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The problem that drives me:

credit: telegraph



settlements in history

lots of data
computing
Social Equity
Digital Revolution
T Urban Analytics
Climate Change Universal Urbanization

AN

comparative analysis

future cities




o Scale Integration Mechanism

9
10 cognition
Individual LR
- L human development
billions livability seeds of economic growth
safety
education
100 knowledge neighborhood effects
cumulative (dis)advantage
Neighborhood sorting, inequality,
L environmental quality
millions selection social justice
segregation
mixing
103 contagion _ _
scaling laws and agglomeration
City social + physical networks
thousands economy, information, land uses
migration
trade
knowledge diffusion
laws of geography
gravity law, Zipf’s law
10° Urban Systems migration, urban hierarchy
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Science: Seek a theoretical framework that can apply throughout history and extrapolate to the future

observable, predictive, falsifiable

Technology

Future Cities

Political Systems
Economic Systems

Energy Systems

Present Cities

Transportation Systems

. Built Environment Design
Cities in History

Need “micro-foundations” that are deeper and more universal:

1. Networks, 2. Heterogeneous Cost/Benefit, 3. Information

Settlements

IUS:Ch1

diversity / inequality origins of growth & change
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in this talk

https://mitpress.mit.edu/books/introduction-urban-science



People are connected

J Y

A “bound-state” between people, organizations and built spaces

Places are connected



Urban Complexity in a “nutshell”

but this is not how Government Departments think ! Or Research Disciplines !

Safety Child Care

Clean Air

Health

Water

g ”
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Transportation

Shopping =
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Education

Housing

Nature

Love
Money
Education
Fun
Food
Services

life path (time geography)

How are these functions integrated over Time? Space? Economic budgets? Needs of different individuals?



Quantitative Properties of Cities as function of size: Productivity, Invention, energy use, built spaces, heigh buildings, contagion rates, speed of walking, mental health

When a city doubles in size

its economic productivity per capita increases by 15%

Sveikauskas 1975

https://academic.oup.com/qje/article/89/3/393/1896685?login=true



When a city doubles in size

its per capita violent crime increases by 16%

Glaeser & Sacerdote 1999

https://www.journals.uchicago.edu/doi/abs/10.1086/250109



https://www.pnas.org/content/pnas/104/17/7301 .full.pdf



Scaling Relation Exponent Error Observations Region/Nation Urban Unit Year Reference
Land area
administrative a=0.75 NR 412 USA Cities (political) 1940 39)
administrative a=0.75 R? =0.87 157 England and Wales Cities (political) 1951 39)
urbanized a = 0.66 [0.65,0.67] 1,800 Sweden Tiitort (urban area) 1960 (18)
urbanized a = 0.65 [0.64.0.66] 1,800 Sweden Titort (urban area) 1965 18)
urbanized a=0.63 0.62-0.64 329 USA MSA 1980-2000 (42)
developed a = 0.57 0.56-0.59 329 USA MSA 1992, 2000 (42)
light emissions a=0.65 R? =0.62 4,851 USA Night-light clusters 1992 47)
Average land area a = 0.67 [0.56,0.75]
built area a=0.78 NR 89 USA Cities (political) 1960 (44)
built area, radial a = 0.88 NR 3681 Michigan, USA Cities (political) 1969 (40)
built area a = 0.96 [0.89,1.04] 70 Norfolk, UK Settlements 1981 [€7))
built area, radial a = 0.87 [0.75,0.99] 70 Norfolk, UK Settlements 1981 “1
built area o= 0.87 NR 51 Ontario, Canada Urban Areas 1966 (46)
Average land area® a=0.75 [0.56,1.04]
Network area (or volume)
impervious surfaces v =10.85 0.84-0.86 3,629 World Cities> 100, 000 2000 (16)
impervious surfaces v = 0.86 R? =0.74 119 EU Agglomerations> 200, 000 1990 (50)
built area v=0.82 R?2 =0.84 660 China Urban Areas 2005 (&2))
area of roads v =0.85 [0.81,0.89] 451 USA MSA 2006 Fig. 1A
area of roads v =0.83 [0.74,0.92] 29 Germany LUZ 2002 (12)
Average network volume v=084 [0.74,0.92]
Network length
length of pipes A= 0.67 [0.55,0.78] 12 Japan MA 2005 Fig. S1
Socioeconomic rates
GDP B =113 [1.11,1.15] 363 USA MSA 2006 Fig.1B,(12)
GDP B =122 [1.11,1.33] 273 China Prefectural Cities 2005 Fig. S2A
GDP B =110 [1.01,1.18] 35 Germany LUz 2004 Fig. S2B
income B =112 [1.07,1.17] 12 Japan MA 2005 Fig. S1A
wages B =112 [1.07,1.17] 363 USA MSA 1969-2009 Fig. S3
violent crime i 1.16 [1.11,1.19] 287 USA MSA 2003 (12)
violent crime 8 =1.20 [1.07,1.33] 12 Japan MA 2008 (62)
violent crime B =1.20 [1.15,1.25] 27, 5,570 Brazil MA; Municipios 2003-07 (25),(62)
new AIDS cases B#=1.23 [1.17,1.29] 93 USA MSA 2002-3 (12)
new patents B =127 [1.22,1.32] 331 USA MSA 1980-2001 (11, 12)
supercreative jobs B =1.15 [1.13,1.17] 331 USA MSA 1999-2001 11
R&D employment B =119 [1.12,1.26] 227-278 USA MSA 1987-2002 (11
Average socioeconomic rates B =117 [1.01,1.33]
Social interactions
cell phones B =112 [1.00,1.25] 415 Portugal Cities, LUZ, Municipality 2006-7 2n
land lines B=112 [1.05,1.17) 24 UK Cities 2005 2n
Average social interactions 8 =112 [1.00,1.25]
Power dissipation
electrical w=111 [1.05,1.17] 380 Germany Cities 2002 (12)
Average land rents
median house value 6, =049 [0.46,0.52] 363 USA MSA 2006 (24)

