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We consider the dynamics between population and spatial distribution networks for the 200 largest
urban agglomerations. Population dynamics are considered from 1950 to 2010 and distribution net-
works are analyzed in terms of vehicular transportation infrastructure. We observe that the growth
of large urban agglomerations, in terms of population density, has slowed down in the second half of
the twentieth century as their transportation infrastructure has become more complex. Computing
inequality indices furthermore reveals that the resulting urban system is less concentrated than it
used to be, with a larger share of the urban population distributed in more numerous, relatively
smaller urban agglomerations. We analyze transportation infrastructure in terms of fractal dimen-
sion and found that developed continents have higher fractal dimensions and lower populations than
non-developed ones. We speculate this is due to varying road widths existent in some areas and ab-
sent in others. More complex networks in e!ect extend the range of cities and o!er increased cost to
benet utility. Better understanding of universal principles associated with such networks a!ords an
opportunity to assess our control of urban agglomerations and their relation to the larger ecosystem
they inhabit. Further analysis is necessary to combine the above approaches with additional data
and to develop a more comprehensive metric for assessing and addressing the long term ecologic,
economic and social implications of urban development.

I. INTRODUCTION

Although there is no single definition applicable to all
countries that can distinguish between an urban and a
rural area, most agree that urban areas are characterized
by increased socio-economic activities and dense popu-
lations [1]. In 2011, the United Nations reported that
3.6 billion people are living in urban areas, and this is
expected to grow to 6.3 billion people by 2050 [2].
Today, 51% of the world population is living in urban

areas and this comprises only 3% of the world’s surface
[3]. Such agglomeration is uncharacteristic of any other
living species. As we show in Figure 1, the largest urban
areas in the world aggregate human biomass at a den-
sity of about two orders of magnitude higher than other
organisms from algae to elephant.
Comparing the current growth of the urban population

to its growth at the start of the twentieth century when
only 15% of the world population lived in areas defined as
urban, we see an almost fifteenfold increase in the world
urban population [3]. As this continues to expand, the
need to understand how systems in urban areas shape our
lives becomes more compelling. To understand further
how urban areas have evolved, we closely examine the
growth of 200 urban agglomerations from 1950 to 2010
in the succeeding sections.

II. GROWTH OF URBAN POPULATIONS

In the past 50 years, there have been dramatic changes
in global economics, connectivity and urban growth.

! driscoll.john92@gmail.com

FIG. 1. Population biomass across the body size spectrum.
The highest densities of the worlds urban populations have
biomass densities with orders of magnitude higher than other
species, from algae to elephant.

Many aspects of human enterprise experienced acceler-
ation from rises in GDP to communication and trans-
port infrastructure. A key driver of these accelerations is
population growth. To analyze how the rate of growth of
human enterprises has been changing, especially in the
centers of economic activity, we look at the growth rate
of urban populations using data from GeoHive Global
Statistics [5]. As shown in Figure 2, the population
growth rate in the sampled 200 urban areas has been
slowly going down from the 1950s to the present decade.
This supports the hypothesis that constraints to our abil-
ity to continually increase our production would limit our
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capacity to sustain the sudden acceleration of growth in
the early 1950s [4, 6].

(a)Mean population growth rate

(b)Population growth rate histogram

FIG. 2. Population Growth Rate. The rate of population
growth in 200 urban areas sampled from all continents show
a slow but steady decline. The slight increase during the
1990s is a result of the expansion of China’s economy.

In the 1990s, however, we see a slight increase in the
urban population growth rate. This is mainly due to the
movement of people in China towards urban areas when
the country started to open up to the global economy
in the 1990s and the government pushed for more in-
vestments in Shanghai and Beijing [7, 8]. This delayed
increase in population growth for cities in China suggests
that while growth in most urban areas have been slowing
down, new developing and rising economies are growing
and are catching up.

III. DECONCENTRATION OF THE WORLD
URBAN POPULATION

Extensive evidence has shown that the sizes of cities
follow the Pareto distribution which shows a pattern sim-
ilar to a power law at the global scale [9–12]. That is,
the rank R of a city of size n follows

R(n) = R0n
"!. (1)

where ! is the characteristic exponent of the distribution.
When ! = 1, the distribution is said to follow Zipf’s
law. To test whether there are still some urban areas
whose population growth rates are increasing, as in the
case of China, despite the general trend of decreasing
population growth rates, we look at the change in the
shape of the Pareto distributions of the same 200 urban
cities from 1950 to 2010. The evolution of the city rank-
size distribution is shown in Figure 3.

