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Introduction

Towards a quantitative description of cities, their formation 
and evolution

Focus on fundamental aspects:
n Understanding quantitatively the main mechanisms of 

urbanization
n Modeling the evolution of urban systems

Increasing availability of historical urban data
n Mobility, infrastructures, transportation systems… 
n In particular: transportation networks shape the city

(historical maps)
n From directories => Evolution of economic activities (Julie Gravier)



Not a new goal

n Long standing, 
interdisciplinary effort ! 
Quantitative geography 
(1960s)

n Morrill (1965)
Stochastic model of road
network evolution

n Historical approaches
q Cellular-automaton
q Percolation, DLA
q Urban economics



From historical sources to the evolution of 
spatial networks: Illustration on case-studies

n Evolution of road networks: elementary processes 
Groane, Italy; 1833-2007

n Evolution of road networks: importance of planning
Paris, France; 1789-2010

n Evolution of subway networks: universal features
World subway networks 1863-20

n Other studies: Cassini map; evolution of the French 
railway



Map of France
(Cassini, 18th)
Collaborative
digitalization and
validation

“Building Inspector”
Developed by 
NYPL and used 
for the validation 
of buildings 
automatically vectorized 
from insurance maps.

Road network

Perret, Gribaudi, MB, Scientific Data 2015



French railway 
evolution 1840-2000

Bottinelli, Gherardi, MB 2019

1840 1850

1880 1930

1970 2000

Data:
Railway: Thomas Thevenin
Population data:
www.geohistoricaldata.org



Evolution of road 
networks:
Elementary processes
Strano, Nicosia, Latora, Porta, MB
Nature Sci. Rep. (2012)



Road network evolution: Groane region (Italy)



Road network evolution: Groane region (Italy)



Betweenness centrality (Groane 1833-2007)
Backbone of stable central roads



Evolution: two processes (Groane 1833-2007)

Two different categories of new links: ‘densification’ and ‘exploration’ clearly 
identified by the BC impact



Evolution of road 
networks:
Planning vs. self-
organization
MB, Bordin, Berestycki, Gribaudi
Nature Scientific Reports, 3:2153 (2013)



Importance of planning

n Evolution of the Paris street network 1789-2010
n Portion defined by Paris in 1789 
(1789, 1826, 1836, 1888, 1999, 2010: Verniquet, Vasserot, Poubelle)

n Haussmann period (~1853-1870)



Road network evolution 
Central Paris, France 1789-2010

MB, Bordin, Berestycki, Gribaudi (2013)

1789



Road network evolution
Central Paris, France 1789-2010

MB, Bordin, Berestycki, Gribaudi (2013)

1826



Road network evolution
Central Paris, France 1789-2010

MB, Bordin, Berestycki, Gribaudi (2013)

1836



Road network evolution
Central Paris, France 1789-2010

MB, Bordin, Berestycki, Gribaudi (2013)

1888



Road network evolution
Central Paris, France 1789-2010

MB, Bordin, Berestycki, Gribaudi (2013)

1999



Importance of planning

n Standard indicators versus time or N



Haussmann effect

n Spatial distribution of centrality (most central nodes)



Haussmann effect

n Spatial distribution of centrality (most central nodes)



n New results on new datasets usually imply to have new 
tools

n Natural ‘organic’ evolution…
q Two main processes: densification vs. exploration
q long duration, small spatial scale
q Interesting stylized facts (centrality, area and form factor distribution) 

n … vs. planning
q Signature: spatial distribution of centrality (modification of paths)

and change of the block shape distribution (‘non-natural’)
q Does not respect the existing geometry: short duration but large 

spatial scales

Short recap



Other structures: 
railways and subways



Subway evolution: Not a new problem 

n Cope (1967): Stages of the London underground rail



Evolution of the subway structure

n (Too) many possible parameters and measures

q For small L we observe a line or a simple tree. 
q For larger L we observe the appearance of a loop
q For much larger L more complex shapes including a lattice like 

network or a superimposition of a ring and radial lines.

Total length L

⇠ 101 kms ⇠ 102 kms & 102 kms



World subway networks

We focus on large networks (N>100 stations)



“Universal” template



“Universal” template

n Quantitative convergence

q Fraction of branches 
stations of order 50%

q Extension of branches/core 
extension of order 2

q Average degree 
of core of order 2.5 
and f2>60%



Digression: 
destruction/reconstruction
Sometimes the data is not enough for a 
quantitative description…



Bertin, Galli, Rossi, J. Urban Design 2022

Le Havre (before bombing WWII -1944)



Le Havre (after bombing WWII -1944)

Bertin, Galli, Rossi, J. Urban Design 2022



Le Havre (after reconstruction)

Bertin, Galli, Rossi, J. Urban Design 2022



Beyond infrastructures: 
economic activity
with Julie Gravier



Beyond road networks: economic activity

n Spatial distribution of activities: a standard topic in 
spatial economics 

- Evolution of activities (number, type, …)

- Spatial distribution of activities (interactions ?)



Different activities: spatial distribution and evolution ?

