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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!























SOCIO-ECONOMIC 
ENTROPY!!

















London After Climate Change?



“What is the city but the
people?”

William Shakespeare









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

 







CAN THERE BE “NEWTON’S
LAWS OF COMPLEX ADAPTIVE

SYSTEMS”?





NEWTON’S LAWS OF MOTION:

NEWTON’S LAW OF GRAVITATION:

   

F = ma = m
d2r

dt 2

   

F =G
m1m2

r2



NEWTON’S LAWS OF MOTION:

NEWTON’S LAW OF GRAVITATION:

ENERGY!!
ENCODES AN “INFINITE” AMOUNT

OF DATA

   

F = ma = m
d2r

dt 2

   

F =G
m1m2

r2



MAXWELL’S EQUATIONS

UNIFICATION OF ELECTRICITY AND MAGNETISM



MAXWELL’S EQUATIONS

UNIFICATION OF ELECTRICITY AND MAGNETISM

ELECTROMAGNETIC WAVES!!



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

QUANTUM ELECTRODYNAMICS

FEYNMAN DIAGRAMS

MAGNETIC MOMENT OF THE ELECTRON



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

EXPERIMENT g/2 = 1.001 159 652 180 73 (28) [0.28 ppt]

QUANTUM ELECTRODYNAMICS

FEYNMAN DIAGRAMS

MAGNETIC MOMENT OF THE ELECTRON

















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?





WHY DOES THE PACE OF LIFE CONTINUE
TO GET FASTER?

IS ANY OF THIS SUSTAINABLE?

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



Blue Whale
200,000,000g

Shrew
2g

Elephant
2,000,000g

Mammals vary in size by
8 orders of magnitude



SLOPE = ¾  <  1   SUB-LINEAR   ECONOMY OF SCALE 



Whole-organism metabolic rate (B) 
scales as the 3/4 power of body mass (M)

B   M 3/4 

Hemmingson 1960



WEST, BROWN & WOODRUFF, PNAS 2001



   

B µ M 0.780 ±  0.037

PLANTS/TREES



SINCE Ncells ~ M NAIVELY MIGHT EXPECT B  ~ M

HOWEVER, B ~ M3/4

OVER 27 ORDERS OF MAGNITUDE

SPECIFIC METABOLIC RATE (PER UNIT MASS)

SO METABOLIC RATE OF AVERAGE CELL

   

B

M
µ M-1/ 4

   

Bcell µ M
-1/ 4



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



heart rate scales as 
-1/4 power of body mass

Metabolic rate sets the pace of life
Small animals live fast and die young

















A. T. Atanasov, Bulg. J. of Vet. Med. (2006), 9, No 3, 159−174 





EXPLAINED BY THE GENERIC
MATHEMATICAL AND

PHYSICAL PROPERTIES OF.......
 







Large vessels
branch into
smaller ones
 
Beating heart

Pulse wave
propagates
through elastic
vessels



 





Relation between number and
size of branches within a tree





 





West, Brown & Enquist, Science 1997, 1999,…., Nature, 1999, 2001,…….. 















 



 















PLANTS

VERY DIFFERENT
EVOLVED

ENGINEERING
DESIGN (NON-

PULSATILE FIBRE
BUNDLES) BUT

SAME NETWORK
PRINCIPLES 
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INTERSPECIFIC SIZE DISTRIBUTION

All species in a Malaysian Rainforest







 





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

“UNIVERSAL” TIME SCALE

THE PACE OF LIFE SYSTEMATICALLY
SLOWS WITH INCREASING SIZE   

Bcell µ
B

M
= B0M

-1/ 4



ALL RATES ~ M-1/4

METABOLISM
GROWTH
EVOLUTION
LONGEVITY
DIFFUSION
FLUXES
……….

ALL TIMES ~ M1/4

LIFESPANS
TURNOVER TIMES
TIMES TO MATURITY
CIRCULATION TIMES
………….



TEMPERATURE DEPENDENCE

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

Pi ~ (CONCENTRATIONS) x (FLUXES) x (KINETICS)

(CONCENTRATIONS) x (FLUXES) ~ NETWORK ~ M3/4

(KINETICS) ~ BOLTZMANN - ARRENHIUS ~ e-E/kT

E = AVERAGE ACTIVATION ENERGY FOR RATE-LIMITING
   PROCESS IN RESPIRATORY COMPLEX 

(PRODUCTION OF ATP) ~ 0.7 eV ~ 2x10-20 cal

   

B = Pi
i

å



ALL RATES ~ M-1/4

METABOLISM
GROWTH
EVOLUTION
LONGEVITY
DIFFUSION
FLUXES
……….