A common way of measuring the change in size concen-
tration is by looking at the change in the Pareto exponent
! of the distributions. However, since this is not a robust
estimator, we look at other assumption-free measures of
concentration. The entropy index S given by Eqn. 2 is
one such measure. It accounts for the amount of redun-
dancy in the data. Higher S values means less diversity
and heterogeneity. From our sample of 200 urban ag-
glomerations, we see a consistent decline in S suggesting
that the degree of concentration of urban populations has
been decreasing.

S = ! 1

N

N!

i=1

pilnpi (2)

To test the robustness of this claim that developed
cities are “saturated”, we use another measure of con-
centration known as HHI or the Herfindahl-Hirschman
Index given by Eqn 3. If most of the population is concen-
trated in only a few areas, HHI would be higher. The
decreasing trend in HHI supports the result obtained
from S.

S =
N!

i=1

p2i (3)

We find from both measures that there are more
megacities (metropolitan areas with populations in ex-
cess of 10million) now than before. The di!erence in the
population share among urban areas have been steadily
decreasing for the past six decades. The sizes of these
urban agglomerations are more alike now. This comes as
a result of the saturation of developed urban areas and
the growing urban sprawl in developing urban areas.



3

FIG. 3. Deconcentration of the World Urban Population. The increasing entropy index and the decreasing HHI from 1950 to
2010 suggests that the growth rates of big urban areas have been slowing down while the smaller ones are growing more leading
to deconcentration of the world urban population.

IV. FRACTAL DIMENSION AS A MEASURE
OF NETWORK COMPLEXITY

Urban researchers and planners have become increas-
ingly interested in fractals and fractal dimension as part
of a more comprehensive approach to understanding the
behavior and growth patterns of cities [15–17]. Fractal
dimension o!ers a metric to planners that may a!ord
them a better understanding of urban growth patterns
and can help facilitate land use planning and regulatory
decisions. Fractal dimension, unlike measures of den-
sity, provides insights into the complexity of roadways
which exhibit self-similarity at multiple scales. As such,
these measures are scale invariant and more universal in
scope than density measures. By looking at the fractal
dimensions of road networks, we can evaluate the network
complexity of urban areas in terms of their transporta-
tion infrastracture. Since urban areas are characterized
by increased human activity and mobility, analyzing the
transportation network provides a good means of esti-
mating an area’s degree of network complexity.

Here we investigate the combined analytic of fractal
dimension (FD) and population density measures. We
collected data from a sample of 105 cities taken from
the June 4, 2013 edition of the Metro Extracts which is
a subset of the OpenStreet Maps dataset. We then ex-
tracted the road transportation network from each city.
FD was calculated for each city using the box counting di-
mension (BCD) method approximates the Hausdor! di-
mension by measuring the convoluted quality or relative
smoothness of the map in addition to its scale invariance.

We interpret BCD broadly as a measure of a network’s
complexity. To calculate the fractal dimension of each
city we begin by rendering the city data to a 8000x8000
bitmap as shown in Figure 4. This bitmap is centered
at the center of each city’s map and extends 90% of the
length of the shortest side. We then overlay grids on to
the map. Each box in the grid is 1

r2 with (r = 1, 2, ..., 9)
of the entire map in size. For each sized grid, we counted
the number of boxes with a road in it.

A. Fractal Dimension and Population Density

Looking at how the fractal dimensions of the road net-
works of urban areas varied with their population densi-
ties as shown in Figure 5, we see no conclusive correlation
which suggests that the characteristic fractal dimension
of a city’s road network measures aspects of saturation
not captured by population density alone.

Analyzing the fractal dimensions of the sampled urban
areas by continent, we see from Figure 6 that continents
with developed countries tended to have higher FD with
Europe having the highest mean FD followed closely by
North America while Africa represented the lowest mean
FD. However, it is continents with developing countries
which have higher population densities as shown in Fig-
ure 7 with Africa having the most dense urban areas on
average followed by Asia and the Middle East. Conti-
nents such as Europe and North America, wherein devel-
oped megacities are located had less population density.