Julie Gravier

Jewelry

Grocery
stores



Beyond road networks: economic activity

n Opportunity to bring a historical light on this problem ! 
Important step in the quantitative study of the evolution 
of cities…

n Future: other aspects of life in cities with the help of new 
data sources…



Thank you for your attention.

www.quanturb.com
marc.barthelemy@cea.fr



Additional slides



An old problem in quantitative geography

n Kansky (63-69)
Evolution 
of the Sicilian 
railroad network

n Morrill (1965)
Railway network
Growth

n New data sources:
Digitization of 
old maps



Road network evolution 
Groane region, Italy 1833-2007

Strano, Nicosia, Latora, Porta, MB, Nature Scientific Reports (2012)



Characterization of links

n Traditional division: gallo-roman, natural, Haussmann

Gallo-roman (2% of 1999’s length) 



Characterization of links

n Traditional division: gallo-roman, natural, Haussmann

Natural (10% of 1999’s length) 



Characterization of links

n Traditional division: gallo-roman, natural, Haussmann

Haussmann (6% of 1999’s length)



Haussmann effect

n Haussmann optimal ?



Properties of new links

n Betweenness centrality impact

Densification is the main process here



Evolution of centrality

n Stable distribution of centrality (small decrease of <g>)



Haussmann effect

n Spatial distribution of centrality
n r: distance to barycenter



All large cities have a subway system



Spatial representation (Paris)



Evolution



Evolution 
fraction of 
branches 
stations



Average degree
Percentage f2



Spatial extension of branches



Measures on this universal structure

n Characterizing the core

NC: number of nodes in the core
EC: number of links in the core



Measures on this universal structure

n Characterizing the branches

NB: number of stations in branches
NC: number of stations in the core

DB: average distance from barycenter to branches stations
DC: average distance from barycenter to core stations



Number of branches

n If the spacing   between two branches is constant:

n For a lattice of size N



Number of branches



Spatial organization of the core and branches

n Old result for Paris (Benguigui, Daoud 1991)

N(r): number of stations at distance less than r from 
barycenter

First regime: homogeneous distribution with df=2
Second regime ?

r



Spatial organization of the core and branches

n Natural explanation with the universal template

First regime: homogeneous distribution with df=2: core
Second regime: branches with increasing inter-stop 

distance

: core density
Nb : number of branches

: Interstation spacing at distance r



Spatial organization of the core and branches

n Interstation spacing at distance r

n Natural explanation of the Benguigui-Daoud
result



Note - Optimal network ?

n Optimal graphs on a set of points: MST, etc.

n Here: a different problem (“locational optimization”, cf. Okabe). 
Given a set of points in the plane, find the graph G of length L, such 
that the average shortest path time

is minimum. The sum is over all points and the velocity ratio vG/v>1

q Partial results on 
simplified variants 
(with D. Aldous)
q Optimal graph
vs. L: open problem
Existence of transitions…

h⌧i = 1

N
X

i,j

⌧(i, j)

Aldous & MB (2019)

G

i

j

velocity v

velocity vG



Subways: recap and perspectives

n Convergence to a similar structure made of core and 
branches

q Fraction of branches of order 50%

q Extension of branches/core extension of order 2

q Average degree of core of order 2.5 and f2>60%

q Number of branches scales as N1/2

q Fractal behavior understood within this picture

=> simple model ?



Efficiency and evolution of 
railway networks



French railway 
evolution 1840-2000

Bottinelli, Gherardi, MB 2019
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French railway evolution 1840-2000
Coupling with the population evolution

Bottinelli, Gherardi, MB 2019
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French railway evolution 1840-2000

Bottinelli, Gherardi, MB 2019
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Method and goal

n New results on new datasets usually imply to have ..new 
tools !

n Stylized facts
q Simplified empirical finding

n Minimal models
q Explain the largest number of stylized facts with the minimum 

number of parameters

n Interesting direction
q Coupling with socio-economical indicators (population, GDP, 

etc.)



Introduction

n Increasing availability of historical urban data

n From historical maps: evolution of the road structure
- At the country level (Cassini)
- Regional level (Groane)
- City level (Paris)

n Now: from directories => evolution of economic activity
(Julie Gravier)



n Kansky
(1963-69)

Evolution 
of the Sicilian 
Railroad 
network

Evolution of transportation networks



n Morrill (1965)

Railway network
growth
(Black, 69)

Evolution of transportation networks



n Morril (1965)

Road network 
stochastic evolution

Evolution of transportation networks



Simple measures



Road network evolution



Betweenness Centrality (Freeman ‘77)

sst = # of shortest paths from s to t
sst(ij)= # of shortest paths from s to t via (ij)

i
j
k

ij: large centrality

jk: small centrality



New links: characterization

n Characterization of new links: BC impact



Summary

n Homogeneization of cell shapes

n Existence of a stable backbone of central roads

n 2 main elementary processes: densification and 
exploration

n Modelling: fragmentation models ? 



Importance of central planning



Importance of central planning

n Standard indicators versus time or N



Lammer et al, Physica A (2006)

Cell (block, face) shape



Importance of planning

n Portion defined by Paris in 1789
before Haussmann

after Haussmann



World subway networks

n Some simple properties

n (i) large velocities at small times; (ii) large fluctuations from year to 
year; (iii) inactivity f on average 60%



Haussmann effect

n Shape factor



Importance of central planning

n Angle distribution



Incidentally: angle distribution

G. Boeing, arXiv:1808.00600 (2018): OSM and OSMnx



Incidentally: angle distribution



n 3 elements

q Core

q Ring

q Branches

Universal template



Road 
network
China
1600(BC)- 1900 (AC)

Wang, Ducruet,
Wang (2015)