NR=not reported. Error, in order of availability from the source, is given by: 95% confidence intervals (square brackets), ranges, or R? values.
Note: Average quantities are the simple (unweighted) averages across rows. Corresponding error intervals are the union of those from individual studies.
* This estimate of Average land area includes all 12 rows above, it mixes explicit measurements of built area with others.
T This estimate was obtained by the author through visual inspection of Fig. 1 in Ref. (39).

National Urban Systems:
USA

European Union

Brazil

South Africa

Japan

China

India

Settlements in History:
Aztecs

Inca

Southwest Pueblo
Maya

Roman Empire
Medieval Europe

19th Century England

Breaks down in:
- Hunter/Gatherer Camps

- Slums (informal settlements)
- Shrinking Cities

https://www.science.org/doi/10.1126/science.1235823



A. GDP B. Urbanized Area

Paris
Milan London
Berlin
Naples
Naples &

B=1+1/6| G [B=1-1/6

Metropolitan Areas in the European Union

Employment D. Patents

Eindhoven

Naples Naples

] Urban Scaling in Europe
B — 1 https://royalsocietypublishing.org/doi/10.1098/rsif.2016.0005




Prefectural Citliaes in China

Growth and development in prefecture-level cities in China
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0221017



Infrastructure & socioeconomic rates

B = 0.84+0.03 B =1.13+0.03
5 8.0 J?.S
Volume of Infrastructure Social Outputs
~ ﬁi ~ [))s
\ 5~ 1/6 \

ﬁi D 1 _ 5 ﬁs D 1 D 5 The origins of scaling in cities

https://www.science.org/doi/full/10.1126/science.1235823



The Simplest Model of Settlement Scaling: “The Amorphous Settlement”

B hYP4l - = Radius
) Capilco
Aztec Rural Village

The origins of scaling in cities
https://www.science.org/doi/full/10.1126/science. 1235823



The origins of scaling in cities
https://www.science.org/doi/full/10.1126/science. 1235823



The origins of scaling in cities
https://www.science.org/doi/full/10.1126/science. 1235823



" For Circle:

A = nR?

N ) T € 1
GZ = benefit ~ COSt = eR = —A2

social interactions movement



This gets us two good things:
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G
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2
Total N2 % ¢ 3 ,
Socioeconomic YIN)=G— = N7
Outputs: A \/7_1'
. — o
The origins of scaling in cities Results in: 5 - too blg -
https://www.science.org/doi/full/10.1126/science.1235823 3

To derive exponents observed in modern cities need to understand hierarchical complex nature of built environments



People interacting over the built environment:
fast (people, ~days) and slow (infrastructure, ~decade) time scales

Mumbai Train Station
credit: Randy Olson

note now that spaces are structured, not amorphous: we need to understand the nature of their networks




remember?