ALL TIMES ~ M1/4

LIFESPANS
TURNOVER TIMES
TIMES TO MATURITY
CIRCULATION TIMES
………….



ALL RATES ~ M-1/4e-E/kT

METABOLISM
GROWTH
EVOLUTION
LONGEVITY
DIFFUSION
FLUXES
……….

ALL TIMES ~ M1/4eE/kT

LIFESPANS
TURNOVER TIMES
TIMES TO MATURITY
CIRCULATION TIMES
………….

TEMPERATURE
REACTION RATES GOVERNED BY STATISCAL

PHYSICS (BOLTZMANN-ARRENHIUS) 



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-1/4e-E/kT

 (RATES) x M1/4eE/kT

ARE INVARIANT, IMPLYING A “UNIVERSAL” RATE OF
LIVING, DYING, GROWING, REPRODUCING, EVOLVING,

…….GOVERNED BY JUST TWO PARAMETERS:

1/4 AND E ~ 0.7 ev



substitution

8 substitutions 
in 2 million years 

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

Evolution: measuring 
nucleotide substitution rate (S) 

ancestor

descendent 1 descendent 2

2 million 
   years

dated fossil or biogeographic event

present



Rates of molecular evolution
temperature
dependence

Gillooly et al. 2005



Rates of molecular evolution
body size 
dependence

Gillooly et al. 2005



Rates of molecular evolution: size correction

reconciles molecular clock with fossil dates
after Kumar and Subramanian 2002 
after correction for body size

Gillooly et al. 2005





GROWTH







   

B = NcellsBcell + E cell
dNcell
dt

   

Þ
dm

dt
= am3 / 4 - bm

a º
B0mc
Ec

b º
Bc
Ec

where

IN TERMS OF MASS AT AGE t
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SUB-LINEAR SCALING
LEADS TO BOUNDED GROWTH



GROWTH CURVES OF ANIMALS 



UNIVERSAL COLLAPSED GROWTH CURVE

RESCALED MASS VS. RESCALED AGE



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







Herman A.B., Savage V.M., West G.B. (2012) PLoS ONE; 6: e22973  





LENGTH 350 ft

WEIGHT 1.7 x 107 Kg   = 1.7 x 104 tons

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

WEIGHT OF HEART 105 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 a day

LIFESPAN 2000 years



GENERALISED SCALING 

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

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



GENERALISED SCALING 

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

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

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



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

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

WITH 

  



iv) THE “NATURAL” VARIABLE IS  ln N

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

ANSWER: WHEN γ(N) IS INDEPENDENT OF N

WHEN Z(λ,N) IS INDEPENDENT OF N:

Y(λN) = Z(λ)Y(N)

SELF-SIMILAR (FRACTALITY) 

 



   

Y (N) ºY[N,g(N)] =Y (N0)e

g(g )

b(g )
dg

g

ò
F[Ne

dg

b(g )

g

ò
]

   

b(g) º
¶g(N)

¶N



 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

e) EXPLAINED BY DYNAMICS OF NETWORKS



ARE CITIES (AND COMPANIES)
SCALED VERSIONS OF EACH

OTHER?

DO THEY MANIFEST
“UNIVERSALITY”?

   













INFRASTRUCTURE

SUB-LINEAR SCALING

ECONOMY OF SCALE

















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



AND……………



AND……………

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





POSITIVE FEEDBACK MECHANISM IN
SOCIAL NETWORKS

SUPERLINEAR SCALING & INCREASING
PACE OF LIFE

 

















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

Walking Speed vs. Population Size       Heart Rate vs Body Weight







   

R = Yi(N)
i=1

n

å = rj
j=1

N

å +
d

dt
c j

j=1

N

å

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

rJ = RATE AT WHICH THESE RESOURCES ARE 
USED BY THE jth INDIVIDUAL (MAINTAIN HIS/
HER/ITS LIFE-STYLE, ETC)

cj = COST OF ADDING A NEW INDIVIDUAL TO THE 
CITY POPULATION

N = TOTAL CITY POPULATION



SCALING LAWS TELL US THAT EACH i
SCALES AS

WITH      
APPROXIMATELY THE SAME FOR ALL i,
 SO

INTRODUCE AVERAGE COSTS:

   

Yi(N)=Yi(1)Nbi

   

R(N)= R(1)N
b

   

bi » b» 1.15

   

R0 º
1

N
rj

j=1

N

å

E0 º
1

N
c j

j=1

N

å



   

dN

dt
=
R1

E0
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è 
ç 

ö 

ø 
÷ N

b -
R0

R1
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è 
ç 
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ø 
÷ N
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ù 

