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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

(1953)





THE GREAT ACCELERATION



WE LIVE IN AN EXPONENTIALLY 
EXPANDING SOCIO-ECONOMIC 

UNIVERSE!!







AVERAGED FROM FROM NOW TILL 
2050 WE ARE URBANISING OVER ONE 

MILLION PEOPLE EVERY WEEK
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AVERAGED FROM FROM NOW TILL 
2050 WE ARE URBANISING OVER ONE 

MILLION PEOPLE EVERY WEEK

EQUIVALENT TO ADDING A NEW YORK 
METROPOLITAN AREA EVERY THREE MONTHS

OR…….A HAMBURG EVERY 9-10 DAYS













THE CITY IS THE MARVELLOUS MACHINE WE 
DEVELOPED FOR FACILITATING THE 

CREATION OF



THE CITY IS THE MARVELLOUS MACHINE WE 
DEVELOPED FOR FACILITATING THE 

CREATION OF

• WEALTH 

• KNOWLEDGE, INNOVATION AND IDEAS

• INCREASED STANDARDS & QUALITY OF LIFE 



BUT UNINTENTIONALLY AND INEVITABLY IT 
ALSO CREATES

SOCIAL AND PHYSICAL 
ENTROPY:















DISEASE AND PANDEMICS!



SOCIAL UNREST!





London After Climate Change?











CITIES ARE QUINTESSENTIAL COMPLEX 
ADAPTIVE SYSTEMS

ENERGY & RESOURCES 
(METABOLISM, INFRASTRUCTURE)

+
INFORMATION 

(GENOMICS, INNOVATION)



Q: Some say that while the 20th 
century was the century of physics, 
we are now entering the century of 
biology. What do you think of this?

Stephen Hawking interview, 
January, 2000



Q: Some say that while the 20th 
century was the century of physics, 
we are now entering the century of 
biology. What do you think of this?

A:  I think the next century will be 
the century of complexity.

Stephen Hawking interview, 
January, 2000



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

ALMOST CERTAINLY NOT!

BUT, CAN STILL ASK WHETHER 
THERE ARE EMERGENT COARSE -
GRAINED LAWS AND PRINCIPLES 
THAT LEAD TO A QUANTITATIVE 

COMPUTATIONAL 
(MATHEMATISABLE) PREDICTIVE 

CONCEPTUAL FRAMEWORK

















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,…….. 







SLOPE = ¾  <  1   SUB-LINEAR   ECONOMY OF SCALE 



SLOPE = ¾  <  1   SUB-LINEAR   ECONOMY OF SCALE 



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

B µ M 3/4

Hemmingson 1960



WEST, BROWN & WOODRUFF, PNAS 2001







PLANTS

VERY DIFFERENT 
EVOLVED 

ENGINEERING 
DESIGN (NON-

PULSATILE FIBRE 
BUNDLES) BUT 

SAME NETWORK 
PRINCIPLES 





`



€ 

B∝M 0.780 ±  0.037

PLANTS/TREES



SINCE B ~ M3/4

(OVER 27 ORDERS OF MAGNITUDE)

SPECIFIC METABOLIC RATE (PER UNIT MASS)

AND METABOLIC RATE OF AVERAGE CELL

€ 

B
M
∝M−1/ 4

€ 

Bcell ∝M−1/ 4



 





EXTRAORDINARY SYSTEMATIC 
ECONOMY OF SCALE

(THE BIGGER YOU ARE, THE LESS 
ENERGY/FOOD YOU NEED PER CELL)



EXTRAORDINARY SYSTEMATIC 
ECONOMY OF SCALE

(THE BIGGER YOU ARE, THE LESS 
ENERGY/FOOD YOU NEED PER CELL)

SIMILAR SCALING LAWS HOLD FOR 
ALMOST ALL PHYSIOLOGICAL AND LIFE 
HISTORY EVENTS ACROSS THE ENTIRE 

SPECTRUM OF LIFE FROM CELLS TO 
ECOSYSTEMS





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 ∝
B
M

= B0M
−1/ 4



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

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







B.J. Enquist,J.H. Brown & GBW, Nature 2003 



K. Zhang, T.J.A. Sejnowski, PNAS 2000 

WHITE & GREY MATTER IN BRAINS









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



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
∑



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 STATISTICAL 

PHYSICS (BOLTZMANN-ARRENHIUS) 



Rates of molecular evolution
temperature 
dependence

Gillooly et al. 2005





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

ORGANISMS ACROSS THE ENTIRE SPECTRUM OF LIFE

GOVERNED BY JUST TWO PARAMETERS:

1/4 AND E ~ 0.7 ev

IF THE MASS AND TEMPERATURE DEPENDENCIES ARE 
ACCOUNTED FOR, OR COMPENSATED 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,…….



GROWTH





GBW, J.H. Brown & B.J. Enquist, Nature 2001



€ 

B = NcellsBcell + Ecell
dNcell

dt

€ 

⇒
dm
dt

= am3 / 4 − bm

a ≡ B0mc

Ec

b ≡ Bc

Ec
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e
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SUB-LINEAR SCALING
LEADS TO BOUNDED GROWTH



PREDICTED GROWTH CURVES OF ANIMALS 



UNIVERSAL COLLAPSED GROWTH CURVE

RESCALED MASS VS. RESCALED AGE



COUPLED NETWORK PROBLEM: TUMORS







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”?