This inverse relationship of fractal dimension and pop-
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FIG. 4. Transportation Network Map. Illustrated is the trans-
portation network of New York City from OpenStreet Maps.

ulation density with respect to continents with developed
and developing urban areas suggests that developed cities
have a more complex transportation infrastructure. We
speculate the reason for higher FD in developed areas is
that such networks include large arteries which branch
into secondary ways which in turn branch into tertiary
routes and so on. Networks such as these in e!ect are op-
erating at multiple scales from the regional level down to
the neighborhood scale. This recurrent branching across
scale in transport networks is represented as a hierarchy
of road widths, i.e. primary highways, secondary roads,
tertiary roads, neighborhood streets etc. In essence, high
FD values represent variated networks operating on mul-
tiple scales in terms of tra"c ows. The scale invariant
nature of FD allows for a more universal measure when
analyzing the attributes of fractal networks across many

FIG. 5. Fractal Dimension and Population Density. There
is no conclusive correlation between fractal dimension and
population density. However, cities in developing countries
tend to have lower fractal dimensions.

orders of magnitude.
A simple study of a hypothetical network is shown

in Figrure 8 where we compare a network of roads of
equal widths and the same network of roads but with
unequal widths. A higher FD of 1.82 is seen in the net-
work with unequal widths as compared to the 1.45 FD of
the network of equal widths. Developed cities which have
already gone through several stages of development are
most likely to exhibit a larger range of road hierarchy.

B. Fractal Dimension Spectra

We further analyze whether the degree of network com-
plexity varies within an urban area as this would provide
a means of quantitatively describing the land use pat-
tern of a city and consequently define how the city was
developed. The eight cities sampled for an FD spectra
analysis are Amsterdam, Atlanta, San Diego, Sarajevo,
Singapore, Tokyo, Manchester and New York. The FD
spectra analysis proceeded by overlaying a 400 cell lattice
for each of the seven individual cities. Each lattice site
was then independently measured using the box-counting
dimension method to obtain a spectrum of FD for a given
city. The distributions are shown in Figure 9. We find
that cities with higher characteristic FD such as New
York and Tokyo had distributions with higher peaks at
higher fractal dimensions.

This may represent the accretion of a city over time
defined by the city gradually extending from a dense cen-
tral core into its less dense environment. In this model,
infrastructure becomes more complex as a means of sup-
porting the increasing population densities. The function
of these networks are similar in the sense that they rep-
resent space-filling uptake and/or distribution systems.
Regional networks are the life line of the city, allowing



5

FIG. 6. Fractal Dimension by Continent. Continents with developed countries contain urban areas with higher road network
fractal dimension.

FIG. 7. Population Density by Continent. Continents with developed countries contain urban areas with lower population
densities.

for its continued growth and expansion. Historically, ac-
tual rivers and navigable bodies of water played this role
generally. This explains the preponderance of coastal and
valley cities historically.
Today we see that regional road networks serve much

of the same purpose as their maritime ancestors in pro-
viding access to and consumption of their larger environ-
ments. The concrete arteries and veins surrounding cities
and extending from them function in a similar way as a
natural fractal phenomena. Contemporary cities, relying
less on natural transportation systems, build artificial re-

source networks.Complex transportation networks allow
for cities to extend into their surrounding metropolitan
regions and continue to grow despite population density
saturation within their cores.

C. Signature of an Urban Area

Evaluating a city’s FD spectrum also allowed for a
more detailed analysis of the morphology and range of
typologies found in cities. Heterogenous structures were
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(a)Roads of equal widths with
FD = 1.45

(b)Roads of unequal widths with
FD = 1.82

FIG. 8. Scale Declension. A more hierarchical road network
characterized by a larger range of road widths such as in (b)
have a higher FD.

clearly demarcated and di!ered from city to city. For in-
stance, Tokyo shown in Figure 10 has a poly-nodal clus-
tering about a core of high FD which wrapped around
the bay and continued up the coastline. Areas to the
West dispersed more gradually.
Though it is typical to see a central area of high FD

which gradually dispersed, as one might expect, the indi-
vidual features of the di!erent cities are still evident. We
can define broad categories of urban areas from their FD
spectra ranging from closed for islands such as Singapore
to open for areas such as Atlanta which is geographically
unconstrained. Such analysis of FD spectra with respect
to typology can reveal the geographic and land use “sig-
natures” of cities. The small sample investigated here
seems to suggest that bounded cities have FD spectra
with higher peaks.