û 
ú 

   

N1-b =
R1

R0

+ N1-b(0) -
R1

R0

é 

ë 
ê 

ù 

û 
ú e

-
R0

E0

(1-b)t
SOLUTION:

CHARACTER OF SOLUTION SENSITIVE TO

   

b>,=,<1

O O

dN
R NR E

dt
» +







UNBOUNDED
GROWTH
REQUIRES

ACCELERATING 
CYCLES OF

INNOVATION TO
AVOID

COLLAPSE



Telephone (40+ yrs)

Cable TV (25 yrs)

Fax (20 yrs)

Cellular phone (11 yrs)

VCR (8 yrs)

PC (6 yrs)

Internet (3 yrs)

Registered 
genetic pairs 
(75% in last 2 yrs)

1.2 million
19971982

Years to reach  10 million customers
(US) Time

Damien
Broderick





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





SUSTAINABLE????





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
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2003 Patenting Rankings

L. M. A. Bettencourt, J. Lobo, D. Strumsky and G. B.West (2010) PLoS ONE 5(11): e13541 





DIVERSITY OF FIRMS AND
OCCUPATIONS

H. Youn, L. M. A. Bettencourt, J. Lobo, D. Strumsky, H. Samaniego, and G. B. West (2013) PNAS
submitted



GDP INCREASES
EXPONENTIALLY WITH DIVERSITY

AND

AS A POWER LAW WITH POPULATION SIZE 

  



SINCE GDP SCALES WITH SIZE AS

G(N) = G0 Nb (b
~ 1.15)

THEN:

G(N) = G1
 e D/x (X0 ~ 211)

WHERE  G1 = G0 N0
b

GDP INCREASES EXPONENTIALLY
WITH DIVERSITY!!

  



IF NUMBER OF ESTABLISHMENTS OF TYPE j
SCALES AS

THEN ITS RANKING SCALES AS

xj < x0

xj >
x0

SO BUSINESS TYPES WHOSE ABUNDANCES
SCALE SUPER-LINEARLY (PROFESSIONAL,

SERVICE,…..e.g. LAWYERS, DOCTORS) INCREASE
IN RANK WITH INCREASING CITY SIZE WHEREAS
THOSE THAT SCALE SUB-LINEARLY  (PRIMARY

SECTORS e.g. AGRICULTURE, MINING, FISHING,…..)
DECREASE IN RANK

   

n j µ N
b j

   

x j µ N
(1-b j ) /g

   

x j µ (1- b)lnN





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

[UNLIKE BIOLOGY WHERE Y(N) ~ N]

IF EVERYONE INTERACTED WITH
EVERYONE ELSE, THEN
 

EFFECTIVE INTERACTION SPATIAL AREA
FOR AVERAGE INDIVIDUAL = ε2

   

Y (N) µ N int

   

Y(N) µ N int ~ N 2



EACH INDIVIDUAL INTERACTS WITH  ΔN OTHERS:

ΔN ≈ ρ ε2

TOTAL NUMBER OF INTERACTIONS ≈ NΔN ≈ Nρ ε2

SOCIO-ECONOMIC METRICS

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

AREA A ~ Lε



   

Þ
L

N

æ 

è 
ç 

ö 

ø 
÷ 
Y

N

æ 

è 
ç 

ö 

ø 
÷ » eY0 INVARIANT!

   

L » L0N
bI

   

R » R0N
bSE

IF

WITH βI = 1 + εI βSE = 1 + εSE

THEN εI = εSE ( ~ 0.15)

CAN DETERMINE THE SOCIAL
INFORMATIONAL NETWORK SCALING FROM
THE “METABOLIC” NETWORK SCALING 



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









Population growth for New York City
1790 - 2003



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) tc for each of these periods vs. population at the
onset of the cycle. Observations are well fit with β = 1.09 (green line).

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) tc for each of these periods vs. population at the
onset of the cycle. Observations are well fit with β = 1.09 (green line).

























SLOPE = ¾  <  1; SUB-LINEAR; ECONOMY OF SCALE 



SLOPE = ¾  <  1; SUB-LINEAR; ECONOMY OF SCALE 

 *  SOCIAL MAN









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





Creative destruction is
the essential fact about
Capitalism

Joseph Schumpeter



Creative destruction is
the essential fact about
Capitalism

All successful people are
standing on ground that
is crumbling beneath
their feet

Joseph Schumpeter



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) 

THE SINGULARITY IS NEAR!

http://www.google.co.nz/
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