5,= 507000

Infrastructure Networks in the City have a Hierarchy

So = S*b(l_a)h > Sp = 8=

width
highways

keeps increasing with city size
(and individual flows)

width
doorways

same everywhere
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The Cost of Socializing in the City

Conservation of Current across infrastructural levels

Ji=8:pViN; = 5,PViaNiy = Ji g Povo > PpVh

highways doorways

__ 7,6(h—i) .
PiVi = b P+Vs flow per unit area faster and more densely packed the same everywhere

J=J = JoN, with J, = s,p.v,

Resistance accounts for Cost of Movement:

[ o ar ., _(_gss)i
r} S Ri R S _b (1—a+6)i—(1-6)h
S; N, { lS* Parallel resistance because flow can take alternate routes (decentralized networks)
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Implications: Many quantitative predictions + general consequences

Number of Professions
COVID-19 Transmissibility
Cost of Housing
Congestion Costs
Building Height and Shape
Information Infrastructure
Water Consumption
Fractal Dimension of Land Use

Summary of Urban Scaling relations and exponent predictions for various important quantities. Note
that agglomeration effects vanish when H,, — 0 because then people remain spatially separated social
networks fail to emerge (we will look at internet quantities later).



Spatial equilibrium between social benefits and costs

cities can exist at “any” population size: scale-invariance

Real “Income”: Y(N) — W(N)

social benefits . . N 2 7/6
costs social benefits: Y(N)~ G N) ~N
Y X AN e | 2
- COsts: W (N) ~W, ~N™®
exists (N)

G

city unstable

Congestibn/Danger High Costs/Dispersion

~Lagos ~”Florida”

Poor, congested, intense, dangerous Diffuse, sprawling, uneventful



Scale invariance of degrees of freedom per capita
B

log)yG
A.
social benefits
- costs
ARV VLT S
city Eexists
p : >
Grin G* Gmax city unstable G
logy N
A

Y n
log G =log— +log—
Total degrees of freedom N N
per capita social “volume” spatial “volume”

In larger cities, there is more social space and less physical space and vice-versa in smaller cities



Scale invariance of growth rates

Wages US Metropolitan Areas
1969-2016

—

Silicon Valley

|

Chicago

New York



Economic growth is an Collective Property of the System of Cities

Wages US Metropolitan Areas
1969-2016



Renormalization of Mean-Field Scaling Exponents from Weak Scale Dependence

Ri(t) = Ri(0)e™ ~ Yo (0)N;(0)P+Bit 7"

(t) = | B;dInN; ~ 0) B,l N;+...
10 / nN; ~ ¥ + B;InN; +

running of scaling exponents

B,(lnN,) =

1 dcri2
2 dInN;

corrections from scale dependent of volatilities, exponents “run”

B,-(lnN,-) —



A law In time ...

Wages
US Metropolitan Areas
1969-2009

Urban Equation:

VIEN) = Yolt) B |

Bettencourt et al, PNAS 2007



A law In across nations ...

Great Britain

GDP
cities in 10 nations



A law In across quantities ...

Wages, Crime, Patents, GDP
US Metropolitan Areas

Bettencourt + West, Nature 2010

https://www.nature.com/articles/467912a



(Some) Consequences



credit: MaclLean




credit: Robert Stone




Home Value US Metros

elasticity=33%

Housing is never affordable in large cities
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Log energy use (kWh/m?/year)
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scaling prediction
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with Markus Schlapfer and Joseph Lee
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Larger Urban Zones

Mobile phone towers

Urban cellphone
networks

B=112-1.19

Schlapfer, Bettencourt et al, J R Soc |. 2014



Walking Speed vs Population Size

Bettencourt et al, PNAS 2007




"They're like the walking dead, real slow," griped Dennis Moran, 46; a fire safe
a building in Times Square and a native New Yorker. "They have this unnatural
stopping in the middle of the sidewalk."

credit: Huffington Post




Mental Health

...and a number of cognitive and behavioral traits

https://www.pnas.org/doi/10.1073/pnas.2022472118



https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4342718