€ 



HIDDEN LAWS OF BIOLOGY             HIDDEN LAWS OF CITIES



INFRASTRUCTURE

SUB-LINEAR SCALING

ECONOMY OF SCALE

C. Kuhnert, D. Helbing & G.B. West, Physica A (2005)

HIDDEN LAWS OF BIOLOGY             HIDDEN LAWS OF CITIES



SOCIAL NETWORKS



MODULARITY AND PLACE





POSITIVE FEEDBACK MECHANISM IN 
SOCIAL NETWORKS

SUPERLINEAR SCALING 



POSITIVE FEEDBACK MECHANISM IN 
SOCIAL NETWORKS

SUPERLINEAR SCALING 

& INCREASING PACE OF LIFE

L.M.A. Bettencourt, D. Helbing, C. Kuhnert, J. Lobo, G.B. West  PNAS, 2007
L. M. A. Bettencourt & G. B. West Nature 2010

L. M. A. Bettencourt Science 2017



NETWORK “PRINCIPLES”

i) SOCIO-ECONOMIC SYSTEMS ARE SUSTAINED BY THE
TRANSPORT OF ENERGY, RESOURCES AND INFORMATION
THROUGH (HIERARCHICAL) BRANCHING NETWORKS IN 
ORDER TO SUPPLY AND SUSTAIN ALL LOCAL PARTS OF THE 
SYSTEM (PEOPLE, BUILDINGS, BUSINESSES,...)

ii) NETWORKS ARE SPACE-FILLING

iii) TERMINAL UNITS ARE INVARIANT

iv) EVOLVED TO (JOINTLY) MINIMISE TRAVEL TIME AND 
DISTANCE AND MAXIMISE SOCIAL INTERACTION VIA 
EXCHANGE OF INFORMATION TO CREATE “WEALTH” AND 
“INNOVATE”

v) UNIVERSALITY OF HIERARCHICAL MODULAR STRUCTURES   



WITHIN SOCIO-ECONOMIC ORGANISATIONS 
THESE LEAD TO FRACTAL-LIKE STRUCTURES 

AND FLOWS

AND TO (APPROXIMATE) POWER LAW SCALING 
ACROSS ORGANISATIONS:

Y (N )∝Nb



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

€ 

Y (N)∝ N int



THE CONSTRAINTS AND DYNAMICS OF SOCIAL 
& INFRASTRUCTURAL NETWORKS (AND THE 
DATA!) LEAD TO

SO, FOR THE AVERAGE INDIVIDUAL, THE 
NUMBER OF INTERACTIONS

CONSEQUENTLY, 

L. M. A. Bettencourt and G.B. West, Nature 467, 912 (2010); L. M. A. Bettencourt, Science 340, 1438 (2013). 

N int ~ N
1.15

Y (N )∝N int ∝N
1.15

~ N 0.15















ON AVERAGE DOUBLING THE SIZE OF
A CITY SYSTEMATICALLY
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(ROADS, ELECTRICAL LINES, GAS 
STATIONS,..……)



ON AVERAGE DOUBLING THE SIZE OF
A CITY SYSTEMATICALLY

SAVES APPROXIMATELY 15% ON ALL 
INFRASTRUCTURE 

(ROADS, ELECTRICAL LINES, GAS 
STATIONS,..……)

AND



INCREASES  
INCOME, WEALTH, PATENTS, 

COLLEGES, CREATIVE PEOPLE, 
POLICE, CRIME, SOCIAL 

INTERACTIONS, AIDS, FLU, 
AND



INCREASES  
INCOME, WEALTH, PATENTS, 

COLLEGES, CREATIVE PEOPLE, 
POLICE, CRIME, SOCIAL 

INTERACTIONS, AIDS, FLU, 
AND 

COVID-19

ALL BY ABOUT 15%



A CITY OF 10 MILLION WILL HAVE DOUBLE 

THE NUMBER OF COVID CASES IN HALF 

THE TIME A CITY OF 100,000 WILL.....

AND HAVE ~ 200 TIMES AS MANY CASES



L.M.A. Bettencourt, D. Helbing, C. Kuhnert, J. Lobo, G.B. West      PNAS, 2007 104 (17) 7301



M. Schlapfer, L.M.A.Bettencourt, M. Raschke, R, Claxton, Z. Smoreda, G.B. West, C. Ratti 
J. R. Soc. Interface 11 (98), 20130789 (2014)



?/



WIKIPEDIA

SUBREDDIT

BOTH HAVE SLOPE ~ 1.15



Growth



€ 

R = Yi(N)
i=1

n

∑ = rj
j=1

N

∑ +
d
dt

c j
j=1

N

∑

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
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SUPERLINEAR SCALING LEADS TO UNBOUNDED GROWTH



SUPERLINEAR SCALING LEADS TO UNBOUNDED GROWTH
BUT ALSO TO A



FINITE TIME SINGULARITY



FINITE TIME SINGULARITY



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 OCCCUR 
(SYSTEMATICALLY) FASTER AND FASTER 



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

UNLESS INNOVATIONS OCCCUR 
(SYSTEMATICALLY) FASTER AND FASTER 

EXAMPLE OF THE ACCELERATING PACE OF 
ALL SOCIO-ECONOMIC LIFE!!

NEED TO ADAPT FASTER AND FASTER 
USING THE SAME BRAIN AND BIOLOGY 
WE’VE ALWAYS HAD!





SUSTAINABLE????





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



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

*  SOCIAL MAN







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!
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…und auf Deutsch:  https://www.chbeck.de/west-scale/product/27896321