V. SUMMARY AND CONCLUSION

In this study we investigate how urban population den-
sity and growth influences and is influenced by road net-
work infrastructure. The well-known demographic tran-

FIG. 9. Fractal Dimension Spectra. Cities with higher char-
acteristic FD such as New York and Tokyo had distributions
with higher peaks at higher fractal dimensions.

FIG. 10. Fractal Dimension Spectrum of Tokyo. Fractal di-
mensions of a multi-celled lattice superimposed on Tokyo.
Dark orange cells have high FD.

sition from high to low birth and death rates is often cast
in terms of socio-economic factors altering fertility and
access to health care. Relatively little study, however, has
considered how urban densities may shift with develop-
ment, and particularly how road networks can constrain
or facilitate movement, in turn limiting density and pop-
ulation growth. We have shown that in the past 60 years,
population growth rate has declined significantly in the
largest 200 cities (Fig. 2). This is due, in part, to a
deconcentration of population density, whereby a greater
proportion of people are living over a larger and less cen-



7

tralized area. We show that di!erent metrics for mea-
suring urban concentration yield a similar diminishment
over the past 60 years (Fig. 3). This suggests that de-
clines in the growth of population density may be due to
greater rates of population spreading outward from the
city centre, accompanied by reductions in density inside
traditional urban boundaries. These observations led us
to consider the geometry of transportation infrastructure
and whether road networks in particular, were constrain-
ing population growth and facilitating urban sprawl.
Transport networks bear certain resemblance to other

distribution networks in nature. The branching structure
in rivers and tributaries, or the vascular design of arter-
ies and capillaries are similar to the way highways branch
into smaller and smaller roads to service more dispersed
populations. This suggests that transport networks can
be characterized by a recurrent, scale invariant geometry,
at least over some limited range. The precise manner in
which road networks fill in urban area can be estimated
by the fractal dimension, higher values of which imply
more complex road branching hierarchies. Our analysis
shows that cities on more developed continents tend to
exhibit higher road network fractal dimension (Fig. 5
and 6). This implies that infrastructure in urban areas
in Europe and North America branches over more orders
of magnitude than in Africa, and o!ers insight into the
factors that limit growth and hasten sprawl. Specifically,
transport infrastructure cannot continually branch and
there are clear limits to the distances that commuters
are willing to travel. This sets constraints on rates of
city growth among the largest urban concentrations, par-
ticularly in more wealthy areas, consistent with declines
in population growth rates in the world’s largest cities
(Fig. 2 and 7). In addition, more developed hierarchical
branching road networks facilitate more e"cient trans-
port of people from more distant areas into the city cen-
tre. This allows urban populations to spread over larger
areas, and is consistent with greater levels of deconcen-
tration shown in Fig. 3.

As world population continues to migrate to urban ar-
eas there is an urgent need to understand the design
of transport networks and their influence on population
density and rates of growth. We have outlined a novel ap-
proach to characterize urban road geometry that we be-
lieve can o!er new insights into transportation e"ciency,
and its ability to scale up the servicing of larger areas
as cities grow and expand. Our approach o!ers a poten-
tially valuable alternative to other measures of transport
infrastructure such as total road length or network statis-
tics, and takes explicit account of the branching hierar-
chies that are so common among distribution networks.
We have extended the approach to consider fractal di-
mension spectra for a selection of cities (Fig. 9), o!ering
a more comprehensive set of metrics for characterizing
a city-scape than a single value. Our analysis has high-
lighted how greater road fractal complexity is consistent
with declines in urban growth rates and concentration.
Although these results provide one possible mechanistic
interpretation, further work is needed to explore the link
between population growth dynamics and infrastructure
design. For now, it serves as a potentially interesting
proof of concept that our approach is compatible with
well-known demographic phenomena. A better under-
standing of the geometries of urban distribution networks
across scale should help cities through inevitable growth
and expansion. By identifying more e"cient transport
design, it is hoped that the transition to higher densities
over larger areas will better address long term ecological,
economic and social impacts of urban development.
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