK



SOCIO-ECONOMIC QUANTITIES DEPEND ON
“TWO-BODY” INTERACTIONS (INFORMATION
EXCHANGE) AND THEREFORE NUMBER AND
DENSITY OF SOCIAL INTERACTIONS:

Y(N)x N, _
[UNLIKE BIOLOGY WHERE Y(N) ~ N]

IF EVERYONE INTERACTED WITH
EVERYONE ELSE, THEN

Y(N)xN. ~N-

EFFECTIVE INTERACTION SPATIAL AREA
FOR AVERAGE INDIVIDUAL = ¢?



EACH INDIVIDUAL INTERACTS WITH AN OTHERS:
AN = p €2

TOTAL NUMBER OF INTERACTIONS = NAN = Np &?

SOCIO-ECONOMIC METRICS

Y(N) x (NAN)Y, ~ (Npe*)Y, ~ %(eZYO)

Y(N) ~ ( )NZY

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

AREA A~Le



= | — || —|=€Y, INVARIANT!
N /AN
IF
I =~ LONﬁI R = RONﬁSE
WITH Bi=1+g Bse=1+ &ge
THEN €= €5 (~0.15)

=2 CAN DETERMINE THE SOCIAL
INFORMATIONAL NETWORK SCALING FROM
THE “METABOLIC” NETWORK SCALING
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2009 Weekly Gross (resident)

10° 10° 10’
Population

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



From London to all the smallest settlements
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B|B|C News Sport Weather Capital Future Shop TV

NEWS uk I

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

England Northern Ireland  Scotland Wales UK Politics = Education

The Editors: Is London's success \
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.



Rat i

| l | I l |

0O 60 120 180 240 300 360
Age (day)

SUB-LINEAR SCALING (b < 1)
LEADS TO BOUNDED GROWTH



Growth Equation

Total incoming rate (Resources,
Products, Patents,... ... "Energy” or
“Dollar” equivalent)

~ Maintenance (Repairr,
Replacement, Sustenance, ...) +

Growth



n N d N
R= QYN =Y+ e,
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 jth 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 f =~f=1.15
APPROXIMATELY THE SAME FOR ALL i,
SO R(N)= RN’

INTRODUCE AVERAGE COSTS:

1 N
N
ECJ

j=I

K,

1
ol N



R~NR, + E, N

_ dt
dN—/ﬁ\Nﬁ /RO\N
dt \Eo/_ \R1)
SOLUTION:
R | R —2a-py
NP =L |N"P0)-—le "
RO i RO_

CHARACTER OF SOLUTION SENSITIVETO f[(>=<1



b >1 (SUPER-LINEAR)

time [years ] time [years ]

SUPER-EXPONENTIAL
UNBOUNDED GROWTH COLLAPSE



UNBOUNDED GROWTH
REQUIRES ACCELERATING
CYCLES OF INNOVATION TO

AVOID COLLAPSE

)

Mo e . |
N5(0) | : J/
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N(?)

N,(0)
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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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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



Go with It

See Inside

By Geoffrey West

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
qualitative and disjointed and lead to
unintended consequences. To bring

scientific rigor to the challenges of our time,

we need to develop a deeper understanding
of complexity itself.

Big Data Needs a Big Theory to

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

Pinit

Image: Eva Vazquez



OUR “NATURAL” METABOLIC RATE ~ 90 watts
OUR SOCIAL METABOLIC RATE ~ 11,000 watts !!!
WE ARE EQUIVALENT TO A 30,000 Kg GORILLA !!!

REPRODUCTION RATE OF ~ ONE OFFSPRING PER
15 years
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Log sales, deflated millions $
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